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ABSTRACT

A 230-m long sediment core from the cen-
tre of the Gaxun Nur Basin, Gobi Desert,
NW China provides evidence for climate
induced changes in water balance during
the last glacial cycle. Millennial scale and
short-term variations of geochemical preci-
pitates and grain size show that freshwater
fluxes from the Tibetan Plateau by surface
run-off were the main controlling factors
for lake evolution in the Tibetan dry fore-
lands for about the last 250 kyr. Periods of
positive water balance with strong lake
extension and reverse developments gener-
ally coincide with changes in the global ice
volume and with oxygen-18 records from
Tibet and Greenland as well, documenting
the close relationship between environmen-
tal conditions in remote desert regions of
NW China and orbitally forced Northern
Hemisphere high mountain mid-latitude
and high-latitude climates on a regional
and global scale. Our data imply that both
the East Asian summer monsoon and the
extra-tropical westerlies are the major
feedback mechanisms for effective moisture
supply over NW China.

During the 10-kyr long interglacial warm-
moist substage 5.5, summer monsoon
moisture dominated owing to its strong
northward shift beyond the modern

limit. At that time, a large and slightly saline
lake filled the entire Gaxun Nur basin as a
result of strong river inflow from the Tibe-
tan catchment by melt water supply and by
enhanced summer monsoon precipitation.

Aeolian transport was weak. The
Eemian interglacial in the Gaxun Nur
region started at about 129 kyr, with warm
and moist environmental conditions
between 128 and 121kyrBP and termi-
nated around 119kyr, documented by a
strong climate shift towards dry condi-
tions and enhanced mobilization of aeolian
sand.

During interstadial climates, contempora-
neous with D/O events in Greenland ice
cores, both wind systems most likely sup-
plemented each other, while in transitional
phases towards cold conditions, moisture
supply by the westerlies seems to have
dominated. Cold-dry stages, recorded in
the Gaxun Nur core, are synchronous with
the global climate. They induced strong
lake-level declines and promoted aeolian
transport of exposed lake sediments
southwards due to the enhanced winter
monsoon. Loess records from the Chinese
Loess Plateau confirm that the temporal
distribution of loess mobilization recorded
in the Gaxun Nur sediments was synchro-
nous with depositional phases on the Loess
Plateau.
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22.1 INTRODUCTION

Rapid climate fluctuations during the last
glacial cycle are well documented in ice
cores from Greenland (e.g. Dansgaard et al.,
1993; NorthGRIP Project Members, 2004)
and from Antarctica (Petit efal., 1999), the
latter tracing back to the last eight cycles
during Quaternary time (EPICA Members,
2004). They obviously have played a major
role in reconstructing climate changes.
Although it is widely accepted that the main
driving force of climate shifts in orbital
bands is strongly related to solar radiation
(insolation) through time (e.g. Berger and
Loutre, 1991; Clement et al., 2001; Leuschner
and Sirocko, 2003), feedback mechanisms
such as inland ice dynamics, thermohaline
circulation and the atmospheric circulation
pattern (e.g. the Northern Hemisphere low-
and mid-latitude monsoon systems) may
have affected land—ocean thermodynamic
relations quite differently at regional scales.
In particular, the climates over Asia seem to
have been strongly influenced by the uplift
of the Tibetan Plateau (An etal., 2001),
co-controlling the evolution of the Asian
monsoon system and the establishment of
the Inner Asian dryland belt (Gobi Desert).
However, palaeoclimate studies reveal the
general high—frequency climate instability
during the last glacial cycle, well known
from Greenland ice cores and from North
Atlantic sediment cores as stadials (Bond
cycles and Heinrich events) and intersta-
dials (Dansgaard—Oeschger cycles) on time-
scales of a few millennia (e.g. Dansgaard
etal., 1993; Bond et al., 1997). The recognition
of those climate cycles in marine sediments
of the Arabian Sea (Schultz etal., 199§;
Leuschner and Sirocko, 2003), South China
Sea (e.g. Wang et al., 1999), in ice cores from
Tibet (Thompson etal., 1997; Thompson,
2000) and in aeolian sediments from the
Chinese Loess Plateau (e.g. Porter and An,
1995; Xiao etal., 1995) confirms a close rela-
tionship between low-latitude monsoonal
climate variability and rapid temperature
fluctuations of higher northern latitudes

(e.g. Schulz etal., 1998). A linkage between
the Tibetan uplift, monsoon pattern and
Northern Hemisphere glaciation seems to
be evident (An, 2000; An etal., 2001).

On the other hand, very little is known
about feedback mechanisms controlling the
expansion or shrinkage of arid regions in
inner Asia during interglacial and glacial
cycles and which of them might be domi-
nant. The special significance of this dry-
land belt in strongly continental China
north of the Tibetan Plateau with respect to
climate reconstructions is due to the fact
that two different northern hemispheric air
masses — the East Asian Monsoon and the
extra-tropical westerlies — intersect in this
region. Both wind regimes are potential
sources for water vapour transport, affect-
ing the regional hydrological systems on the
Tibetan Plateau and the desert forelands.
Alternations in the summer monsoon
strength as one prominent source of water
vapour transport from low latitudes into the
interior of China seem to have responded
synchronously to major shifts in the climate
system on a global scale, but on a regional
scale the monsoonal effect varied consider-
ably (An etal.,, 2001). At present, nearly
nothing is known about the potential impact
of the westerlies system, either compensat-
ing the lack of moisture transport by the
monsoon system or even enhancing moist-
ure availability along the arid zones of
Central Asia.

Previous palaeoclimate studies have
shown that vast desert areas in north-
western China were covered by large lakes
and swamps during marine isotope stage
3 (MIS) and during early and mid-Holocene
times (Pachur etal., 1995; Wiinnemann
etal., 1998; Zhang etal., 2001, 2002, 2004;
Wiinnemann and Hartmann, 2002; Mischke
etal., 2005) as a result of enhanced local pre-
cipitation and melt water discharge in peri-
ods of glacier advance in the high mountain
catchments. All climate proxies in that
region trace back to approximately 40 kyr.
Here we present a sediment record from
the Gaxun Nur Basin in arid north-western
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China which is assumed to cover the
sedimentary history of the past 250 kyr.
However, we focus on climate-controlled
hydrological changes during the last glacial
cycle. In this paper, we try to answer the
questions (i) whether the water balance of
the Gaxun Nur system reflects climate shifts
from warm to cold stages and vice versa
synchronously with global climate signa-
tures and (ii) whether phases of aeolian
activity respond to variations in the wind
regime over NW China.

22.2 GEOLOGICAL SETTING

The Gaxun Nur Basin — part of the Alashan
Plateau — forms an intramontane accumula-
tion area between the Qilian mountains in
the south and Gobi Altai mountains in the
north (Fig. 22.1). Both mountain ranges are
influenced by left-lateral plate motions
accompanied by intense vertical displace-
ments due to the ongoing collision of the
Indian plate against the Eurasian continent.
The sinistral pattern continues northwards
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from the Qilian Mts. via the Hexi Corridor
(Gansu Corridor, better known as a part of
the former Silk Road) towards the Alashan
Plateau (Molnar and Taponnier, 1975; Lietal.,
1999; Hetzel etal., 2002; Hartmann, 2003),
thus forming the ‘belt of left-lateral trans-
pression” (Cunningham etal., 1996). Conse-
quently, the Gaxun Nur Basin developed as
a large pull-apart-basin between these struc-
tural elements, now acting as the erosional
base for the Hei River drainage system from
the south (Tibetan Plateau). This endorheic
basin covers an area of approximately
28000 km?, while the total catchment of the
Hei River system, connected with glaciers in
the Qilian Mts, comprises roughly
130000km”. Along the distal part of the
basin, three terminal lakes — Gaxun Nur,
Sogo Nur and Juyanze — form a sickle-
shaped chain. At present, all lakes are dry.
At present, climate in NW China is
mainly controlled by the East Asian Mon-
soon transporting effective moisture during
summer time up to its northern limit at
about 40°N, parallel to the Yellow River
course outside the Tibetan Plateau, and
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Fig. 22.1 Satellite image (RGB 7-4-2) of the Gaxun Nur Basin north of the Tibetan Plateau with location of the
deep drilling D100 and major structural elements (red lines correspond to faults).
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intersecting with the westerly waves, gen-
erating local rainfall as well as heavy rain-
fall events by overlying air masses of
different temperature and water vapour
content during summer time (Domros
and Peng, 1988). The intensity of summer
rainfall strongly depends on the pressure
gradient between the heat low over Tibet
and the anticyclone over the Pacific ocean,
resulting in highly variable annual preci-
pitation between <40mm and roughly
100mm within the desert regions, while
in the upper catchment of the Hei River
precipitation rises to 500mm/year. The
annual amplitude of monthly mean tem-
peratures ranges between 28°C in summer
and —12°C in wintertime. During winter-
time, cold dry air masses from the antic-
yclone over Siberia are responsible for
extremely low temperatures and strong
winds from northern directions without
appreciable precipitation. Owing to the
southward shift of the westerlies in win-
tertime, rain or snowfall from that source
is negligible. According to the distribution
of annual precipitation, river discharges
towards the Gaxun Nur Basin peak during
spring and late summer.

