
INTRODUCTION
Competing models of large-scale deformation

during continental collision (see Peltzer and
Saucier, 1996, for a review) differ in several key
aspects. One is the relative amount of shortening
absorbed by thrusts and by strike-slip faults.
Another is the proportion of strain taken up by
large faults as opposed to that distributed within
the blocks they separate. Any quantitative assess-
ment of strain localization or partitioning requires
accurate knowledge of slip rates along active
thrusts and strike-slip faults. In this paper we pre-
sent results of cosmogenic nuclide dating of offset
alluvial terraces, at one site near the eastern end
of Xidatan Valley (Fig. 1) that enable us to con-
strain the late Holocene slip rate on the Kunlun
fault in northeastern Tibet, one of the largest left-
lateral strike-slip faults of the India-Asia collision
zone (Tapponnier and Molnar, 1977).

GEOLOGIC AND GEOMORPHIC
FRAMEWORK

The Xidatan pull-apart trough is floored by a
broad Quaternary bajada fed by north-flowing
drainage catchments with headwaters in the
Burhan Budai Mountain range. This ice-capped
range peaks above 6000 m, and is chiefly built of
folded turbidites and phyllites belonging to the
Triassic Songpan Garze terrane of eastern Tibet
(Chang et al., 1986). Present-day glaciers flow-
ing down the north slope of the range stop short
of the Xidatan trough. There is no clear evidence
of glacial deposits in Xidatan, which implies that
the ice tongues in the latest Pleistocene did not

cross the active Kunlun fault trace.
The fault trace cuts across the fans of the north-

sloping bajada, and is marked by large, stepping
sag-ponds and pressure ridges. Commonly, risers
of inset alluvial terraces are offset laterally 10 to
100 m by the fault (Kidd and Molnar, 1988).
Despite the seismically disrupted morphology,
there is no historical or instrumental record of re-
cent earthquakes in the area (Gongxu et al., 1989).

SITE DESCRIPTION: INSET TERRACES
AND RISER OFFSETS

The site studied here is located near the eastern
end of Xidatan, at the outlet of a stream fed by
glacial meltwaters (Figs. 1 and 2). The corre-
sponding glacier tongue extends from ~5500 m
to ~4800 m. The apex of the stream fan is at an
elevation of 4300 m, roughly that of the perma-
frost line (Derbyshire, 1987).

The stream is now entrenched within inset ter-
races along the west side of its largest, oldest fan,
which is thinly sprinkled with loess—light gray
on SPOT (“Satellite for Observation of the
Earth” [French]) image, Fig. 3A—as typical of
most streams in Xidatan. Large alluvial fans first
formed at the outlet of the lowermost moraines,
and were then incised by, and hence protected
from further action of the stream. Continued inci-
sion led to the abandonment of several terraces
and new fans forming downstream from the
older ones. We infer that such stepwise, north-
ward progradation of deposition is due to stream
profile adjustment, in tune with the wet, warm
climatic episode that followed deglaciation; i.e.,

the early Holocene optimum, now identified in
various parts of Asia (Gasse et al., 1991; Pachur
et al., 1995), and the subsequent, drier period.

There are three main terrace levels at the site:
T0 is the active flood plain, T1′ is the terrace last
abandoned by the stream, T1 is a first strath
terrace ~1.70 m above the stream bed, and T2 is a
second strath terrace, ~2.5 m above T1 (Fig. 3B).
T3 is the highest level, corresponding to the
ancient fan surface, about 5.5 m above T2, and is
incised by small gullies or rills. Although T1 is
now clearly abandoned by the stream, its western
riser south of the fault trace is not well defined,
and its surface occupied by a wet, marshy area
(dark region on SPOT image, Fig. 3A). All of the
terrace surfaces are paved with relatively small,
well-rounded and sorted pebbles and cobbles
(Fig. 2). Both of the principal risers (T2/T1 and
T3/T2) are offset by the fault (Fig. 3). Our
measurements of the riser offsets (with a tape in
the field, corroborated by air photo and SPOT
image interpretation), are 24 ± 3 m and 33 ± 4 m,
respectively. A sagpond on T2, and a pressure
ridge on T3 (Fig. 2) make more accurate measure-
ment difficult. The particularly large sags and
pressure ridges on T3 (Fig. 3A) imply cumulative
ground deformation by great earthquakes. On T2,
such features are smaller and smoother, and there
are no clear mole tracks on T1 (Fig. 3, A and B).

