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ABSTRACT

The Kunlun Range, a reactivated orogenic belt, constitutes the northern margin of the Tibetan Plateau.
The extreme relief and major landforms of the Kunlun Range are a product of late Cenozoic tectonics
and erosion. However, well-developed late Quaternary terraces that occur along the northern slope of
the Kunlun Range probably resulted from climatic change rather than surface uplift. The terrace
sequences formed in thick Quaternary valley fills and have total incision depths of 50-60 m. Optically
stimulated luminescence dating was employed to place time controls on the valley fills and associated
terraces. Dating results suggest that periods of significant aggradation were synchronous between dif-
ferent rivers and correspond to the last glacial stage. The abrupt change from aggradation to incision
occurred between 21.9+£2.7 and 16 + 2.2 ka, coincident with the last glacial-interglacial transition.
Additional terraces developed during the late glacial period and early to middle Holocene. Based on
a broader set of chronological data in northern Tibet, at least four regional incision periods can be rec-
ognized. Chronological data, terrace elevation profiles, and climate proxy records suggest that these ter-
racing periods were triggered by cool and/or wet climatic conditions. A geometric survey of the
riverbed longitudinal profile suggests that surface uplift serves as a potential dynamic forcing for
long-term incision. A model is proposed for terrace formation as a response to climatic perturbation

in an uplifted mountain range.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

River landforms have long been of interest to researchers from a
broad range of disciplines because their formation and evolution
are closely related to factors that include surface uplift, climatic
change, and environmental change (Fisk, 1951; Vandenberghe,
1995; Bridgland, 2000; Hsieh and Knuepfer, 2001; Starkel, 2003;
Gao et al., 2005). Surface uplift is a common cause of terrace forma-
tion in tectonically active regions (Brunnacker et al., 1982; Li et al.,
1996; Maddy et al., 2001). However, climatic change may be the
most direct cause of terrace formation (Fisk, 1951; Chatters and
Hoover, 1992) because hydrological dynamic parameters that
dominate riverbed sediment aggradation and transportation (e.g.,
flux and flow velocity) are directly related to climatic conditions
(Bull, 1991). Recent studies (Bridgland, 2000; Hsieh and Knuepfer,
2001; Maddy et al., 2001; Starkel, 2003; Bridgland and Westaway,
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2008) have proposed that many river terrace sequences have a
combined tectonic-climatic origin. Such river terraces provide
information on both tectonic and climatic influences, although
challenges arise in identifying their respective roles.

The Kunlun Range (Fig. 1) has experienced both significant late
Cenozoic surface uplift (Cui et al., 1998; Wu et al., 2001; Wang
et al, 2004b, 2006) and dramatic climatic change (Thompson
et al.,, 1997; Yao et al., 1997) during the late Quaternary. Located
at the northern margin of the Tibetan Plateau in Central Asia
(Fig. 1A), the Kunlun Range is influenced by both the Asian mon-
soon and prevailing westerly winds. Modern mountain glaciers
are scattered over the Range, which implies that more extensive
glacial and periglacial environments likely existed during the last
glacial stage (LGS, 75-15 ka; Yao et al., 1997). Numerous late Qua-
ternary terraces are a common feature of rivers along the Kunlun
Range, and thus provide a good opportunity for studying the rela-
tionship of terrace formation to tectonic and climate forcing factors.

Field work was conducted along four rivers draining the Kunlun
Range. Optically stimulated luminescence (OSL) dating was used to
establish terrace chronologies. Riverbed and terrace longitudinal
profiles of the Kunlun River were measured in the field. The goal
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Fig. 1. (A) Digital elevation model of the Tibetan Plateau (Data from SRTM), in which the rectangle indicates the region discussed in the article. (B) A simplified geological and
drainage distribution map of the study area. Yellow and blue areas indicate unspecified Quaternary sediments and lakes respectively, filled stars indicate rivers studied in this

project, and hollow stars indicate additional rivers discussed in this paper.

was to examine the influence of tectonic and climate factors in ter-
race formation.

2. Geological background

The Kunlun Range extends approximately 3000 km along the
northern margin of the Tibetan Plateau. The highest peak altitudes
exceed 7 km (Wang et al., 2005a). The modern climate in the
Kunlun area is cold and arid, with an annual temperature of 0-
10 °C and mean annual precipitation of 20-300 mm (Zheng, 1999).

The study area (92°00'-97°30'E, 35°40'-36°20'N; Fig. 1) in-
cludes four prominent rivers in the eastern Kunlun Range: Kunlun
River, Hongshui River, Hatu River, and Halaguole River. The four
rivers share broad similarities in geographic setting. They originate
from the nearby Range crest, transect the northern slope of the
Range, and finally converge in the Qaidam Basin at an altitude of
2800-3000 m. Within the source area for the rivers, peaks above
5300 m are generally capped by glaciers that supply meltwater
to these rivers.

