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Thematic Article

Sediment sequences and paleosols in the Kyichu Valley, southern Tibet
(China), indicating Late Quaternary environmental changes
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Abstract The Tibetan Plateau is highly sensitive to environmental changes and affects the
settings of a far larger territory in Central Asia and beyond. Thus, knowledge on past
environmental changes in that area is essential. Even though the Kyichu (Lhasa River)
Valley and its tributaries is an easily accessible area, the Late Quaternary landscape
evolution of southern Tibet is in general scarcely known. Therefore, 12 sedimentary sec-
tions in the middle and lower catchment were subjected to multidisciplinary analyses
(sedimentology, paleopedology, AMS C and luminescence dating, and charcoal determi-
nation) aiming at results on regional paleoenvironmental changes. At the altitude studied
(3600—4000 m above sealevel), no glacial relics could be detected, indicating that the valley
positions have been unglaciated since the Last Interglacial. The lack of fluvial-lacustrine
structures above the floodplain is due to the aggradational character of this tectonically
(sub-)active valley, which caused an alluvial burying of older valley bottoms. During the
Late Pleistocene the mouth area of the Kyichu was occupied by a lake which was part of a
larger dam-lake in the superordinate Yarlung Zhangbo Valley. On the valley flanks, loesses
were predominantly deposited before the Last Glacial Maximum (LGM), whereas eolian
sands were predominantly deposited around and after the LGM. Paleosols of Last Inter-
glacial, Last Glacial and Holocene ages regularly occur at terrestrial sites representing
temperate to cool and humid to semiarid conditions during soil formation. Ages of colluvial
sediments indicate that the widespread barren valley slopes were primarily formed
by Late Pleistocene erosion followed by a secondary Holocene erosion phase. Charcoal
spectra indicate a Late Holocene change from a forest environment to a pastoral environ-
ment with sparse grasses, herbs and dwarf shrubs. It is assumed that the Late Holocene
environmental changes, such as loss of forests/woodlands and erosion, have at least been
reinforced by humans, enhancing a regional climatic aridification and cooling trend.
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INTRODUCTION

In the last two decades, much scientific effort has
been devoted to studying the Late Quaternary
climate history and paleoenvironmental change of
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the Tibetan Plateau, as this largest alpine area in
the world (~2.2 x 10° km?) affects the settings of a
far larger territory in Central Asia and beyond.
Thus, future climate-driven and human-induced
changes on the plateau (e.g. Du et al. 2004; Béhner
& Lehmkuhl 2005; Cui et al. 2006) will inevitably
cause environmental consequences in the sur-
roundings. For example, landcover changes can
alter the discharge and suspended load of major
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rivers having their sources on the Plateau, such
as Huang He, Yangtze, Brahmaputra, Mekong,
and Salween. A possible aridification can increase
the dust production, which will be partly deposited
as loess on the adjacent Chinese Loess Plateau
and beyond. Furthermore, but hardly predictable
so far, changes in the energy balance on the
Tibetan Plateau will have a significant impact
on the regional to continental climate, and might
have an impact on the global climate (Cui et al.
2006; Fan et al. 2007). Therefore, the regional
feedbacks and interactions between relief, soil, and
climatic and biotic systems of different areal
and temporal scales must be understood. This
necessarily requires the consideration of paleoen-
vironmental conditions, which provide exemplary
insights into the past interplay of these systems.

In general, as sediments and soils were formed
under the influence of geologic, geomorphologic,
climatic, biotic and, at least for certain periods,
human factors, they can be used to indicate past
environments. So far, Quaternary research on the
Tibetan Plateau has mainly focused on changes
in the East Asian monsoon system, on vegetation
changes, and on glacial history (e.g. Thompson
et al. 2000; Lehmkuhl & Owen 2005; Herzschuh
2006). However, several geologic—geomorphic
processes, such as eolian and paleohydrological
events, as well as the Holocene impact of man
are only rudimentarily known (e.g. Lehmkuhl &
Haselein 2000; Aldenderfer & Zhang 2004; Morrill
et al. 2006; Kaiser et al. 2007).

Most paleoenvironmental records on the
Tibetan Plateau have been based on lacustrine
sediments, which often yielded long-term and
continuous data sets (e.g. Overpeck et al. 2005;
Herzschuh et al. 2006; Wu et al. 2006). In contrast,
comparatively few records from terrestrial sites,
such as loess—paleosol sequences, eolian sands or
moraines, have been considered (e.g. Kiister et al.
2006; Li et al. 2006; Owen et al. 2006) because ter-
restrial sites, except modern glaciers (e.g. Thomp-
son et al. 2000), mostly represent discontinuous
sequences yielding only fragmentary paleoenvi-
ronmental information. However, certain kinds of
information are obtainable almost only from ter-
restrial archives, such as on slope erosion, eolian
dynamics, and glacial processes. Furthermore,
since most of the modern lakes on the Tibetan
Plateau did not start their sedimentation until
the Late Glacial (Herzschuh 2006), terrestrial
sequences comprising fossil lacustrine and non-
lacustrine sediments are essential sources for
information before ca 15 000 cal BP
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Even though the Lhasa area is easily accessible,
the Late Quaternary landscape evolution of south-
ern Tibet is in general astonishingly scarcely
known. For instance, data on the genesis of the
fluvial and eolian relief as well as on paleoenviron-
mental changes are rare (e.g. Tang et al. 2000;
Zhang 2001; Montgomery et al. 2004; Sun et al.
2007). Therefore, a research project on the
Holocene geomorphic genesis of the Kyichu
(Lhasa River) catchment was launched to clarify
the more recent geomorphic and paleoenviron-
mental history, continuing previous research on
past human-environment relationships in that
area (Kaiser et al. 2006; Miehe et al. 2006). Accord-
ing to sedimentary sequences recorded in 2006 and
their subsequent geochronological analysis, the
temporal focus has now be expanded to the Last
Interglacial comprising the last ca 100 000 years.
For the first time in southern Tibet, Interglacial
and Last Glacial paleosol-bearing terrestrial
sequences were detected and analyzed on a larger
scale.

The overall question to be addressed by this
study is what sediments and paleosols can indicate
about Late Quaternary environmental changes in
southern Tibet. To this end, the following aspects
will be pursued: (i) exemplary presentation of
paleosol-bearing fluvial-lacustrine, eolian, and
colluvial sequences and their characterization by
means of sedimentological, pedological, geochro-
nological, and botanical analyses; and (ii) interpre-
tation and discussion of the results with respect to
regional environmental changes.

STUDY AREA

The Kyichu area is a sub-catchment of the east-
flowing Yarlung Zhangbo (alternatively Y. Zangpo
or Y. Tsangpo), which, after leaving the southeast-
ern Himalayas, flows west to India as the Brah-
maputra (Kyichu catchment =32 588 km?, river
length =530 km, altitude difference = 1810 m;
Chinese Academic Expedition Group (1983). The
undulating flow directions of the Kyichu and its
tributaries follow mainly northwest-southeast,
west—east, and northeast-southwest-trending tec-
tonic structures (Figs 1,2a,b). In general, a high
gradient in altitude and the geologic-tectonic
setting have produced a wide variety of geomor-
phic processes, sediments, local climate, soils, and
vegetation.