Owing to strong human impact, e.g. water
storage in the upper reaches of the Hei River
for irrigation purposes, the terminal lakes
Gaxun Nur and Sogo Nur have desiccated
since the 1960s, while the hydrologically sepa-
rated Juyanze Lake dried up much earlier
during the Han Dynasty (third century AD).

Besides the well-developed drainage
pattern of south-north-directed river chan-
nels, a dense network of presently dry
channel systems originates north of the
basin and indicates strong fluvial input
from the Gobi Altai ranges mainly devel-
oped during early and mid-Holocene wet
periods (Wiinnemann, 1999; Hartmann,
2003). They required much more local
rainfall than the present amount.

Previous investigations by Wiinnemann
and Hartmann (2002) indicate an extended
paludine environment of >10000km? in
size during MIS 3 between 35 and 25kyr,

evidenced by the distribution of dated
near-surface lake sediments and palaeo-
shorelines of up to 25m above the present
dry lake floors at 900 m above sea level.

The up to 300-m thick basin fills of Qua-
ternary age are documented by a total of 80
drillings (Gansu Provincial Geological
Bureau, 1980). The dominant facies is of
lacustrine origin with grain-size diameters
in the clay and silt fractions, locally inter-
rupted by fluvial and aeolian sand. Coarse
gravels were found only in the upper metres
of some cores. During the terminal phase of
the last glacial maximum (LGM) and most
probably during early Holocene times,
strong fluvial run-off promoted the accumu-
lation of fluvial sand and coarse gravels
from local catchment sources and covered
large areas of the basin, protecting the fine-
grained lacustrine sediments against defla-
tion. However, according to Pye and Zhou
(1989), this region still serves as a prominent
source area for loess transport.

Recently published results by Hartmann
(2003) and Becken etal. (2003) indicate a
very young tectonically induced subsidence
of the northern part of the basin by about
2mm/yr during the last 30 kyr. In terms of
hydrology, the three terminal lakes have
been separated since then. This would
explain the differences in sedimentation
behaviour between the Gaxun Nur system
and the eastern palaeolake Juyanze during
Holocene time as suggested by Hartmann
(2003). However, previously reported high-
est lake levels of the Gaxun Nur system
during MIS 3 (Pachur et al., 1995; Wiinnemann
and Hartmann, 2002) developed prior to
these tectonic events. Hence, the sediment
core D100, retrieved from a deep drilling in
the centre of the Gaxun Nur Basin, remains
suitable for climate reconstructions.

22.3 METHODS

For the coring of D100 sediments, we used a
Chinese rotational drilling system with 3m
long metal tubes 80-120mm diameter in
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size. The drilling in the centre of the Gaxun
Nur Basin at 42.1°N, 100.85°E, 940 m a.s.l.
reached the pre-Quaternary sediments at
229m depth. Once a core segment was
retrieved, it was pressed out immediately,
halved, described and finally documented
by photographs. Sampling of 1-cm thick
slices was done every 10cm, depending on
stratification. Where necessary, sampling
was narrowed down to 1cm, for example
within laminated sequences. For analyses of
micromorphological features, thin sections of
selected samples were prepared and ana-
lysed under a polarization microscope.

Samples for magnetic properties were
taken as cubes of 8 cm® size and measured
in the laboratory for Palaeo- and Environ-
mental Magnetism (PUM), Bayreuth Uni-
versity. All samples were subjected to
standard palaeo- and rock magnetic labora-
tory protocols. However, here we focus on
the inclination record of the characteristic
remanent magnetization derived from the
results of stepwise demagnetization in alter-
nating magnetic fields. A record of the rela-
tive palaeointensity (RPI) of the Earth’s
magnetic could not be determined because
of the pronounced rock magnetic heteroge-
neity of the sediments, which did not allow
for a proper normalization of the intensity
of the characteristic remanent magnetiza-
tion. Thus, the stratigraphic interpretation
is based on the correlation of our inclination
data with the stacked record of RPI of the
Earth’s magnetic of Thouveny etal. (2004).

Dried and powdered samples for
geochemical analyses were performed as
follows:

— Total organic carbon (TOC) and CO; by
loss on ignition (550 and 900°C) and by
LECO carbon analyser (infrared spectro-
metry) following standard procedures.

— Multielement analyses of Ca, Mg, Fe, Mn,
Na, K, S and PO, by a Perkin Elmer opti-
cal emission spectrometer with inductive
coupled plasma (ICP-OES) on pretreated
samples by hydrochloric acid (HCI)
digestion.

The mineral compositions of selected
samples were detected by XRD (Philips
PW1710, Cu-cathode, 36 kV, 24 mA). Grain-
size analyses were performed by a laser dif-
fraction particle sizer (Beckman Coulter LS
200) after removal of carbonate and organic
compounds by HCI and H,O, treatment
respectively. To avoid coagulation, sodium-
pyro-phosphate  (NasP,O7;*10H,O) was
added, and the sample was then shaken
for several hours. Before measurement,
every sample was divided into eight sub-
samples and, where necessary, dispersed
in an wultrasonic bath. At least three
subsamples were measured in each case.
Thus, the final grain-size distribution of
each sample is based on the average of three
subsamples.

Radiometric dating (AMS) on bulk
samples was done at Leibniz Laboratory,
Kiel, Germany, and Beta Analytics,
Miami, USA. In several cases, twin dating
of the organic carbon from the remaining
lye fraction and humic acid was per-
formed to estimate contamination within
one sample. Additionally, thermolumi-
nescence dating (IRSL, OSL) of sandy
lake sediments was performed at the
Geophysical Laboratories of the Chinese
Academy of Science, Beijing, China, and
at the Saxonian Academy of Sciences,
Freiberg, Germany. Both laboratories
used feldspar grains for dating.

224 AGE MODEL

For reconstructing changes in water balance
of the Gaxun Nur Basin and variations in
dust mobilization through time, several
independent age determinations were per-
formed. Unfortunately, previously reported
radiocarbon and TL/IRSL ages from the
D100 core between 11 and 90m depth
(Wiinnemann, 1999; Table 22.1) do not cor-
respond to OSL dates from a parallel core
170, but show age differences of several
10000 years. According to geomorpho-
logical investigations and radiometric



Table 1 Absolute age determinations from the cores D100 and 170 (parallel core) and adjacent sites, Gaxun Nur Basin, NW China

Sample Mean Laboratory Dated material mg C AMSage TL/IRSL/OSL  Deviation + Deviation — 63C (%o)
depth (m) number kyr age kyr

Core D100 Gaxun Nur (42.1°N, 100.85°E, 940 m a.s.l.)