SAMPLINGAND COSMOGENIC DATING
Samples weighing 30–300 g (most commonly

~100 g), lying on the surface or sometimes par-
tially embedded in it, were collected on T1, T2,
and T3 along two traverses parallel to the fault
(Fig. 3B). We processed 29 samples for 10Be and
26Al cosmic ray exposure dating (cf. Lal, 1991);
13 on T1, 10 on T2, and 6 on T3. Quartz was sep-
arated and purified using the methods described
by Kohl and Nishiizumi (1992), and the ratios of
cosmogenic 26Al and 10Be to stable isotopes were
determined by accelerator mass spectrometry
(AMS) at the Lawrence Livermore National
Laboratory (LLNL)-AMS facility. The cosmo-
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ABSTRACT
Cosmogenic dating, using in situ 26Al and 10Be in quartz pebbles from alluvial terrace sur-

faces, constrains the late Holocene slip rate on the Xidatan segment of the Kunlun fault in
northeastern Tibet. Two terrace risers offset by 24 ± 3 and 33 ± 4 m, having respective ages of
1788 ± 388 and 2914 ± 471 yr, imply a slip rate of 12.1 ± 2.6 mm/yr. The full range of ages obtained
(≤22.8 k.y., most of them between 6.7 and 1.4 k.y.) confirm that terrace deposition and incision,
hence landform evolution, are modulated by post-glacial climate change. Coupled with mini-
mum offsets of 9–12 m, this slip rate implies that great earthquakes (M ~8) with a recurrence
time of 800–1000 yr, rupture the Kunlun fault near 94°E.



genic production rates used here are those of
Nishiizumi (1989), corrected for altitude and lati-
tude (Lal, 1991). Model ages are calculated
assuming zero erosion (Table 1).

The large majority of the 26Al and 10Be model
ages are concordant (within 10%) with simple
exposure histories and negligible erosion.
Samples younger than 500 yr (from the youngest
population on the lower terrace, T1) show greater
discordance, however, due to larger relative
errors on the age associated with low cosmogenic
nuclide abundance (~2 × 104 atoms ·g–1). Given
the otherwise good agreement between the 26Al
and 10Be ages, we will use the mean Al-Be age in
the following discussion (except for sample
KL3D(d)), for which low ion currents and small
sample size prevented the determination of an
26Al age). The ages obtained for each terrace are
similar whether the sample is upstream or down-
stream of the fault. Hence, for each terrace we
group the sample populations from both sides of
the fault (Fig. 3C).

T1 is the only terrace displaying a clear bi-
modal distribution of ages. The youngest samples

have ages ranging from ~200 to ~500 yr (mean =
278 ± 87 yr). We interpret these samples to reflect
the occurrence of a single, recent depositional
event, probably a centennial flash flood that in-
vaded and washed part of T1, redepositing mate-
rial from the flood plain onto its surface and erod-
ing earthquake mole tracks. We infer the ages of
four samples on the eastern half of that terrace
(1778 ± 388 yr; Fig. 3C) to reflect the time at
which its surface ceased to be the permanent
flood plain of the river. That these older ages are
retrieved on the eastern side of the terrace indi-
cates that this flash flood did not rework the entire
surface of T1, particularly near its outer riser, and
hence did not modify the offset of the T1/T2 riser.

Most sample ages on each terrace show no
overlap with those on others (Table 1), and tend to
cluster about distinct, mean values (1778 ± 388 yr,
2914 ± 471 yr and 5106 ± 290 yr) that increase
with elevation. Four samples, however, are much
older than all the others. One, on T1, is >4 k.y.
older than 1778 yr. Two, on T2, are >4 and
>8.5 k.y. older than 2914 yr, and the oldest, on
T3, is >17 k.y. older than 5106 yr. These samples

probably represent reworked material from older
deposits upstream. The westward decrease and
dispersion of ages within each terrace sample set
may indicate that their surfaces continued to
evolve as westward terrace abandonment pro-
gressed, with diachronic mixing in the upper
several tens of centimeters near the surface.

The younger samples found on terrace T1
(278 ± 87 yr) place an upper limit on inherited
cosmogenic nuclide concentration and indicate
that both bedrock exhumation and fluvial trans-
port must have been rapid. For instance, in the
steady-state erosion approximation, an inherited
component equivalent to 500 yr of surface expo-
sure implies a bedrock exhumation on the order
of 1 mm/yr. Similarly, rapid fluvial transport is
consistent with the relatively steep, small catch-
ment and short distance between the range crest
and the sampled terrace surfaces (≤ 10 km, and
an average slope gradient of ~4°).