Tectonically, the Kyichu catchment belongs to
the structural block of the Lhasa terrane, which
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Fig. 1
of Sciences 1990). a.s.., above sealevel.

was formed following the collision of the Indian
and Eurasian plates in the early Tertiary (Eocene/
Oligocene boundary ca 55 Ma according to most
workers, e.g. Klootwijk et al. 1992; Rowley 1996; or
ca 34 Ma according to Aitchison et al. 2007). The
upper and middle valley sections of the Kyichu
as well as its tributaries follow strike-slip faults,
whereas the mouth area belongs to the Tsangpo
suture (Zhang 1998). The predominant rock in the
study area is granite accompanied by Carbonifer-
ous to Tertiary metamorphics and sediments,
which are covered outside the valleys and basins
by a thin veneer of Quaternary eolian and collu-
vial sediments (Institute of Geography, Chinese
Academy of Sciences 1990; Fig. 2b). Larger areas
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River network of the Kyichu and adjacent catchment areas with the sections recorded (map adapted from Institute of Geography, Chinese Academy

of active eolian sands exist on the valley flanks
in the river mouth area adjoining the Yarlung
Zhangbo Valley (Fig. 3c). According to Lehmkuhl
et al. (2002), southern Tibet is characterized verti-
cally by the following geomorphic zones: (i) zone
of fluvial processes and sand fields/dunes (up to
~3800 m above sealevel [a.s.1.]); (ii) zone of torrent
valleys and gully erosion (up to ~4200 m a.s.l.);
(iii) zone of steppe gullies (up to ~5100 m a.s.l.);
and (iv) zone of periglacial processes (above
~5100 m a.s.l.). The recent snowline is calculated at
about 6000 m a.s.l. However, during the Pleisto-
cene glacial stages the snowline was lowered
by about 300-800 m (Lehmkuhl et al. 2002). For
the lower Kyichu area, traces of Pleistocene
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Fig. 2 Study area, (a) topographic map (adapted from Miehe éf al. 20
of Sciences 1990). a.s.l., above sealevel.

glaciations are reported from the northern sur-
roundings of Lhasa, comprising morainic de-
posits associated with outwash cones (~4250 and
3950 m a.s.l., precise age unknown; Kuhle (2005).

There are many headwater streams and rivers
in the up to the 7117-m a.sl.-high Nyain-

01), (b) geological map (adapted from Institute of Geography, Chinese Academy

gentanglha Range and in the gently rolling
hills around Damxung and Nagqu (~4000—
5000 m a.s.l;; Fig.1). The middle reach between
Reting and Maizhokungar comprises a floodplain
level of 4100-3800 m a.s.l. predominantly showing
(large-scale) meandering with local anastomozing
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and braiding sections (Fig. 3b). In this area the
maximum width of the valley is 1-3 km. Northeast
of Maizhokungar, a larger valley section has been
flooded by an anthropogenic dam-lake in recent
years. The middle and lower river course from
Maizhokungar to the mouth, in particular down-
valley from Lhasa, predominantly shows braiding
with local anastomozing sections (F'ig.3c). The
middle and lower valley sections have widths of
2-4 km comprising some larger basins, such as the
Lhasa Basin (~3650 m a.s.l.), whose north—south
dimension reaches about 6 km (Fig.3d). In the
Lhasa area, the mean annual discharge of the
Kyichu amounts to 283 m%s having a strong
seasonal peak in the summer (Chinese Academic
Expedition Group 1983). Along the course of the
Kyichu, river terraces of both aggradation (accu-
mulation) type and degradation (erosion) type are
developed only in the headwaters and the middle
course up to ~ 30 km downstream of Fondo. Their
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Fig. 3 Photographs of selected sites
investigated. (a) Reting site in the middle
Kyichu Valley representing a relic juniper
forest on a south-facing mountain slope
(~4200 to 4750 ma.s.l., west of the
Reting Monastery), (b) braiding flood-
plain of the Kyichu in the middle river
course next to Maizhokungar, (c) Lower
Kyichu Valley about 50 km southwest of
Lhasa (next to CHI 1 section; view from
~3800 ma.s.|. towards the northeast),
(d) Lhasa Basin with a large swamp
in the foreground (~3650 ma.s.l., view
towards southeast). The snow-covered
mountain ridge in the background
reaches about 5300 ma.s.l, (g) alluvial
fan dissected by gullies in a side valley
of the Kyichu next to Lhasa-Drepung
(section DRE 18, ~3700 ma.s.l., view
towards northwest), (f) barren rock and
slope sediments at site GAR 1 (valley
flank of the Tolungchu, ~3800 ma.s.l.,
view towards northeast).

surfaces reach up to about 20-30 m above the
present floodplain. There exists one valley terrace
in the river mouth area next to Quxu (section QUX
2) representing a very small remnant of mainly
fluvial-lacustrine sediments lying about 20 m
above the present Kyichu floodplain. In the middle
river course between Maizhokungar and Daatse,
several alluvial fans coming from the side valleys
were truncated in the past by the Kyichu and
present a terrace-like appearance. In contrast, in
the lower river course between Lhasa and Quxu,
most alluvial fans smoothly descend to the flood-
plain, i.e. without any visible erosional step.

So far, information on the valley fill is available
from the Lhasa Basin only. According to geophysi-
cal transects and one borehole including several
sedimentological and biostratigraphical analyses,
three units of Quaternary sediments were differ-
entiated filling up the approximately 6-km-wide
basin (Shen et al. 2007; Fig.4). The basin was
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Fig. 4 Cross-section through the Lhasa Basin according to geophysical data (adapted from Shen et al. 2007).

initially formed in the Mid-Pleistocene containing
a maximal sediment fill of about 500 m. The Kyichu
Valley around Lhasa is located in the so-called
Nalinlaka Fault zone, which extends over about
70 km in an east-west direction (Liu et al. 2007).

Pedologically, the Lhasa area belongs to the
zone of ‘cold calcic soils, brown calcic soils and aga
soils’ of southern Tibet (Institute of Geography,
Chinese Academy of Sciences 1990). The local
altitude-dependent soil distribution is known from
a transect in the surroundings of Lhasa-Drepung
(Kaiser et al. 2006). The permanently active flood-
plain of the Kyichu is characterized by mobile
cobbles to sands. Temporarily active or inactive
parts of the floodplain have Gleysols and Fluvisols
developed from fluvial sands and silts. Cher-
nozems and Calearic Cambisols occur on inactive
parts of alluvial fans, footslopes, and lower slopes.
The middle slopes are dominated by Cambisols
developed from loesses. Locally, Gleysols occur at
stream sites and wet slope niches. Leptosols and
barren rock associated with inactive and active
periglacial forms follow on the upper slopes and
top positions.

The present climate on the valley ground in
Lhasa (~3650 m a.s.l.) is characterized by a mean
annual air temperature (MAAT) of 7.7°C, summer
temperatures of more than 15.5°C and winter tem-
peratures below —2.1°C as well as a mean annual
precipitation (MAP) of 443 mm (Domrés & Peng
1988; Miehe et al. 2001). However, there exists a

distinct altitude-dependent climatic differentia-
tion. Exemplary rain gauge measurements in the
Lhasa area yielded an extrapolated annual rainfall
at 3750 m a.s.l. of 485 mm and at 4650 m a.s.l. of
715 mm (Miehe et al. 2003).

As (pre-) historic and recent anthropogenic
influences have strongly changed the regional
environment (Kaiser et al. 2006; Miehe et al. 2006),
the present-day character of the study area is only
seminatural. In the middle and lower reaches of
the Kyichu, livestock grazing and fuel wood extrac-
tion have widely replaced the natural vegetation
and left partly eroded badlands (Fig. 3e,f). The
(former) floodplains are characterized either by:
(i) mobile cobbles to sands sparsely overgrown by
grasses; (ii) irrigated arable land and wood plan-
tations; or (iii) grazed wetlands with a dense cover
of sedges, grasses, and herbs. Only locally are
grazed remains of the natural phreatophytic wood-
lands consisting of buckthorn (Hippophae spp.),
willow (Salix spp.) and poplar (Populus spp.). Allu-
vial fans, footslopes, and middle slopes are exposed
to a strong, year-round grazing impact having
a grass dominated vegetation with low thorny
shrubs (e.g. Sophora moorcroftiana) and worm-
woods (Artemisia santolinifolia). In some safe
slope positions, shrubs several meters high occur
(e.g. Buddleja spp., Cotoneaster spp.). Above
about 4500 m a.s.l. dense sedge mats of Kobresia
pygmaea accompanied by cushions occur. Dry-site
forests/woodlands or even trees are very rare in
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the study area. The largest remains of the former
forest vegetation, proven by a comprehensive
survey detecting several occurrences of small-
scale juniper woodlands and trees in recent years
(Miehe et al. 2008), is a south-exposed mature
juniper forest (Juniperus tibetica) around Reting
Monastery comprising trees of 10-15 m in height
and up to ca 1000 years in age (Miehe et al. 2003,
2008; Brauning 2007; Figs 1,3a). Remains of the
natural forest vegetation on north-facing slopes
consisting of birch (Betula spp.), willow (Salix
spp.) and rhododendron (Rhododendron spp.) are
preserved in the middle Kyichu Valley and the
upper Madromachu Valley.

