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Introduction and tectonic setting

The Qilian Shan, with peak elevations
>5500 m, seems to have been built
largely during the Late Miocene (e.g.
Métivier et al., 1998; Tapponnier
et al., 2001; Wang and Burchfiel,
2004; Zheng et al., 2010) and contin-
ues to be seismically active (e.g.
Tapponnier et al., 1990), having
produced very large earthquakes,
e.g. M = 8.5, 1920, Haiyuan, and
M = 8.0, 1927, Gulang earthquakes
(Deng et al., 1984; Gaudemer et al.,
1995; Zheng et al., 2005). Associated
deformation is partitioned into thrust
faulting on planes dipping south–
south-west and north–north-east and
large sinistral strike–slip faulting on
planes oriented WSW–ENE to
WNW–ESE (e.g. Haiyuan-Qilianshan
fault), as well as second-order dextral
faults oriented NNW–SSW (Tappon-
nier and Molnar, 1977; Burchfiel
et al., 1991; Gaudemer et al., 1995;
Hetzel et al., 2004b; Yuan et al., sub-
mitted). The thickened crust of the
Qilian Shan is due to reverse faulting
in a region that seems to have grown
east–north-eastward as the Altyn
Tagh fault extended eastward (Bur-
chfiel et al., 1989; Tapponnier et al.,
1990; Métivier et al., 1998). In this
view, the Altyn Tagh fault crudely
behaves as an intracontinental trans-
form fault (e.g. Davis and Burchfiel,

1973), and the entire Qilian Shan as a
continental-scale stepover (Fig. 1B).
Our study area, an NW–SE elongated
�valley� between the Qilian Shan s.s.
and the more external Long Shou
Shan (Fig. 1B,C), is located on the
main frontal thrust, north of the
Haiyuan-Qilianshan and Gulang
faults, and at the south-easternmost
end of the Hexi Corridor. The studied
thrust is the westernmost (west
Shiyang) of the three right-stepping
en-échelon E–W thrust faults noted by
Gaudemer et al. (1995) that link the
front of the Qilian Shan to the inner-
most Gulang and Haiyuan-Qilianshan
faults (see fig. 106b in Gaudemer
et al., 1995). This indicates that sinis-
tral shearing of the area is associated
with the shortening that brings the
pre-Devonian basement and its Meso-
zoic cover onto the Quaternary sedi-
ment of the footwall.
The aim of this study was to deter-

mine the slip rate of an E–W frontal
thrust of the Qilian Shan south-east of
the Hexi Corridor over a millennial
time-scale by cosmogenic exposure
age dating of terraces offset by the
reverse fault.

Tectonic geomorphology

Fieldwork and aerial photo analyses

The studied area lies near the foot of
the Qilian Shan, in the Hexi corridor,
�20 km to the NW of the city of
Wuwei (Gansu Province), on the large
alluvial fan of the Xiying River
(Fig. 2), i.e. where the river flows out
of the belt onto the Tengger Desert.

This site lies a couple of kilometres
west of the main river, the drainage
area of which is �1600 km2. Upstream
of our study area, Pan et al. (2006)
dated three (of six) terraces, with ages
ranging from c. 70 ka to c. 800 ka, as
well as a higher erosion surface of
c. 1300 ka, indicating a mean incision
rate of �0.1 mm a)1. This area was
chosen because of the well-preserved
fault scarp, its easy access, and the
occurrence of two clear, gently dip-
ping, roughly planar surfaces �20 and
�70 m above the surface of the foot-
wall north of the scarp. These surfaces
are lower than the ones dated by Pan
et al. (2006) and have been �fossilized�
when the river cut into the fan and
formed terraces. Quartz-rich pebbles
and cobbles cover both surfaces that
have undergone late incision of their
edges by small ephemeral streams.
Both surfaces, however, are well
preserved, and the sharp transition
between the top �flat� surfaces and the
eroding edges indicates that they have
not undergone significant erosion by
diffusive transport since their fossil-
ization (Fig. 3).
The central part of the upper sur-

face (S1, Fig. 3A,B) is approximately
planar and preserved over an area of
more than a half square kilometre.
The lower surface (S2, Fig. 3C–E) is
less affected by lateral erosion, but
locally modified by farming. The fault
scarp is visible on aerial photographs
and satellite imagery (CORONA), as
well as on the SRTM DEM (3¢¢
resolution) and ASTER GDEM (1¢¢
resolution). It is sharp and clear in the
field, with a height of�20 m (Fig. 3E).
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We constrain the slip rate for the frontal thrust of the Qilian
Shan (north-eastern Tibet) by combining structural investiga-
tions, satellite imagery, topographic profiling, and 10Be
exposure dating. We surveyed two terrace levels, and from
each, we took 6–7 samples in profiles dug to depths of 2 m.
These constrain inheritance and determine the precise ages of
abandonment of the terraces: 29.9 ± 7.8 ka for the upper
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profiles with a determination of burial of the footwall by