Strath terrace risers are constantly rejuvenated
by river flow along their base. Consequently,
only when the terrace level at the base of a riser is
abandoned can this riser begin to act as a passive
marker and record displacement by a fault. We
relate the offsets of the T3/T2 and T2/T1 risers to
the mean ages of T2 and T1, respectively. The
Kunlun fault would therefore have offset the
T3/T2 riser by 33 ± 4 m in 2914 ± 471 yr, and the
T2/T1 riser by 24 ± 3 m in 1778 ± 388 yr. Both
offsets yield fairly consistent slip rates (11.3 ± 3.2
and 13.5 ± 4.6 mm/yr) that constrain the late
Holocene left-slip rate along the fault in east
Xidatan, calculated as the weighted mean of both
slip rates to be 12.1 ± 2.6 mm/yr (Fig. 4).

If 1778 and 2914 yr were the ages of large
flash floods that resurfaced T1 and T2 without
reshaping the T2/T1 and T3/T2 risers, the
youngest pebbles on T3 and T2 might be used to
estimate upper age limits for the T3/T2 and T2/T1
risers. Such ages, 4852 ± 702 and 2414 ± 375 yr,
would yield minimum slip rates of 9.9 ± 2.8 and
6.8 ± 1.8 mm/yr, respectively. The unimodal
distribution of surface ages on T2, however,
makes this interpretation unlikely.

DISCUSSION AND IMPLICATIONS:
SEISMIC BEHAVIOR OF THE KUNLUN
FAULTAND REGIONAL CLIMATE
CHANGE

The slip rate derived here is consistent with
those inferred in other studies. Zhao (1996) in par-
ticular, documented 10 offsets of gullies and ter-
race risers in Xidatan, ranging from 10 to 152 m,
and retrieved seven thermoluminescence or 14C
ages, ranging from 2.14 ka to 12.0 ka, with uncer-
tainties of 6%–9%. From this, they derived a
Holocene slip rate of about 11.5 mm/yr, but with-
out error estimates on the offsets, the uncertainty
on that rate cannot be assessed. The long-term
Pleistocene average rate estimated by Kidd and
Molnar (1988; 10–20 mm/yr), loosely brackets
both our and Zhao’s (1996) values. In a strict
sense, however, it cannot be simply compared
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Figure 1. Geomorphic map of alluvial fans and terraces cut by Kunlun Fault in central Xidatan.
Bold box indicates location of site in Figures 2 and 3. Box shows location of area in broader
framework of northeastern Tibet recent tectonics.

Figure 2. View from top
of T3 looking toward
north, upstream from
study site, of dogleg,
left-lateral offset of
T3/T2 riser. Person (~1.8
m tall), on top right of
pressure ridge in cen-
tral part of dogleg gives
scale. Note alluvial peb-
bles and cobbles on ter-
race surface. Black ar-
rows indicate fault trace.



with either, because it is deduced from the separa-
tion of lower-Pleistocene moraines south and east
of the Kunlun Pass from a presumed source in the
mountains to the west. To the large uncertainty in
the age of the lake beds that overlie the moraine
(2.8–1.5 Ma), one should add ~30% error on the
offset, due to poor definition of the eastern pierc-
ing point (Kidd and Molnar, 1988, Fig. 6).

The fast 12.1 mm/yr late Holocene rate we
obtain confirms that slip on the Kunlun fault
takes up a large fraction of the eastward compo-
nent of motion of Tibet relative to the Gobi at
94.5°E (e.g., Peltzer and Saucier, 1996). When
combined with evidence at adjacent sites, the
temporal evolution of the terrace surfaces, and
the offsets of their risers, shed light on the seis-
mic behavior of the Kunlun fault across Xidatan.
The very large mole tracks on the high terraces
and their absence on the low terraces require the
occurrence of rare, great earthquakes. At six sites,
our tape measurements yielded minimum offsets
of 9 to 12 m, compatible with that (10 m) found
by Kidd and Molnar (1988) and Zhao (1996). At
eight sites, we found cumulative offsets two or
three times 9, 11, and 12 m. The cumulative off-
sets here imply that two M ~8 earthquakes hav-
ing individual displacements of 11–12 m might
have offset the T2/T1 riser in the past ~1800 yr,
and three such earthquakes might be responsible
for the offset of the T3/T2 riser in the past
~2900 yr. In keeping with this interpretation, one
rill channel offset of about 50 m, and the particu-
larly large pressure ridges and sag ponds on top
of T3 (Figs. 2 and 3), might be the cumulative
result of about five great earthquakes in the past
~5100 yr (Fig. 3B). Results from trenching else-
where in Xidatan (Zhao, 1996) are compatible
with the occurrence of 4 earthquakes in the last
4000 yr. Clearly, the last event took place prior to
the flash flood on T1 278 ± 87 yr ago. Overall,
the quantitative evidence suggests the occurrence
of great, characteristic earthquakes with a recur-
rence interval of ~800–1000 yr.

