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Late Pleistocene Lake Level Fluctuations of the Nam Co,
Tibetan Plateau, China
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Summary. The endorheic Nam Co Lake, southeastern Tibetan Plateau, was selected to investigate the
interrelation between post-glacial glacier decay and lake level fluctuations. During the transition between
MIS 2 and MIS1 glacier decay caused regional changes in water balance and a rise in lake level, which is
presently shown by a marked cliff line visible all around Nam Co, with its base approx. 29 m above the
present lake level. Simultaneously occurring melt water floods caused channel incision into the Pleistocene
fan deposits; presently new fans are being deposited where the channels discharge into the wave-cut
platform. More Holocene beach ridges on the wave-cut platform downslope of the cliff line are evidence
of oscillating Holocene lake levels. LGM ice cap estimates for the tributary Nyaingentanghla Range
explain about 50 % of the post-glacial lake volume growth compared to the present lake level. The
remaining 50 % of post-glacial lake volume growth originates from increased inflow from the western
and northern tributaries. As Nam Co is an endorheic lake, post-glacial water loss is primarily due to
evaporation and moisture conditions. To understand late glacial interaction between glacier retreat and lake
level fluctuation, a test site in the southeast of the Nam Co area was selected; investigations included
geomorphological mapping, survey by DGPS and statistical data analysis.

Keywords. lake history, beach ridges, glacier retreat, water balance, chronology, Holocene

1 Introduction

The Tibetan Plateau is considered to be a major driver of the global climate system (GassE et al.
1991). In this context, the current discussion about the Quaternary cold and warm stages of the
Tibetan Plateau is gaining importance. In the past decades numerous studies investigated ice extents
during various glaciations and glacial stages, as well as the timing of the ice build-up and decay
across the plateau. However, due to orographic effects, monsoonal variability and inaccessibility
of vast areas, the Quaternary climate throughout Tibet is poorly understood (OWEN et al. 2005,
BOSE et al. 2003, MUGLER et al. 2007).

Generally, glacial ice is a major reservoir in glaciated areas, and its decay strongly influences
local and regional water balances (OwWEN 2006). Nam Co Lake, located on the southeastern Tibetan
Plateau, was selected to investigate the interrelation between post-LGM glacier decay and lake
level fluctuations. The particular suitability of the Nam Co basin for this purpose is due to its
endorheic character, which excludes water loss by runoff, and to its location at the northern foot
of the still-glaciated Nyaingentanghla Range. Investigation of Nam Co post-glacial lake level
changes will give information on post-LGM water volume changes and hence provide an answer
to questions about the lake water supply and the drainage basin’s net balance.
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Beach remains are used as the most important proxy to reconstruct lake level changes and
as the integrative signal for changes in water balance (STREET 1980). The merging of information
on lake water volume changes, its chronology, and the respective paleoenvironmental conditions
will allow an estimation of the water balance. Water balance estimates are based on lake extents
as derived from the beach remains and their surrounding topography. The volume is estimated
by applying a semi-quantitative estimation of water balance. Additional analysis of elevation and
exposition of the different beach ridges and the cliff lines allows conclusions on synsedimentary
major lake currents and, thus, gives a rough idea of major wind fields. Investigation of lake level
changes needs to be embedded into overall knowledge on the relief of the study site. As very little
information on the relief of the Nam Co area is available, the topography of the site has also been
recorded.

2 State of the Art

According to the Lake Status Data Base Documentation (YU et al. 2001) the Tibetan Plateau
has more than 300 lakes with surface areas greater than 10 km®. However, paleoclimatic informa-
tion that covers the last glacial-interglacial cycle is available for only nine sites (YU et al. 2001).
Studies of lake sediments published in the international literature mostly focus on lakes on the
western, northern and northeastern Tibetan Plateau, and there are only a few well-dated multi-
proxy studies (e.g. GASSE et al. 1991, 1996, KELTS et al. 1989, LisTER et al. 1991, Wer & GASssE
1999, Yu & KELTS 2002, ZHOU & ZHU 2002, Wu 2006a, ZHAI 2006, ZHANDONG 2001). Only
sparse information is available from central (GoTo et al. 2003) and southern (ZHU et al. 2003)
Tibetan Plateau lake sediments.