D100-1 9.35 Beijl Lake sand 22 1.8 1.8

D100-2 11.13 Hv20383 Bulk carbonate 21.265 0.5 0.5 -39

D100-1101 11.22 beta 188774  Bulk organic Carbon 14.45 0.1 0.1 -23.6

D100-1601 16.29 beta 189674 Bulk organic Carbon 14.29 0.1 0.1 -23

D100-IRSL1 16.46 Beij2 Lake sand 29.20 3.7 3.7

D100-1901 19.71 beta 189675 Bulk organic Carbon 17.00 0.1 0.1 -229

D100-IRSL2 19.73 Beij3 Lake sand 41.10 29 29

D100-IRSL3 22.27 Beij4 Lake sand 54.50 5.0 5.0

D100-3402 34.50 beta 190783  Bulk organic Carbon 16.86 0.1 0.1 -23.2

D100-3904 40.06 beta 190784 Bulk organic Carbon 16.72 0.1 0.1 -22

D100-IRSL4 44.03 Beij5 Lake sand 90 6.2 6.2

D100-10 4422 KIA24208 Bulk organic Carbon 3.9 34.82 0.4 0.4 —25.03

D100-10 44.22 KIA24208 Humic acid 0.7 30.00 0.8 0.7 —25.02

D100-IRSL5 60.73 Beij6 Lake sand 196 15.0 15.0

D100-11 65.59 KIA24209 Bulk organic Carbon 0.7 26.41 0.5 0.5 —22.86

D100-11 65.59 KIA24209 Humic acid 1 34.57 1.0 0.9 —23.86

D100-IRSL6 71.90 Beij7 Lake sand 202 17.0 17.0

D100-12 72.25 KIA248438 Bulk organic Carbon 1.3 35.85 0.9 0.8 —22.78

D100-12 72.25 KIA24848 Humic acid 24 27.57 0.3 0.3 —21.55

D100-12 72.25 KIA24848 Bulk organic Carbon 0.4 23.75 0.7 0.6 —26.83

D100-13 76.99 KIA25440 Bulk organic Carbon 0.5 20.56 0.4 0.3 —25.14

D100-13 76.99 KIA25440 Humic acid 0.2 25.73 1.7 1.4 —-30.77

D100-14 79.71 KIA25441 Humic acid 0.3 27.20 1.3 1.1 —27.08

D100-14 79.71 KIA25441 Bulk organic Carbon 0.9 25.64 0.4 0.4 —20.09

D100-15 90.12 KIA25756 Bulk carbonate 05 >4152 —4.03

D100-8911 90.12 KIA25756 Bulk organic Carbon 1.6 30.71 0.4 0.4 —19.08

170-16 11.77 Beta 188775  Bulk organic Carbon 8.89 0.08 0.08 -23.9

170-1470 14.70 Freiberg Lake sand 146 10 10

170-17 14.80 Beta 189676 ~ Bulk organic Carbon 11.18 0.05 0.05 -21.1

170-2900 29.0 Freiberg Lake sand 172 12 12

170-18 29.67 Beta 190786  Bulk organic Carbon 6.97 0.06 0.06 -23.0

170-3850 38.50 Freiberg Lake sand 230 16 16

170-5050 50.50 Freiberg Lake sand 281 23 23

HCS cliff 5.0 Beta 190785  Bulk organic Carbon 15.060 0.08 0.08 —-22.8

96E27 4.0 KIA 23627 Bulk organic Carbon 0.4 17.390 0.25 0.25 —22.49

HC21 4.0 KIA 24143 Ostracod shell 0.9 22.790 0.15 0.15 —1.66

Locations of the last three dates, see Wiinnemann and Hartmann (2002) and Hartmann (2003).
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datings of palaeoshorelines and near-
surface lake sediments of the Gaxun Nur
system which revealed ages from the
Holocene to Late Pleistocene MIS 3
(Wiinnemann and Hartmann, 2002; Hart-
mann, 2003), all IRSL and OSL dates have
to be considered too old. A series of AMS
dates from the core D100 between 11 and
90m depth revealed much younger ages
(Table 22.1), roughly correspondent with
age determinations in the closer catchment
of the lake.

The AMS dates, however, do not increase
with depth but scatter in a wide range
between 20 and 40kyr up to 90m depth.
Age differences between the remaining lye
fraction and humic acid support the assump-
tion of repeated reworking processes within
phases of flooding during MIS 2 and 3,
initiated by tectonically induced subsidence.
As a result, extremely high redeposition of
clastic material took place. Washing and siev-
ing of bulk sediments for ostracod analyses
revealed very few specimens of broken
valves, thus confirming redepositional pro-
cesses. This assumption is supported by the
occurrence of wood remains >1000 um in
size and charcoal particles which have been
transported by single flooding events from
various locations. This might be the reason
why the AMS dates scatter irregularly
through depth.

Owing to uncertain absolute age determi-
nations, we used palaeomagnetic datasets
for further chronological approaches. Mea-
surements from 65 to 156 m and from 187 to
198 m core depth revealed intervals with
reverse inclinations at 67-93m, 122-142 m
and 190-196m core depth respectively
(Fig. 22.2). According to our AMS dates
and to the palaeointensity record of Thou-
veny etal. (2004), the intervals with reverse
inclinations of core D100 most likely corre-
spond to relative lows of the Earth’s mag-
netic dipole moment at about 25 to 45, 95 to
125 and 185 to 195kyr containing the
Laschamp, post Blake, Blake and Icelandic
Basin geomagnetic events, thus giving the
tie points for our chronology so far. As the
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Fig. 22.2 Palaeomagnetic results from core D100
show intervals of reverse inclinations of the char-
acteristic remanent magnetization at 67-93m,
122-142m and at 190.5-196 m depth. Compari-
sons with the stacked record of Thouveny etal.
(2004) indicate that the intervals with reverse
inclinations in D100 core match the Laschamp,
post-Blake, Blake and Icelandic Basin subchrones,
hence giving major tie points for our chronology.

lithology of the core from 71 m depth down-
ward consists of more or less uniform rhyth-
mic silt-clay layers, we calculated a linear
sediment accumulation rate (SAR) of
7.1cm/century (63—128 m depth, Fig. 22.3)
and 6.8cm/century (144-228 m depth)
except for parts between 128 and 144m
depth, where intercalated sandy layers of
aeolian origin required a higher SAR of
8.5cm/century (Fig. 22.4). With respect to
the Blake and post-Blake reverse inclinations
at 142-123 m core depth, we calculated for
the reversal peak at 140m depth an age of
115 kyr, thus matching the lowest RPI in the
record of Thouveny etal. (2004) and the
reverse inclination in core MD95-2042 from
the Portuguese margin as well (Thouveny
etal., 2004, Fig. 22.4b). Hence, the sediments
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Fig. 22.3 The age—depth relation of the core D100 based on palaeomagnetic data and AMS dates. Our model
indicates nearly constant sediment accumulation rates of lacustrine sediments from 71 m downwards, except
for the sequences between 128 and 144 m depth. Thermoluminescence dates (IRSL and OSL) are not used for
this chronology as they are considered to be too old and do not confirm geomorphological investigations.

of the entire core D100 probably comprise the
sedimentary history of the past 250kyr, a
much shorter time than previously expected
(Wiinnemann and Hartmann, 2002).

22.5 RESULTS

225.1 Sediments of core D100,
Gaxun Nur

The 230-m thick sediments from the centre
of the Gaxun Nur Basin were retrieved by
110 cores of maximum 3 m length. Recovery
reached about 78% of the whole sediment

column. Missing parts are usually related to
sandy sequences, difficult to retrieve by a
rotational drilling technique without liners.
However, strata with pelitic sediments had
a coverage of nearly 100%. In general, the
sediments of core D100 can be divided into
three lithological units (Fig. 22.4A): gravels
in the top 7 m, frequent alternations of sand
and silt between 7 and 71.4m depth and
laminated clay-silt layers from 71.4m
downwards. The bottom sediments from
2288m to 230m depth consist of
pre-Quaternary red conglomerates in a
clayey matrix.
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Lithology of core D100, Gaxun Nur, China
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Fig. 22.4 Lithology of core 100, Gaxun Nur Basin. A = overview of the entire sediment core; B = photographs
and thin sections of sediment sequences: 1: coarse gravel 0—7 m depth; 2: laminated sand layers, 17.66—84 m
depth; 3: laminated silt-clay layers with dark layers <1 cm, 33.37-34.77 m depth; 4: laminated silt-clay layers
with dark layers 1-2 cm thick, 72.12-55 m depth; 5,6: thin sections of laminated layers at 72 and 33.9 m depth.
The dark layers contain more clay <1 um in size, while only the light layers contain carbonatic fossil remains
(here the brackish water tolerating ostracod Cyprideis torosa); C = Thin section, scanning electron microscope
photos and XRD analyses of laminated sediments from 175 m depth. Sublaminations show variations between
clastic input and authigenic aragonite precipitation.

