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Abstract: The easternmost Tian Shan lies in eastern Xinjiang, Central Asia. The South Barkol basin
fault (SBF) in the northern part of the easternmost Tian Shan is a major tectonic structure in this
orogenic region. The late Quaternary activity, paleoseismology, and deformation characteristics of the
fault provide important clues for understanding the tectonic process of the eastern Tian Shan orogen
and implementing seismic mitigation. Through interpretation of high-resolution satellite images,
unmanned aerial vehicle measurements, and detailed geological and geomorphic investigations, we
suggest that the fault exhibits clear left-lateral slip along its western segment. Paleoseismic trenches
dug near Xiongkuer reveal evidence of six large paleoearthquakes. The four latest paleoearthquakes
were dated: the oldest event occurred at 4663 BC–3839 BC. Data on the horizontal offsets along the
probable 1842 Barkol earthquake coseismic rupture suggest clear multiple relationships between
cumulative offsets and possible ~4 m of coseismic left-lateral slip per event. From the cumulative
offsets and 14C sample ages, we suggest an average Holocene left-lateral slip rate of 2.4–2.8 mm/a on
the SBF, accounting for ~80% of lateral deformation within the entire eastern Tian Shan fault system.
This result is comparable with the shortening rate of 2–4 mm/a in the whole eastern Tian Shan,
indicating an equal role of strike-slip tectonics and compressional tectonics in this orogen, and that the
SBF may accommodate substantial lateral tectonic deformation.
Key words: Eastern Tian Shan, South Barkol basin fault, paleoseismology, left-lateral offset, slip rate,
Eastern margin of Tibetan Plateau, Proto-Tethys

1 Introduction
Late Quaternary fault slip-rates are important indicators
of seismic hazard and provide valuable constraints for
understanding continental deformation (Wen Zhenling et
al., 2015; Chen Guihua et al., 2016; Zhang Yongshuang et
al., 2016). During the Cenozoic, the Indo–Eurasia collision
propagated northward and reactivated ancient orogens in
central Asia (Shu Liangshu et al., 2003; Zhu Wenbing et al.,
2006). The eastern Tian Shan, situated in eastern Xinjiang
Province, Central Asia, has usually been interpreted as a
late Paleozoic arc terrane reactivated by this far-field
response. The far-field response is obviously manifested in
the conjugate WNW–NNW right-lateral fault system
mapped in Altai and western Mongolia and the NE–E
sinistral fault system in the eastern Tian Shan and south
* Corresponding author. E-mail: ykran@263.net

Mongolia (Tapponnier and Molnar, 1979; Bayasgalan et al.,
2005). The eastern Tian Shan and adjacent parts of
Mongolia, Kazakhstan, and Siberia accommodate ~10 mm/
a of the shortening between India and Eurasia (Calais et al.,
2003), a significant proportion of the total ~35–40 mm/a
India–Eurasia convergence constrained by Global
Positioning System (GPS) measurements (Wang Qi et al.,
2001; Gan Weijun et al., 2007). Previous studies
demonstrated that in Altai and western Mongolia, a
combination of right-lateral strike-slip and counterclockwise
vertical axis rotation of crustal blocks accommodated the
convergence (Baljinnyam et al., 1993; Bayasgalan et al.,
2005; Nissen et al., 2009). However, previous studies
primarily concentrated on southern Mongolia (Ritz et al.,
1995, 2003; Vassallo et al., 2005), and the available data for
eastern Tian Shan are sparse.
This paper concerns the tectonics of the eastern Tian
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Fig. 1. Active tectonic setting of Barkol tagh and the surrounding area.
The background is an ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital
Elevation Model) image. Data on historical earthquakes are from Feng Xiangyue (1997); information for small earthquakes
downloads from the China Earthquake Networks Center. Lines in white represent faults. F1 denotes the south Barkol basin fault,
F2 the north Hami basin fault, and F3 the central Karlik fault.