Along beach zones of lakes, abandoned shorelines, beach ridges, wave-cut platforms or cliff
lines provide important information for the reconstruction of former lake level positions (BRADLEY
1999, LiccArDI 2001). In this way, reconstruction of changes in water balance due to lake level
fluctuations promises reliable results especially for closed basins, because here lake water loss is
mainly due to evaporation. Thus, periods of positive water balance most likely cause higher lake
levels (Avouac et al. 1996). On this basis, various attempts have been made to model present and
past water balances of lake systems (e.g. CHEN et al. 1999, STREET 1980, CAMPO & GASSE 1993,
STREET & GROVE 1979, ZHU 2004).

In general, STREET & GROVE (1979) state that lake level changes are due to changes in climatic
patterns while focusing on a global scale. FANG (1991) specifies this statement by applying a regional
approach with a focus on East Asia. With reference to a 14C-dated limno-stratigraphic sequence,
he emphasizes that especially during the transition from the LGM to the Holocene (MIS2-1) com-
plex regional climatic patterns caused lake level highs on the Tibetan Plateau between 16—10 ka BP
after the LGM lake level lows. This observation is confirmed by numerous case studies (e.g.
CaMPO & GASSE 1993, AVOUAC et al. 1996, CHEN et al. 1999). Sediments recovered in a core from
Siling Co (Gu et al. 1994) indicate input of coarser sediments during the LGM when the lake had
reached a lowstand level. Dry conditions during the LGM are also reported from other lakes in
eastern Tibet (GASSE et al. 1996, HONG et al. 2003). In contrast, in the western Tibetan Plateau
the LGM is characterized by higher lake levels (Yu et al. 2003).
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Parallel to the investigation and interpretation of the Tibetan Plateau lake systems, extensive
research on Quaternary glacial extension and decay has been carried out. Early investigations
suggest that a complete plateau-covering ice-sheet existed, an assumption still upheld by KUHLE
(2001) (see also: HAN 1989, L1u et al. 1999). In contrast, other authors argue that there was only a
relatively small increase in the number of glaciated areas and that a large part of the Tibetan
Plateau remained ice-free during the last glaciation (BurBANK & CHEN 1991, DERBYSHIRE 1991,
LEHMKUHL et al. 2002, SCHAFER 2000, ZHENG & RUTTER 1998). LEHMKUHL et al. (2002) con-
cluded that glaciers in the area of Nam Co, Silling Co, Gyaring Co und Dagze Co were relatively
small during the LGM, and they found no evidence for an ice stream network or a large ice cap.
LEHMKUHL et al. (2002) dated the two most extensive glacier advances in the Nam Co area and
attributed the older and larger advance to the penultimate glacial stage, and the younger and
smaller advance to the LGM. Y1 (2002) found evidence that five moraine successions in the largest
modern ice field of Puruogangri can be correlated to global glacier advances, such as the LGM
between 19—23ka (Y1 1998).

3 Study Site

Nam Co Lake (30°30°-35" N, 90°16°-91°03’ E) is located at 4722 m above sea level (Fig. 1). The
lake covers about 1870 km” with a corresponding catchment area of approx. 15 000 km? Nam Co
is the second largest saline lake in China with a salinity of about 2 g I (MATTHEWsS et al. 2004).
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[I7 Sand sheets and dune fields
“w~" Quaternary glaciated area
= Fluvio-littoral zone
A~ Mature ridge-and-valley zone
—— Major drainage system
== Nam Co divide
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Fig. 1. Map showing Nam Co and its drainage, with the different subordinate geomorphological units
of the lake’s catchment area.
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The tectonic lake basin is located in the central part of the Lhasa Block and is bounded by Paleo-
zoic and Mesozoic rocks deformed by Paleogene and older thrusts in the north and west. In the
south the divide of Nam Co runs along the Nyaingentanghla Range. Here, in altitudes above
7000 m asl, Proterozoic to Tertiary granitic rocks, gneisses and schists occur (Kipp et al. 1988).
The Nam Co basin is endorheic. Major runoff into the lake is discharged from the Wand E; it is
generated by monsoonal precipitation and meltwater from the western Nyaingentanghla Range.
Eastern Nyaingentanghla Range feeds low order channels directly, discharging into the Nam Co
with runoff predominantly originating from meltwater.