sediment yield offsets of the surfaces of 96.4 ± 4.4 and
40.1 ± 2.8 m. The average vertical rate is 2.8 ± 1.3 mm a)1

with a horizontal slip rate of �2.5 mm a)1. This rate is higher
than those determined farther north on similar structures, but
is consistent with the GPS velocity field, and accounts for
roughly half of the geodetic shortening across the Qilian
Shan.
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The fault trace is oriented E–W,
oblique to the general trend of the
Qilian Shan and reaches the mountain
front �10 km farther west. Its E–W

orientation is similar to the fault scarp
studied 150 km to the NW by Hetzel
et al. (2004b) and to the Gulang fault
(Gaudemer et al., 1995).

Offset determination

To determine the offset, we carried out
a topographic survey of the alluvial

(B)

(C)(A)

Fig. 1 Location of the study. (A) ETOPO2 DEM of Asia, with location and name of main ranges (TS, Tien Shan). The Cenozoic
collision between India and Eurasia that occurred at c. 55–45 Ma has deformed a large intracontinental zone and created
mountain ranges with high elevations over a broad area. The Qilian Shan (QS) is one of these mountain ranges and marks the
north-eastern edge of the Tibetan Plateau, and is located north of the Qaidam Basin (QB). Black square locates (B). (B) GTOPO
DEM of the south-eastern part of the Qilian Shan and location of main faults (after Gaudemer et al., 1995; Meyer et al., 1998;
Hetzel et al., 2004b). GPS velocities (Chen et al., 2000, 2004), as well as location of previous neotectonic studies (Tapponnier et al.,
1990; Gaudemer et al., 1995; van der Woerd et al., 2001; Hetzel et al., 2002a; Hetzel et al., 2002b; Lasserre et al., 2002; Hetzel
et al., 2004a; Hetzel et al., 2004b; Hetzel and Hampel, 2005; Hetzel et al., 2006), are also indicated. Black square locates (C). (C)
SRTM DEM of the junction between the south-eastern end of the Hexi Corridor and the Qilian Shan frontal thrust. We did not
add tectonic indications on the DEM to show the mountain front topography better. Note that the junction of the Lenglongling
segment of the Haiyuan-Qilianshan fault and the Gulang fault (south of the city of Gulang) is clearly visible. Note also the
fragmented nature of the frontal thrust, with a succession of NW–SE and E–W structures. This is due to the partition of the
deformation between frontal shortening and the regional sinistral shearing.
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surfaces with a total station. We made
one 4-km-long, and three 1-km-long
topographic profiles on the lower
surface S2 across the fault and on
the footwall, as well as a mapping of a
swath on the upper surface S1
(Fig. 2). The actual offsets of the
surfaces were calculated by projecting
elevations onto a profile perpendicular
to the fault. We assigned the origin of
the profile (x = 0) to foot of the fault
scarp and we fitted straight lines to the
elevation profiles on the two surfaces
(S1 and S2) on the hangingwall, south
of the fault scarp. Local variations as
a result of erosion and folding, as well
as erratic points, were omitted from
the best fit calculation (Fig. 4).
The equation for the best fit line for

the surface S2, south of the fault
scarp, is height (m) = )0.0161 ±

0.0002x + 1737.3 ± 0.2 (m) with a
R2 = 0.9662. We assumed that the
misfits to this line reflect folding
caused by a slip on a surface that is
not planar. We then fitted heights on
the upper surface S1, assuming the
same slope. The mild deformation of
this surface makes it difficult to deter-
mine the precise slope. Moreover, we
assumed that the depositional slope of
the surface has not changed with time.
For S1, the calculated best fit is height
(m) = )0.0161x + 1793.6 ±0.1 (m),
with a R2 = 0.9162. This slope is
close to the best fit value calculated
with �slope� as free parameter: height
(m) =0.0179 ± 0.0005x + 1790.1 ±
1.1 (m), with a R2 = 0.9255. This
latter value of the slope provides an
estimate of the uncertainty of the
height intercept at the fault. The