METHODS

FIELD RECORDS, SEDIMENTOLOGY AND
PALEOPEDOLOGY

Field research for the sections presented here
mainly took place in spring 2006, except for one
alluvial fan sequence (DRE 2) and two colluvial
sequences (GAR 1, QUG 1), which were already
recorded in 2003 (Kaiser et al. 2006). Both natural
and anthropogenic exposures with a thickness of
2-13 m were used after preparation of the sec-
tions. The profiles were described and sampled
according to an international pedological standard
(FAO 2006). Designations of soil horizons and soil
types are given using the ‘World Reference Base
for Soil Resources’ (IUSS-ISRIC-FAO 2006). The
content of coarse matter (>2mm), comprising
granules to boulders (Udden-Wentworth grain-
size scale), was estimated in the field. All of the
following analyses were performed on the matrix
matter <2 mm (Table 1).

After air drying, careful hand-crushing, humus
and carbonate destruction (H202 30%, HC1 10%),
and dispersion with sodium pyrophosphate, a com-
bined pipette and sieving test was used to deter-
mine the grain-size distribution. The appearing
grain-size terms ‘fine, medium and coarse
(-grained) sand’ are defined by the mesh-sizes
<0.2mm, <0.63mm and <2.0 mm, respectively.
Organic carbon (OC) was measured by dry
combustion (Elementar vario EL) at 1100°C
in duplicate. Samples of three sections, however
(OC analysis was not possible), were treated by
burning for two hours at 550°C to determine the
loss-on-ignition (LOI), yielding an estimate for the
organic content. The LOI gives an overestimation
for the organic matter (e.g. for silts ~2%, according
to own experience), which is caused by water
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bound in minerals and oxides. CaCO; was deter-
mined volumetrically. Soil pH was analyzed
potentiometrically in 0.01 M CaCls (soil/solution
ratio = 1:2.5). Electrical conductivity (EC) was
measured by means of an electrode in distilled
water (soil/solution ratio = 1:2.5).

PALEOBOTANY

Charcoal and fossil wood originating from paleo-
sols and various sediments were analyzed to
provide both matter for radiocarbon dating and
for paleoecological information. Charcoal and fos-
sil wood were extracted macroscopically from the
sections comprising pieces up to 2 em in length but
normally being only 1-5 mm in size. Exact identi-
fication required an inspection of microscopic fea-
tures by means of comparison with preparations
from living material or from photographs of trans-
verse, radial, and tangential sections of recent
wood species (Schoch 1986; Schweingruber 1990).
Microscopic examination was carried out on frac-
ture surfaces of the air-dried charcoal pieces with
surface illumination and magnifications of 5-50x
(Table 2). It was possible to identify almost all
indigenous woods easily, although the charcoals
pieces were often in some parts a glass-like, an
amorphous mass, or they exploded from gas pres-
sure during the burning process. In some cases,
it is in principle not possible to determine the
species: e.g. the Jumiperus (juniper) species
present in the area can not be distinguished from
each other on the basis of their wood anatomy.

GEOCHRONOLOGY

Radiocarbon dating

Twelve samples of different material (charcoal,
bulk-soil matter, wood, bone) were extracted from
the profiles and subsequently analyzed in the
Erlangen AMS Radiocarbon Laboratory (Table 3).
Bulk soil samples were pre-treated by the removal
of roots and the acid-alkali-acid (AAA) method
(Kretschmer et al. 1998), to remove carbonates
and mobile humic substances, which otherwise
might affect the C results. The soil organic
matter fraction dated consist of humins, which are
considered to be a reliable material for *C dating
in soils (Pessenda et al. 2001). Further treatment of
the samples followed the standard methods of the
Erlangen Laboratory (Scharf et al. 2007).

In general, the C ages presented in the text are
calibrated (cal BP values). The calibration of the
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Table 2 Paleobotanical data

Sediments and paleosols in Tibet 413

Sample Depth [em] Material Plant determined Particles [n] Proportion [%]
DYU 1b 590-600 charcoal Sophora sp. 50 100.0
CHS 1e 255-280 charcoal deciduous wood, indet. 21 58.3
Hippophae sp. 8 22.2
Populus sp. 5 13.9
Caragana sp. 1 2.8
Rosaceae/Maloideae 1 2.8
CHS 1g 450-485 wood Hippophae sp. 5 100.0
ZAN 1b 220-250 charcoal Hippophae sp. 50 100.0
DRE 2b 110-115 charcoal Juniperus sp. 53 54.6
Salix sp. 37 38.1
Rhododendron sp. 3 3.1
Hippophae sp. 2 2.1
Rosa sp. 2 2.1
MOG 4g 720-760 charcoal Caragana sp. 20 64.5
deciduous wood, indet. 10 32.3
Hippophae sp. 1 3.2
GYA 3b 380-395 charcoal Rosaceae/Maloideae 20 100.0
STA 1c 135-150 charcoal Juniperus sp. 30 50.8
Sophora sp. 25 424
Buddleja sp. 4 6.8
GAR 1c 200-208 charcoal Hippophae sp. 91 70.5
Rosa sp. 30 23.3
Juniperus sp. 7 54
Gramineae 1 0.8
QUG 1b 135-170 charcoal Hippophae sp. 28 50.9
Betula sp. 20 36.4
Rosa sp. 4 7.3
Salix sp. 2 3.6
Spiraea sp. 1 1.8
Site information (altitudes, coordinates) is shown in Table 1.
Table 3 Radiocarbon data
Sample Depth Material dated Lab. No. d1C 1C age 1C cal age
[em] [%0] [years BP] [years cal BP]
DYU 1b 590-600 Sophora sp. charcoal Erl-10947 -25.1 7375 £ 67 8196 + 100
CHS 1e 255-280 charcoal (mixed spectrum) Erl-10115 —24.5 5803 = 48 6 603 = 59
CHS 1g 450-485 Hippophae sp. wood Erl-10116 —26.7 5964 + 49 6 808 + 62
ZAN 1b 220-250 Hippophae sp. charcoal Erl-10941 -23.0 6925 = 69 7771 £ 170
DRE 2b 100-115 Juniperus sp. charcoal Erl-6776 —21.6 203 = 41 175 £ 111
MOG 4¢g 720-760 charcoal (mixed spectrum) Erl-10120 —22.6 45 682 + 5438 51024 + 6148
GYA 3b 380-395 Rosaceae/Maloideae charcoal Erl-10119 —24.4 44 235 *= 3 388 48 681 *= 3786
STA 1c 135-150 Juniperus sp. charcoal Erl-10940 -20.9 2713 =38 2817 = 34
DRE 18 60-80 human bone Erl-10125 -174 2285 + 40 2272 + 68
GAR 1ec 200-208 Juniperus sp. charcoal Erl-6782 —20.5 3668 £ 57 4005 79
GAR 1e 250-255 bulk-soil matter (humin fraction) Erl-8070 —21.7 7908 = 99 8 781 = 152
QUG 1b 140-145 animal bone Erl-6783 -14.8 3053 = 45 3275 = 58

Site information (altitudes, coordinates) is shown in Table 1.

1C dates was performed using CalPal-2007 soft-
ware (Weninger et al. 2007).