The present climate of the Nam Co area is characterized by dry winters and precipitation
occurring predominantly during summer (July to September). Precipitation is brought by the
Asian monsoons with an average of 400 mma” (Lhasa weather station 1961—1990, 30-year period of
record defined by WMO 1967), where the present annual evaporation exceeds 400 mm a” (MULLER
1996, CHEN et al. 2006). Furthermore, the climate is characterized by a large diurnal temperature
gradient. Recorded temperatures at Nam Co weather station range from +20°C to -41°C; the
annual mean is about -1°C, and monthly means vary from 2°C to 5.5°C in July to -10°C t0 -12°C
in January (YaAo TaopONG CAS-ITP, pers. comm., 2004).

Present and past land use in the Nam Co area has adapted to the landscape and resulted in
the coexistence of nomadic and sedentary populations.

The overall geomorphological character of the Nam Co drainage can be symplified by subdi-
viding the area into four major units denoted by past and present morphodynamics (Fig. 1):

® In the southwest of Nam Co valley glaciers from Nianqingtanggula Mountains reached into
the foreland during the LGM. LEHMKUHL et al. (2002) dated the two most extensive glacier
advances in the Nam Co area and attributed the older and larger advance to the penultimate
glaciation, and the younger and smaller advance to the LGM. The terminal and ground
moraines of the maximum glacier advance are inundated by the present Nam Co. Various
post-glacial lake level highs are marked by beach ridges accumulated on top of the LGM base
moraine. In the southeast of Nam Co, the foreland of Niangingtanggula Mountains expanded
and LGM valley glaciers did not extend into the present lake area. Here, during the Pleisto-
cene and still during the post-LGM, huge fans were deposited downhill of the valley glacier’s
terminal moraines. A marked cliff line, exposed over tens of kilometers, is cut into these
poorly compacted fluvial deposits and marks the post-glacial lake level high (Fig. 2). LEHMKUHL
et al. (2002) dated this shoreline cliff to the transition between late Pleistocene and early

Holocene, using the age of overlying dune deposits.

Apart from the foreland of Niangingtanggula Mountains glacial morphodynamics are lacking in
the Nam Co drainage basin and therefore Quaternary glaciation of the lake basin can be excluded
(SHI et al. 2002, LEHMKUHL 2000).

® The relief in the north and west of Nam Co can be characterized as a hilly landscape highly
influenced by tectonics and covered by extensive fluvial deposits. The landscape has been
strongly modified by fluvial and periglacial processes. Relief in this area can be described as
a mature ridge-and-valley landscape.
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Fig. 2. Geomorphological map of the southeastern Nam Co Area (location see Fig, 1).
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® In the east of Nam Co eolian deposits cover wide areas. They form extended primary dune
fields and sand sheets and cover most of the fluvial, littoral and periglacial landforms. At
present they are dissected by fluvial erosion.

® Along the littoral zone, especially in the slightly undulating west and northwest of the lake,
delta-like fluvial deposits interfinger with lacustrine deposits and form extended wetland

areas.

4 Material and Methods
4.1 Field work

Geomorphological features were mapped all around the lake in summer 2005 and 2006. Topogra-
phical maps composed of contour lines derived from processing DEM (here: SRTM3 data) over-
lying panchromatic data of ETM ™ images (see paragraph below) are the map base. Additionally,
beach remains such as beach ridges, cliff lines and wave-cut platforms were mapped by differential
GPS (DGPS : Ashtech ProMark 2) mainly along cross profiles running upslope from the present
lake level. DGPS measurements provided data with horizontal and vertical submeter accuracy.
All DGPS data were corrected (postprocessed) by a portable base station, which was located
within a range of 15 km.

4.2 Data Analysis

Differentiating landform units and mapping of landforms are based on ETM" images (Landsat 7,
2001). The digital elevation model (DEM) is generated from the data provided by the Shuttle
Radar Topography Mission (SRTM3) of the NASA. The quality of the DEM is measured by the
standard deviation of relative height, which totals +3.7 m for areas recorded in Asia for 90% of
the data points recorded (RODRIGUEZ et al. 2005, 25). Continuous data analysis included water
balance estimation applying a semi-quantitative approach and water volume calculations with
data processing using ARC GIS (ESRI). For statistical analysis the software package SPSS (v.14)
was used.

4.3 Lake Water Balance

Estimates of water balances for catchments including a closed lake over time were carried out fre-
quently (e.g. MASON et al. 1994, HOSTETLER 1991, MORILL 2004). For the general water balance
model evaporation is the most challenging parameter.

