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Synchronous pattern of moisture availability on the southern Tibetan

Plateau since 17.5 cal. ka BP - the Tangra Yumco lake sediment record

MARIEKE AHLBORN, TORSTEN HABERZETTL, JUNBO WANG, KAROLINE HENKEL, THOMAS

KASPER, GERHARD DAUT, LIPING ZHU AND ROLAND MAUSBACHER

Ahlborn, M., Haberzettl, T., Wang, J., Henkel, K., Kasper, T., Daut, G., Zhu, L. & Mausbacher, R.:
Synchronous pattern of moisture availability on the southern Tibetan Plateau since 17.5 cal. ka BP —

the Tangra Yumco lake sediment record. Boreas.

A possible asynchronicity of the spatial and temporal moisture availability on the Tibetan Plateau was
controversially discussed in recent years. Here we present the first attempt to systematically investigate
possible spatial and temporal variations of moisture availability by examining two lakes, Tangra Yumco
and Nam Co, on an east-west-transect on the southern Tibetan Plateau using identical proxies for
palaeoenvironmental reconstruction. In this study, an independent record from Tangra Yumco was
analyzed applying a multi-proxy approach to reconstruct variations in moisture availability since the
Lateglacial. Results were subsequently compared to previously published records from Nam Co and
additional records from Tso Moriri (northwestern Himalaya) and Naleng Co (south-eastern Tibetan
Plateau). Our results show that Tangra Yumco was at least partially ice-covered prior to 17.1 cal. ka BP.
A temperature rise after 17.1 cal. ka BP probably resulted in thawing of the permafrost. At
16.0 cal. ka BP moisture availability increased representing an initial monsoonal intensification. Warmer
conditions between 13.0 and 12.4 cal. ka BP and cooler conditions between 12.4 cal. ka BP and the
onset of the Holocene reflect the Balling-Allerad and Younger Dryas. At the onset of the Holocene
moisture availability rapidly increased, while moisture was highest prior to 8.5 cal. ka BP concurrently
with highest temperatures. After 8.5 cal. ka BP the moisture availability gradually decreased and showed
only minor amplitude variations. These findings are well in phase with the records from other large lakes
likes Nam Co, Tso Moriri, and Naleng Co revealing a synchronous pattern of moisture availability on the

southern Tibetan Plateau.
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In the past decades a possible asynchronicity of moisture availability in monsoonal Asia and on the
Tibetan Plateau was thoroughly investigated. Several studies suggested an asynchronous pattern of
moisture availability since the Last Glacial Maximum (An et al. 2000; He et al. 2004; Herzschuh 2006;
Mischke et al. 2008; Wang et al. 2010b; Wischnewski et al. 2011; Hudson & Quade 2013). An et al.
(2000) and Ramisch et al. (2016) suggested a non-stationary position of the northern monsoon limit as
a cause for a spatial asynchronicity. Mischke et al. (2008) discussed small-scale variabilities explaining
that local peculiarities like temperature-driven evaporation can outweigh a precipitation increase, thus,
resulting in drier conditions at specific sites while other areas are moist. In contrast, other studies rather
indicate a synchronous pattern of moisture availability (Feng et al. 2006; Chen et al. 2008; Dong et al.
2010; Mischke & Zhang 2010) with a synchronous development of the Indian and the East Asian
monsoon (Dong et al. 2010). However, as reliable, continuous records covering the Lateglacial and the
Holocene are rare, a holistic picture of variability of moisture availability including spatial and temporal
changes, and the impact on the environment is still missing (Herzschuh 2006; Mischke & Zhang 2010).

To investigate past variability of moisture availability on the southern Tibetan Plateau, two lakes
along an east-west-transect, including Tangra Yumco and Nam Co (Fig. 1) were recently targeted for
palaeoenvironmental studies. Nam Co was thoroughly investigated in recent years (e.g. Daut et al. 2010;
Mugler et al. 2010; Kasper et al. 2012, 2013, 2015; Wang et al. 2012; Su et al. 2013; Doberschutz et al.
2014; Yang et al. 2014; Wang et al. 2015; Zhu et al. 2015) and several studies have been conducted in
the Tangra Yumco catchment (Kong et al. 2011; Long et al. 2012; Rades et al. 2013, 2015; Miehe et al.
2014; Ahlborn et al. 2015, 2016; Akita et al. 2015; Long et al. 2015; Henkel et al. 2016). In this study,
we present results from an 11.2-m-long lacustrine sediment record from Tangra Yumco. The objectives
of this study are to deduce changes in palaeohydrology and palaeoenvironment for the Tangra Yumco
area and infer the temporal and spatial moisture availability on the southern Tibetan Plateau by
comparison to previously published records using identical proxies from Nam Co (Kasper et al. 2015).
For an extension of the east-west-transect we have chosen two additional lakes namely Tso Moriri
(northwestern Himalaya; for reasons of simplification we refer to southern Tibetan Plateau; Mishra et al.
2015) and Naleng Co (south-eastern Tibetan Plateau; Opitz et al. 2015) (Fig. 1). Reasons for selection
of these lakes were the similar geographical settings like altitude, latitude, and recent monsoonal