The coarse gravels of mainly metamorphic  and E-W- or N-S-dipping layers are indica-
rocks (Figs. 22.4A, B1) up to 7m depth indi- tive of surface erosion along the northern
cate high-energy fluvial transport from local ~ (Gobi Altai Tienshan range) and western
areas. They are widespread within the basin ~ (Beishan Mts.) catchments of the basin.
and cover lacustrine sediments. Stratified Sources from the Tibetan Plateau can be
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excluded as the distance between the gravel
plain and the Qilian Mts. is more than
350km, too far away for coarse material
to be transported into the interior of the
basin. Poorly sorted, 2.5-m thick coarse-to-
medium sands below the gravels complete
the fluvial deposits and may indicate the
initial phase of locally enhanced surface
erosion. Limnic deposits beneath the
fluvial components were AMS dated to
14 450 £+ 100 yr BP, 15 060 =+ 80,17 390 + 250
and 22 790 +150yr (Table 22.1), indicating
that the gravels and sands were formed after
the LGM and probably during the Termina-
tion I and early Holocene.

Between 9.5 and 71.4m depth, frequent
alternations of well-sorted fine sand and silt
layers occur (Fig. 22.4B2-6), indicating a
playa-like depositional environment. For
the first time, discontinuously laminated
sequences of clay and silt occur between
16.24 and 20.58m depth. They consist of
dark (<1lcm thick) and light layers
(1-3cm thick), with a mean grain size of
11 um (Fig. 22.4B3-4). They are typical of a
lacustrine facies which fills the main part of
the Gaxun Nur Basin. Mineral composition
and extremely high percentages of pelitic
components indicate a long-distance trans-
port as suspended load from the Tibetan
Plateau via the Hei River. The dark layers
differ from the light ones by significantly
higher percentages of fine clay (<1 micron,
Fig. 22.4 B5-6) and lower carbonate content.
We assume that these laminations do not
represent annual deposition behaviour but
more likely periods of flooding and deposi-
tional events, keeping a shallow lake in-
existence for centuries or even millennia.
Similar sequences occur at 51.97-52.22m,
65.04-67.30m and 68.24-70.15m depth.
They are interrupted either by aeolian sand
(e.g. 21.55-25m, 61.69-63.25m and 70.15—
71.46 m depth) or by semilacustrine sandy
silt deposits. In some cases, alternations of
sand and clayey silt (e.g. 50.18-52.60 m and
59.58—61.25m depth) indicate that lacus-
trine sedimentation was probably over-
printed by enhanced aeolian flux, thus

leading to comparable event layers (Fig.
22.4B 2) as stated above.

From the general heterogeneity of the
sediments down to 71.46m depth, we
assume that these different depositional
processes require unstable hydrological
conditions. Even complete desiccation of
the playa system accompanied by stronger
influence of aeolian processes might have
occurred several times.

From 71.46m downwards to 228.8m
depth, the sediments consist of silt and clay.
Most parts are fairly well laminated
(Fig. 22.4). They indicate that a perennial
lake existed during the entire period of sedi-
mentation, mainly supplied by freshwater
from the Hei River. Coarser sediments (up
to 250 um) of aeolian origin only occur in
single layers between 117 and 151 m depth,
indicating additional input of dune sand
from the vicinity of the lake.

Only selected sequences of the event
layers have been counted so far. For exam-
ple, 136 dark layers with a mean thickness of
1.8 cm appear between 73.7 and 78.6 m depth,
indicating 27 flooding events per metre
sediment. A similar value (26 events/m)
accounts for 151.5-156.5 m depth, although
the mean thickness of the dark layers is
reduced to 1cm, probably due to shorter
durations of flooding events. On the other
hand, variations in the thickness of light
layers do not automatically indicate longer
times of normal freshwater flux, rather, their
thickness depends also on the amount of
aeolian dust input (loess) from near-shore-
line locations in phases of lake-level decline.

In several sequences below 165m depth,
sublaminations within light layers occur.
Sub-millimetre thick dark layers of clay
and organic matter alternate with authi-
genic aragonite, revealed by SEM and XRD
analyses (Fig. 22.4C). Counting of subla-
mina from a thin section at 175m depth
revealed 43 single layers per centimetre
pointing to annual varves of authigenically
precipitated aragonite during summertime
and deposition of clay during the cold sea-
sons. Similar couplets were documented in
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lake sediments from Lake Van, Turkey
(Kempe and Degens, 1978).

Carbonatic fossil remains, classifying the
sediments as lacustrine, have been found in
several parts of the core, although they are
not always present. Up to now, higher abun-
dances of the ostracod shells Limnocythere
inopinata and Cyprideis torosa as well as the
freshwater gastropods assigned to the super-
families Rissooidea and Cerithioidea (deter-
mined by S. Mischke and F. Riedel, Berlin)
have been found in sequences at 68-74m,
100-103 m, 119-125 and below 165 m depth.

22.5.2 Geochemical properties

For the interpretation of changes in the
water balance of the Gaxun Nur Basin, we
used the elements Ca, Mg and sulphur as
the most appropriate ones to identify che-
mical precipitation of carbonates and sul-
phate in a lacustrine environment. They
are indicative of increasing evaporation
pressure over a water body and its residence
time as well, both inducing rising salinity by
the enrichment of ion concentration (Eugster
and Hardie, 1978). SEM and XRD analyses of
samples with higher concentrations of sul-
phur yielded evidence of gypsum formation
when sulphur increased.

TOC 1is used to identify phases of
increased internal productivity of the lake.
The generally low values of TOC (0.2-1.6%
dry weight, maximum 2%) in core D100 are
quite normal for arid regions, where biopro-
ductivity is limited owing to warm/cold
and dry climate conditions. However, algae
(e.g. Charophytes, Pediastrum) have been
detected in various parts of the sediments
and therefore indicate lake-internal biopro-
cesses which depend on water quality, tem-
perature and depth. On the other hand,
detrital input of organic matter (e.g. charcoal,
wood remains and pollen grains) from the
catchment of the lake was recognized too,
leading to a certain enrichment of TOC in
phases of intense river discharge. The total
amount of residual silicates after loss on igni-
tion is wused to calculate the basic

allochthonous sediment load transported
either by the river from remote locations or
by aeolian processes from the vicinity of the
lake.

The geochemical properties in the sedi-
ments which can be used as climate proxies
are summarized in Fig. 22.4, plotted against
the depth of core D100 and divided into five
units:

In unit 1 (160-144m depth), relatively
high values of up to 1.6% TOC are mainly
derived from aquatic phytomass, developed
during a period of positive water balance.
Higher calcite (120-160mg/g Ca) and
gypsum (~4mg/g sulphur) precipitation
points to a slightly saline water body, inter-
rupted by a distinct freshwater pulse (154—
152m depth). However, high calcite and
moderate gypsum precipitation points to
warm lake water as well as high phytomass
production under mostly warm climate
conditions. A reverse trend with more
unfavourable conditions for lake-internal
bioproductivity is detectable in the second
half of unit 1.

Unit 2 (145-110 m depth) is characterized
by generally low TOC (<0.5%), Ca
(<40mg/g), sulphur (<0.9mg/g) concen-
trations and increased clastics, indicating a
colder water body with reduced internal
bioproductivity and external input of sus-
pended load. Mg concentrations, indicative
of Mg—calcite or even dolomite precipita-
tion, remain constant, similar to unit 1.
Two spikes of lowest Ca and sulphur at
143-141 m and at 135-132m depth point to
stronger changes in lake hydrology, result-
ing in a considerable lowering of the lake
level, but without complete desiccation as
suspended load appears to have been con-
tinuously accumulated. Close to the end of
unit 2 (120110 m depth) a return to more
favourable conditions in terms of lake
hydrology is detectable, with enhanced cal-
cite, Mg—calcite and gypsum precipitation
and reverse TOC contents. As Fig. 22.6
shows, we consider a general succession
from freshwater inflow leading to rising
lake levels, freshwater conditions and
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increasing TOC followed by a steady state
with increased residence time of the water
and the enrichment of ion concentration
towards saline conditions. The main chemi-
cal precipitate at that period is gypsum,
pointing to a stepwise shrinkage of the
water body under dry-warm conditions.
Low amounts of detrital silicates at
110-113m depth (Fig. 22.5) support the
arguments of a reduced water inflow. Rising
salinity may also have caused successive
reduction of internal biological productivity
as the low TOC values suggest.