Here we present a simple diachronological approach, including post-glacial lake level highs
and present-day lake levels. This approach is semi-quantitative, referring to modern data of precipi-
tation and evaporation of various neighboring sites (MORILL 2004, MULLER 1996, THOMAS & CHEN
2002, ZHANG et al. 2003). It takes into account that especially evaporation data vary greatly on a
small scale, depending on the lake surface, lake salinity, land surface, land cover including ice
cover, type and density of vegetation cover, and the distribution of wetlands. Evaporation data
available from literature (eg. MULLER 1996) are Thornthwaite temperature-based estimates, rather
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than measured values. THOMAS & CHEN (2002) show that such temperature-based estimates
are unsuitable for the specific insolation and radiation conditions on the Tibetan Plateau and will
cause underestimations of 100% and more. To avoid uncertainties due to evaporation models un-
adjusted to the specific environmental conditions of the Tibetan Plateau, empirical data from
neighboring Ahung Co (31.37°N, 92.04°E, 4600m asl, 150 km NE of Nam Co), determined by
MoRILL (2004) based on 12-year measurements were applied. MORILL (2004) states an annual
lake evaporation of 760 mm a; this value is transferred to Nam Co. For land surfaces, we differ-
entiate between sublimation from ice surfaces and evapotranspiration from soil surfaces. Data
for current ground evaporation are taken from ZHANG et al. (2003) and are based on lysimeter
measurements made at the foot of Nyaingentanghla Mts; the value given totals 1.72 mm d™.
Annual evapotranspiration is estimated according to MORILL (2004) for April to October as
the growing season, whereas for November to March evapotranspiration is assumed to be near

zero due to frozen ground. Resulting estimated annual evapotranspiration totals
(214 days * 1.72 mm d™) + (151 days * ~0 mmd™) = 368 mm a™

Seepage from the lake might occur but is not considered in the calculations, as data are not

available.

44 Chronology

For age determination of the lake level high causing the marked cliff line and the tributary chan-
nels, we have taken the most recent layer deposited before cliff undercut and channel incision
started. OSL dating techniques were applied on eolian deposits.

Mineral luminescence is the light emitted from mineral particles when they are stimulated
with heat (thermoluminescence = TL) or light (optically stimulated luminescence = OSL) after
receiving a dose of natural or artificial radiation. A recent comprehensive review of OSL dating
is given in LIAN & ROBERTs (2006). The present study establishes a preliminary chronological
frame for the different levels of the marked cliff line at Nam Co lake. Luminescence dating
including (1) the multiple aliquot additive dose (MAAD) protocol on sand-sized potassium-rich
feldspar, and (2) the single aliquot regenerative (SAR) protocol on potassium-rich feldspars for
infrared optically stimulated luminescence (IRSL) dating, following the methodological proce-
dure as described in MURTON et al. (2007). The equivalent dose (De value) is given in Gray (Gy)
(Table 1). Dose rates for all samples were calculated from potassium, uranium and thorium con-
tents, as measured by gamma spectrometry in the laboratory, assuming radioactive equilibrium
for the decay chains and an internal potassium content of 12.5+1% for the potassium-rich feld-
spars (HUNTLEY & BARIL 1997). The natural water content of the sediment is estimated to be
15+5% in relation to the porosity of the sediment and the variation of lake level during the geolo-
gical past. The present moisture of the sediments does not match the true moisture of the past
owing to lake level variations. IRSL age estimates are given in 1000 years (ka) and a 1-sigma stan-
dard deviation.
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Table 1. Dosimetric results of OSL dating of samples from layers 2 and 4 (Fig. 3).

Layer ESP- 1 Sig FSP- 1Sig  Dose 1Sig  IRSL-Age 1Sig IRSL-Age 1Sig Grain size

Figure3 MAA AD SAR AD Rate FSP-MAA FSP-SAR
[Gy] (Gyl (Gyl [Gyl [Gy/ka] [Gy/ka] [ka] [ka] [ka] [ka] [pm]
2 1321 19 92.3 1.5 570 0.37 23.2 1.5 16.2 1.1 100-150
4 88.6 1.1 85.9 12 5.0l 0.33 17.1 1.2 17.2 1.2 106-212

5  Results and Discussion
51 Geomorphology

To understand late glacial interaction between glacier retreat and lake level fluctuation, a test site
in the southeast of the Nam Co area was selected (Fig 1). Geomorphological mapping of this test
site shows that a valley glacier extended from the Nyainqgentanghla Range into the mountain
foreland, where it deposited a terminal moraine and several distinct lateral moraines (Fig. 2). Owing
to the absolute height and pronounced shape of the terminal and lateral moraines a linkage to the
Last Glacial Maximum with an age estimation of 18—32 ka BP (MIS 2) is likely (LEHMKUHL et al.
2002).