Shan, which occupies the junction between the conjugate
fault systems in Altai and Mongolia (Fig. 1a). From west
to east, the eastern Tian Shan can be divided into Bogda
shan, Barkol tagh, and Karlik tagh, which are structurally
linked with Mongolia in the west (Cunningham et al.,
2003; Fig. 1a). The mountain-building of the area was
influenced by the Paleozoic tectonic setting and the region
has been in a transpressional tectonic environment since
the late Cenozoic (Cunningham et al., 2003). Some NWstriking faults exhibit reverse movement, whereas many
EW-striking faults show strike-slip movement (Bo
Meixiang et al., 1999; Deng Qidong et al., 2003). Because
of the inaccessibility of the region, until now very little
has been known about the style of faulting, the
paleoseismology, how fast these faults moved on late
Quaternary time-scales, or how the convergence was
achieved through time. These questions are the motivation
for this study.
We focus on the south Barkol basin fault (SBF), which
bounds the northern margin of Barkol tagh, eastern Tian
Shan and is a major tectonic structure in the eastern Tian
Shan. The aim of this paper is to use paleoseismology to
determine the slip-rate of this fault during the late

Quaternary. Our results have significant implications for
understanding the latest tectonic activities in the eastern
Tian Shan; in addition, they provide critical information
for earthquake prevention and disaster mitigation.

2 Active Tectonic Setting of SBF, Eastern
Tian Shan
Barkol tagh trends approximately EW–NW and has
steep topography, with a change in elevation of 2–3 km
over several kilometers. The Barkol basin, located in the
northern Barkol tagh front, resembles a rhomb shape in
plan view with its axis striking NW (Fig. 1b). The ~160km-long SBF extends along the range front and
constrained the boundary of the basin since the Cenozoic,
acting as a carrier between compressive tectonics and
strike-slip tectonics in this region (Cunningham et al.,
1996, 2003). Specifically, west of 93° 10′ E, the SBF
extends EW and forms an acute angle with the NE–NNEdirected maximum horizontal stress (SHmax) in the region
(Zoback, 1992; Xie Furen et al., 2004), whereas east of
93° 10′ E, the SBF is oriented NW–SE and becomes
orthogonal to SHmax. In the far east of the Barkol basin
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(93°10′ E east), the SBF extends into Karlik tagh and links
with the central Karlik fault (CKF).
The study area is well known as being seismically
active. Barkol tagh and adjacent regions experienced two
M71/2 events, in 1842 and 1914, and a M5 event in 1935
(Feng Xianyue, 1997). However, relatively weak
seismicity has been recorded since instrumental recordings
began (Li Yinzhen et al., 2001). In contrast, GPS
measurements show the whole eastern Tian Shan fault
system to be moving northeastward at 3.5–3.7±0.82–0.91
mm/a with respect to the stable Serbia craton (Liang
Shiming et al., 2013). Unfortunately, to date no
quantitative geological slip-rate data have been reported
for the eastern Tian Shan.
Synchronous left-lateral offsets of gullies and scarps
can be clearly defined and ~10-km surface ruptures
produced by historical earthquakes are evident at the
Xiongkuer site, along the western segment of the SBF.
Separately, east of the SBF, surface ruptures are also well
preserved at the Baiyanggou site along the CKF (Wu
Fuyao et al., 2016a). These geomorphic features are
indicative of recurrent faulting and suggest that left-lateral
strike slip has occurred along the SBF in easternmost Tian
Shan, especially along its western segment.

3 Methods
In the following sections, we describe the clear leftlateral offsets of gullies and fault troughs along the
western segment of the SBF through field mapping. On
the basis of interpretation of high-resolution satellite
images from Google Earth, Unmanned Aerial Vehicle
(UAV) measurements, and measurement of microlandforms, we determined the coseismic offset. In
addition, we excavated two parallel trenches across the
fault and sent 12 samples for 14C dating to obtain age data
for use in determining the paleoseismicity. Finally, we
infer the slip rate and compare it with GPS measurements
in the study region, discuss the kinematic features, and
attempt to define the late Quaternary tectonic strain
distribution in eastern Tian Shan.