The ages obtained improve our understanding
of the relationship between terrace deposition
and incision and climatic change (e.g. Gaudemer
et al., 1995). The oldest pebble found (KL4U[1],
22.8 k.y.) probably originated in the last glacial
maximum moraine upstream from the site. The
other sample ages, including the outliers (from
11515 ± 1727 yr onward), are younger than the
postglacial warming at 14.5 ka, with most ages
between 6719 ± 1022 and 1452 ± 237 yr. This is
compatible with evidence from pollen in cores of
the Dunde Ice Cap, ~300 km to the northeast,
which indicates that the summer monsoon
extended into northeast Tibet during the first half
of the Holocene (Liu et al., 1998), and that the
subsequent climate was more arid with interven-
ing humid periods (e.g. Gasse et al., 1991). Ter-
race emplacement and incision in Xidatan were
thus coeval with a period of fluctuating precipita-
tion. That landform evolution in the area was
modulated by climate variability contradicts the
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Figure 3. A: Enlargement of panchromatic (10 m pixel) SPOT image (KJ237-
278) of site area. Older fan surface (T3) is clear from spotted, light gray to
white hue. Stepping earthquake pressure ridges and sag ponds (enhanced
by shadows) are much larger on T3 than on T2, and disappear altogether on
T1 and T1 ′. White arrows show offsets of two principal terrace risers.
B: Schematic interpretation of image enlargement in A. Alluvial surfaces are
numbered as function of increasing height (inset) and age, starting in active
stream flood plain (T0) to left. Riser and channel offsets were measured in
field, on air photos, and SPOT image. Fist-size quartz pebbles were sampled
on top of main alluvial surfaces, south and north of fault trace. C: Plot of
sample ages, for each terrace, in relative position, from west to east. For
each terrace level, samples were grouped and mean age was calculated
(boxes and bold numbers, see discussion in text). Light and dark arrows
indicate flash floods and outliers, respectively. Note slight, systematic
decrease in ages (~1000 yr) on each terrace from east to west.



view that the imprint of climate change on geo-
morphology cannot be used to infer ages of chief
elements of the landscape in the field or on SPOT
images, and hence the order of magnitude of slip
rates on active faults (e.g. Ritz et al., 1995).

ACKNOWLEDGMENTS
This study is part of a long-term cooperative pro-

gram between the Institut National des Sciences de
l’Univers (CNRS, Paris, France) and the Ministry of
Geology and Mineral Resources (Chinese Academy of
Geological Sciences, Beijing, China), initiated by
G. Aubert and Xu Zhiqin. We thank those institutions
and the French Ministry of Foreign Affairs for financial
and logistic support. The Lawrence Livermore National

Laboratory (LLNL) group acknowledges support from
the Institute of Geophysics and Planetary Physics at
LLNL, operating under the auspices of U.S. Depart-
ment of Energy (DOE) contract ENG-7405. We
acknowledge R. J. Weldon and an anonymous reviewer
for their constructive comments. This is Institut de
Physique du Globe de Paris (IPGP) contribution
no. 1538.

REFERENCES CITED
Chang Chenfa, Chen Nansheng, Coward, M. P., Deng

Wanming, Dewey, J. F., Gansser, A., Harris,
N. B. W., Jin Chengwei, Kidd, W. S. F., Leeder,

M. R., Li Huan, Lin Jinlu, Liu Chengjie, Mei
Houjun, Molnar, P., Pan Yun, Pan Yusheng,
Pearce, J. A., Shackleton, R. M., Smith, A. B.,
Sun Yiyin, Ward, M., Watts, D. R., Xu Juntao, Xu
Ronghua, Yin Jixiang, and Zhang Yuquan, 1986,
Preliminary conclusions of the Royal Society and
Academia Sinica 1985 geotraverse of Tibet: Na-
ture, v. 323, p. 501–507.