The foreland of the terminal moraine displays no evidence of older glacial deposits. In fact,
the terminal moraine is dissected by the valley’s river, and extensive fluvial deposits are found in
its foreland. The slightly rolling relief of the area and the slightly elongated convex shape of the
surface are typical for fan deposits (see also Fig. 3). In these fan deposits, more or less parallel to
the present shoreline of Nam Co, a distinct cliff line is formed with a wave-cut platform at its
foot. The base of the cliff line is located approx. 29 m above the present lake level (4722 m asl). At
the test site, the cliff is 8—10 m high, with a slope of 40-50°. Seawards the wave-cut platform is
covered by beach ridges, which locally impound small areas with beach lakes (see following para-
graph). Presently, fan deposits uphill of the cliff line are dissected by wide channels, in the case of
the test site showing an average inclination of the channel bed of 2.7°. The incised valley is box-
shaped with a valley floor about 1012 m wide and 4—6 m deep, whereas the present channel does
not exceed 1—2 m in width and is only a few decimeters deep. The floor of the box-shaped valley
is aligned to the wave-cut platform, showing deposition of an alluvial fan complex with most recent
deposits of the present channel on top, where the valley debouches to the wave-cut platform.
Downhill from the cliff line, the channel network changes from straight to braided (Fig. 2).

In the box-shaped valley, where it intersects the cliff line, ideal exposure conditions prevail,
allowing an insight into the sedimentary architecture (Fig. 3). Basal sediments are most likely
linked to a mass movement with debris embedded in soil sediments due to the red color of the
matrix (layer 16). A channel cut into these sediments was later filled with relocated, washed
out sands with a grain size of @ 0.1-0.5 mm and well-sorted character suggest an eolian origin
(layer 15). At a later stage fluvial dynamics intensified, and channels incised and were filled with
fine- to coarse-grained pebbles, giving evidence for stronger fluvial dynamics (layer 14) (KNIGHTON
1988). These pebbles are discordantly overlain by a layer of rounded pebbles deposited in graded
beds, each about 10 cm thick, pointing to deposition during flood events (glacial outbursts) (layer 13)
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Fig. 3. Lithostratigraphy of fan deposits outcropping along the major cliff line (30.91° E, 30.71° N; location
see Fig. 2

(Rice and CHURCH 1998). These depositional conditions continue to the top (layer 12, 10), but
the decreasing diameter of deposits indicates reduced flow velocity, corresponding to an over-
bank facies (STRAFFIN et al. 2000). Overlying layers (11, 9—6) point to fluvial facies with repeated
discordances, pointing to channel relocation in a braided system (KNIGHTON 1984). The layers
deposited above (5-2) correspond to a runoff system with relatively low flow dynamics (layers 5, 3)
and distinct eolian dynamics, while channels were periodically running dry (layers 4, 2). The top
exposed layer (layer 1) corresponds to periglacial debris, transported by slow mass movements
on top of the fan surface and disrupted by cryoturbation processes.

Eolian deposits of layers 2 and 4 were sampled for OSL dating. The dosimetric results of
the two samples are compiled in Table 1. Gammaspectrometry gave dose rates of 5.01+0.33 and
570037 Gy ka™. The De values of the upper sample are between 1321219 Gy and 92.3+15 Gy,
as determined by the MAAD protocol and SAR protocol, respectively. IRSL age estimates of
23.241.5 ka and 16.2%1.1 ka were determined. The lower sample gave De values of 88.6+1.1 Gy and
85.9+1.2 Gy, which are in agreement within the I-sigma standard deviation for the two applied
protocols. The IRSL age estimates range from 17.7+1.2 ka to 17.2+1.2 ka and make a correlation of
these sediments with the transition from MIS 2-1 very likely. The interpretation of the present
chronological data set has to be regarded with caution owing to methodological problems. First,
there is no evidence that the sampled sediments were sufficiently bleached prior to deposition —
a problem which could cause significant age overestimation. Second, potassium-rich feldspar can
be affected by anomalous fading, resulting in age underestimation. More investigations are
required, including independent age control to set up a more robust chronological frame for
these deposits.
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In summary, the outcrop along the cliff line distinctly shows fluvial deposits, corresponding
to an alluvial fan, with frequently embedded eolian deposits and overlain by slope debris. The
cliff line corresponding to the post-LGM lake level high is shaped in these unconsolidated fan
deposits. Relief analysis shows that box-shaped valleys tributary to the post-LGM lake level high
were incised into the fan deposits (Fig. 3). These results for the maximum post-LGM lake level
high (29 m above present lake level) correspond to data given by LEHMKUHL et al. (2002), who
postulate a post-LGM or early Holocene (10.4£1.5 ka BP) lake level high of Nam Co of approx.
20 m above the modern lake level. Age determination corresponds to a minimum age based on
OSL analysis of eolian layers deposited on top of the cliff line (LEHMKUHL et al. 2002).