Luminescence dating

Luminescence dating was carried out at the
Marburg Luminescence Laboratory using a Risg

TL-DA 15 reader (Bgtter-Jensen et al. 2000). Both
infrared (A =880 = 80 nm) stimulated lumines-
cence (IRSL) of polymineral fine grains (4-11 um)
and optically stimulated luminescence (OSL,
stimulation light =Dblue light-emitting diodes
[LEDs], A=470 = 20 nm) of quartz (38-63 um)
were used. For ISRL dating, blue emission (390-
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480 nm) was detected (filters Corning 7-59, Schott
GG400, Schott BG39). Equivalent doses were
determined using an additive dose multiple-aliquot
protocol (Table 4). After irradiation, all samples
were stored at room temperature for 8 weeks, pre-
heated (16 h at 160°C) and stored for two more
days. Short time fading experiments carried out on
three samples revealed no signal instabilities after
4 weeks of storage (Kaiser et al. 2006). For quartz
OSL dating, grains sized 38-63 um were extracted
(Lai & Wintle 2006; Lai et al. 2007). OSL signals
were measured at 130°C, and recorded for 60 s
through two U-340 glass filters. The single aliquot
regenerative dose (SAR) protocol (Murray &
Wintle 2000) was used for equivalent dose deter-
mination (preheat at 260°C for 10 s, cut-heat at
220°C for 10s). For equivalent dose calculation,
the OSL of the first 0.48 s stimulation was used
(background subtracted). When calculating the
environmental dose rate for OSL of middle
grain-size quartz (38-63 um), an alpha efficiency of
0.035 = 0.003 was adopted.

The IRSL and OSL ages are indicated by
ka-values. Generally, IRSL and OSL dates corre-
late numerically with calibrated *C ages.

RESULTS

GENERAL REMARKS

So far, about 80 sections were recorded in the
middle and lower Kyichu catchment situated at
various relief positions and comprising various
sediments. A selection of 12 sections will be pre-
sented here, which have been already subjected
to sedimentological, pedological, geochronological,
and botanical analyses (Fiig. 1). In the Kyichu area,
on the one hand, natural sections are available in
abundance due to widespread erosion processes.
On the other hand, sections are often easily acces-
sible due to numerous artificial outcrops created
by intensive building and road construction as
well as by extraction of raw materials. It should be
mentioned here that the expansion of settle-
ment, industry, and infrastructure, especially in
the Lhasa area, has created a tremendous number
of exposures in recent years.

FLUVIAL-LACUSTRINE SEQUENCES

The sequences presented can be divided into: (i)
mainly lacustrine sections (QUX 2, ZAN 1); (ii)
mainly fluvial sections (CHS 1); and (iii) alluvial fan

© 2008 The Authars
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sections (DYU 1, DRE 2). The fluvial deposits
widely recorded lack coarser particles than gran-
ules and originate from relatively long-distance
fluvial transport. In contrast, alluvial fan deposits
often bear coarse particles in the form of cobbles
and boulders and originate from relatively short-
distance fluvial transport.

Section QUX 2 (~3600 m a.s.l.,, lower Kyichu
Valley; Fig. 1) is cut anthropogenically in a terrace
lying ~20 m above the present floodplain. The
heavily dissected terrace has a lateral extension of
a few hundred meters only, thus obviously re-
presenting a remnant surviving postdepositional
erosion in this valley section. The 10-m-thick ex-
posure mainly consists of silts and silty sands
partly showing distinet parallel bedding/
lamination (Fig.5). Their lacustrine facies is
proven by the local existence of well-developed
load structures. Both CaCO;z; (0-3.5%) and OC
(0.1-0.4%) contents are very low (Table1).
Medium-grained fluvial sand forms the base;
eolian and colluvial sands form the topping layers.
OSL dating yielded Late Pleistocene ages of both
lacustrine and eolian sediments ranging from
27.7 =25 t0 17.2 = 1.4 ka (Table 4).

Section ZAN 1 (~3700 m a.s.l., middle Kyichu
Valley, Fig. 1) is located in an inactive sector of
the Kyichu floodplain lying about 2-3 m above the
present river level. It was accessible due to
excavation for brick manufacture. The 3-m-thick
exposure consists of a topping portion with fluvial-
lacustrine silt and sand, and a basal portion with
well-rounded fluvial cobble to granule (Fig. 5). The
fluvial-lacustrine deposits are free of CaCO; and
dominantly poor in OC (0.6%; Table 1). They show
horizontal bedding (partly lamination) and some-
times contain drop stones in the size of granule
(Table 1). The lowermost part between 220 and
250 cm has a high content of OC (7.3%) and bears
dispersed wood and charcoal pieces of Hippophae
giving a C age of 7771 *+ 70 cal BP (Tables 2,3).

Section CHS 1 (~4040 m a.s.l, side valley of the
Kyichu; Fig. 1) exposes the fill of a valley bottom.
An upper layer of colluvial sands overlies a
sequence of fluvial sands containing paleosols
(Figs 5,6a). Both units bear pebbles and cobbles,
partly even boulders up to 0.4 m in axis length. The
relatively thick topsoil developed from colluvial
sand can be assigned to an Arenosol. The layers of
fluvial sand are free of CaCO3 and are nearly free
of OC (Table 1). They bear signs of both relic
(down to ~4.5 m) and present-day (below ~4.5 m)
groundwater influence. Three paleosols divide
the fluvial sequence, in which the uppermost one
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Fig. 5 Logs of the fluvial-lacustrine sequences recorded.

(2Ahbg) is, according to color and OC content
(0.6%), a weakly developed relic Gleysol. The lower
paleosols (3Ahbg, 5Ahbg) have high contents of
0OC (4.7-5.5%) and are black and very dark brown
in color, respectively. They consist of loams and
silts and can be classified as (partly relic) Gleysols.
In the lowermost paleosol (below 4.5 m), both the
unusually low pH values (decreasing from pH 6.8
to 2.5) and the unusually high EC values (increas-
ing from 0.100 to 3.470 mS/em) point to changes in
the mineralogical composition, possibly compris-
ing a higher content of metal oxides. The charcoal
spectrum from the middle paleosol (3Ahbg) is
dominated by an indeterminable deciduous
wood, which was *C dated to 6603 + 59 cal BP
(Tables 2,3). Wood fragments occur in the lower
paleosol (5Ahbg) consisting exclusively of Hip-
pophae, which gave a 1“C age of 6808 + 62 cal BP.

Section DRE 2 (~3650 m a.s.l., northwestern
margin of the Lhasa Basin; Fig. 1) represents a
2-m-thick cliff section of a gully lying on the middle
portion of a widely inactive alluvial fan below a
steep mountain ridge. The profile consists of a
topping layer of coarse fan sediment, an interme-
diate layer of fluvial sand including paleosol, and a
basal layer of coarse fan sediment (Fig. 5, Table 1).
The fine matter of the layers analyzed is badly
sorted loamy and silty sand. The upper layer con-
tains well-rounded cobbles and boulders of granite
with a maximum axis length of 1.4 m. The 0.15-m-
thick paleosol (2Ahb horizon) is developed from
fluvial sand having distinet enrichment of organic

© 2008 The Authars
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matter (LOI = 4.0%). It contains a broad spectrum
of artifacts (pot shards, bone chips, charcoal).
Charcoal analysis shows a dominance of Junipe-
rus (54.6%) followed by a high portion of Salix
(38.1%; Table 2). A C sample of Juniperus char-
coal yielded a (subrecent) age of 175 * 111 cal BP
(Table 3). The paleosol is assigned to an Arenosol.
The basal layer of fan sediment is dominated by
coarse matter (90%) consisting of granules to boul-
ders with a maximum axis length of 1.8 m.

Section DYU 1 (~3700 m a.s.1., side valley of the
Tolungchu; Fig. 1) was recorded in a sand quarry
lying on a small inactive alluvial fan. The 8-m-thick
exposure consists of coarse-grained fluvial sands,
which derive from short-distance transport from
the adjacent steep mountain ridge of granite
(Fig. 5). The fluvial sands bear a distinct amount
of fine-grained granules (10-40%) and have no
detectable organic or carbonate content. Three
paleosols occur in the lower part of the section
(2Ahb, 3Ahb, 4Ahb) having a very small OC
content (0.2-0.4%; Table 1). They were classified as
Arenosols. Charcoal from the middle paleosol
(3Ahb) was determined as Sophora yielding a C
age of 8196 * 100 cal BP (Tables 2,3).