influence, and the time covered by the records.
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Regional setting
Tangra Yumco (30°45'-31°22’ N, 86°23'-89°49’ E; Fig. 1) is located on the southern Tibetan Plateau at
an elevation of 4545 m a.s.l. (Rades et al. 2013) with a catchment of 8219 km? (Long et al. 2012). The
Tangra Yumco basin belongs to a north-south-trending graben at the northern slope of the
Transhimalaya (Miehe et al. 2014). Well-preserved palaeoshorelines are exposed up to ~185 m above
the recent lake level (m a.r.ll.) (Rades et al. 2013), whereas poorly-preserved palaeoshorelines are
exposed up to >260 m a.r.Ll. indicating extensive lake level changes during the past (Kong et al. 2011).
Precipitation at Tangra Yumco is dominated by the Indian summer monsoon originating from the south
(Miehe et al. 2014), while westerly winds prevail during the winter months (Maussion et al. 2014). The
extrapolated mean annual precipitation is 200—250 mm, the mean temperature in January is -11.4 °C,
and the mean July temperature 10.9 °C (Miehe et al. 2014).

Tangra Yumco (Fig. 1B) is a brackish lake with a salinity of 8.3%. covering 818 km? (Long et al.
2012). With a water depth of 230 m Tangra Yumco is the deepest lake recorded on the Tibetan Plateau
so far (Wang et al. 2010a). The lake has a northern and a southern part connected by a bottleneck-like
structure (Fig. 1). Two large rivers drain into Tangra Yumco entering the southern part of the lake from
the southeast and west. Tangra Yumco lacks an outflow and is currently a terminal lake. Due to its
terminal character lake level variations of Tangra Yumco are mainly controlled by precipitation and
temperature (evaporation), while the contribution of glaciers is negligible (Rades et al. 2013; Biskop et
al. 2015). Submerged lake level terraces (Akita et al. 2015) represent significantly lower lake levels in
the past. A connection to the nearby Tanqung Co (about 18 km north of Tangra Yumco) is possible
when the lake level of Tangra Yumco reaches an elevation of ~64 m a.r.l.l. (Ahlborn et al. 2016). The
population in the Tangra Yumco area is sparse and human impact is mainly restricted to pastoralism

(Miehe et al. 2014).

Material and methods

Field methods and composite profile

Based on the results of hydro-acoustic surveys (Innomar SES-96 light and Lowrance Echosounder
HDS 5) coring locations were selected for recovery of sediment cores TAN10/4 and TAN12. In 2010,
gravity core TAN10/4 was collected with a total length of 1.62 m in 223 m water depth. In 2012, piston

core TAN12 with a total length of 11.5 m was retrieved from 217 m water depth about 2 km south of
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core TAN10/4. Due to coring artefacts and the lack of a parallel core, sediment core TAN12 lacks the
upper 13 cm of sediment including the sediment-water interface and 17 cm of sediment at the base of
each core section that are shown as data gaps in the composite profile (Henkel et al. 2016). Cores
TAN10/4 and TAN12 were merged to a composite profile using several marker layers in order to replace
the upper 13 cm sediment missing in sediment core TAN12 (Henkel et al. 2016). The lithological

correlation of both cores is supported by magnetic susceptibility and Ti profiles (Henkel et al. 2016).

Non-destructive laboratory methods

Until further processing all cores were stored in darkness at +4 °C. The cores were split and subjected
to an initial core description including high-resolution imaging and magnetic susceptibility logging
(Bartington MS 2E point sensor). The split cores were XRF scanned with radiographic image
documentation (ITRAX Corescanner; Croudace et al. 2006). XRF scanning was conducted with 2 mm
resolution for sections TAN12/1 to 7 and with 0.2 mm resolution for sections TAN12/8 to 11 and TAN10/4
using a molybdenum tube set to 55 kV and 40 mA. Exposure time was 10 s for all sections of core
TAN12 and 4 s for TAN10/4. To compensate for different exposure times, element peak area (pa) values
were normalized to the exposure time applied and subsequently to kilo counts per second (kcps). For
principle component analysis (PCA), normalized values were z-transformed. Since core TAN10/4 was
obtained from a different location within Tangra Yumco, overlapping XRF data of core TAN10/4 were
plotted on a separate x-axis and adjusted to the data of core TAN12. Elements with pa >100 were

considered as reliable and used for interpretation (Brunschon et al. 2010; Kasper et al. 2012).

Destructive laboratory methods
Double-L-channels (Nakagawa 2007) were taken from all sections and continuously sub-sampled in
1 cm intervals for grain size and geochemical analyses. For grain size analysis, samples were pretreated
with H202 10% p.a. and HCI 10% p.a. to dissolve organic compounds and carbonates. Dispersion of the
grains was ensured using sodium pyrophosphate (NasP207+10 H20, 0.1 mol L") and samples were
shaken for 2 h. Grain size distribution was measured (LS 13320 Beckmann Coulter) in seven cycles of
60 s each and the first reproducible signal was used for interpretation applying the Frauenhofer optical
model and a modified version of Gradistat 4.2 (Blott & Pye 2001) for statistical calculations.

Samples for geochemical analysis were freeze-dried and ground (<40 pm). Scaling before and

after the freeze-drying procedure defined the water content of the sediments. Core TAN10/4 was



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

sampled in a 1 cm resolution, while analyses on core TAN12 were performed in a varying resolution of
1 to 10 cm depending on lithological variations. All samples were subjected to analyses of total carbon
(TC), total sulfur (TS), and total nitrogen (TN) using an elemental analyzer (Vario El Cube). Carbonates
were dissolved with HCI 30% p.a. prior to the measurements of total organic carbon (TOC) with the
same device. Total inorganic carbon (TIC) was calculated as the difference of TC and TOC and atomic

C/N ratios were calculated.