4 Determination of Coseismic Offsets along
the Xiongkuer Fault Surface Rupture
The Xiongkuer site is located on the westernmost
segment of SBF, along which left-lateral movement is
evident. Along this segment, the fault is linked to the
Tuolaiquan pull-apart basin to the west and the Barkol
basin to the east (Jiang Wali et al. 1993; Jing Feng et al.,
2009). Synchronous offset gullies are present on the fan
which developed along the mountain piedmont. To
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document the distribution of slip offset along the rupture
trace of the Xiongkuer segment of SBF, we collected
offset data from differential GPS measurement, satellite
image interpretation, and UAV investigations on
synchronous left-lateral offset gullies, determining the
gully offsets per event and cumulative offsets.
UAV investigations have been carried out extensively
in field geological surveys (Zhang Yongshuang et al.,
2010; Bemis et al. 2014; Vasuki et al. 2014), with recent
advances being predominately useful in landform highresolution digital 3-D data collection. We employed a
Phantom III made by DJI (Dajiang Company) to survey
the landforms along the best-preserved segment of the
Xiongkuer surface rupture zone, and then derived highresolution DEM images along this segment through
management of the original photographs by Photoscan
software. Using these images and spot4 satellite images
downloaded from Google Earth, we carried out gully
offset measurements and offset restorations along the
Xiongkuer surface ruptures. The offset restorations result
yielded well fits between the offset gullies (Fig. 2). In
addition, differential GPS measuring was applied at
several sites. For example, approximately 2 km east of
Xiongkuer, we discovered a large-scale sag pond around
which cumulative left-lateral offset gullies have
developed. The minimum displacement is ~4 m and the
maximum local displacement is ~36 m (Fig. 3).
For the offsets determined from the images, the
uncertainties will depend mostly on the geometry of the
gully. For non-straight offset gullies, both walls of gullies
were measured, provided that the uneven preservation of
the geomorphic markers along the SBF (Li Haibing et al.,
2012). The mean value of the sum of the offsets of the two
walls was preferred, and the error was usually obtained
from the sum of the offset value minus the single wall
offset. For straight gullies, there is usually no ambiguity in
reconstructing the initial geometry, and the error is
symmetric and small. It should be noted that the total error
equals the measuring error plus the inherent accuracy of
the images. In Google Earth cases, the inherent accuracy is
~2.5 m (the pixel size of spot4 images), whereas in UAV
images the inherent error is 0.3–0.5 m. For offset data
gathered from differential GPS measurement, the offset of
the well-preserved gully wall was preferred and the
inherent accuracy was treated as 0.5 m.
We plotted all measurements along the surface ruptures
(Fig. 4). The plot suggests that most data cluster around
4±1, 8±1, 12±1, and 20±2 m and the peaks in the
probability curves of the offsets distribution are in
agreement with these amounts. The observations show
that the cumulative offsets are multiples of the smallest
offset, which we suggest may indicate the coseismic offset
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Fig. 2. Interpretation of left-lateral offset gullies around the Xiongkuer surface rupture zone.
(a), satellite image of Xiongkuer, see Fig. 1 for location; (b), displaced rock, terrace, and gullies with tens of meters slip; (c),
successive reconstructions of offset gullies. Successive offsets of 8±0.5, 30±1, and 71±3 m are identified, each offset is determined by restoring continuity of main channel(cricles).

at the Xiongkuer site in the western segment of the SBF.
The smallest offset is equal to the displacement
immediately east of the trenches, which may represent the
coseismic offset generated by the most recent earthquake
(Fig. 5). Cumulative offsets may suggest the occurrence of
multiple paleoseismic events (Fig. 4).

5 Earthquake Offset and Paleoseismology
5.1 Geological and geomorphic features at the Xiongkuer
site
Study of high-resolution satellite images at the
Xiongkuer site resulted in detection of linear push-up
ridges caused by faulting (Fig. 5). Development of these
ridges has blocked water in the depression to the south,

creating a fault-bounded trough that can accumulate
sediment (Wang Hu et al., 2013; Li Xi et al., 2015).
Proximal fine sediment developed as a result of gullies ‘m’
and ‘n’, and abundant charcoal accumulated in the fault
trough (Fig. 5a). Around the fault trough and the region
immediately to the west, a series of synchronous left-lateral
offsets of gullies formed. Of these, gully ‘n’ shows clear
left-lateral slip of ~4 m (Fig. 5b), representing the smallest
offset along the Xiongkuer surface rupture zone.
As gully ‘n’ cuts deeply through the trough and some
fine sediment have been removed through the gully, two
parallel trenches across the fault were excavated to the
west of gully ‘n’ (Fig. 5). The larger one, ~40 m long, 3 m
wide, and ~3.5 m deep, was labeled trench A (T-A); the
smaller, ~25 m long, ~2.5 m wide, and ~3 m deep, was
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Fig. 3. Morphotectonics along Xiongkuer east.
(a), satellite image of Xiongkuer east; (b), measured gully offset of 4 m and cumulative offsets of 16 and 32 m; (c), sag pond and
reverse scarp at the site.