Unit 3 (110-93 m depth) comprises a per-
iod of decreasing geochemical precipitates
and TOC with minimum values of
<20mg/g Ca and <0.4% TOC at 106 and
102m depth when clastic input is high.
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Grain-size analyses (see below) classify the
clastics as predominantly aeolian silt and
sand pointing to a generally negative water
balance, similar to certain periods in unit 2.
Surface inflow starts to increase again
towards the end of unit 3.

Unit 4 (93-68 m depth) is characterized by
frequent changes in TOC content between
0.4 and 2% as well as chemical precipitates
(40-190mg/g calcium, 6—40mg/g magne-
sium and 6-20mg/g sulphur) following
the same succession as described above.
These changes are due to short-term
fluctuations in the water balance and eva-
poration intensity of generally unstable
hydrological and climate conditions.

For unit 5 (68—11 m depth), only TOC and
Ca data are available so far. Both datasets
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Fig. 22.5 Geochemical properties of the D100 core, Gaxun Nur Basin, NW China, between 7 and 160 m depth.
The shaded areas in general mark periods of enhanced chemical precipitation and thus higher evaporation.

Coloured graphs are 7-point low-pass filtered.
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Fig. 22.6 TOC, Ca and sulphur (gypsum) distribution in core D100, 108—-120m depth. Changes in TOC
content are inverse to carbonate or sulphate concentrations indicating organic development in phases of
positive discharge under freshwater conditions while long residence time and shrinkage of the lake induce

enhancement of ion concentration due to evaporation.

indicate similar fluctuations as in the pre-
vious unit but with generally lower values
and amplitude. This is due to the fact
that sediment in this unit changed more
frequently between a lacustrine and semi-
lacustrine facies to fluvial types, both
superimposed by aeolian sedimentation
under changing hydrological conditions.
Phases of enhanced chemical precipitation at
58-50m, 32-26 m and 20-11 m depth accord
with stable lacustrine environments, while the
lowest values fall in periods of enhanced dune
sand accumulation at the drilling site, point-
ing to extremely low lake levels.

22.5.3 Grain-size variations

The classification in a triangular diagram
(Fig. 22.7A) shows that the overwhelming
majority of fine-grained sediments consists
of silts. They are the main clastic compo-
nents, either free of any sand fraction or
with very small amounts of fine sand
(63—200 pm). The clay fraction sometimes
amounts to maximum 46% of the total
volume. The median of samples is 11 pm,
similar to the quartz median (Qmd) of the

Luochuan loess section, reported by Xiao
etal. (1995). The Gaxun Nur sediments can-
not be characterized sufficiently by classical
parameters such as mean, standard devia-
tion, skewness and kurtosis, as many of the
samples have bi- or even multimodal grain-
size distributions. For example, the sample
of Fig. 22.7B can be regarded as a typical
unimodal clay-silt without any sandy com-
ponent. The mode lies in the fine silt frac-
tion, whereas the samples of Fig. 22.7C and
22.7D are typical multimodal silts with
modes at 5 and 10 pm respectively, also con-
taining variable proportions of coarse silt
(modes at 25 and 53 um) and fine sand
(mode 160 pm). Especially in samples from
dark layers (Fig. 22.7D), a further mode at
1um appears to be characteristic of higher
clay components in those layers, probably
accumulated after phases of flooding
events. The enrichment of clay in dark
layers may be due to coagulated clay parti-
cles which accumulated faster than noncoa-
gulated ones.

The variation of grain-size distributions
versus depth of D100 core is documented
in Fig. 22.8. Assuming that different
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Fig. 22.7 Grain-size variations in sediments from the D100 core, Gaxun Nur Basin, NW China. a: Triangular
diagram of all analysed samples. b, c: Grain-size distributions of three clayey silts: b = unimodal silt, 77.34m
depth (light layer). c = multimodal silt, 115.62 m depth (dark layer). d: multimodal silt, 148.525 m depth
(dark layer). Coloured areas mark deviations between single measurements.

transport mechanisms are responsible for
variations in grain size of clastic compo-
nents that were deposited in a perennial
but fluctuating lake, we can distinguish
between two main depositional processes
which contributed to the accumulation of
the Gaxun Nur Basin: The fraction <20 pm
was transported as suspended load
(allochthonous clastics) into the basin
mainly via the Hei River. As it was depos-
ited into a stillwater body far away from
the river mouth and from the lake shore-
line, we assume that coarser clastics could
not reach the drilling location during
phases of high lake levels. On the other
hand, we cannot exclude a certain amount
of fine fractions deposited as aeolian dust

within the lake. However, we assume that
the majority of this grain-size fraction has
been transported by fluvial processes. Its
contribution of up to 80% of the whole
sediment can be regarded as the basic load
of clastic input. Even in sequences of coarse
sand, up to 7% clay-silt is present.

The grain-size fractions 20—63 pm and
63 —200 um indicate aeolian transport of loess
or dune sand from the vicinity of the lake to
the drilling site. In contrast to the Luochuan
loess section of the loess zone in China —
where 44—-16pm fractions were mainly
deposited during cold periods whereas the
smaller fractions (16 —5 um) indicate deposi-
tion during interglacial climate conditions
(Vandenberghe et al., 1997) — our data cannot
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Fig. 22.8 Grain-size distribution (7-point low-pass filtered) in sediments of the D100 core, Gaxun Nur Basin,
NW China, versus depth. Shaded areas mark phases of positive water balance, relatively high lake levels and

reduced aeolian transport.

be used in the same way, as our site is located
several hundred kilometres north-west of the
Loess Plateau, a prominent source area of
loess transport, where coarser fractions up
to medium sand are the major aeolian com-
ponents. However, the grain-size index used
by Rousseau etal. (2002) for the Nussloch
section in Germany may serve as an indicator
of aeolian variability in the Gobi Desert too
(see Fig. 22.8). Although it cannot be decided
whether the coarser components are always
transported by wind or sometimes probably
reworked fluvial material, both processes at
least require a shrinking lake, promoting the
exposure of near-shore lake sediments which
could be easily removed by the wind and
transported to the centre of the lake and
elsewhere.

Conversely, in phases of enhanced river
discharge, expansion of the lake and higher
lake levels, the distance between the lake
shoreline and the drilling site increased con-
siderably, reducing coarse clastic input
(>70% of particles <20pum, shaded parts
in Fig. 22.8).