Event corrected composite depth (ECCD)

Possible event-related deposits (ERD) resulting from deposition of relocated sediment material were
identified based on lithology, radiographic images, magnetic susceptibility, Ti values, grain size data,
and water content. For final interpretation, ERDs and corresponding data were excluded from the
composite profile. The event corrected record is presented on an artificial depth axis, the so-called 'event

corrected composite depth' (ECCD) that is strictly used hereafter (Henkel et al. 2016).

Chronology

Due to the lack of plant macro-remains bulk sediment samples from sediment cores TAN10/4 and
TAN12 were used for radiocarbon dating. The chronology of core TAN10/4 is based on five radiocarbon
ages on bulk sediment samples and one age obtained from a wood fragment of terrestrial origin, while
22 bulk sediment samples were obtained from sediment core TAN12 (Beta Analytics Inc., USA). To
estimate a potential reservoir effect the sediment-water interface of sediment core TAN10/4 and a
modern water plant were dated. The age of the modern water plant was used as reservoir effect and
subtracted from all conventional radiocarbon ages, except the age obtained from the terrestrial wood
sample. After reservoir correction, the calibrated ages and 2c errors were calculated with the online
version of Calib 7.0 (Stuiver & Reimer 1993) applying the IntCal13 dataset (Reimer et al. 2013). To
establish the chronology, the reservoir-corrected and calibrated radiocarbon ages were linearly

interpolated (Haberzettl et al. 2015; Henkel et al. 2016).

Lithological and geochemical results on an event-corrected composite depth scale
The composite profile of the parallelized core sections has a total length of 11.2 m, while the event-

corrected ECCD length is 848 cm (Fig. 2; Henkel et al. 2016). Sediments in core TAN12 are generally
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laminated silts. Black sandy layers occur exclusively below 711 cm ECCD. Colors are dark gray with
faint lamination of millimeter-scale below 625 cm ECCD. Between 625 and 575 cm ECCD, sediments
are gray but overall lighter with clearly defined lamination of submillimeter scale. Above 575 cm ECCD,
sediments are yellowish brown to brownish gray with light gray to gray laminae of subcentimeter- to
centimeter-scale. The lithology of core TAN10/4 revealed mainly laminated sediments with varying
laminae thicknesses of submillimeter- to millimeter-scale and yellowish brown, brownish gray to blackish
colors.

In both cores, laminated sediments are intercalated by discrete, normally graded, homogenous
sediment sections with varying thickness of centimeter- to decimeter-scale. These sediment sections
are associated with higher magnetic susceptibility and Ti values, higher density as shown by
radiographic images, and lower water content (Henkel et al. 2016). Earlier studies showed that such
discrete sediment sections represent event-related deposits (ERDs) intercalating the continuous
background sedimentation (Sletten et al. 2003; Ahlborn et al. 2015; Akita et al. 2015). In total, seventeen
ERDs were identified and removed from the sedimentary record (Fig. 3; Henkel et al. 2016).

For correlation of cores TAN10/4 and TAN12 prominent sedimentary structures were used as
marker layers. One, about 1-cm-thick dark gray silty layer in the depth of 83 cm in core TAN10/4 and
64 cm depth in core TAN12 and three additional discrete, homogenous layers served as anchor points
for core correlation. This lithological correlation is refined by the patterns of magnetic susceptibility and
Ti (Henkel et al. 2016).

Ti is positively correlated with K, Fe, and Rb (Rtik = 0.69, Rrire = 0.69, and Rri:ro = 0.59). Sr and
Ca show a correlation coefficient of Rcasr = 0.40. Results of the PCA show that the principle
components 1 (PC1) and 2 (PC2) account for 77.48% of the total variance (Fig. 3). PC1 yields high
values for K, Ti, Fe, and Rb and accounts for 63.06% of the total variance while PC2 accounts for
14.43% and basically represents Sr (Fig. 4). The remaining PCs have only low account on the total
variance with <10% each. PC1 is rapidly increasing at 625 cm ECCD showing a minor peak at 594-558
cm ECCD, variable values at 456-355 cm ECCD, and remains relatively stable above 355 cm ECCD.
Between 456 and 297 cm ECCD Ca is strongly anti-phased correlated with PC1 as the correlation
coefficient is Rca:rc1 = -0.83 (Fig. 3).

TIC, TOC, TN, and C/N data are positively correlated (Fig. 3). TIC values range from 0.66—
6.56% and resemble the Ca pattern with a correlation coefficient of Rric.ca= 0.74. TOC and TIC are

positively correlated with a correlation coefficient of Rroc:tic = 0.30. TOC content is generally low, varies
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from 0.1-1.1%, and is highly correlated to TN with Rroc:tn = 0.93. TOC and TN reveal lowest values in
the entire core below 711 cm ECCD, highest values at 711-625 cm, lower but generally stable values
at 625-594 cm, and a minor peak 594-558 cm ECCD. Values are markedly reduced at 558-
456 cm ECCD, increasing thereafter, and culminating in a broad maximum at 418-383 cm ECCD. TOC
and TN are relatively stable above 297 cm. C/N ratios vary from 3.9-10.1 only exceeding 10 at 711—
625 cm ECCD (Fig. 3). Mean relative errors are 0.6% for TC, 11.2% for TS, 9.3% for TN, and 4.6% for
TOC.