As is typical in regions of high topographic relief, the four rivers
are characterized by steep gradients, with elevation drops com-
monly exceeding 1000 m over 100 km. The present vertical uplift
rate in the eastern Kunlun Range was estimated by leveling mea-
surements at 7-15 mmy/a relative to the Qaidam Basin (Wang
et al., 2004b). Significant Pliocene to Quaternary surface uplift
was also documented (Cui et al,, 1998; Wu et al,, 2001; Wang
et al., 2006).

3. Methods
3.1. Field work and OSL dating

For the purpose of examining terrace structure and sedimenta-
tion, section surveys were carried out on segments with consecu-
tive and laterally continuous terraces. Along each river, terraces
were numbered sequentially from the riverbed upward. The num-
bers thus label a relative chronologic sequence for each river ter-
race sequence and are useful in identifying local terraces in the
field without knowing their absolute ages. As a result, the same
terrace numbers between different rivers do not necessarily have
concordant absolute ages.

The sampling procedure for OSL dating of terrace and valley fill
sediments was as follows:

1. Before sampling, 30-40 cm of surface sediment was removed.

2. Well-sorted fine-sand sediments were located and drilled with
metal pipes that could effectively prevent light exposure.

3. Light-tight aluminum foil was used to seal pipe ends to prevent
light exposure and water content change during later
transportation.

The OSL dating was performed at the State Key Laboratory of
Earthquake Dynamics, Institute of Geology in China Earthquake
Administration in Beijing. The sample preparation method was
based on Lu et al. (1988) and Frechen et al. (1996), in which
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<90 um fractions were extracted by dry-sieving. H,0, (30%) and
HCI (37%) were then used to remove organic compounds and car-
bonates, respectively. Afterwards fine-grained polymineral mate-
rial (4-11 pm) was obtained by static sedimentation based on
Stokes’ Law. Aliquots were then made by mounting polymineral
suspension dissolved by acetone on stainless steel discs; each ali-
quot contained ~1 mg of polymineral sample.

Luminescence measurements were carried out on a Daybreak
1100A system. Luminescence signal was stimulated by Post-IRSL
(470 £ 5 nm, ~38 mW/cm?) for 300 s at 125 °C with 10 s preheat-
ing at 260 °C. The OSL signal was detected by a photomultiplier
tube (EMI QA9235) and two U-340 glass filters. Daybreak 810 beta
source (0.0652 Gy/s) was used for irradiation. The equivalent dose
was calculated by the first 5 s integral of the OSL decay curve sub-
tracted by the last 5s.

Equivalent dose was determined using simplified multiple ali-
quot regenerative-dose protocol (see Wang et al. (2005b) and Lu
et al. (2007) for a detailed method description). Generally more
than three aliquots were measured for natural OSL intensity, and
more than five were used to construct a dose-response curve on
which the average natural OSL intensity was projected to yield
an equivalent dose.

Approximately, 30 g of fresh material was extracted for water
content determination. Uranium and thorium contents were deter-
mined by a Daybreak 582 thick source alpha counting and potas-
sium content was determined by flame spectrum analysis. Both
errors were estimated within 10%. The elemental concentration
and water content were converted into dose rate according to
Aitken (1985). The o efficiency was cited as 0.04 £ 0.02 for all
samples, based on the study of Rees-Jones (1995). The cosmic-dose
rate was corrected by sample altitude and depth based on Prescott
and Hutton (1994).

A common concern in applying luminescence dating techniques
to sediments is the background luminescence signal, which was
confirmed to be significant in insufficient light-exposure environ-
ments (Godfrey-Smith et al., 1988; Rendell et al., 1994; Yin et al,,
1999). However, for alluvial sediments, feasibility in determining
ages has been well-verified by numerous applied and experimental
studies (Godfrey-Smith et al., 1988; Rendell et al., 1994; Yin et al.,
1999). Experiments indicate that OSL signals in quartz can fall to
1% by sunlight bleaching in 20 s (Godfrey-Smith et al., 1988). In
this study, we aimed to avoid partial-bleaching problems by sam-
pling fine-grained and well-sorted sediments that were likely to be
well bleached during transport.

3.2. Riverbed and terrace longitudinal profile measurement

According to Hack (1973), graded rivers at dynamic equilibrium,
in which riverbed geometry adjusts to changes in discharge and
load (Mackin, 1948), can be described by the following formula:
H=C-K x In L, where H is riverbed altitude, L is river length to
source, and Cis a constant and K is referred to as gradient index. Ac-
tual riverbed longitudinal profiles commonly deviate from this ide-
alized model. The pattern of deviations can be used to analyze the
roles of tectonic, climatic, lithologic, and other local factors in river
landform building (Hack, 1973; Merritts et al., 1994; Brookfield,
1998). The gradient index for the whole river (K= AH/In L) is more
sensitive to the river’s total altitude drop (AH) than to its length
(Chen et al., 2003). As differential uplift occurs in the drainage area,
an increased gradient index (K) is recorded (Fig. 2). The gradient in-
dex describes the stream power and allows comparison between
rivers of different size (Brookfield, 1998; Chen et al., 2003).