A relatively long period of stable/higher
lake levels is also represented by sublami-
nated pelites (unit 1), only interrupted by
short phases of aeolian input. At the transi-
tion from unit 1 to unit 2 and during the
following unit 2 the input of aeolian
components (loess and sandy loess)
increases rapidly. In addition, medium
and coarse sand (200—2000 um grain size)
of fluvial origin at 135m depth indicates
that the river mouth extended lake-ward
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Fig. 22.9 Comparison of climate records with proxies from the D100 core, Gaxun Nur Basin, Gobi Desert,
NW China. A: Mid-June insolation for 65°N (solid line) and 42°N (dashed line) for the past 130 kyr. B:
Relative sealevel (RSL) changes, adapted from Waelbroeck etal. (2002). C: NorthGRIP oxygen ice core record
from central Greenland with selected numbers of cold stadials C26—C20 and interstadials (DO events), adapted
from NorthGRIP Members (2004). D: Guliya ice core record from the central Tibetan Plateau, after Thompson
etal. (1997). E: Calcium record from the D100 sediment core. E-H: Grain-size records (E = suspended load,
F = loess component, G = grain-size index and H = aeolian sand) from the D100 sediment core. I: Quartz
median record from the Luochuan loess section, adapted from Xiao etal. (1995). Data from the Gaxun Nur core
D100 are 7-point low-pass filtered. Shaded areas mark warm-wet climate conditions, adapted from our data.

due to a strong shrinkage of the lake
which enabled coarse material to be
deposited in the centre close to the drilling
site. At the end of unit 2 (117-110m
depth), grain-size variations are similar to
those in unit 1, indicating a more positive
water balance and a more stable water
body, although short-term fluctuations
are detectable by high-frequency alterna-
tions between clay and silt. In unit 3
(110-93m depth), the input of aeolian
sand and coarser clastics of probably flu-
vial origin between 109 and 102m is high
again, implying an extremely negative

water balance at that time. We assume
that aeolian and probably fluvial inputs
into a shrinking water body are the major
processes at that time. Phases of higher
suspended load indicating more stable
lake conditions and thus higher lake
levels throughout unit 3 and the follow-
ing unit 4 appear at 96-94m, 91-85m,
83-77m and 74.5-70.5m depth. However,
they are always interrupted by short-term
phases of enhanced aeolian input into an
existing lake. The change from predomi-
nantly fine-grained lacustrine deposits to
sandy silt and finally dune sand from
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71.4m depth upwards supports the argu-
ments of a generally deteriorating water
balance in the Gaxun Nur Basin.

22.6 DISCUSSION

Lithology, geochemical properties and
grain-size distributions of the D100 core
from the Gaxun Nur Basin provide evidence
for repeated changes in the water balance of
an extended palaeolake within the Gobi
Desert of north-western arid China. Our
chronology indicates that the sediment
records from the D100 core comprise the
history of the past 250kyr. However, we
focus on the results of the upper 160 m of
the core, i.e. the last 130 kyr (Fig. 22.9), thus
covering the period from the last interglacial
to the early part of the LGM (~25kyr). We
compare our records with ice core data from
Greenland (NorthGRIP Project Members,
2004) and Tibet (Thompson etal., 1997), with
the relative sea-level record (Waelbroeck et al.,
2002) and with the Luochuan loess record
from the Chinese Loess Plateau as well (Xiao
etal., 1995; Rousseau and Wu, 1997).
Considering that the geochemical proxies
(salinity and evaporation—precipitation
ratio) and grain-size parameters (sus-
pended load and aeolian transport) have a
direct relation to changes in hygric
conditions of the Gaxun Nur Basin and its
catchment, we can set up following pre-
sumptions: Increased suspended load
requires a substantial increase of river dis-
charge towards the basin, triggered either
by enhanced precipitation in the catchment
and/or by melt water discharge, both
resulting in the growth of lake size and
water volume. As our drilling site in the
centre of the basin is located far distant from
the river mouth/shorelines, we assume that
coarser sediment fractions were deposited
by aeolian input as (sandy) loess. Fluvial
input was only possible when the distance
between the coring site and the river
mouth/shorelines decreased considerably.
The latter requires a strong shrinkage of

the lake in phases of reduced surface dis-
charge. Furthermore, considering a substan-
tial contribution of melt water towards the
basin during the last glacial cycle, we also
assume that melt water flux rose when
snowmelt in the upper catchments was high
due to increased temperatures and vice
versa. This would mean that changing
annual mean temperatures in the upper
catchments (above and below the snowline),
generally detectable by the oxygen-18
proxies from ice cores (Thompson etal.,
1989, 1997; Thompson 2000), must have
had an influence on the dynamics of the
glaciers themselves, leading to either glacier
advance in phases of colder and/or wetter
conditions or glacier decay in periods of
warming and/or decreasing precipitation.
Hence, we hypothesize that glacier advance
in Tibet requires a temporal shift of effective
moisture supply from summer to autumn
and wintertime to keep the glaciers grow-
ing. Such shift would also lead to a drop in
the annual temperature, which is isotopi-
cally preserved in glaciers. Consequently,
stable oxygen isotope signatures in glacier
ice of Tibetan glaciers not only indicate
temperature changes but also imply
dynamic processes towards glacier growth
or decay.

22.6.1 The last interglacial (MIS 5,
129-72 kyr BP)

The warm stage of the last interglacial (MIS
5.5) appears in our records as a period of
enhanced water discharge from southern
regions (Tibetan Plateau) towards the basin
which led to a rapid development of a large
lake, coeval with a reduction of aeolian flux
(Fig. 22.9G-I). According to our data, the
transition from MIS 6 to MIS 5.5 is defined
in the grain-size records by a simultaneous
drop in aeolian activity and a rise in surface
discharge at about 129 kyr, equal to 156 m
core depth. Lowest sulphur and calcium
values indicate a still reduced evaporation
pressure and low water temperatures at that
time. A rapid warming during the following
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1000 years is indicated by sudden increases
in water temperature, residence time and
evaporation, with rising salinities peaking
at about 128 kyr. This phase of warmer and
moister climate conditions comprises the
time from the inception at 129 kyr to about
119 kyr, inferred from our age model (see
Section 4). High calcite precipitation and
surface discharge of nearly 10000-year
duration (Fig. 22.9E, F) indicate a stable
aquatic environment, while a long residence
time of the water body and strong evapora-
tion may have caused increasing salinity
under at least warm moist climate condi-
tions. The intermittent distinct freshwater
pulses in the middle part of this warm stage
led to several refillings of the lake without a
general change in climate conditions.
Hence, it seems plausible to assume that
these refillings towards freshwater
conditions were due to enhanced rainfall
in the catchment of the lake triggered by a
strengthened SE summer monsoon.

The lack of aeolian sand and a low grain-
size index (Fig. 22.9G, H) in our record dur-
ing that period support the assumption of
reduced aeolian transport because most of
the potential source area was covered by
water and vegetation. This period of
reduced dust flux and the development of
a large lake within the Gaxun Nur Basin
coincides with the formation of the S1 soil
on the Loess Plateau (e.g. Kukla and An,
1989; An etal., 1991, An and Porter, 1997)
and with lake formation in the Zoige Basin,
north-eastern Tibetan Plateau (Chen etal.,
1995). They all require warm-moist climate
conditions in both high and low altitudes
during substage 5.5, similar to the present
climate or even warmer (Frenzel, 1994).
Accordingly, the Guliya ice core record
from central Tibet (Fig. 22.9D; Thompson
etal., 1997) shows less negative oxygen-18
values, indicating higher temperatures over
the Tibetan Plateau. Hence, we assume
increased temperatures at high altitudes
which may have caused high melt water
flux during the summer season, resulting
in negative glacier balances in the upper

catchments of the Gaxun Nur system. This
is supported by the fact that the sea level of
the South China Sea was equal to the pre-
sent coastline (Yang, 1991) or even slightly
higher (Jouzel etal., 2002; Waelbroeck et al.,
2002; Shackleton etal., 2003). Both melt
water and more frequent summer monsoon
rainfall may have promoted the strong sur-
face discharge towards the basins. Maher
and Thompson (1995) calculated mean pre-
cipitation values on the basis of magnetic
susceptibility data from loess sections and
assume that rainfall north of the Qinghai-
Tibetan Plateau during the last interglacial
was two to three times higher than at pre-
sent. Consequently, the summer monsoon
front must have shifted some hundred kilo-
metres northwards to back up sufficient
rainfall in the presently dry desert, also
assumed by An (2000). However, we are
not able to quantitatively calculate the mean
annual precipitation in the Gaxun Nur
Basin during warm stage 5.5, but the exis-
tence of a large and biologically active water
body supports our assumption of warm and
moist climate conditions with potentially
longer summer monsoon impact and
shorter cold-dry winter seasons.