5.2 Post-Glacial Lake Level Fluctuations

All around Nam Co the major cliff line with its base 29 m above the present lake level (4751 m
asl) can be recorded, showing a cliff height of 5-15 m. In the southeast of Nam Co the cliff line
and its corresponding wave-cut platform are incised and superimposed by fluvial deposits. In con-
trast, in the southwest of the Nam Co cliff line and wave-cut platform occur in glacial deposits.
On the wave-cut platform downslope from the marked cliff line and above the present lake level,
up to 13 beach ridges and minor cliffs are recorded (shown with major generalization in Fig. 2).
They indicate additional lake levels. Due to the location of the beach remains on the wave-cut
platform of the post-LGM marked cliff line and their paralle] run to the present shoreline, they
are assigned a Holocene age.

Complementary to the field mapping of beach remains, their location (easting, northing)
and altitude (m asl) were surveyed by DGPS. The beach remains were surveyed mainly along
cross profiles all around the lake, reaching from the base of the marked cliff to the present lake
level. The number of recorded beach remains totals 531. The elevation data of the beach ridges
and the bases of the different cliff lines were taken as lake level indicators. They were classified in
order to obtain discrete stable lake level positions by k-means cluster analysis (centroid analysis)
(MACQUEEN 1967). Ten cluster centroids are defined and assumed to correspond to post-glacial
stages owing to their topographical location downslope of the marked cliff line. The average stan-
dard deviation within classes 1—10 totals +51 cm (Fig. 4). Additional beach remains were recorded
uphill from the marked cliff. However, due to their insignificant, low-frequency occurrence and
their age, which most likely correlates with stages older than LGM, they are not considered in
the ongoing analysis focusing on post-LGM lake history (ZHu et al. 2004).

To diminish the influence of neotectonic subsidence or recent uplift, the distribution of paleo-
shorelines was spatially analysed. For this purpose, the regional distribution of the paleo-shoreline
measurements was tested by a sectoral analysis according to the northern, western, southern and
eastern margins of Nam Co. Spatial analysis shows that lake level clusters (LLC) 3—10 are more
or less even distributed around the lake, except the two lowest lake level clusters, which are con-
centrated along the northern shoreline (Table 2). Furthermore, lake level clusters all around Nam
Co occur at the same elevation above present lake level. However, the cumulative frequency of
LLC 01and LLC 02 totals 1.0 % and is therefore not significant.
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Table 2. Spatial output of cluster analysis (n=531; ' — cluster persistent; np — cluster not persistent).

Lake Level  Altitude North  East South West Frequency (%)
Cluster m asl shore shore shore shore
1 4723 v np np np 0.2
2 4725 v np np np 0.8
3 4727 4 v v v 2.6
4 4730 v np v v 7.0
5 4734 v v v v 19.8
6 4737 np . v v 22.8
7 4740 v v v v 23.9
8 4743 v v v v 13.0
9 4747 v v v v 6.2
10 4751 4 np v v 3.8
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Holocene age is assumed because the beach remains outlined in LLC 1—10 are located downslope
from the post-LGM marked cliff line, deposited on top of the corresponding wave-cut platform.
Relative frequency of the LLCs allows conclusions on the length of time or intensity of littoral
processes (cf. OTovos 2000). The high frequency of beach remains of LLC 57 points to their
development during a probably longer period of stable lake level or to short-term intensified wave
dynamics. Altogether, even altitudinal distribution of LLC 3—10 points to stable tectonic condi-
tions (Bao & FAN 1987). Accordingly, the distribution of the lake level clusters all around the lake
does not allow conclusions to be drawn about predominant wind directions affecting wave motions
and, thus, depositing beach ridges. However, it has to be considered that the sites included in the
cluster analysis were recorded, but not differentiated into beach ridges and other kinds of beach
remains, such as cliff lines (base) or lacustrine deposits.