The arithmetic mean of the grain size data varies between 7.3-225.1 ym (Fig. 3). Large modes
between 120 and 220 ym only occur below 711 cm in black sandy layers associated with maximum
mean values (220 pm). These black sandy layers have an almost unimodal distribution and are very
well sorted (Fig. 5). Gravel (>2 mm) is recorded at 768 and 750 cm ECCD (Fig. 3). Above 711 cm ECCD
mean values decrease down to 12 ym followed by a sharp increase to 30 ym at 625 cm ECCD, and
relatively stable values thereafter. A drop to 8 um occurs at 558 cm ECCD, followed by a maximum of
56 pm at 418-387 cm ECCD. Values decline down to 9 um until 297 cm ECCD showing minor variations

thereafter (Fig. 3).

Chronology
As Tibetan lakes commonly suffer from reservoir effects (Mischke et al. 2013) a thorough assessment
of the reservoir effect is a precondition for establishing valid radiocarbon chronologies. According to the
age of the modern water plant Tangra Yumco holds a reservoir effect of 2070130 years consistent with
the age of the sediment-water interface of core TAN10/4 of 2140130 years. However, since both ages
are very similar but the sediment-water interface bulk sediment sample might already integrate over
several years, the usage of the age of the modern water plant is more appropriate (Henkel et al. 2016).
The reservoir effect is further verified by OSL ages measured on sediments of core TAN10/4. These
OSL ages yield an age offset of approximately 2000 years relative to the uncorrected radiocarbon ages
(Long et al. 2015) supporting the assumption of a constant reservoir effect over time (Henkel et al. 2016).
A contamination of dating samples can occur by reworking of fine organic matter containing 'old
carbon' or a hardwater effect of the hostwater of living plants biasing the radiocarbon ages (Haberzettl
2015; Haberzettl et al. 2015). Outliers or biased ages were defined as ages that are too old in

comparison to neighboring ages in stratigraphic order and considerably alter the sedimentation rate
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without any corresponding changes in the lithology. Such outliers were excluded from the chronology
(Henkel et al. 2016). Finally, six ages had to be rejected as outliers and the median of the 2o distribution
of the 18 youngest ages in stratigraphic order was used to establish the chronology. The event-corrected
composite record covers the past 17.5 cal. ka BP. The sedimentation rate is 3.6 mm a™' below 711 cm
ECCD (17.1 cal. ka BP) and with <0.6 mm a' significantly lower above (Fig. 2; Henkel et al. 2016).

In the past years, studies emphasized the necessity of validating incremental chronologies using
independent dating methods like palaecomagnetic secular variations (PSV) (e.g. Stanton et al. 2010).
Several studies demonstrated the successful application of PSV on Tibetan lakes to further verify the
radiocarbon based chronologies (e.g. Kasper et al. 2012; Ahlborn et al. 2015; Haberzettl et al. 2015;
Lockot et al. 2015; Ramisch et al. 2016). PSV of the Tangra Yumco record is in good agreement with
the Lake Baikal record, the East Asian PSV stack, and the geomagnetic field model for the past
15.9 cal. ka BP (length of PSV record from Tangra Yumco) which supports the reliability of the presented

radiocarbon chronology (Henkel et al. 2016).

Palaeoenvironmental reconstruction of Tangra Yumco

The hydrological development of Tangra Yumco can be subdivided into several phases. The occurrence
of sandy layers (modes 120 and 220 um) and gravels restricted to the phase from 17.5t0 17.1 cal. ka BP
(848-711 cm ECCD) suggests unique palaeoenvironmental conditions at Tangra Yumco (Fig. 3). An
end member modelling approach on sediments from various Tibetan lakes including Tangra Yumco
showed that grain size distributions with modes between 90 and 250 um represent 'aeolian sands' (Sun
et al. 2002) derived from local sources that move by rolling and saltation (Fig. 5; Dietze et al. 2014).
Similar findings were presented by Pye & Tsoar (2009) revealing that unimodal and well sorted
sediments in the range of 100 to 300 ym are associated with aeolian processes and move by saltation
(Fig. 5), while grains >90 um might even be transported in short-term suspension. In modern surface
sediments from lake Donggi Cona (north-eastern Tibetan Plateau) these 'aeolian sands' move by rolling
and/or saltation on a frozen lake. A (at least partial) frozen lake surface is therefore required to transport
these 'aeolian sands' to distal positions of the lake like the coring location in Tangra Yumco (Dietze et
al. 2012). This aeolian transport process is probably driven by strong surface winds from westerly and
northerly directions during fall and spring seasons (Dietze et al. 2014). Alternatively, sediments trapped

in the frozen lake surface could also be transported by ice-rafting (Dietze et al. 2014) which at least
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10

applies to the gravels found in the Tangra Yumco record as they are too coarse for aeolian transport.
Fluvial sediments, in turn, have a multimodal character with coarse modes of typically 200 to 400 ym
(Sun et al. 2002). Therefore, fluvial transport processes are unlikely to be responsible for deposition of
these unimodal sandy layers. The occurrence of the sandy layers might also explain the high
sedimentation rate as these layers do not represent the continuous background sedimentation but rather
a seasonal accumulation of sediment or even single events.