EOLIAN SEQUENCES

The eolian sequences presented in this study con-
sists of: (i) loesses (MOG 4, GYA 3); and (ii) eolian
sands (CHI 1, STA 1). In general, loess can be
defined simply as a terrestrial clastic sediment,
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Fig. 6 Photographs of selected sections investigated, (a) section CHS 1 predominately consisting of fluvial sediments with paleosols (~4040 m a.s.l.,
length of the ruler =200 cm), (b) section MOG 4 predominately consisting of silty and sandy eolian sediments with paleosols (~3890 ma.s.l., length of
the ruler =200 cm), (c) Section CHI 1 predominately consisting of eolian sands (~3620 m a.s.l.), (d) section GAR 1 predominately consisting of colluvial

sands with paleosols (~3800 m a.s.l., length of the upper ruler = 200 cm).

composed predominantly of silt-size particles and
formed essentially by the accumulation of wind-
blown dust (Pye 1995).

Section MOG 4 (~3890 m a.s.1., valley flank of the
Madromachu; Fig. 1) is located on a footslope,
which was exposed by extraction of raw material.

The dominant portion of the 9-m-thick sequence
consists of eolian sediments (silts, loams, silty
sands; Fiigs 6b,7, Table 1). Intercalated thin layers
and the top consist of colluvial sands and silts
having a content of coarse matter (granules to
boulders) up to 20%. Two paleosols occur in the

© 2008 The Authors
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Fig. 7 Logs of the eolian sequences recorded.

eolian sediments. The 0.2-m-thick upper paleosol
(5Bwkb) is characterized by a yellowish brown
color and very low OC content. It is classified as a
Calcaric Cambisol (-remain). The lower 0.4-m-
thick 8BwAhkb horizon has a relatively low OC
content (0.4%) but a striking chestnut brown color.
According to the color, the enrichment of second-
ary carbonate and the well-developed mollic
structure, this paleosol can be classified as a
Kastanozem. In this horizon small and smeary
charcoal pieces occur. The spectrum consists of
Caragana, Hippophae, and an indeterminate
deciduous wood yielding a “C age of 51024 +
6148 cal BP (Tables 2,3). OSL dating of the eolian
silts about 0.5m below gave an age of 118.0 =
11.0 ka, whereas samples from the overlying eolian
layers yielded OSL ages from 82.0 == 8.0 to 28.2 =
3.1 ka (Table 4).

Section GYA 3 (~3840 m a.s.l,, valley flank of a
tributary stream of the Kyichu, Fig. 1) exposes a
footslope sequence cut by the extraction of raw
material. The 4.5-m-thick section is formed by a
topping colluvial layer (silt), originating from hill-
wash, and subsequent loess layers (Fig.7). In
the upper part of the loess section, a thin colluvial
bed consisting of silt and granule to cobble occurs,
which is interpreted as a solifluction deposit. In
the lower portion, there is an only 0.15-m-thick
paleosol developed from loess (5Ahkb, OC = 0.5%,
CaCO3=1.1%; Table1), which is classified as
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Regosol. Charcoal, determined as Rosaceae/
Maloideae, yielded a C age of 48 681 = 3786 cal
BP (Tables 2, 3). An OSL sample of loess directly
below yielded 63.0 = 7.0 ka. Loess layers above
the paleosol date 44.8 =4.0 and 34.1 =3.0ka
(Table 4).

Section CHI 1 (~3620 m a.s.l., valley flank of the
Kyichu; Fig. 1) was recorded in a gully which cuts
an active eolian sand area (~2 km x 1 km). The
eolian sands cover the distal part of the (former)
Kyichu floodplain and climb up the valley flank
reaching about 4200 m a.s.l. Between the active
river and the eolian sand area, there is a strip of
irrigated arable land and woodlands forming a
barrier of potential eolian sand transport from the
river to the slope (Fig. 3¢). The 11-m-thick section
is divided in a sandy eolian upper part (0-10 m)
having a few thin layers of colluvial granule and
pebble, and a lower part (10-11 m) consisting
of alternating sandy eolian and colluvial layers
(Figs 6¢,7). The whole section is well-layered,
showing parallel bedding that follows the weak
inclination of the slope. The eolian sands are domi-
nated by the fine fraction. A higher silt portion
occurs in the uppermost part (0-1m, 46-47%;
Table 1). There is no clear discontinuity of the
eolian sedimentation, such as a paleosol, except the
colluvial layers mentioned. OSL dating yielded for
the thick sequence four ages between 23.9 = 1.8
and 14.4 = 1.4 ka (Table 4).



Section STA 1 (~3660 m a.s.l., valley flank of the
Kyichu; Fig. 1) is situated on an alluvial fan next to
a mountain footslope. The 4-m-thick sequence is
exposed by a gully which dissects the inactive fan.
Two layers of eolian (fine) sand overlay gravelly
fan deposit (Fig.7). The separating brownish
paleosol (2Ahb) has a distinet OC content (0.7%)
and is classified as Arenosol. A charcoal spectrum
from this paleosol is dominated by Juniperus
yielding a 1“C age of 2817 *+ 34 cal BP (Tables 2,3).
OSL ages from the eolian sands range from
6.7 = 0.5 to 2.9 = 0.2 ka (Table 4).

COLLUVIAL SEQUENCES

Generally, colluvial sediments are represented by
several badly sorted deposits whose transport
and sedimentation took place gravitationally in a
water-supported setting. The transport was often
over a short distance. However, the term ‘colluvial’
bears the potential for profound misunderstand-
ing (Kleber 2006). The British ‘colluvium’ is less
strictly defined. In the United States, ‘colluvium’
often refers to mass-wasting deposits upon slopes
in contrast to ‘alluvium’, which is attributed to
running water. Some definitions include all slope
deposits, that were driven by gravitation or by
unconcentrated runoff, whereas others restrict
the occurrence to footslopes excluding fluvial pro-
cesses or including the latter. Finally, the German
term ‘Kolluvium’ is in its narrowest sense defined
as a deposit created on slopes by running water
due to human-induced soil erosion (Leopold &
Volkel 2007). In this study, we use a less strict
definition: even badly sorted sediments on slopes
and alluvial fans are considered to be ‘colluvial’.

The sequences presented can be divided into: (i)
a complexly composed alluvial fan section bearing
colluvial, fluvial, and eolian deposits (DRE 18); and
(ii) footslope sections consisting of hillwash plus
rockfall (GAR 1, QUG 1).

Section DRE 18 (~3710 m a.s.l., northwestern
margin of the Lhasa Basin; Fig. 1) is located on the
topographically upper part of the Drepung alluvial
fan, which was already mentioned above in con-
nection with the presentation of section DRE 2.
The section was recorded in a 13-m-deep gully
(Fig. 3e). It is composed of several sediments,
being colluvial (prevailing on top and at the base),
fluvial (on top), and eolian (mid position; Fig. 8).
The colluvial layers consist of sands with some
granules to cobbles having nearly no OC and only
low CaCOs content. The fluvial layer consists of
granules. Silts and silty sands form the eolian
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layers, which bear low organic (0.2-0.3%) but
sometimes considerable CaCO;s; contents (5.1
15.5%; Table 1). Two incipiently developed paleo-
sols occur in the eolian layers having low OC
(0.2-0.4%), but rather high CaCO; values (3.9
16.8%). The soil colors are brownish. Obvious
humic particles, such as charcoal, are lacking. Both
paleosols can be classified as (relics of) Calearic
Cambisols. The age of the mainly eolian sediments
between 300 and 900 cm is revealed by three
OSL ages comprising 32.3 + 3.2 to 82.0 = 8.0 ka
(Table 4). In the topsoil, a well-preserved human
skeleton (60-80 cm, intentional grave?) was
found yielding a radiocarbon age on bone of
2272 + 68 cal BP (Table 3).