5.3 Post-Glacial Water Balance

Post-glacial lake Nam Co covered an area of 2462 km? (Fig. 5a), i.e. it was about 30% larger than
it is today. Coinciding with the Holocene lake level decrease, a lake volume loss of 59.7 km” took
place (data are calculated based on the Digital Elevation Model as given by SRTM3).

An exact dating of the post-LGM lake level high is subject to uncertainties as it is only possible
to determine a maximum age of an erosion form (Table 1). The OSL data still lack the results of
OSL dating of quartz grains and might, but not necessarily do, include an age underestimation.
Literature review shows that many lake level investigations in Central Asia and on the Tibetan
Plateau point to a Late Glacial lake level high around 12 ka BP and thus confirm OSL dating as
presented above (Table 3, scenario 2; cf. CHEN et al. 1999, WUNNEMANN et al. 1998, FANG 1991).
Furthermore, global investigations also show evidence for Early Holocene lake level high stands
(cf. STREET & GROVE 1979, GASSE et al. 1991) (Table 3, scenario 1).

It is assumed that the post-LGM lake level high was caused by glacier meltwater inflow from
the Nyaingentanghla Range. The area of the Nyainqentanghla Range LGM ice cap is estimated
to be approx. 1220 km? (see also DONG 2004). Aligned to the present-day extent of the ice cover
(approx. 93 km®) and assuming that the present-day average ice thickness of 80 m also accounts
for the LGM ice cap (pers. comm. B. Xu, CAS-ITP, 2006), a difference in ice volume of 35 km’
is assumed (P;cc=09 g cm”). The resulting meltwater amount provided by the LGM glaciers in
the Nam Co drainage totals approx. 30 km”. This amount explains about 50% of the post-LGM
lake volume high compared to the present-day lake level, not including a possible lower lake level
during the LGM. In consequence, the remaining 50% of post-LGM lake volume increase corre-
sponds to heightened inflow from the western and northern tributaries due to a temporary rise
in precipitation (cf, KELTS et al. 1989, vaN CamPO et al. 1993, FONTES et al. 1996). However,
Nam Co is an endorheic lake and consequently post-LGM water loss is primarily explained by
evaporation (cf, HOVERMANN 1998, KELTs et al. 1989, vaN CamPO et al. 1993, FONTES et al.
1996) and might be corrected by input and by discharge. More recent studies focus on regional
moisture conditions as drivers for lake level changes. For the Ahung Co (150 km NE of Nam Co)
MORRILL (2004) defines effective moisture as the difference between precipitation and evapora-
tion and correlates changes in effective moisture with varying intensity of the Southeast Asian
monsoon. An intensified monsoon brings both higher precipitation and higher humidity, owing
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Fig. 5. 3D-sketch of Nam Co drainage basin showing (a) lake extent during post-glacial high stand and
(b) present lake extent.

Table 3. Age models and dependent volume change of Nam Co (m® ka™) referring to present lake level.

Model Time  Comment Volume change
scenarios
(ka BP) (m’ / ka)
based on results of
1 10 STREET, GROVE (1979) 5.97 * 10
GASSE et al. (1991)
based on OSL dating and
results of
2 12 CHEN et al. (1999), 4.97 * 10’

WUNNEMANN et al. (1998),
FANG (1991)

due to uncertainties with OSL
3 16 dating without quartz 3.73*10°
protocol and FSP-MAA

to increased cloud cover and reduced evaporation. Furthermore, MORRILL (2004) notices a
strong correlation between lake level changes and winter length because evaporation is reduced
as long as ice covers the lake. Above all, XUE (2000) asserts — on the basis of the lake status data-
base of China — that during the LGM a southward shift of the Westerlies caused locally increased
precipitation on the Tibetan Plateau, and he assumes that until today temporarily increased preci-
pitation might be due to a short-term southward deflection of Westerly waves.