Reasons for the termination of the deposition of these sandy layers and gravel might be either
the lack of an ice-covered surface or a change in wind direction or strength. However, our data do not
indicate any changes in wind direction or strength although it could potentially have happened. In
contrast, there are indications for a change in temperatures. C/N ratios are typically low in non-vascular
aquatic plants with values between 4 and 10 and higher in terrestrial vascular plants with values >20
and thus indicative for the origin of organic matter (TOC) in the sediments (Kemp et al. 1977;
Krishnamurthy et al. 1986; Meyers & Ishiwatari 1993). As C/N ratios before 17.1 cal. ka BP are <10,
pointing to an autochthonous origin of the TOC, the TOC content mainly reflects changes in the
autochthonous production which has been linked to temperature variations (Zhu et al. 2008; Kasper et
al. 2012). The same interpretation applies for Ca and TIC which are positively correlated to TOC and
hence are indicative of autochthonous carbonate production controlled by temperature variations. Ca
and TIC can, alternatively, be governed by the input of detrital carbonates but should than be correlated
to PC1 which is not the case in the Tangra Yumco record. Other studies showed that Ca can act as a
lake level indicator with higher Ca when the lake level is low due to concentration effects. In that case,
Ca and PC1 would show a strong anti-phased correlation (Kasper et al. 2012) which also does not apply
for the Tangra Yumco record. Therefore, we consider Ca as indicative of autochthonous production and
temperature variations. The TOC and Ca contents before 17.1 cal. ka BP are lowest in the record what
might reflect coldest conditions. So probably increasing temperatures and a lack of ice cover caused
the termination of the deposition of the sandy layers.

The phase from 17.1 to 16.0 cal. ka BP (711-625 cm ECCD) is characterized by rapidly
increasing and highest TOC contents in the record, while grain size and PC1 values remain low.
Increasing Ca and, more pronounced, TIC content represents higher autochthonous production and
elevated temperatures. Probably Tangra Yumco might have been a very shallow lake that responded
quickly to changes in temperature reflected in the elevated TIC and Ca contents. The high TOC content

corresponds to higher C/N ratios with values >10 representing highest values in the sedimentary record



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

11

and indicating a terrestrial origin of the TOC (Fig. 3). As demonstrated in previous studies, Ti can be
considered as indicator for allochthonous clastic input into a lake that is often transported fluvially by
enhanced surface runoff (Haberzettl et al. 2009; Kasper et al. 2012; Doberschitz et al. 2014). High
correlations of Ti with K, Fe, and Rb indicate that these elements also represent the allochthonous clastic
input (Brunschdn et al. 2010). As these elements have a high load on PCA1, it reflects the allochthonous
clastic input by surface runoff that is persistently decreasing from 17.1 to 16.0 cal. ka BP (Fig. 4).
However, determination of the driver of the allochthonous clastic input is not straightforward as
precipitation and glacial meltwater come into question. In Tangra Yumco glacial meltwater likely
contributed to the hydrological budget in the Late Pleistocene (Rades et al. 2013). However, the extent
of the contribution of meltwater remains unknown. So for the Late Pleistocene we preliminarily refer to
surface runoff by using PC1. Decreasing surface runoff from 17.1 to 16.0 cal. ka BP is also indicated by
fining grain sizes. A grain size record from Lake Daihai (Inner Mongolia) showed that the median grain
size decreases coeval with reduced surface runoff and increases with enhanced surface runoff. In that
study, the surface runoff was linked to monsoonal precipitation (Peng et al. 2005). However, the high
input of terrestrial TOC with concurrent decreasing surface runoff is difficult to explain. We speculate
that a further increase in temperature, as suggested by TIC and Ca, terminated the deposition of sandy
layers and caused a thawing of the permafrost releasing large amounts of terrestrial TOC from the
topsoil then available for erosion, transport, and deposition in the lake.

At 16.0 cal. ka BP (625 cm ECCD) the allochthonous clastic input rises as indicated by rapid
increases in grain sizes and PC1, while concurrently the TOC, C/N, Ca, and, more pronounced, the TIC
content declines. The rise of the allochthonous clastic input points to enhanced surface runoff either by
more precipitation or glacial meltwater what would suggest that temperatures were further rising. The
rapid return to lower TOC and C/N reflects that the input of terrestrial TOC decreased. Tangra Yumco
might have been a very shallow lake before 16.0 cal. ka BP and the rising lake levels, due to enhanced
surface runoff, might have increased the distance from the coring location to the shore consequently
reducing the delivery and deposition of terrestrial TOC from the catchment. The increasing water volume
might have altered the water chemistry and decreased the carbonate production. Submerged lake level
terraces (Akita et al. 2015) might possibly support the hypothesis of a very shallow lake. Apparently, the
environmental conditions changed significantly towards moister conditions at 16.0 cal. ka BP (Fig. 3).

Between 16.0 and 13.0 cal. ka BP (625-569 cm ECCD) the TOC content remains relatively

stable with corresponding low C/N ratios indicating low autochthonous production and rather low but
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stable temperatures. This interpretation is supported by relatively stable but low TIC and Ca contents
(Fig. 3).

Between 13.0 and 12.4 cal. ka BP (569-456 cm ECCD) TOC, grain sizes, and PC1 increases
followed by a decrease between 12.4 and 11.4 cal. ka BP (539-456 cm ECCD). As C/N ratios are still
<10, TOC reflects variations in temperatures with higher temperatures between 13.0 and 12.4 cal. ka BP
and cooler conditions prior to the onset of the Holocene contemporary to the Northern Hemisphere
Younger Dryas chronozone. Similarly, the surface runoff, as indicated by PC1, is enhanced before
12.4 cal. ka BP and lower subsequently. Variability of the grain sizes is too high to reveal a general trend
possibly suggesting that the environmental conditions were unstable in that phase (Fig. 3).