An optical theodolite (TD]6) and a handset GPS (eTrex Summit)
were used to measure the riverbed altitude (absolute height) and
terrace elevation (vertical distance above riverbed) profiles of the
Kunlun River. Along the upper reach of the Kunlun River, which
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Fig. 2. Linear (A) and semi-logarithmic (B) plots for graded riverbed longitudinal
profile and a model (C) showing graded riverbed and its gradient index response to
fault movement (uplift). As uplift occurs in the drainage area (indicated by a sudden
faulting), the riverbed adjusts (indicated by 1-3) to new graded status (indicated by
a-c) with an increase in river gradient index (K) (after Brookfield, 1998).

is characterized by a broad and shallow valley floor, the riverbed
longitudinal profile and terrace elevations were measured directly
by theodolite and vertical measuring rod. Along the gorges in the
lower reach (mainly the Golmud segment), where vertical measur-
ing rods were not useable, altitude and position data (usually on
terrace five) were obtained by handheld GPS and terrace elevations
were determined by measuring tape. The lengths of river segments
between measured points were calculated from GPS data by ARC-
GIS 9.0 software.

The vertical and horizontal system errors of the TDJ6 theodolite
were 10 angular seconds and 6 angular seconds, respectively. Prac-
tical errors were proportional to the measured distance and height.
Under normal conditions, maximum vertical errors were less than
2 cm for a 50-m high terrace measured over a 300 m distance, while
horizontal errors were even smaller. These errors indicate high pre-
cision for terrace and riverbed measurements. The handheld GPS
equipped with a barometer had a vertical error of 2.5 m. To mini-
mize the internal error, measurements were performed under clear
climatic conditions without any dramatic weather changes.

4. Results
4.1. Kunlun River

The Kunlun River consists of three segments: the NS-oriented
Xiaonanchuan segment, the EW-oriented Nachitai segment, and
the NS-oriented Golmud segment, each of which has a distinctive
valley landscape (Fig. 3). The Xiaonanchuan segment is an upper
tributary of the Kunlun River, most of which is characterized by
a broad and shallow valley floor. Terrace elevation shows a gradual
increase downstream. Continuous, high terraces emerge only at
the northern part. The Nachitai segment, which is also character-
ized by a broad and shallow valley floor, has numerous well-devel-
oped terraces with lateral continuity over dozens of kilometers.
The best-developed terraces are located at Sanchakou (Fig. 3B) in
the western part of the Nachitai segment (Wu et al., 2001; Wang
et al., 2003; Owen et al., 2006), where five terraces occur. Directly
upstream of the Golmud segment, the river channel narrows and
lower terraces disappear, and the Golmud segment is characterized
by a deeply incised gorge (Fig. 3C). However, the uppermost ter-
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Five well-developed terraces at Sanchakou, where the Nachitai segment is characterized by a broad, shallow channel. The uppermost terrace (T5), which constitutes the main
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race (T5) continues along almost the entire length of the Kunlun
River (Owen et al., 2006).

The present Kunlun River channel and numerous terraces are
incised into an unconsolidated late Quaternary sediment se-
quence (Wu et al., 2001; Wang et al., 2003), which makes up
the valley fill (Fig. 4A). A typical valley fill sequence was exam-
ined at the start of the Nachitai segment (Fig. 5A). The 47.3 m
thick valley fill consists primarily of layers of clast-supported
gravel with minor interbedded sands and silts (Wu et al., 2001;
Owen et al., 2006). Lenticular sands are a common feature. The
characteristics of the valley fill sediments suggest a braided river
environment with a high sediment load (Cui et al., 1999; Wu
et al.,, 2001). OSL dating of sandy sediments embedded in this se-
quence yielded ages of 16.6 + 2.2 ka at the top and 90.1 + 10.0 ka
at the bottom (Table 1).

Each terrace, from lowest (T1) to highest (T5), has its own sed-
iment package, typically characterized by channel facies of gravels
with an imbricate structure. A secondary facies is commonly pres-
ent as well. For example, T2 consisted of channel facies overlain by
overbank facies of layered sand and silt (Fig. 6) with an OSL age of
8.8+1.0ka (Table 1). A previous study obtained OSL ages of
23.87+2.28ka for the top of T5, and 129+1.3ka and
13.27 £ 0.65 ka for T3 (Wang et al., 2003).