difference between the two slopes is
0.0179 ± 0.0005 ) 0.0161 ± 0.0002 =
0.0018 ± 0.0005. An evaluation of the
uncertainty in height intercept at the
fault is given by the slope uncertainty
times the distance between from cen-
tre of the profile (2630 ) 1180 m =
1450 m), combined with the numerical
uncertainty of the linear best fit. The
final uncertainty of the height of S1
at the fault (x = 0) is ±3.4 m.
The displacement caused by slip on

the fault, however, requires consider-
ation of possible burial of the footwall
by sediment. To determine a minimal
value of the burial of the footwall (b)
after the fault offset, we assumed that
the thickness of sediment decreases
exponentially from the fault. Thus, we
fitted heights to a sum of a linear
term and an exponential term that
decreases with distance from the fault.
For the linear part, we assumed the
slope we estimated for S2 to be 0.0161.
Thus, we fitted h(x) = h0(x = 0) +
0.0161x + b exp(kx). Here, b gives
the burial of the footwall by sediment
at the fault trace, and h0 gives the
elevation of the footwall surface at the
fault.
For the eastern, central and western

profiles, we obtained b = 20.7 ± 1.2,
19.0 ± 0.3 and 27.0 ± 6.3 m respec-
tively with a mean of 22.2 ± 2.6 m.
More importantly, the elevations of
the footwall surface at the fault are
h0 = 1694.6 ± 6.6, 1701.7 ± 0.4 and
1695.3 ± 1.5 m, with an average of
1697.2 ± 2.8 m. The corresponding
vertical component of offset of
surface S1 is therefore 1793.6 ±
3.4 ) 1697.2 ± 2.8 = 96.4 ± 4.4 m.
Similarly, the vertical component of
displacement of the surface S2 is
1737.3 ± 0.2 ) 1697.2 ± 2.8 = 40.1
± 2.8 m.

Surface exposure ages

To constrain the ages of abandonment
of both terrace surfaces, we used the
amalgamation method of Anderson
et al. (1996). For each sample, we took
a large number (n > 50) of cm-size,
quartz-rich pebbles in vertical profiles
from two pits. Pit P1 was dug in the
upper surface (S1) to a depth of 2 m,
away from the edge and gullies (Fig. 5
A). We dug a trench into the lower
surface (S2), a few tens of metres away
fromthe fault scarp,at the sideofa fresh
road excavation (Fig. 5B).

Fig. 2 Geomorphic map of the studied area. CORONA images (KH-4B-1101)
provide high-resolution (1.8 m) background, coupled with fieldwork for geomor-
phological mapping of the studied area. Note that the topographic survey (small dots)
ended on the footwall at its northern extent, because farther north, modification of
the surface by humans made it unrepresentative of the natural topography. The dated
surfaces are shown (upper surface S1, violet, and lower surface S2, pink), as well as
active stream floodplains, sample locations and orientation of pictures in Fig. 3.
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We calculated ages (Table 1) using
the MS excel calculator Cosmocalc
(Vermeesch, 2007). We fitted 10Be
concentration vs. depth to function
consisting of a constant plus an expo-
nential decay with depth (e.g. Ander-
son et al., 1996; Farber et al., 2008).

The constant in this expression
provides an estimate of the average
concentration 10Be in samples prior
to deposition, or �inheritance�, which,
for our samples, is very small (equiv-
alent to a couple of hundred years at
most). The pre-factor of the expo-

nential term provides an estimate of
the cosmic rays accumulated since
the abandonment of the surface
(Fig. 5C,D). This value is not neces-
sarily equal to the concentration of
the surface sample, but takes into
account concentrations in all the

(A)

(C)

(D) (E)

(B)

Fig. 3 Field photographs of the studied surfaces. (A,B) Views of the upper surface S1 towards the SSW. Note the importance of
flat remnant of the palaeosurface between the gullies, allowing a precise topographic survey. The Qilian Shan high peaks are in the
background. (C) Side view of the lower surface S2, the fault scarp on its right edge, and the footwall farther to the right. The bridge
is an aqueduct, crossing the Xiying River. (D) View towards the north-east of the lower surface S2, and the fault scarp, from the
upper surface. The little cone-like structures are graves of 1–2 m height. (E) Along-strike view of the fault scarp, towards the east.
Note the sharp transitions between the surface S2 and the scarp, and between the scarp and the footwall.
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samples to determine the age of
exposure.
Best fit equations of 10Be concen-

tration per gram of SiO2 related to
depth (Table 1) are:

[10Be(# g)1)] = [39 446 ± 63 749]
+ ([636 710 ± 59 376] · e)0.0125z(m))

and

[10Be(# g)1)] = [0 ± 38 582] +
([326 000 ± 37 871] · e)0.0125z(m))

for S1 and S2 respectively.
The factor in the exponential term

(0.0125 m)1) was chosen to maximize
the best fit for both profiles (Fig. 6).
This corresponds to a sediment den-
sity of 1.8 mg m)3 for an apparent
attenuation length of 10Be production
of 145 g cm)2 (Brown et al., 1992), a
density of 2.0 mg m)3 for an attenu-
ation length of 160 g cm)2 (Nishiiz-
umi et al., 1994), or a slightly higher
density of 2.2 mg m)3 for an attenu-
ation length of 177 g cm)2 (Farber
et al., 2008). This is consistent with
sediment densities used by previous
studies (e.g. 2.0 ± 0.1 mg m)3, Ritz

et al. 2003; 2.0 ± 0.3 mg m)3, Broc-
ard et al. 2003).
To estimate ages from the concen-

trations at the surface, we used a low-
elevation, high-latitude production
rate of 5.11 at. a)1 g)1 SiO2 (Verme-
esch, 2007). This rate was then adjusted
for elevation and latitude of the site
where we worked, using Stone�s (2000)
formulation. The actual production
rate for our sites is 19.98 ± 2 at.
a)1 g)1. This yields ages corresponding
to the inheritance of 2 ± 3.8 and
0 ± 2 ka for S1 and S2 respectively
and apparent exposure ages of 31.9 ±
6.8 ka for S1 and 16.3 ± 3.9 ka for
S2. Therefore, ages corrected for inher-
itance are 29.9 ± 7.8 and 16.3 ±
4.4 ka for S1 and S2 respectively.

Late Quaternary slip rate

Consider the simple image in Fig. 7, in
which let us consider DH1 to be the
height of the surface S1 above palaeo-
surface of the footwall at the fault
trace, and DH2 be the same as for S2.
Let b = thickness of the sediment
deposited on the footwall since fault-

ing occurred. We use t1 and t2 for the
ages S1 and S2 respectively. With
these, the vertical component of slip
on the fault v¢ is given by:

v¢1 = DH1 ⁄ t1

and

v¢2 = DH2 ⁄ t2

with DH1 = 96.4 ± 4.4 m, DH2

= 40.1 ± 2.8 m, t1 = 29.9 ± 7.8 ka,
t2 = 16.3 ± 4.4 ka, v¢1 = 3.2 ± 1.0
mm a)1 and v¢2 = 2.5 ± 0.8 mm a)1.
These two values agree with each
other, within errors. Their average is
2.8 ± 1.3 mm a)1.
The dip of the frontal thrust of the

Qilian Shan and the studied thrust
fault remains unknown. Meyer et al.
(1998) documented thrust faults from
balanced cross-sections with a dip of
40�–65�. Hetzel et al. (2004b) argued
that the Zhangye thrust, similar to the
thrust fault in our study, is a probable
reactivation of Mesozoic normal fault,
with a probable dip of 50� ± 10�.
Gaudemer et al. (1995) assumed a dip
of 45� ± 15� for the Xiying ramp.
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Fig. 4 Topographic survey points projected onto an N–S vertical plane. A linear interpolation of the relevant survey points along
S2 yields a best fit line given by height (m) = )(0.0161 ± 0.0002)x (m) + 1737.3 ± 5 with R2 = 0.97. We assume, however, an
error of 5 m to allow for deviations from a planar surface of the terrace. Clearly, some folding of that surface is possible, if a fit that
included folding of the surface in the 1000 m near the fault would project to a higher elevation at the scarp, and we consider this
unlikely. We imagine, however, that deviations from a planar surface merely reflect remnants of the drainage pattern on the surface
when it was abandoned to form the terrace. We presume that the surfaces S1 and S2 formed with the same slope, since for where we
could measure it, S1 stands at relatively constant elevation, 55–60 m above S2. Assuming the same slope, a least-squares fit to S1
yields a difference in height of relatively constant 57 ± 7 m. The surface north of the scarp is clearly not planar, but surely on the
distance scale that we consider, the northward projections of S1 or S2 would be planar. The deviation from a planar surface is a
manifestation of sediment accumulation caused by erosion of the scarp and by transport by streams that have dissected the terraces.
The thickness of the sediment obviously decreases northward, but also varies along the scarp from east to west. We assumed that
the thickness of that sediment varies exponentially from the scarp and fitted a curve of the form of a linear slope (of 0.0161) plus an
exponential curve to the height: h(x) = h0 + 0.0161x + b exp(kx). We note that we have no theory to justify an exponential fit,
but the good fits that we obtain suggest that this is a reasonable approximation to the shape of the surface. Thus, here b gives the
burial of the footwall by the sediment at the fault trace, and h0 gives the elevation of the footwall surface at the fault. For the
eastern, central and western profiles, we obtained b = 21 ± 1, 19 ± 1 and 27 ± 6 m, respectively, with a mean of 22 ± 3 m.
More importantly, the elevations of the footwall surface at the fault are h0 = 1695 ± 7, 1702 ± 1 and 1695 ± 2 m, with an
average of 1697 ± 3 m. The corresponding vertical component of offset of surface S1 is therefore 1794 ± 5 ) 1697 ±
3 = 97 ± 6 m. Similarly, the vertical component of displacement of the surface S2 is 1737 ± 5 ) 1697 ± 3 = 40 ± 6 m.
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This dip yields a horizontal slip rate
across the fault similar to the vertical
movement of 2.8 ± 1.3 mm a)1, but
uncertainties on the fault orientation
at depth prevent a precise calculation.