After 11.4 cal. ka BP (456 cm ECCD) TOC, grain sizes, and PC1 considerably increase. TOC
reaches the highest values at 9.2 cal. ka BP (385 cm ECCD) and since the C/N ratio is constantly <10,
TOC reflects the autochthonous production and therefore a temperature peak with a subsequent drop
in temperatures. According to PC1 the surface runoff significantly declines after 10.8 cal. ka BP (426 cm
ECCD), while grain sizes further increase indicating rising surface runoff with a peak almost concurrently
to the peak in temperature. Assuming that PC1 is biased and the grain size data show the actual
development of the surface runoff, two possible scenarios can resolve this apparent contradiction
between grain size and PC1 data. A strong anti-phased correlation between Ca and PC1 might point to
a dilution effect of PC1. High temperatures, as they are suggested by TOC, could have enhanced the
autochthonous carbonate production and the carbonate dilutes the allochthonous clastic input leading
to a decrease in PC1. Alternatively, due to a significantly higher lake level less allochthonous clastic
material might have reached distal parts (coring location) of the lake. This might have caused a decline
in PC1 although the surface runoff was still similar. A significantly higher lake level is also confirmed by
a Holocene lake level reconstruction from Tangra Yumco (Fig. 6) based on optically stimulated
luminescence (OSL) ages of exposed lacustrine sediments and recalculated cosmogenic nuclide ages
of beach terraces. This lake level reconstruction indicates a rising lake level at 10.5 ka, a lake level
highstand prior to 8.5 ka, and falling lake level thereafter (Ahlborn et al. 2016). These results are well in
phase with the grain size data that reveal increasing precipitation until approximately 9.2 cal. ka BP and
might probably suggest that PC1 was biased by a higher lake level and a reduction of material reaching
the coring location. Results from the Targo Xian peat bog, located about 16 km east of the southern
shore of Tangra Yumco but within its catchment, are in phase with reconstructions from Tangra Yumco

as they reveal an onset of wetter conditions at 11.5 cal. ka BP and a further increase in moisture
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availability at 11.0 cal. ka BP (Miehe et al. 2014). The association of surface runoff with a driving
mechanism is more straightforward in the Holocene since glacier fluctuations had probabily little effect
on the lake level because the glaciers were too small relative to the lake (Rades et al. 2013). A modelling
study calculated the contribution of glacier meltwater to the total basin runoff as 14% between 2001 and
2011 (Biskop et al. 2015). These findings let to the assumption that surface runoff was primarily
controlled by precipitation during the Holocene.

After 7.6 cal. ka BP (355 cm ECCD) environmental conditions were rather stable with only minor
variations in autochthonous production, i.e., temperature, and surface runoff indicated by only minor
variations of TOC, grain sizes, and PC1 (Fig. 3). This interpretation is further confirmed by the lake level
reconstructions of Tangra Yumco based on OSL and recalculated cosmogenic nuclide ages that indicate
almost constantly falling lake level after the early Holocene (Fig. 6; Ahlborn et al. 2016). Data from the
Targo Xian peat bog imply drier condition after 7.5 cal. ka BP (Miehe et al. 2014) being in phase with

the climatic conditions reconstructed for Tangra Yumco.

Palaeoenvironment of the southern Tibetan Plateau

To test, if palaeoenvironmental changes occurred synchronously on the southern Tibetan Plateau, the
Tangra Yumco record was compared to records from lakes Nam Co (Kasper et al. 2015), Tso Moriri
(Mishra et al. 2015), and Naleng Co (Figs 1, 6, 7; Opitz et al. 2015). Deglaciation and thawing processes
started between 17.1 and 16.0 cal. ka BP at Tangra Yumco and Nam Co (Kasper et al. 2015) and Tso
Moriri (Mishra et al. 2015), while conditions at Naleng Co have continuously been cold and dry which is
not in phase with results from other records on the southern Tibetan Plateau (Opitz et al. 2015). Similar
to Tangra Yumco rising temperatures at Nam Co resulted in thawing permafrost and enhanced input of
terrestrial TOC (Figs 6, 7; Kasper et al. 2015). Lake levels of Tangra Yumco, Nam Co, and Tso Moriri
are initially rising (Kasper et al. 2015; Mishra et al. 2015).

Around 16.0 cal. ka BP Tangra Yumco and Nam Co show a significant shift towards moister
conditions (Fig. 6). In the Nam Co record, the pollen association changes from exotic species like Pinus
and Picea to moisture-preferring species like Cyperaceae and Gramineae that is interpreted as a change
of the prevailing wind system from a westerly dominance prior to 16.5 cal. ka BP to monsoonal influence
thereafter (Zhu et al. 2015). This shift is not recorded in sediments from Tso Moriri and delayed or also