According to our chronology, favourable
climate conditions and a high lake level (but
with a general decreasing trend) existed
until 119kyr. Small grain-size diameters
(Fig. 22.91) indicate a generally weak winter
monsoon at that time. The most stable
fresh-to-slightly brackish water conditions
of about 7000-year duration occurred
between 128 and 121kyr, followed by a
rapid desiccation and increase in dust flux
(Fig. 22.9E-H) which culminated at about
119 kyr, equal to 144.7 m core depth. Owing
to low data resolution, this environmental
trend is not preserved in the Luochuan loess
section. However, a comparison with the
NorthGRIP ice core record (Fig. 22.9C) indi-
cates that the change in lake hydrology
towards a negative water balance corre-
sponds to the rapid depletion of the
oxygen-18 isotopes at the end of stage 5.5.
We therefore assume a shift towards colder
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and drier climate conditions, also associated
with a global sea-level drop of about 20 m at
ca. 118 kyr BP (Fig. 22.9B) at least. As the
severe drop in river discharge is accompa-
nied by low carbonate precipitation and
suspended load as well as high input of
dune sand, we interpret this abrupt change
as a signal for colder and drier climate con-
ditions which may have prevailed for about
500-800 years. This short climate spell may
correspond to the 468-year long late Eemian
aridity pulse (LEAP), reported from central
Europe by Sirocko etal. (2005) and termi-
nates the warm-wet substage 5.5 in north-
western China.

With respect to the timing and duration of
this substage, our data imply that the warm-
wet climate phase between 129 and 119 kyr
comprises the Eemian in north-western
China. Compared with vegetation and mar-
ine records from western Europe, where the
Eemian (MIS 5e) is considered to cover the
period from 126 to 110 kyr (Shackleton et al.,
2003; Sanchez Goni etal., 1999, 2005), our
time range for the Eemian is, however, strik-
ingly different. In our opinion, this mis-
match is primarily due to the fact that the
desert regions in an extreme continental
position north of the Tibetan Plateau
responded immediately and very sensi-
tively to changes in moisture availability,
rather than to changes in local temperature.
As the Gaxun Nur Basin is directly con-
nected with glaciated high mountain
ranges, both major changes in glacier bud-
gets and alternations in moisture transport-
ing air masses promptly affect the hydro-
logical system in the Tibetan foreland, pro-
moting either lake formation or aeolian
activity. By contrast, vegetational changes
(especially in trees) follow with a certain
time lag, when plant-available water and
the groundwater table have been stabilized
and vice versa. However, we cannot decide
whether the time lags of 3000 years for the
onset and even 9000 years for the end of the
Eemian can be explained by these relations
alone. As the duration of the Eemian in north-
ern Europe (126—-115kyr; Sanchez Gonii et al.,

2005) is much closer to our chronology, we
assume that regional disparities of the Eemian
not only depend on latitudinal climate differ-
ences but probably also on continentality.
Palynological records from north-western
China which could prove this assumption
are still lacking.

In terms of water availability, our data
imply that during the succeeding substages
of MIS 5 alternations from positive to negative
balances do not differ strikingly from those
during the warm-wet stage 5.5. However, the
amplitudes between high and low river dis-
charges increase considerably, likewise the
amount of aeolian transport. Both indicate
more frequent and intense changes between
the extremes than before. Hence, we assume
that the onset of glacier growth since the last
glacial inception at about 118 kyr, most likely
triggered by decreased insolation (Fig. 22.9A;
Berger and Loutre, 2002; Calov etal., 2005), is
the major reason for instable climate condi-
tions in the catchment of the Gaxun Nur Basin
since the termination of the Eemian.

In phases of high river discharge and
reduced aeolian transport (Fig. 22.9G-I),
roughly correspondent with the D/O events
25-20 in the NorthGRIP ice core record (Fig.
22.9C), increased melt water flux and mon-
soon precipitation may have dominated to
keep the water balance of the Gaxun Nur
positive. According to our data, this hap-
pened during the first half of substage 5.4
(ca. 117-111kyr) and during the substages
5.3 (106-101 kyr) and 5.1 (89-74kyr). Small
grain-size diameters in the Luochuan loess
section (Fig. 22.9I) supplement our assump-
tion of repeated millennial scale warm-
moist climate pulses with high lake levels.
The mollusc record from the Luochuan
loess section even indicates that at about
88 kyr the climate on the Chinese Loess Pla-
teau was warmer and wetter than today
(Rousseau and Wu, 1997), but increasing
chemical precipitates with enhanced gyp-
sum formation afterwards point to a general
trend towards aridification. According to
Dansgaard etal. (1993), these phases of
enhanced evaporation may correspond to



342 Bernd Wiinnemann et al.

DO events 23 (Brerup-Interstadial) and 21
(Odderade-Interstadial). Intermittent fresh-
water pulses from the south kept the lake in
existence (see also Fig. 22.6).

However, the climate might have been
considerably different from the warm-wet
Eemian substage which was characterized
by locally enhanced summer monsoon rain-
fall buffering phases of reduced river dis-
charge at that time. By contrast, lake phases
between 118 and 74 kyr were mainly con-
trolled by the run-off from the Tibetan catch-
ments with increased rainfall and melt
water flux there. Additional but limited
water supply may have only resulted from
local rainfall during the warm seasons, gen-
erated by a convective water vapour circle
over a large water body, as previously
assumed by Pachur etal. (1995). Summer
monsoon rainfall in that region can be
excluded, as the continuously increased
albedo over the Tibetan Plateau has inhib-
ited a considerable northward shift of the
summer monsoon front.

High-frequency alternations in the water
balance of the Gaxun Nur Basin during the
substages 5.3-5.1 also indicate that millen-
nial scale periods of enhanced freshwater
input are the major reasons for the deposi-
tion of laminated lacustrine sediments
<20 mm in size (Fig. 22.9F) into a perennial
and probably deep lake. The laminated dark
and light layers indicate periodical flooding
events, which most likely occurred cycli-
cally two to three times per century. The
majority of such freshwater pulses are espe-
cially pronounced during the interstadial
substages 5.3 and 5.1.

Lowest discharge rates and enhanced
aeolian flux within the Gaxun Nur Basin
culminate during the substages 5.4 (second
half, 108-106 kyr) and 5.2 (around 100 and
92-90kyr), not exactly in phase with the
Greenland and Tibetan ice core records.
However, fluvial sand and high loess con-
tents in the D100 core reflect lowest lake
levels and vast areas of exposed lake sedi-
ments now easily deflated and transported
southwards to the Chinese Loess Plateau,

owing to a strengthened winter monsoon
(Xiao etal., 1995; Porter and An, 1995). In
particular, coarser grains in the Luochuan
loess section (Fig. 22.91) indicate the coher-
ence of exposed lacustrine sediments dur-
ing phases of negative water balance and
their transport to the loess regions of China
by enhanced wind activity.

22.6.2 The cold stage 4 (74—60 kyr)

The most severe cold phase during the last
glacial cycle is well recorded in both Green-
land and Tibetan ice cores (Fig. 22.9C, D).
Cold and even dry conditions between 74
and 60 kyr are also detectable in the Gaxun
Nur record by strong increases in aeolian
flux, peaking at 72, 67 and 62 kyr, generally
in agreement with the main occurrence of
xerophilous mollusc taxa in the Luochuan
loess section between 75 and 60 kyr, reflect-
ing drier conditions than today (Rousseau
and Wu, 1997). In contrast to the ice core and
loess records, our data indicate an inter-
mediate wet spell with enhanced river dis-
charge between 70 and 68kyr (Fig. 22.9,
F-H), also identifiable in the Luochuan mol-
lusc record (Rousseau and Wu, 1997, Fig.
22.3), which seems to have interrupted the
cold-dry conditions north and east of the
Tibetan Plateau for a 2000-year long period.
One possible explanation for this mismatch
with the ice core records might be the fact
that parallel to the massive glacier advance
in Tibet melt water flux towards the dry
foreland increased dramatically and refilled
the terminal lake. The coherence of glacier
advance and high melt water flux in the
catchment of the Gaxun Nur is only possible
if we consider effective moisture supply at
that time, not by the summer monsoon but
more likely by the westerlies during late
summer/early autumn. Snowfall in high
altitudes then became most effective due to
decreased summer radiation, while in
lower altitudes (below the snowline) local
precipitation and continuing ice melt con-
tributed to increased surface run-off. This
would also explain why enhanced wind



Interglacial and Glacial Fingerprints from Lake Deposits 343

velocities and dust transport from western
directions resulted in loess accumulation on
the Loess Plateau (Vandenberghe et al. 1997),
while dust flux in the Gaxun Nur area
remained low.