Kunlun River

A. Wang et al./Journal of Asian Earth Sciences 34 (2009) 532-543

4.2. Hongshui River

The Hongshui River (Fig. 1B), which is located at the western
part of the eastern Kunlun Range, flows eastward in a fault valley
of the eastern Kunlun Fault (Li et al.,, 2005) before crossing the
Range. Within this fault valley, at least four terraces are well devel-
oped in the unconsolidated valley fill (Fig. 4B). A 51.7 m thick
valley fill sequence (Fig. 5B) consists mainly of angular clast-
supported gravel with layers and lenses of sand. The sedimentary
characteristics are consistent with a braided river environment
with high sediment load. Based on lithology and imbricate struc-
ture, the gravels originated from adjacent sub-valleys. Measure-
ment of the gravel imbricate structure (Fig. 5B) yielded an
average trend of 199° near a NS-oriented tributary for the main
valley fill. OSL dating yielded bottom ages of 71.3+7.5ka and
62.7+8.8ka, and a top age of 19.7£2.2 ka for this sequence
(T4); T3 yielded an age of 9.9 £ 1.1 ka (Fig. 4B, Table 1).

4.3. Hatu and Halaguole Rivers

The Hatu and Halaguole Rivers (Fig. 1B) are located in the east-
ern part of the eastern Kunlun Range. They have a similar terrace
structure to the Kunlun and Hongshui Rivers and the valley fill con-
sists of braided river facies. The majority of the Hatu River is con-
fined within the northern slope of the Range. Five well-developed
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Fig. 4. Sketch map of terrace structures. (A) Kunlun River (35°53.42'N, 94°23.52'E, 3690 m asl). (B) Hongshui River (35°52.58'N, 92°12.43’E, 4204 m asl). (C) Hatu River
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terraces were identified in the upper reach of the river, of which
four terraces are incised into the unconsolidated valley fill with a
maximum depth of about 50 m (Fig. 4C). Previous OSL dating
yielded an age of 18.4 + 2.5 ka at the top of the uppermost terrace
(Wang et al., 2003). The T4 sediment package, which has a binary
structure of gravel layers overlain by silt-sand layers with horizon-
tal bedding, yielded an age of 13.3 £ 1.2 ka (Wang et al., 2003). In
the Halaguole River (Fig. 4D), OSL dating yielded an age span of
52.4 +5.6ka to 21.9 £ 2.9 ka for a similar 50 m thick valley fill se-
quence, and 10.4 + 1.4 ka for T3, 10.9 + 1.3 ka for T4, respectively
(Wang et al., 2003).

4.4. Riverbed and terrace longitudinal profiles of the Kunlun River

An upward deviation of the riverbed from its ideal graded status
can be observed for the Kunlun River (Fig. 7). The gradient index
was 130 within an entire river length of about 120 km, from the
measured source at an altitude of 4380 m to the river mouth at

8.8x1.0ka

Fig. 6. Binary facies of the T2 terrace of the Kunlun River. The channel facies of the
T2 sediment package is indicated by imbricate gravel layers with larger marble
pebbles at the bottom (indicated by dashed lines), which is overlain by layered silt,
sand, and fine gravel sediments of overbank facies with an OSL age of 8.8 + 1.0 ka.
The scale ruler is 2 m in height. View is to the north.

2858 m. The Xiaonanchuan segment is a tributary of the Kunlun
River and a similar gradient index of 129 was obtained for a river
length of 205 km and an altitude of 4432 m at the source. The river
source altitude and river length were obtained from a 1:100,000
topographic map by ARCGIS 9.0.

Terrace elevations were measured along the length of the Kun-
lun River (Fig. 7). Five terraces with good lateral continuity are
present from the Xiaonanchuan segment to the Nachitai segment
of the Kunlun River, whereas only the uppermost terrace (T5) ex-
tends into the narrow and deeply incised Golmud segment. Mea-
surements indicate that three peaks (labeled as Peak 1-3;
Fig. 3A) in the elevation of T5 are present along the river. The
smallest peak (Peak 1: <10 m) is located in the upper reach of
the Xiaonanchuan segment at the mouth of a tributary valley; a
similar phenomenon was observed by Owen et al. (2006). The larg-
est peak in T5 elevation (Peak 2: ca. 60 m) occurs at the down-
stream end of the Xiaonanchuan segment near Sanchakou.
Numerous succeeding terraces (T4-T1) downstream from Peak 2
also show a concordant trend in terrace elevation (Fig. 7). The
northernmost peak in T5 elevation (Peak 3: ca. 50 m) is in the mid-
dle of the Golmud segment. Toward both river source and mouth,
the surface of T5 converges with the present riverbed.