Conclusions

The vertical and horizontal rates
determined in this study contrast with
lower rates determined farther north
by Hetzel et al. (2004b) on a similar
thrust fault. The Zhangye thrust (Het-
zel et al., 2004b) is located in front of
the north-verging �back� thrusts of the
Long Shou Shan and therefore lies in
a more internal part of the Qilian
Shan than the fault we studied. This is
consistent with the Qilian Shan front
currently propagating into the Ala-
shan plateau. Our results are consis-
tent with GPS constraints, which
show NNE–SSW shortening across
the Qilian Shan at a rate of 5.5 ±
1.8 mm a)1 (Zhang et al., 2004). Slip
on the thrust fault we studied for
millennial time-scale accounts for a
significant fraction (�50%), but
almost surely not the entire geodetic
shortening across the entire Qilian
Shan. This rate, which is comparable
with that of some of reverse faults in
the Tien Shan (e.g. Burchfiel et al.,
1999; Thompson et al., 2002), sup-
ports the image that Qilian Shan and
the adjacent Hexi Corridor deform by
slip on more than one major fault.
Although the 1927 Gulang earth-
quake rupture seems to have stopped
south-east of the reverse fault we
studied (Repetti, 1928; Gaudemer
et al., 1995), clearly, the shortening
rate of �2.5 mm a)1 suggests that
such an earthquake might be rare on
human time-scales, but should recur
at intervals of c. 1000 years. We also
observed that vertical and horizontal
components of the slip are notably
higher than the average rates of 0.5
and 0.9 mm a)1 that Zheng et al.
(2010) estimated for the past 9 Ma,
from the region to the north-west.
We do not associate the higher late
Quaternary rates with an acceleration
in the convergence rate, but rather
with a northward progression of the
locus of active deformation. We
thank two anonymous reviewers and
the editor (Carlo Doglioni) for con-
structive comments that improved a
previous version of the manuscript.
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Fig. 5 (A) Photograph of sampling site on S1 showing the setting of the pit P1. PM
(1.83 m) gives the scale. Seven samples were taken at the surface and at depths below
15, 30, 50, 80, 120 and 190 cm. (B) Pictures of sampling site on S2 showing the setting
of the pit P2. PM again gives the scale. Six samples were taken at depths of 15, 30, 50,
80, 130 and 240 cm. (C,D) Plots of concentrations of 10Be vs. depth for sample sets
HX3-P1 and HX3-P2 (reported errors are 1 sigma). Exponential best fits, for a density
of sediment = 2.0 (spallation attenuation length of 160 cm), as well as positive (or
null) asymptotic values, yield 10Be at surface. This value, as well as the inheritance
(10Be concentration at depth), is used to determine exposure ages of the surfaces. As
noted by Farber et al. (2008), neutron-induced spallation is the predominant
production mechanism in the upper �3 m of a depth profile. Quartz extraction was
performed in the University of Colorado at Boulder facility, using standard chemical
cleaning and etching, as well as heavy liquid separation. Pure quartz samples (tested
at the University of Colorado for low Al content) were sent to Purdue Rare Isotope
Measurement Laboratory (PRIME lab, Purdue University, USA) for further
chemical treatment and accelerator mass spectrometry (AMS) measurement. Results
(Table 1) were provided by PRIME as 9Be ⁄ 10Be, using the ICN standard (Nishiizumi
et al., 2007).
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