Section GAR 1 (~3800m a.s.l., Tolungchu
Valley; Fig. 1) is situated on the footslope of a
mountain ridge consisting of granite, which is a
few hundred meters high (Fig. 3f). It comprises
a succession of different colluvial layers of loamy
sand overlying a fluvial-lacustrine sand layer
(Figs 6d,8). The upper colluvial layer is 2 m thick
and contains a higher proportion of dispersed
coarse matter such as pebbles and boulders of
granite up to a size of 0.8 m x 0.4 m. Site position
and structural-textural properties point to a sedi-
ment formation by a combined colluvial process
of hillwash plus rockfall. The upper paleosol
(2AhbC horizon), developed from colluvial sand
(Table 1), represents an occupation layer. Pot
shards, lithic artifacts, bones, and charcoal as
well as some metal objects such as slag have been
detected in this horizon. Typologically, the pot
shards represent the Late Neolithic period
(Kaiser et al. 2006). A large quantity of coarse
and fine charcoal pieces has caused a marked
black coloration and a relatively high level of LOI
(5.8%). Shrubs dominate the charcoal spectrum
(Hippophae 70.5%, Rosa 23.3%; Table 2); only a
small portion is represented by Juniperus (5.4%).
The *C dating on Juniperus charcoal from the
upper paleosol yielded an age of 4005 + 79 cal BP
(Table 3). IRSL age estimates obtained for the
upper 2.5 m of the profile point to a successive
deposition of the colluvial sands within the last
43 £ 0.5ka (Table4). The dark color and the
accumulated thickness (95 ecm) of the lower paleo-
sol (BAhbC and 3Ah/Bwb horizons) are remark-
able. Typologically, it is classified as a Phaeozem.
This paleosol yielded a C age of 8781 =+ 152 cal
BP on bulk soil matter. The basal layer, having a
relatively large amount of clay (18%) and nearly
14% of CaCQOs, is interpreted to be of fluvial-
lacustrine origin.
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Fig. 8 Logs of the colluvial sequences recorded.

Section QUG 1 (Neolithic Qugong site,
~3680 m a.s.l,, northern margin of the Lhasa
Basin; Fig. 1) is located at a hill footslope, which is
a few tens of meters high and mostly exposing
barren granite. Bedrock outerops only 10 m above
the profile. This is the second major Neolithic site
found on the Tibetan Plateau (after Karou site,
Chamdo, eastern Tibet), dating ca 1050-1750 BC
(=ca 3000-3700 cal BP). It was excavated in
the early 1990s (Institute of Archaeology of
the Chinese Academy of Social Sciences and the
Bureau of Cultural Relics of the Tibet Autonom-
ous Region 1999; Aldenderfer & Zhang 2004;
Aldenderfer 2007). QUG 1 forms a 2-m-thick
sequence of a topping colluvial layer and a buried
paleosol-bearing colluvial deposit (Fig.8). All
layers consist of loamy sand. The upper colluvial
layer bears some boulders of 1.5 m maximum axis
length, indicating sediment formation by a com-
bined colluvial process of hillwash plus rockfall.
Due to the lack of a humic topsoil horizon (Ah),
this layer was probably subjected to some post-
depositional erosion. A 0.35-m-thick buried paleo-
sol (2Ahb) represents the occupation layer. This
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greyish brown horizon (LOI=2.5%) contains a
large quantity of burned and broken granules and
pebbles, pot shards, bones, and flakes. Pedological
properties assign this paleosol to an Arenosol. One
radiocarbon sample of animal bone was taken
from the 2Ahb horizon and yielded an age of
3275 = 58 cal BP (Table 3). Only some very small
and smeary pieces of charcoal were found, not
allowing extraction from the paleosol and further
analysis. However, a comparable section was
recorded a few tens of meters to the northwest
yielding in the paleosol a Hippophae-dominated
charcoal spectrum (Table 2). IRSL ages indicate
an accumulation of the overlying colluvial layer
within the last thousand years (Table 4). Two
samples from the underlying colluvial deposits
yielded ages of 8.0 £ 0.8 and 20.0 = 2.0 ka.

DISCUSSION

RELIABILITY OF GEOCHRONOLOGICAL DATING

The reliability of polymineral fine grain IRSL ages
has already been discussed in Kaiser et al. (2006),



and the IRSL ages are generally in agreement
with the C ages where available. For quartz OSL
ages, the normal distribution of equivalent doses
within a sample (>12 aliquots) determined by the
SAR protocol shows that the sample has been
well-bleached before deposition. The conditions
adopted for the SAR protocol are verified by the
successful laboratory dose recovery test.

The four luminescence ages of >80 ka in sec-
tions MOG 4 and DRE 18 should be regarded
as minimum ages because equivalent doses are
approaching the saturation level in the growth
curve of quartz OSL. However, in terms of paleo-
environmental interpretation, these OSL ages are
in stratigraphic order and are still meaningful. In
section MOG 4, “C dating on charcoal from the
paleosol at the lower part of the section yielded an
age of 51 024 = 6148 cal BP At first glance this
suggests that it might have been formed during
Marine Isotopic Stage (MIS) 3. However, the three
OSL ages of >80 ka indicate that this paleosol
was probably formed during the Last Interglacial.
Considering the OSL ages available, and bearing
in mind the limits of radiocarbon dating, this “C
dating should be regarded as a minimum age only,
as it might have been rejuvenated by contamina-
tion with younger carbon. The geochronological
dating results of all other sections seem to be
reliable, taking into account the IRSL and OSL
data, the chronological control by C ages, and the
stratigraphic order of the data per section.

FLUVIAL-LACUSTRINE DYNAMICS

On the one hand, there is a conspicuous lack of
(high-lying) fluvial or lacustrine terraces in the
Kyichu Valley downstream from Maizhokungar.
On the other hand, only a few sections directly
from the floodplains of the river and its tributaries
are available due to the rarity of suitable expo-
sures. Thus, information on the regional fluvial-
lacustrine dynamics based on this study is very
restricted.

Fluvial-lacustrine deposits of both Late Pleisto-
cene (QUX 2) and Holocene (DYU 1, CHS 1, ZAN
1, DRE 2) ages were detected. In cases where a
multi-level dating of a section is available, partly
high sedimentation rates become apparent (QUX
2, CHS 1). Downstream the Yarlung Zhangbo,
high-lying fluvial-lacustrine sediments compa-
rable with section QUX 2 exist, both in the vicinity
of QUX 2 (southwest of Gongar Airport, ~10 km
away) and at several sites up to approximately
65 km eastward (south of Samye Monastery;
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Fig. 1). They form heavily dissected terraces lying
1020 m above the present floodplain. Zhang
(1998) has supposed a Late Pleistocene age consid-
ering the C dating of a lacustrine 15-m-terrace
a few tens of kilometers upstream of Quxu
(37000 = 6000 BP on wood =41 000 * 6000 cal
BP). Possibly, all occurrences reflect the sedimen-
tation in the same Late Pleistocene dam-lake
filling up this section of the Yarlung Zhangbo
Valley and the mouth areas of its tributaries. In
general, the morphological structure of this valley
comprising alternating sections of wide basin-like
parts and narrow gorges favors the formation of
damming bodies following tectonic, glacial, and
landslide events (Zhang 1998, 2001; Montgomery
et al. 2004). Thus, during the very Late Pleisto-
cene, the mouth area of the Kyichu was occupied
by a lake depositing lacustrine silts, whose
drying-up is proven by overlying eolian deposits
dating around 17.2 = 1.4 ka.

The absence of fluvial-lacustrine terraces above
the present floodplain in the middle and lower
course of the Kyichu, opposite to well preserved
terraces existing upstream of Maizhokungar, can
be explained only tentatively. Even in the adjoin-
ing section of the Yarlung Zhangbo Valley, no
terrace higher than 25 m and older than the Late
Pleistocene has been found (Zhang 1998). It is
known from geophysical research that the Quater-
nary valley fill of the Lhasa Basin reaches a thick-
ness of nearly 500 m (Zhang 1998; Shen et al.
2007) pointing to the aggradational character of
the valley fill. Accordingly, alluvial sediments could
bury not only older valley bottoms but also possi-
bly existing older terraces. Another but less prob-
able explanation concerns a complete removal of
formerly existing high-lying structures by fluvial
erosion.