Derbyshire, E., 1987, A history of glacial stratigraphy
in China: Quaternary Science Review, v. 6,
p. 301–314.

Gasse, F., Arnold, M., Fontes, J. C., Fort, M., Gilbert,
E., Huc A., Bingyan, L., Yuanfang, L., Qing, L.,
Melieres, F., Van Campo, E., Fubao, W., and
Qingsong, Z., 1991, A13 000 year climate record
from western Tibet: Nature, v. 353, p. 742–745.

Gaudemer, Y., Tapponnier, P., Meyer, B., Peltzer, G.,
Guo, S. M., Chen, Z. T., Dai, H. G., and
Cifuentes, I., 1995, Partitioning of crustal slip
between linked, active faults in the eastern Qilian
Shan, and evidence for a major seismic gap, the
“Tianzhu gap,” on the western Haiyuan fault,
Gansu (China): Geophysical Journal Inter-
national, v. 120, p. 599–645.

Gongxu, G., Tinghuang, L., and Zhenniliangt, S., 1989,
Catalogue of Chinese earthquakes (1831
BC–1969 AD): Beijing, China, Science Press.

Kidd, W. S. F., and Molnar, P., 1988, Quaternary and
active faulting observed on the 1985 Academia
Sinica—Royal Society Geotraverse of Tibet:
Philosophical Transactions of the Royal Society,
ser. A, v. 327, p. 337–363.

Kohl, C. P., and Nishiizumi, K., 1992, Chemical isola-
tion of quartz for measurement of in-situ pro-
duced cosmogenic nuclides: Geochimica et
Cosmochimica Acta, v. 56, p. 3583–3587.

Lal, D., 1991, Cosmic ray labeling of erosion surfaces:
In situ nuclide production rates and erosion
models: Earth and Planetary Science Letters,
v. 104, p. 424–439.

Liu Kam-biu, Yao, Z., and Thompson, L. G., 1998, A
pollen record of Holocene climatic changes from
the Dunde ice cap, Qinghai-Tibetan Plateau, Ge-
ology, v. 26, p. 135–138.

Nishiizumi, K., 1989, Cosmic-ray production rate of
10Be and 26Al in quartz from glacially polished
rocks: Journal of Geophysical Research, v. 94,
p. 17907–17915.

Pachur, H.-J., Wunnemann, B., and Hucai Zhang, 1995,
Lake evolution in the Tengger Desert, northwest-
ern China, during the last 40 000 years: Quater-
nary Research, v. 44, p. 171–180.

Peltzer, G., and Saucier, F., 1996, Present-day kinematics
of Asia derived from geologic fault rates: Journal
of Geophysical Research, v. 101, p. 27943–27956.

Ritz, J. F., Brown, E. T., Bourlès, D. L., Philip, H.,
Schlupp, A., Raisbeck, V. M., Yiou, F., and
Enkhtuvshin, B., 1995, Slip rates along active
faults estimated with cosmic-ray-exposure dates:
Application to the Bogd fault, Gobi-Altaï, Mon-
golia: Geology, v. 23, p. 1019–1022.

Tapponnier, P., and Molnar, P., 1977, Active faulting
and tectonics of China: Journal of Geophysical
Research, v. 82, p. 2905–2930.

Zhao Guoguang, 1996, Quaternary faulting in North
Qinghai-Tibet Plateau: Continental Dynamics,
Institute of Geology, Beijing, v. 1, p. 30–37.

Manuscript received December 29, 1997
Revised manuscript received May 7, 1998
Manuscript accepted May 21, 1998

698 Printed in U.S.A. GEOLOGY, August 1998

100 1000
1

10

100

Age (yr)

O
ffs

et
 (

m
) 12.1 ± 2.6 mm/yr

0.5 cm/yr
1.0 cm/yr2.0 cm/yr

T2/T1 : 33 ± 4 m

gully on T3 : ~50 m

coseismic offset

T3/T2 : 24 ± 3 m

29
14

Ê
± 

47
1 

yr

51
06

Ê
± 

29
0 

yr

17
78

 ±
 3

88
 y

r

re
cu

rr
en

ce
 ti

m
e

Figure 4. Constraints on
late Holocene left-slip rate
and recurrence interval
of great earthquakes on
Xidatan segment of Kunlun
fault. Open symbols are
minima discussed in text.