5. Discussion
5.1. Roles of surface uplift and climatic change in terrace formation

This project focuses on the question of whether surface uplift or
climatic change was the principal factor in the incision of valley fill

Table 1

OSL dating results for terraces of the Kunlun River and Hongshui River

Sample number Terrace Depth (m) H,0 (%) a-count (/Ksec) K>0 (%) Dose rate (Gy/ka) Equivalent dose (Gy) Age (ka)
23-21 Kunlun-T5 40.0 2 9.0£0.2 2.0 3.6+0.3 327.1£16.4 90.1+10.0
23-28 Kunlun-T2 0.8 1 8.9+0.2 2.5 4.2+0.4 37.5%1.6 8.8+1.0
23-33 Kunlun-T5 8.0 1 9.5+0.3 22 4.1:04 65.9£6.0 16.6+2.2
20-1-2 Hongshui-T4 4.8 8 7.3£0.2 1.8 3.1x0.2 60.0+3.5 19.7+2.2
20-1-12 Hongshui-T4 39.8 1 6.7+0.2 1.6 2.8+0.2 201.846.8 71.3%7.5
20-3 Hongshui-T3 0.6 4 9.3+0.2 23 3.910.3 40.3+2.2 9.9+1.1
1565 Hongshui-T4 35 4 9.840.2 23 4.1:04 256.2+25.2 62.748.8

Sample processing was carried out at the State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration. Alpha efficiency was

estimated as 0.04 + 0.02 for all samples.
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Fig. 7. Actual riverbed (A: plotted on the left axis), ideal graded riverbed (B: plotted on the left axis), and terrace elevation measured along longitudinal profile (C: plotted on
the right axis) of the Kunlun River. Terrace elevation is vertical distance above the local riverbed.

and formation of numerous terraces. As indicated by the riverbed
longitudinal profile (Fig. 7), the modern Kunlun River riverbed
deviates upward from its ideal graded profile over the scale of
the entire drainage. Based on studies in Taiwan Island, Chen
et al. (2003) suggested that drainage-scaled deviation of the river-
bed from a graded profile is caused by large-scale tectonic activity.
This idea is supported by the considerable late Cenozoic surface

uplift that has occurred in the drainage area of the Kunlun Range
(Cui et al., 1998; Wu et al., 2001; Wang et al., 2004b, 2006). As a
feedback, incision should have initiated and strengthened as the
surface uplift progressed. However, uplift-induced incision itself
cannot account for the regional aggradation of valley fills during
the LGS (75-15 ka) and the subsequent aggradational episodes of
mantled terrace-sediment packages (Maddy et al., 2001). As the
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14. Hongshui River.
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chronological data indicate, the abrupt switch from regional aggra-
dation to incision in the valley occurred after 21.9 £2.7 ka to
16.6 £ 2.2 ka, which coincided with the global last glacial maxi-
mum (LGM; ca. 21 ka). This timing is consistent with the classic
framework of cold-stage aggradation and warming-stage incision
(Seddon and Holyoak, 1985; Bridgland, 2000; Maddy et al., 2001;
Colin, 2002; Starkel, 2003; Vandenberghe, 2003). It is thus sug-
gested that the post-glacial climate modulated the valley incision
and subsequent terraces (Van der Woerd et al., 1998). Terrace ele-
vation diminishes as the Kunlun River enters the Qaidam Basin,
which indicates that terrace incision was not initiated upstream
by a base-level decrease.

The overall conclusion is that the surface uplift provided a po-
tential driving force for incision, while climatic change provided
the trigger for aggradation and incision. To further explore this cor-
relation, terrace ages from a wider region were assembled for com-
parison with climatic records.

5.2. Regional terracing sequences

We analyzed additional terrace ages that fell within the time
range of the four rivers we studied (30-4 ka). It should be noted
that we did not independently evaluate the reliability of the col-
lected terrace ages, and that such an evaluation is not part of the
statistical analyses. We performed cluster analysis (Appendix A)
and calculated the mean square of weighted deviates (MSWD)
for the entire data set. The resulting terrace age results are pre-
sented as 20 confidence intervals with cluster ages and MSWD in
parentheses.

Cluster analysis of chronological data from 14 rivers with a total
of 30 terraces identified at least four major regional terrace aggra-
dational periods: 13.4-11.8ka (12.6+0.8, 0.33), 11.0-9.6 ka
(10.3+0.7 ka, 0.12), 7.7-6.1ka (6.9+0.8, 0.13), and 5.8-4.6 ka
(5.2 £ 0.6, 2.49) (Fig. 8). Terrace numbers (e.g., T1 and T2), which
mark relative chronological sequences within single terrace se-
quences, are typically inconsistent between individual rivers, so
correlation of terrace chronologies between different river systems
was used as the primary means of identifying terracing periods.