missing in Naleng Co (Fig. 6). Mishra et al. (2015) infer a rising lake level after 16.4 cal. ka BP with
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persistent evaporitic conditions due to higher summer insolation. So potential higher moister availability
might have been compensated by the evaporitic conditions resulting in the missing signal of monsoonal
intensification. At Naleng Co moisture availability increased significantly at 14.8 cal. ka BP (Opitz et al.
2015) leaving a temporal offset of approximately 1000 years to monsoonal intensification in Tangra
Yumco and Nam Co. However, the chronology of Naleng Co, especially for the Late Pleistocene, suffers
from dating uncertainties (Kramer et al. 2010) hampering a comparability to other records during this
time. Therefore, the reported shifts to moisture conditions around 16.0 cal. ka BP at Tangra Yumco and
Nam Co and at 14.8 cal. ka BP at Naleng Co might represent the same event marking the first
intensification of monsoonal influence on the southern Tibetan Plateau in the Lateglacial. Progressive
warming after approximately 15.0 cal. ka BP was probably favorable for the development of the Indian
summer monsoon (An et al. 2000) and might be associated with the increase in moisture on the southern
Tibetan Plateau around 16.0 cal. ka BP. The driver of the progressive warming and the resultant
monsoonal intensification was likely an increase in summer insolation (Berger & Loutre 1991; Kasper et
al. 2015).

Oscillations in moisture availability and temperature at Tangra Yumco after 13.0 cal. ka BP
with moister and warmer conditions prior to 12.4 cal. ka BP followed by drier and cooler conditions
between 12.4 and 11.4 cal. ka BP appear synchronously in all records on the southern Tibetan Plateau
(Kasper et al. 2015; Mishra et al. 2015; Opitz et al. 2015). Temperature oscillations (5'80) in the GISP2
ice core from Greenland occur contemporary to variations in temperature in records from the southern
Tibetan Plateau (Fig. 7). In the GISP2 ice core these oscillations reflect the Bglling-Allerad and Younger
Dryas (Stuiver & Grootes 2000). Kasper et al. (2015) and Opitz et al. (2015) detected the Bglling-Allerad
and Younger Dryas in Nam Co and Naleng Co. The comparison of the records from the southern Tibetan
Plateau further supports a coupling of the Asian monsoon system to the Northern Hemisphere climate
system prior to the Holocene (Fig. 7).

In all discussed records from the southern Tibetan Plateau a rapid rise in moisture availability
around 11.4 cal. ka BP marks the transition to the Holocene (Fig. 6). This rapid rise is accompanied by
a rapid increase in temperatures in the records from the southern Tibetan Plateau and the Northern
Hemisphere (Fig. 7). At Tangra Yumco moistest and warmest conditions culminate prior to 8.5 ka with
a lake level highstand synchronously to highest lake levels in Nam Co at 9.5 cal. ka BP (Kasper et al.
2015), highest available moisture at Tso Moriri between 11.2 and 8.5 cal. ka BP (Mishra et al. 2015),

and moistest and warmest conditions at Naleng Co prior to 8.3 cal. ka BP (Figs 6, 7; Opitz et al. 2015).
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This period represents the Holocene climate optimum that is regarded as the time of maximum
postglacial warmth (Winkler & Wang 1993) and coincides with an increase of monsoonal strength
between 10.0 and 9.5 cal. ka BP (Overpeck et al. 1996). During the middle to late Holocene (after
7.6 cal. ka BP) all records show only minor variations with gradually decreasing moisture availability
(Fig. 6) suggesting a general aridification on the southern Tibetan Plateau that is widely recorded on the
Tibetan Plateau (Van Campo et al. 1996; Zhang & Mischke 2009; An et al. 2012; Chen et al. 2013).

Monsoon intensity records from the Arabian Sea and Bay of Bengal reflecting the strength of
the Indian summer monsoon show striking similarities with the records from the southern Tibetan
Plateau. Monsoonal strength increases in the Bay of Bengal after 15.6 cal. ka BP and in the Arabian
Sea at 15.3 cal. ka BP, is higher roughly after 14.6 cal. ka BP, lower after 12.8 cal. ka BP, and increases
rapidly at the beginning of the Holocene (Fig. 6; Schulz et al. 1998; Rashid et al. 2011). The synchronicity
of the southern Tibetan Plateau with monsoon intensity records indicates that the palaeohydrology of
lakes on the southern Tibetan Plateau was primarily governed by the Indian summer monsoon since
approximately 16.0 cal. ka BP when temperatures and lake level at Tangra Yumco initially rose and the
pollen association from Nam Co indicated a change from westerly to monsoonal dominance (Zhu et al.
2015).

The comparison of the records from the southern Tibetan Plateau and monsoon intensity
records reveals a synchronous pattern of moisture availability on the southern Tibetan Plateau that is
governed by variations is monsoon intensity. The influence of previously discussed local peculiarities or
geographical settings of the study sites on the palaeohydrology and palaeoenvironment (Mischke et al.
2008) is neglectable for large lacustrine systems such as the investigated sites on the southern Tibetan
Plateau. Inconsistencies between records, earlier leading to the assumption of an asynchronous pattern
of moisture availability, can partly be related to coarse-resolution and poorly dated records (Chen et al.
2008) or unsuitable small lacustrine systems which immediately react to local peculiarities (Ahlborn et
al. 2015). High-resolution records covering the Lateglacial and the Holocene are urgently needed to
further assess the spatial and temporal development of moisture availability on the Tibetan Plateau.
Previous studies suggested an anti-phase relationship between monsoon and westerly strength
modifying their regional extent (An et al. 2000, 2012; Vandenberghe et al. 2006; Chen et al. 2008) and
a delimitation of the Indian summer monsoon by mountain barriers on the northern Tibetan Plateau
(Ramisch et al. 2016) what would result in an asynchronous pattern of moisture availability over the

Tibetan Plateau but would not necessarily prove an asynchronous monsoonal development. A thorough
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comparison of the northern and southern Tibetan Plateau would help to improve the understanding of
the anti-phase relationship between monsoon and westerlies, the temporal variability of the northward

extension of the Indian summer monsoon, and the impact of mountain ranges.