In general, valley formation and corresponding
environmental changes in that area seem to have
been profoundly affected by neotectonic move-
ments. Probable block movements of valley sec-
tions could have caused specific geomorphic effects
(e.g. blockade of fluvial drainage and formation of
dam-lakes) and give rise to difficulties for the topo-
graphical correlation between landforms and sedi-
ments (Zhang 1998, 2001).

EOLIAN DYNAMICS

Nearly the whole study area is covered with a
mostly thin veneer of eolian sediments except
active fluvial and peat bog sites, screes, or barren
rocks. Only locally (particularly on footslope posi-
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tions and in eolian sand areas) does the thickness
of loess or eolian sand exceed 5 m.

Most of the sections presented reveal Last
Glacial/Late Pleistocene eolian sediments (MOG 4,
GYA 3, CHI 1) spanning OSL age estimates from
118.0 = 11.0 to 14.4 + 1.4 ka. In contrast, only one
eolian sequence was assigned to the Late Holocene
(STA 1). Considering the dating from loess alone,
the ages span a time interval from 118.0 = 11.0 to
28.2 = 3.1 ka suggesting a dominant genesis before
the Last Glacial Maximum (LGM). Thus, our loess
dating results contradict the generalized conclu-
sion of Sun et al. (2007), who supposed that the
present loess in southern/interior Tibet has accu-
mulated since the last deglaciation, suggesting a
lack of full-glacial loess. The Pleistocene eolian
sands, on the other hand, exclusively show Late
Pleistocene ages ranging from 23.9 =2.1 to
144 £ 14ka suggesting a dominant genesis
around and particularly after the LGM.

Both the loess and the eolian sand ages repre-
sent the oldest datings of eolian sediments from
southern and interior Tibet available so far. This
can be deduced by means of a recently established
database of luminescence ages (OSL, IRSL, TL)
pertaining to the whole plateau, which comprises
about 150 datings (Kaiser 2007). According to *C-
dated paleosols developed from loess, which are
mostly overlain by loess as well, distinct eolian
phases have occurred during the Late-glacial and
the Late Holocene. In contrast, there are only
few luminescence dates from eolian sands showing
Late-glacial and Holocene ages (Klinge & Lehm-
kuhl 2003; Kaiser 2007). However, “C datings
on paleosols developed on and overlain by eolian
sands prove that there have been locally eolian
phases throughout the Late-glacial-Holocene
period (e.g. Li et al. 2006; Porter & Zhou 2006).

According to an investigation of loesses in the
adjacent middle reach of the Yarlung Zhangbo
Valley, geochemical, mineralogical, and granulo-
metrical evidence indicate a local provenance of
loess in southern Tibet resulting from eolian
sorting of glaciofluvial and fluvial deposits (Sun
et al. 2007).

In contrast to the Yarlung Zhangbo Valley,
where vast active dune and coversand fields climb
to maximum elevations of nearly 2000 m above the
present floodplain (Liu & Zhao 2001; Sun et al.
2007; Switzer et al. 2007), areas in the Kyichu
Valley consisting of eolian sand are less expanded.
Evidently, if active, they have been reactivated by
human impact during the Late (?) Holocene (see
below).
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PALEOSOL OCCURRENCES

Generally, a paleosol represents an interruption or
deceleration of sedimentation, indicating a stabili-
zation of the geomorphic system. The burial of a
paleosol, on the other hand, represents an activa-
tion of the geomorphic system, which requires
both local sediment accumulation and extra-local
erosion. In contrast to the adjacent Chinese Loess
Plateau (e.g. An et al. 2006; Feng et al. 2006),
knowledge of Late Quaternary paleopedology on
the Tibetan Plateau and its use for paleoenviron-
mental interpretation are still in their infancy (e.g.
Fang et al. 2003; Kaiser et al. 2007).

Paleosols regularly occur at terrestrial (‘dry’)
sites of the study area. Nine of the 12 sections
presented bear paleosols; some of the sections
have two paleosol layers or more. All paleosols
bear macroscopic charcoal allowing extraction for
botanical determination and accordant paleoenvi-
ronmental interpretation (see below) as well as
for C dating.

Several terrestrial soil types have been detected
(e.g. Phaeozems, Kastanozems, Calcaric Cambi-
sols, Arenosols, Regosols), which, in general and
regardless of their large age span, comprising
probably the Last Interglacial to the very Late
Holocene, represent soils of temperate to cool and
humid to semiarid site conditions. However, mostly
less differentiated and, with respect to their envi-
ronmental indicator value, rather uncharacteristic
Arenosols were predominantly detected. They
have carbonate-free Ah horizons with low thick-
nesses (10-35cm) and contain relatively small
organic contents only (OC =0.2-0.7%, LOI =2.5-
4.0%). In terms of pedogenesis, the most notice-
able paleosols recorded are a 40-cm-thick BwAhkb
horizon of probable Last Interglacial age (MOG 4,
~3890 m a.s.l., Kastanozem) and a 75-cm-thick
AhbC horizon of Early Holocene age (GAR 1,
~3800 m a.s.l., Phaeozem). As far it is known,
modern terrestrial soils of comparable altitudes in
the Lhasa region do not have such well-developed
appearances, which might be caused by Late
Holocene climate changes and/or by Late
Holocene erosional processes. In particular the
buried Phaeozem of section GAR 1, whose devel-
opment required a denser vegetation and a higher
moisture than presently occurring at this site
(grazed very sparse grass cover, MAP =400-
500 mm), clearly indicates Holocene environmen-
tal changes. Similar pedogenic successions from
‘wet’ to ‘dry’ features have been described from
Mid- to Late Holocene sections of central and



eastern Tibet (Lehmkuhl ef al. 2002; Klinge &
Lehmkuhl 2003). All records might represent an
aridification, corroborating the conclusions of Leh-
mkuhl and Haselein (2000), Tang et al. (2000) &
Herzschuh (2006), for example, on the climatic ten-
dency of the Tibetan Plateau in that time span to
be cool and dry.

For the first time in southern Tibet, paleosols
older than the Holocene were detected. Besides a
probable Last Interglacial Kastanozem (MOG 4)
and two early Last Glacial Calcaric Cambisols
(DRE 18, MIS 4-5¢/d), a Regosol dating from
MIS 3 (GYA 3) was found. Including a further
1C age from an alluvial fan deposit (MAR 1,
~3890m a.s.l,, 34247 +619cal BPE Caragana
charcoal, Erl-10121), these ages indicate ice-free
valley grounds during MIS 4-5¢/d to 3 comprising
a well developed and vegetated soil cover. This
finding corresponds to conclusions made by Shi
et al. (2001), who suggest, after reviewing several
geological records (ice cores, lake sediments,
pollen diagrams), that on the plateau the period
30 00040 000 BP (= ca 34 000-44 000 cal BP) was
distinctly warmer and moister than today
(MAAT = 2-4°C higher, MAP = 40-100% higher).

Moreover, in the altitude studied (~3600-
4000 m a.s.l.) no glacial relics, which might for
example be represented by moraines, tills, or stri-
ated erratics, were found, indicating that at least
the valley positions in the study area have been
free of glaciers since the Last Interglacial.