Interpretation of terrace sequences from regional terrace chro-
nologies enables construction of a more complete terracing history,
which can be better correlated to climate history. However, uncer-
tainty may arise in clustering data with lower precision (indicated
by question marks in Fig. 8). Evidence for additional terracing peri-
ods (e.g., T4 and T2 of Kunlun River) could emerge if more compre-
hensive chronologies become available.

5.3. Aggradation and incision driven by climatic change

In recent climatic studies of Tibet, considerable attention has
been focused on the abnormally high precipitation during the
LGS. Several wet intervals (pan-lake periods) during the LGS in
northern Tibet have been identified [e.g., 65-53 ka (Zheng et al.,
2006), 40-30 ka (Hans-Joachim et al., 1995; Zheng et al., 2000,
2006; Jia et al., 2001; Shi et al., 2001)]. Enhanced Indian monsoon
precipitation was likely two to five times greater than at present
between 40 and 30 ka (Pachur et al., 1995; Jia et al., 2001). A com-
bination of high sediment availability and increased precipitation
can result in substantial aggradation of the valley floor (Maddy
et al.,, 2001). Abundant precipitation during the LGS is hypothe-
sized to be a probable climatic trigger for the regional valley aggra-
dation in the study area. This hypothesis is consistent with the
sedimentary environment of the valley fill (high sediment load),
and the observation that the sediments were characteristically
contributed by sub-valleys.

The transition from aggradation to incision that occurred during
marine isotope stage (MIS) 2 may have been caused in large part by

precipitation starvation. Evidence that the maximum glacial ad-
vance in northern Tibet occurred in MIS3 (Finkel et al., 2003; Shi
and Yao, 2006), even though temperatures were lower in MIS2
(Yao et al., 1997), implies that precipitation was limited in MIS2.
The timing of the transition suggests that in the hyperarid Kunlun
Range of northern Tibet, effective precipitation might be more
important than temperature in causing environmental change
(Shi et al., 2002). The progressive incision that succeeded the
large-scale aggradation was consistent with the overall aridity
trend since MIS3. Contemporaneous lake sedimentation evolution
in the Qaidam Basin indicates that freshwater deposition of clastics
and shells occurred between 40-30 ka and that desiccation was
prevalent from 25-9 ka (Chen and Bowler, 1986). In Tengger Des-
ert in northwestern China, widespread fresh-mesohaline paleola-
kes occurred between 42-20 ka and completely disappeared at
18 ka (Pachur et al., 1995; Zhang et al., 2002).

As a proxy for past climatic change, the oxygen isotope curve
from the Guliya ice cap (Thompson et al., 1997; Yao et al., 1997)
in the western Kunlun Range provides a unique opportunity for
examining the relationship between terracing periods and climatic
change (Fig. 8).

The 13.4-11.8 ka terracing period is correlated to a cooling tran-
sition at approximately 14-12 ka in the Guliya ice core, which
shows a significant decreasing trend in 6'®0 value (Thompson
et al,, 1997; Yao et al., 1997). Recent glacial studies in Tianshan
(northwestern Tibet) revealed a glacial advance with a cosmogenic
radionuclide age of 12.4 ka (Kong et al., 2006). A late glaciation
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(13.4-12.6 ka) was identified in northern Tibet based on a variety
of calibrated 'C ages (Yi et al., 2006). Lake core records in northern
Tibet suggest that relatively abundant precipitation accompanied
this cooling perturbation (Li et al., 1994; Hu et al.,, 2002). A wet
period was also recorded in the Qinghai Lake sediments (13.7-
12.9 ka; Shen et al.,, 2005), the loess sediments (13.3-11.8 ka; An
et al, 1993) in northeastern Tibet, and paleolake terraces
(12.8 ka) in Tengger Desert (Pachur et al., 1995).

The 11.0-9.6 ka terracing period may correspond to a late gla-
cial cooling in the Guliya ice core oxygen isotope curve, although
the cooling interval in the curve is minor. Lake core records in
northern Tibet suggest that the climate was cold and wet between
10.4 and 9.8 ka (Hu et al., 2002). A consistently wet climate was
also recorded in the Qinghai Lake sediments between 12.1 and
9.8 ka (Shen et al., 2005). Glacial studies in western Tibet (Owen
et al., 2002) revealed a glacial advance with a cosmogenic radionu-
clide age of 10.9-9.0 ka, which was attributed to a precipitation
change combined with cooling. The isolated age of 8.8 + 1.0 ka of
T2 in the Kunlun River may be correlated to cooling at 9.4 ka or
8.2 ka (Wang et al., 2002) in the early Holocene.