Conclusions

The comparison of Tangra Yumco with several lakes along an east-west-transect, namely Nam Co, Tso
Moriri, and Naleng Co (Figs 1, 6, 7), reveals a generally synchronous development of moisture
availability on the southern Tibetan Plateau. As shown by the synchronicity of the southern Tibetan
Plateau and the monsoon intensity records, all four lakes were under the influence of the Indian summer
monsoon since at least 16.0 cal. ka BP. A warm and moist period on the southern Tibetan Plateau
between 13.0 and 12.4 cal. ka BP is associated with the Bglling-Allerad, whereas the period between
12.4 cal. ka BP and the onset of the Holocene is marked by cooler and drier conditions reflecting the
Younger Dryas. After a rapid increase in moisture availability and temperature at the transition to the
Holocene, the Holocene climate optimum occurs prior to approximately 8.5 cal. ka BP on the southern
Tibetan Plateau. Summarizing, our study supports a spatial and temporal synchronous development of
the Indian summer monsoon with a neglectable influence of local peculiarities or geographical settings

of the studied large lake systems.
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Figure captions
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Fig. 1. Study site. A. Map of the Tibetan Plateau with Tangra Yumco (circle), Nam Co (circle), Tso
Moriri (dot), and Naleng Co (dot). Source: http://www.geomapapp.org. B. Bathymetric map of Tangra
Yumco with sampling location of cores TAN10/4 and TAN12 (stars) with tracks of hydro-acoustic

survey (black lines).
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Fig. 2. Chronology of record TAN12 as published in Henkel et al. (2016). A change in sedimentation
rate occurs around at 16.0 cal. ka BP. The sedimentation rate is 3.6 mm a™' below 711 cm ECCD

(17.1 cal. ka BP) and with <0.6 mm a' significantly lower above.
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Fig. 3. Results of XRF (2 mm resolution), PC1 representing the surface runoff, CNS analyses (<10 cm

resolution), and grain size analyses (1 cm resolution) on a logarithmic scale. Discontinuity of the plots

is due to data gaps between core sections.
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Fig. 4. Results of the principle component analysis. The PC1 accounts for 63.06% while PC2 accounts

for 14.43% of the total variance and basically represents Sr. PC1 is considered to reflect the

allochthonous clastic input as it has high accounts of K, Ti, Fe, and Rb.
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Fig. 5. Grain size distribution of sand layers prior to 17.1 cal. ka BP. Layer at 835 cm ECCD
(17.5 cal. ka BP; red bold) has a mode at 176.9 um. Layer at 741 cm ECCD (17.1 cal. ka BP; blue
dashed) has a mode at 133.8 um. Unimodal distribution and good sorting indicates aeolian transport.
Rolling and saltation happens to grains with a size of 90-250 ym (hatched; Dietze et al. 2014) or 100—

300 um (gray; Pye & Tsoar 2009).
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Monsoon intensity records

Summer insolation Lake level (m a.s.1.) MAP (mm a)
dry at Tangra Yumco (W m'z) Tangra Yumco Naleng Co
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Fig. 6. Comparison of clastic input of (A) Tso Moriri (Mishra et al. 2015), (B) summer insolation at

Tangra Yumco (Berger & Loutre 1991), (C) PC1 representing the surface runoff of Tangra Yumco,

gray interval is biased by either dilution effect of the carbonate production or higher lake level and a

reduction of material reaching the coring location and do, therefore, not represent the surface runoff

(discontinuity of the plot is due to data gaps between core sections), (D) lake level curve of Tangra

Yumco (blue dots; Ahlborn et al. 2016), (E) inflow—evaporation index of Nam Co (IEl; Kasper et al.

2015), (F) mean annual precipitation (MAP) of Naleng Co based on a pollen transfer function (Opitz et

al. 2015), (G) Indian monsoon record from the Arabian Sea (Schulz et al. 1998), and (H) Indian

monsoon record from the Bay of Bengal (Rashid et al. 2011). Indicated with gray bars are

synchronous shifts as the increase in moisture availability around 16.0 cal. ka BP, enhanced moisture

after 13.0 cal. ka BP, and the increase in moisture availability around 11.4 cal. ka BP.
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Fig. 7. Indicators for temperature variations from the southern Tibetan Plateau. A. TOC as indicator for
biological productivity of Tangra Yumco (this study, discontinuity of the plots is due to data gaps
between core sections). B. TOC as indicator for biological productivity of Nam Co (Kasper et al. 2015).
C. Mean annual temperature (MAT) of Naleng Co based on a pollen transfer function (Opitz et al.
2015). D. 8"80 from the GISP2 ice core from Greenlandas temperature indicator for the Northern
Hemisphere (Stuiver & Grootes 2000). Indicated with a gray bar is a decline in temperature in the
records from the southern Tibetan Plateau and the Northern Hemisphere prior to the onset of the
Holocene associated with the Younger Dryas preceded by enhanced temperatures of the Bglling-

Allerad.