COLLUVIAL PROCESSES, VEGETATION CHANGES
AND HUMAN IMPACT

In the study area, colluvial sediments of both Late
Pleistocene age (<82.0 = 8.0-20.0 = 2.0 ka) and
Late Holocene age (4.3 = 0.5-0.3 = 0.1 ka) were
detected. Regarding their subfacies, these depos-
its can be divided into: (i) coarse-grained sedi-
ments with a high proportion of cobbles and
boulders originating from alluvial fans (DRE 2,
DRE 18); (i) matrix-supported sediments with
only some cobbles and boulders originating from
combined colluvial processes of hillwash plus rock-
fall (QUG 1, GAR 1); and (iii) (periglacial) solifluc-
tion deposits (partly GYA 3). Further facies (not
presented here) comprise: (iv) more or less fine-
grained sediments originating from hillwash
(Kaiser et al. 2006); and (v) fine-grained sediments
originating from intentional anthropogenic accu-
mulation by construction of field terraces (Kaiser
2007).
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Large portions of the valley flanks along the
Kyichu and Tolungchu consist of barren rock
(mostly granite) having a ‘desert-like’ appearance.
However, according to climatic and botanical data,
this area presently has a potential ‘forest climate’
(Miehe et al. 2006, 2008) allowing the growth of
trees, shrubs and a luxuriant cover of herbs and
grasses, if it would not be influenced by heavy
grazing pressure of domestic animals and by fuel
wood extraction (see ‘Study area’). Consequently,
questions arise by which processes and when were
the slopes exposed. Miehe et al. (2003) suggest a
model on the ‘hypothetical desertification process
on lower sunny slopes around Lhasa’ showing an
exposure of slopes in the course of substantial soil
erosion following a Late Holocene human-induced
vegetation change from a mixed open juniper
forest to an anthropic semi-desert. This hypothesis
is seemingly corroborated by the results from
the GAR 1 and QUG 1 sections showing both Late
Holocene colluvial deposits proximately below
barren valley slopes, and a clear difference
between the vegetation cover before and after the
colluvial sedimentation (forest/woodlands accord-
ing to charcoal determination in the past vs sparse
grassland at present). However, according to
section DRE 18, the up to 15-m-thick colluvial
sequences from footslope positions of the Lhasa—
Drepung area predominantly date into the Late
Pleistocene referring to a widely natural exposi-
tion for slope erosion in the far past. By contrast,
the relatively thick fluvial deposits of section DYU
1 result from nearby erosion of a small (now expos-
ing barren granite) slope catchment during the
Holocene. Thus, it is hypothesized that the barren
valley slopes along the Kyichu and Tolungchu were
primarily formed by a Late Pleistocene erosion
phase (probably triggered by ice-age climatic
effects) followed by a secondary (probably human-
induced) Holocene erosion phase.

The charcoal and fossil wood spectra analyzed
partly give clear evidence for Late Quaternary
vegetation changes in the study area. The
Holocene spectra show distinet differences con-
cerning the past and present vegetation both at
dry sites (DRE 2, GAR 1, QUG 1, STA 1) and at
wet sites (ZAN 1, CHS 1). The past vegetation
is characterized by predominant tree and shrub
species (dry sites e.g. Jumniperus, Betula,
Buddleja; wet sites e.g. Salix, Populus, Hip-
pophae), whereas the present plant cover consists
of sparse grasses, herbs, and dwarf shrubs, but
even non-vegetated barren fine soil, granule to
boulder, and rock occur at a large scale (addition-
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ally see pollen diagram ‘Lhasa 1/PDL 1’ in Miehe
et al. 2006; Fig. 1). The Late Pleistocene charcoal
spectra, by contrast, are rather uncharacteristic,
mostly showing shrubs (e.g. Caragana, Sophora,
Hippophae), which also presently occur in the
area. However, the detection of shrubs does not
necessarily indicate a treeless landscape, as they
also could represent plant species of the under-
story occurring in forests and woodlands (e.g.
Sophora moorcroftiana is growing in Cupres-
saceae forests of southern Tibet; Miehe et al. 2006,
2008).

In the study area, probable past human impact
can be deduced from the formation and reactiva-
tion of eolian sand areas, the occurrence of rela-
tively young colluvial deposits, and the detection
of Late Holocene vegetation changes. The human
impact may consist in forest clearing, soil erosion,
and land degradation (e.g. following cultivation),
construction of field terraces and settlements,
irrigation, and grazing. The active eolian sands
around section CHI 1 probably represent a sub-
recently (?) eroded area concluded from the Late
Pleistocene dating of the eolian sequence as well as
the present lack of sand transport from the poten-
tial deflation area, the Kyichu floodplain (vegeta-
tion barrier between river and eolian sand field).
Even the eolian burying of a formerly forested
land surface in section STA 1 (record of juniper)
could be caused by human-induced erosion. Fur-
thermore, natural (e.g. exceptional rainfalls, cli-
matic changes) and anthropogenic causes (e.g.
slope instability after forest clearing) can be
claimed for the formation of the Late Holocene
colluvial sediments detected. Also, a combination
of both causes (secondary human enhancement of
a primary opening of the landscape by increasing
aridity and/or coolness as deduced, for instance,
from the pollen diagram ‘Hidden Lake’, Tang et al.
2000; Fig. 1) is imaginable. In contrast, the genesis
of coarse-grained colluvial sediments with a high
proportion of cobbles and boulders originating
from alluvial fans can be claimed to support widely
natural processes lasting to date. However, human
impact can enforce both frequency and magnitude
of these events. The genesis of matrix-supported
colluvial sediments containing cobbles and boul-
ders, originating from hillwash plus rockfall, as
well as that of fine-grained sediments originating
from hillwash alone might be caused by human-
induced erosion following clearing of forests/
woodlands and increased grazing. As the
prehistoric presence of humans in the Lhasa
region has been confirmed since the Late Neolithic
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(e.g. Chayet 1994; Aldenderfer & Zhang 2004;
Kaiser 2007), it is assumed that the Late Holocene
environmental changes, such as loss of forests/
woodlands and erosion, at least have been rein-
forced by humans, emphasizing previous results
(Kaiser et al. 2006; Miehe et al. 2006, 2008).

CONCLUSIONS

The present multidisciplinary study comprising
the record of 12 sedimentary sections with subse-
quent analysis of sediments, paleosols, geochrono-
logical samples, and charcoals, conducted along
the middle and lower reach of the Kyichu and its
tributaries, arrives at the following conclusions:

1. At the altitude studied (~3600-4000 m a.s.l.), no
glacial relics could be detected, indicating that
the valley positions have been free of glaciers
since the Last Interglacial.

2. There is a wide lack of high-lying fluvial or
lacustrine structures in the middle and lower
Kyichu Valley, which is explained by its aggra-
dational character in a tectonically (sub-) active
setting permanently burying older valley
bottoms by alluvial sedimentation.

3. During the Late Pleistocene, the mouth area of
the Kyichu was occupied by a lake, which fell
dry around 17.2 *+ 1.4 ka. This (dam-) lake occu-
pied a larger territory in the superordinate
Yarlung Zhangbo Valley, affecting even the
lower reaches of its tributaries.

4. Outside the active floodplains, the valley sur-
faces are covered with a mostly thin veneer of
eolian silts (loesses) and sands exceeding locally
only a thickness of 5 m. OSL ages from loess
span a time interval from 118.0 = 11.0 to
28.2 = 3.1 ka, suggesting a dominant genesis
before the LGM. OSL datings of eolian sands
comprise both Late Pleistocene ages (23.9 =
2.1-14.4 £ 14 ka), which suggest a genesis
around and after LGM, and Late Holocene
ages (6.7 = 0.5-2.9 = 0.2 ka).

5. Paleosols of Last Interglacial, Last Glacial, and
Holocene ages regularly occur at terrestrial
sites, buried by eolian, colluvial, and fluvial sedi-
ments. The soil types detected represent tem-
perate to cool and humid to semiarid conditions
during soil formation.

6. According to the analysis of colluvial sediments
comprising different subfacies, the widespread
barren valley slopes along the Kyichu and
Tolungechu were primarily formed by Late



Pleistocene erosion, then followed by a se-
condary (probably human-induced) Holocene
erosion phase.

7. The charcoal and fossil wood spectra analyzed
give evidence for a Late Holocene change
from a tree- and shrub-dominated vegetation
to the present plant cover consisting of sparse
grasses, herbs, and dwarf shrubs.

8. As the prehistoric presence of humans in the
study area has been confirmed since the Late
Neolithie, it is assumed that the Late Holocene
environmental changes (such as loss of forests/
woodlands and erosion) have at least been
reinforced by humans, enhancing a climatic
aridification and cooling trend.
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