The 7.7-6.1 ka and 5.8-4.6 ka terracing periods correspond to
the transition from the early Holocene climatic optimum to the
Neoglacial stage, which has been interpreted as a period of abun-
dant precipitation (Shi et al., 2002). Jia et al. (2001) suggested that
lakes on the Tibetan Plateau expanded to 180% of their present area
during the interval 9.0-5.0 ka as a result of enhanced monsoon
precipitation. Early- to mid-Holocene wet conditions were also re-
corded in Qinghai Lake (Shen et al., 2005).

The correlation of terracing periods and climatic fluctuations
strongly suggests that the terrace aggradations were related to
cooling and/or wet perturbations in the climate. Temperature
change affects terrace-building through its indirect control on the

sediment supply, which increases during cooling stages as glaciers
expand and freeze-thaw activity intensifies, then decreases during
warming stages as glaciers retreat and freeze-thaw activity dimin-
ishes (Bull, 1991; Maddy et al., 2001). Temperature-related terrac-
ing has been observed by Maddy et al. (2001) in the Thames Valley
of the UK and by Starkel (2003) in central Europe, where terrace
sediment packages commonly developed during cold stages and
large-scale incision that formed terraces initiated at the warming
limbs of major glacial-interglacial cycles. Moreover, the terrace se-
quences in the arid Kunlun Range suggest that precipitation was an
indispensable factor in terrace-building. The role of precipitation in
terrace-building is most likely to facilitate effective transportation
of detritus from around the drainage basin to the valley floor,
which could create a significant aggradational episode during pro-
gressive incision. However, as was suggested by Bridgland and
Westaway (2008), studies rarely distinguish the respective roles
of temperature and precipitation.

5.4. A model for river terrace formation

The three peaks in terrace elevation along the Kunlun River
(Fig. 3A) can be thought of as sediment reservoirs. Peak 2 at the
downstream end of the Xiaonanchuan segment was evidently con-
structed by sediment transportation to the Nachitai segment from
the Xidatan valley, where numerous alluvial fans were developed
by outwash from modern glaciers originating in the main ridge.
The NS-oriented Xiaonanchuan valley (Fig. 3A) served as a reser-
voir for storage and transportation of sediments northward from
the Xidatan Valley to the Kunlun River valley. The confluence with
the Kunlun River was analogous to a floodgate, where sediments
were released into the Kunlun River valley. Similarly, Peak 3 in
the Golmud segment corresponded to another reservoir in the

Table 2

Regional terrace ages in northern Tibet collected for cluster analysis, in which all data between 30 and 4 ka are included

River Method Terrace number  Elevation (m)  Age (ka) Source

Duanjiasha River ~ OSL T1 6.0 115+14 Wang et al. (2004a)
OSL T2 14.5 252+23

Shule River OSL T1 8.6 443+0.33
OSL T2 21.5 7.2+0.89
OSL T3 339 103+04

Keriya River OSL T2 20.0 471+0.4 Wang et al. (2004c)
OSL T3 31.5 17.29 £ 1.41

Wanchuan River  #C T1 20.0 487 +7? Wau and Yang (2006)

Yandantu River TL T1 19.0 6.17 + 0.46 Zheng et al. (2004)
TL T2 61.0 12.83 £0.97
TL T3 73.0 16.07 £ 0.27

Hatu River OSL T4 14.0 13.3+1.2 Wang et al. (2003)
OSL T5 43.0 18.4+25

Halaguole River OSL T2 6.0 10414
OSL T3 21.0 109+1.3
OSL T5 42.0 219+29

Kunlun River 14C Cosmogenic dating  T1 3.0 4.91+0.11 (5.106 £ 0.29)  Wang and Bian (1993) and Van der Woerd et al. (1998)
OSL T2 8.1 8.8 £1.0(8.8 + 0.8 ka) This paper Owen et al. (2006)
OSL T3 15.4 13.2+1.2 Wang et al. (2003)
OSL T5 51.0 16.6 2.2 This paper

Hongshui River OSL T3 37.0 99+1.1
OSL T5 50.0 19.7+£2.2

Jialu River TL T1 4.0 5.7+0.4 Li et al. (1997)

Ateatekan River TL T2 8.4 6.84 £ 0.44 Zhao and Li (2006)
TL T3 224 12.58 +0.87

Jinshui River OSL T2 40.0 22.0+1.0

Tulanhujia River OSL T1 17.5 5404
OSL T2 38.0 12.1+0.8

Yaziquan River OSL T1 15.0 5.7+1.34
OSL T2 25.0 104 +1.58

Note: Data in brackets indicate determined from the same terrace in a river, which do not participate in cluster analysis for the purpose of allowing an equal weight between

rivers.
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landscape with its floodgate set at Nanshankou, from which down-
stream terrace elevation dropped quickly. Sediments were sup-
plied to the peak region by a series of tributaries from Kunlun
Bridge to Nanshankou (Fig. 3A). Within the Golmud segment, the
main river channel was shifted away from tributary mouths
(Fig. 3A), which suggests that during high sediment load periods,
valley aggradation tended to occur predominantly in the reservoir
segment and the stream passively adjusted to the high sediment
injection by sub-tributaries. Beyond Nanshankou, terrace elevation
decreases and finally converges with the present riverbed and the
base of the Qaidam Basin.