Based on the results presented, a maximum age of the postLGM lake level high of
16.2+1.1 ka BP is assumed. For this scenario and respective scenarios of comparable paleoenviron-
mental investigations, the plausibility of a decline from the post-LGM lake level high to the
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present lake level controlled only by evaporation (output) and precipitation (input) is proven.
Assuming a Nam Co lake level high around 16 ka BP (Table 3, scenario 3), the decrease in volume
totals approx. 3 km® per 1000 years. Assuming a post-LGM lake level high around 12 ka BP (Table 3,
scenario 2; CHEN et al. 1999, WUNNEMANN et al. 1998, FANG 1991), the corresponding calculation
yields a lake volume decrease of 5 km® in 1000 years. Reckoning 10 ka BP as the maximum age
of the lake level high (Table 3, scenario 1; STREET and GROVE 1979, GASSE et al. 1991), the rate of
lake volume decrease totals approx. 6 km’ per 1000 years. The extrapolation of the present-day
evaporation-precipitation ratio given by MoriLL (2004) for the Ahung Co lake — transferred to
the drainage basin of Nam Co and assuming constant climatic conditions — totals approx. 4 km’
in 1000 years. Even though these calculations are very rough and include assumptions still under
discussion data show that the observed imposed Holocene lake level decline can be mainly ex-
plained by changes in precipitation and evaporation rates.

6 Landscape Development

Late Glacial landscape development of the southern Nam Co littoral zone is depicted in Fig. 6:
huge fans were deposited in the foreland of the Nyaingentanghla Range. During the Last Glacial
Maximum fluvial deposits were transported from the mountains and accumulated in the fore-
land, most likely fed by meltwater of the Nyaingentanghla Range’s valley glaciers (Fig. 6). During
the post-LGM (transition between MIS2 and MIS1; e.g. RUDDIMAN 1977) changes in water bal-
ance caused changes in relief forming processes (Fig. 6, post-glacial): The lake level of Nam Co
increased and reached its high at approx. 29 m above the present lake level. Strong local winds,
land-sea breezes and mountain winds presumably caused intense surging. Wave attacks caused
erosion and the retreat of the cliff foot. Finally, the major cliff line and its offshore wave-cut plat-
form were formed. At the same time, changing relief due to channel shortening and a lowering of

Post Glacial

N WAN
LN MR lake level
\ % ™KY
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v
lake level

Fig. 6. Sketch of Late Glacial relief development in the southern margin of Nam Co (A @ — lateral and
terminal moraine, @ m — base moraine; --- --- — fan deposits; T— major cliff line; +++---— bedrock).
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the local base-level caused stronger inclination of the channel and affected runoff dynamics. As
a result, flow velocity increased and caused incision of the channels into the basal fan deposits.
With declining lake level (Fig. 6, present), a new fan is deposited where the channel meets the
wave-cut platform, whereas beach ridges mark Holocene lake level decline.

Comparison with studies on young Quaternary landscape development of other Tibetan
lake systems confirms this hypothesis. Furthermore, ages of lake terraces at Nam Co confirm a
general decrease in lake level during the Holocene stages mentioned in LEHMKUHL et al. (2002).
For the Holocene, sediments from neighboring Siling Co indicate three phases with humidity con-
ditions similar to or even more humid than today’s levels (8.4-5.5 ka BP, 3.3—2.4 ka BP, 1.4 ka BP —
present) and arid conditions between 5.5 and 4.2 ka BP (data area based on 14C and OSL datings;
LEHMKUHL et al. 2002, GU et al. 1993). Differentiation of oscillating Holocene moisture condi-
tions, as shown for Siling Co, suggests that palecenvironmental information derived from lake
sediments might draw a more detailed picture than the “snapshots” provided by lake terraces. In
addition, it is not clear whether rising postLGM lake levels were the result of enhanced melt-
water input as a consequence of increased temperatures or already the result of the strengthening
of the summer monsoon during the Early Holocene.

Lake sediments are the last member in the sequence of the sediment cascade of a catchment
(alluvial deposits, colluvial deposits, littoral sediments). The advantage of lake sediments is their
more or less undisturbed and continuous deposition, whereas fluvial and colluvial deposits allow
more detailed conclusions on process dynamics in the catchment area and are spatially more dis-
crete. A realistic approximation of changes in a lake’s water balance and corresponding lake level
fluctuations can only be achieved by an integrated analysis of lacustrine and littoral deposits. To
achieve this goal for the Nam Co basin, additional sediments of beach remains located downbhill
from the major cliff line were sampled for dating during field work in August 2006. OSL and "*C
analyses for age determination are in progress at the Leibniz Institute for Applied Geosciences,
Hanover, Germany.
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