From about 68 kyr onwards, the dramatic
shrinkage of the Gaxun Nur lake promoted
the exposure of fine-grained lacustrine
deposits leading to deflation by wind ero-
sion, transportation to south-eastern loca-
tions and deposition there as loess. This
pathway of loess transport requires a stron-
ger influence of the winter monsoon under
cold-dry climate conditions which prevailed
until about 60 kyr. Increased particle size in
loess sections of the Loess Plateau (Fig. 22.91,
An etal., 1991; Porter and An 1995) confirms
the intensive wind activity at that time.

22.6.3 The interstadial stage 3
(60—24 kyr)

The climate conditions during MIS 3 are
marked by strong alternations of warm-
wet and cold-dry pulses within the Gaxun
Nur catchment, corresponding to fluctua-
tions in the global sealevel (Fig. 22.9B). In
terms of water budget, the temporal varia-
tions in the Gaxun Nur Basin reflect a close
relationship to temperature-dependent iso-
topic changes of the NorthGRIP and Guliya
ice cores, although not all cycles recorded
there resulted in synchronous responses
within the drylands of north-western China.
However, phases of positive water balance
with highest lake levels also in adjacent
areas fall in periods of relatively warm and
moist climate conditions (Pachur etal., 1995;
Wiinnemann etal., 1998; Zhang etal., 2001,
2002) with enhanced Indian monsoon (Shi
etal., 2001), when melt water discharge was
effective owing to the melting of the Tibetan
glaciers. Similar to the climate conditions
during the substages 5.4-5.1, the water bal-
ance of the Gaxun Nur system during stage
3 was mainly controlled by surface dis-
charge from the Tibetan Plateau.

Evidence for enhanced local precipita-
tion within the Gaxun Nur Basin at that

time is lacking so far. However, some
information about the vegetation history
(Ma etal., 2003) points to poorly developed
desert grassland and gallery forests along
the rivers, although the freshwater lake
expanded to >10000km? at about 30kyr
ago (Wiinnemann, 1999; Hartmann, 2003).
Prior to this event, phases of reduced lake
levels at 57-55, 50—48 and 42—40kyr coin-
cide with enhanced loess transport (Fig.
229 F, G) and ice rafted debris (IRD) in
the North Atlantic (McManus etal., 1999)
On the other hand, mobile dune sand
could not reach the centre of the lake,
because the lake size remained large
enough for sand to be transported by
wind from the lake shore to the centre.
Climate conditions were favourable for
sand transport into the basin only just
after phases of enhanced chemical precipi-
tation of carbonates and sulphates (Fig.
22.8D), indicating a stepwise shrinkage of
the lake after 47, 38, 32 and 26 kyr. Periods
of warmer climate conditions and higher
amounts of chemical precipitates roughly
match interstadial phases of glacier decay
in Tibet, whereas low lake levels and high
loess transport generally match stadials of
enhanced glacier advance and colder cli-
mate. As peaks of coarser loess in the
Luochuan section (Fig. 22.9I) appear dur-
ing phases of high lake levels in the
Gaxun Nur Basin when most of the defla-
table sediments were covered by water, we
assume that loess transport at that time
was probably more strongly affected by
the westerlies, similar to the wind regime
during the transitional phase from sub-
stage 5.1 to 4.

22.6.4 The LGM within stage 2 (LGM,
24-21kyr BP)

After the transition from stage 3 to the LGM
at about 25kyr, the aeolian influence
increased remarkably, as inferred from aeo-
lian deposits between 63 and 54m core
depth (Fig. 22.4A), while the water balance
of the Gaxun Nur basin became as negative
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as in previous cold stages without complete
desiccation. Increased aeolian flux since
about 25kyr coincides with the increase of
coarse quartz grains in loess sections (Fig.
2291, Porter and An, 1995), both indicating
increased wind strength under cold-dry cli-
mate conditions, leading to a strong expan-
sion of the desert belt of about 20° longitude
(Sun etal., 1998). Our proxy record ends at
the transition from lacustrine to semilacus-
trine and fluvially dominated sediments
after 24 kyr. However, previous investiga-
tions (Wiinnemann, 1999) show a continua-
tion and even increase of the aeolian
component under very shallow water con-
ditions throughout stage 2. Fluvially trans-
ported sand and suspended load from
northern and western catchments of the
basin since the termination of stage 2 indi-
cate a successive refilling of the lake as a
result of locally enhanced rainfall by a
strengthened summer monsoon after
14 kyr (Wiinnemann and Hartmann, 2002).
Kohfeld and Harrison (2003) calculated
that during stage 2 wind strength and mass
accumulation rates were roughly 4.3 times
higher than during stage 5. By contrast, our
data indicate that wind intensity and aeolian
flux during the cold substages of stage 5 and
during stages 4 and 2 were probably
not extremely different. Comparison with
the Luochuan loess section supports our
assumption of repeated dust fluxes with
similar magnitudes during stages 4 and 2
and lower magnitudes during stages 5 and
3. More important is the fact that the duration
of dust transport and the flow direction of
loess-transporting air masses may have
changed considerably through time. They
probably had much stronger impact on
depositional conditions than known so far.
Further research on this topic is required.

22.6.5 Conclusion

Our record from the Gaxun Nur Basin dis-
plays severe changes in the water balance
during the last glacial cycle. On the assump-
tion that our chronology is correct, phases of

positive water balance and thus the expan-
sion of the terminal lake within a flat desert
environment quite precisely follow global
and regional patterns of highly variable cli-
mate conditions during the last interglacial
and glacial cycle as documented in ice cores
from Greenland and Tibet.

During the warm interglacial stage 5.5,
equal to the Eemian, the water balance of
the Gaxun Nur system was controlled both
by surface discharge from the northern and
southern catchments of the lake and by suffi-
cient local rainfall. It seems most likely that
the necessary moisture supply was due to an
intensified SE summer monsoon. This period
of warm-wet climate conditions in Central
Asian deserts during the last interglacial also
prevailed in the Sahara as reported by Yan
and Petit-Maire (1994) and Thiedig etal.
(2000), indicating a marked decrease in desert
environments along the Old World dryland
belt. However, detailed palaeoclimate
records which could prove the interglacial
climates in the desert regions of China are
still lacking. Conversely, periods of positive
water balance in the Gaxun Nur Basin during
the following cycles were mainly controlled
by the surface discharge from the glaciated
Tibetan Plateau. Glacier melt water and local
rainfall in the upper catchment of the Hei
River were the main sources of water supply
towards the basin. Glacier advance in north-
ern Tibet and enhanced rainfall in lower alti-
tudes during phases of climate cooling may
have been triggered by the influence of the
westerly waves which provided the necessary
moisture in late summer and early autumn to
keep the glaciers growing. Consequently, the
seasonal southward shift of the summer mon-
soon probably started earlier, while the Siber-
ian high-pressure cell was not fully
developed. This scenario would enable moist
air masses to flow from western regions east-
wards more frequently and use pathways
along the west—east striking mountain
barriers of the Tibetan Plateau.

The periodically repeated climate changes
in arid China are closely connected to global
climate signatures mainly driven by solar
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forcing. Major climate changes throughout
the last 130 kyr follow the insolation anoma-
lies on a precessional band (Fig. 22.9A).
However, our record shows that short-term
variations of freshwater and aeolian fluxes
respond to the East Asian Monsoon evolu-
tion (An etal., 1991; Porter and An 1995; An,
2000) and to the westerlies system as well
(Pachur etal,, 1995, Vandenberghe etal.,
1997), both driven by a nonlinear pattern of
thermohaline circulation and changes in ice
volume (e.g. Ding et al., 1994).

The synchronized coherence of loess trans-
port from the Gaxun Nur Basin towards the
Loess Plateau (Luochuan section) during
cold events, comparable to those preserved
in the Greenland ice cores and to IRD events
(e.g. Xiao etal., 1995, McManus etal., 1999)
indicates that cold dry air masses in the
North Atlantic region may have fundamen-
tally interacted with the winter monsoon and
the westerlies over China.
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