A reservoir segment in a river acts alternately as a space for
localized sediment accumulation during periods of high sediment
load, and as a site of sediment transportation to the final basin dur-
ing periods of low sediment load. Aggradation and incision alter-
nate in the reservoir segment as high sediment load
perturbations emerge and then fade away, which can be caused
by enhanced glaciation and freeze-thaw activity during cold stages
(Bridgland, 2000; Maddy et al., 2001; Colin, 2002; Starkel, 2003).
Relatively abundant precipitation promotes the transportation of
detritus over the drainage basin to nearby valley floors. Numerous
terraces are thus formed in a reservoir segment by alternation be-
tween episodes of aggradation and incision (Fig. 9).

Aggradation and incision occur at different temporal and/or
spatial scales, depending on the scale of climatic change (Fig. 9).
For example, in the Kunlun Range, regional aggradation prevailed
during most of the LGS and formed valley fill sequences more than
50-m thick, whereas terrace-related aggradation occurred as epi-
sodes during the progressive incision since the LGM and was more
confined within the upper reaches. The limited extent of terrace-
related aggradation indicates a temporal and spatial scale of cli-
matic change that was smaller than the climatic change responsi-
ble for the valley fill. A significant shrinkage of the spatial scale of
aggradation from the deposition of the valley fill to the develop-
ment of the succeeding terraces can account for the difference in
the river landscape between the upper reach, where numerous epi-
sodic terrace aggradations were developed, to the lower reach,
which is characterized by narrow gorges and has been undergoing
constant incision since the LGM.

6. Conclusions

Along the Kunlun Range in northern Tibet, comparable Late
Pleistocene valley fill sequences were identified in several river
valleys. The related regional aggradation period was OSL-dated to
be mainly within the LGS (75-15 ka; Yao et al., 1997). The succeed-
ing terraces with common incision depths of 50-60 m within the
valley fill sequence were OSL-dated to be post-LGM (<ca. 15 ka),
when the valley aggradation ceased and the uppermost terraces
developed. Based on a broad range of terrace chronologies in
northern Tibet, four synchronized terracing periods were recog-
nized: 13.4-11.8 ka, 11.0-9.6 ka, 7.7-6.1 ka, and 5.8-4.6 ka. The
correlation between the timing of terracing periods and climatic
shifts indicated by various proxy records suggests that terrace for-
mation was triggered by cooling and/or wet perturbations in the
climate. The significant late Cenozoic surface uplift tended to exert
a long-term driving force for riverbed incision.

Based on valley aggradation characteristics, terrace chronolo-
gies, and the riverbed and terrace longitudinal profile data, a sim-
plified model is proposed. The model correlates climatic factors to
river terrace aggradation and incision, and also accounts for the
differential development of river terraces between different
reaches.

This study indicates that climatic factors (mainly temperature
and precipitation) were significant in shaping landforms in the

hyperarid Kunlun Range. River terrace systems in the Kunlun
Range are an excellent archive for past climatic changes in north-
ern Tibet, especially for major cooling and/or wet perturbations
during the post-LGM period. The timing of the 13.4-11.8 ka terrac-
ing period suggests that it may be related to the Younger Dryas cli-
mate reversal. Special care should be taken in using sediments as
evidence for instantaneous plateau uplift alone, as the climatic ef-
fect may be significant. With further work over a wider region of
river terrace systems in this area and development of detailed ter-
race chronologies, it should be possible to develop a more com-
plete climatic history and provide further insights into the
respective roles of temperature and precipitation in terrace-
building.
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Appendix A. Cluster analysis

The aim of this cluster analysis is to find possible relationships
among terrace ages of different river system. Duplicated chronolo-
gies in the same river were avoided in cluster analysis to allow an
equal weight between river systems. The hierarchical clustering
method was employed, in which the following steps are followed
for terrace chronologies collected in Table 2:

. Define A; as average age of a cluster/element i.
. Define simple euclidean distance as D; = |A; — A;| between clus-
ter/element i and j.

3. At the beginning each age element is considered as a cluster,
and simple euclidean distance between each element is
calculated.

4. Cluster the two elements with a minimum distance and then
calculate new distance between each element and cluster.

5. Repeat step 4 until all elements are included into a final cluster,
and a dendrogram is constructed (Fig. 10).

6. The cluster number is determined by a distance threshold. Tak-

ing into account practical terrace number, these terrace ages

can be best classified into five major clusters which are indi-

cated by shaded belts in Fig. 8.

N =
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