called trench B (T-B). Below we log, describe, and discuss
new paleoseismic data from these trenches.
5.2 Stratigraphy in the trenches
Both trenches expose two distinctive sedimentary
facies: relatively fine sediment in the southern (lower)
trench and coarse sediment in the northern (higher) part
(Figs. 6, 7, 8). Actually, the sedimentary facies were
divided by the main fault zone. The fine sediment can be
traced over the whole southern part of trenches, showing
clear rhythmic deposits containing several sedimentary
series, each of which contains a lower coarse layer and an
upper fine layer. The fine sediment was deposited as a
result of blocking of water movement by push-up ridges,

resembling the sedimentary sequence in a sag-pond (Li
Chuanyou et al., 2010). The coarse sediment is located in
a micro-landscape with a high, partially eroded
morphology. This sediment mainly consists of coarse
cobbles and pebbles (Fig. 6). As the northern part of the
trenches is the elevated wall and the sag-pond should be
the result of blocking of this wall, we suggest that the fine
sediment must be younger than the northern coarse units.
The presence of flower structures in the trench walls
indicates strike-slip deformation along the SBF.
On the basis of color patterns and layer thickness, we
divide the stratigraphic sequence into 10 units (below we
use U for short). All 10 units can be identified in T-A, but
only 8 out of 10 units are present in T-B. Stratigraphic

Table 1 Radiocarbon samples from trenching at Xiongkuer site
Calibration Age
Unit Sampled
1σ Calibration
2σ Calibration
XKE-C20
363595 1620 ± 30 BP −23.1‰ 1650 ± 30 BP
Cal AD 340 to 430
U1
XKE-C403 363608 1800±30 BP −22.2‰ 1850 ± 30 BP
Cal AD 280 to 240
U2
XKE-C401 363607 2230 ± 30 BP −23.7‰ 2250 ± 30 BP
Cal BC 390 to 350/Cal BC 320 to 210
U2
XKE-C36
363605 4150 ± 30 BP −22.8‰ 4190 ± 30 BP
Cal BC 2890 to 2840/Cal BC 2810 to 2670
U2
XKE-C25
363601 4010 ± 30 BP −23.3‰ 4040 ± 30 BP
Cal BC 2830 to 2820/Cal BC 2620 to 2480
U3
XKE-C35
363606 4170 ± 30 BP −20.6‰ 4240 ± 30 BP
Cal BC 2900 to 2870/Cal BC 2800 to 2780
U4
XKE-C12
363604 4330±30 BP −21.7‰ 4380 ± 30 BP
Cal BC 3090 to 2910
U4
XKE-C18
363603 5160 ± 30 BP −24.2‰ 5170 ± 30 BP
Cal BC 4040 to 4020/Cal BC 4000 to 3950
U4
XKER-C100 363602 4190 ± 30 BP −22.3‰ 4230 ± 30 BP
Cal BC 2901 to 2863/Cal BC 2805 to 2759 /Cal BC 2715 to 2712
U4
XKE-C10
363599 4920 ± 30 BP −22.5‰ 4960 ± 30 BP
Cal BC 3793 to 3657
U4
XKE-C11
363598 4050 ± 30 BP −21.4‰ 4110 ± 30 BP
Cal BC 2863 to 2805/Cal BC 2759 to 2715/Cal BC 2712 to 2574
U5
XKE-C105 371427 5840± 30 BP −23.7‰ 5850 ± 30 BP
Cal BC 4790 to 4680/Cal BC 4630 to 4620
U5
Note: All samples were processed at the Beta Analytic Inc. Miami, Florida USA. The calibration calculates probability distributions for raw radiocarbon ages
with associated uncertainties (reported by the lab facility). Radiocarbon ages BP relative to 1950. All samples were measured by standard radiometric dating.
Sample No.

Lab No. Measured Age

13

C/12C
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Fig. 4. Distribution of offsets along the Xiongkuer surface rupture zone.
(a), ETM image of surface rupture zone, white dots indicate measurement sites, see Fig. 1 for location; (b), peaks in the probability density curves of the distributions are interpreted as evidence of repeated slip by similar amounts along the fault.

descriptions and 14C sample locations are shown in Figs
6–9; age data are provided in Table 1 and Figs 6–8.
5.3 Evidence of paleoseismic events
Of
the
various
indicators
for
recognizing
paleoearthquakes in unconsolidated sediments in a strikeslip fault setting, the best and clearest types of evidence
for fault rupturing of the ground surface are scarp-derived
colluvium, sand blows, strata offset and non-conformity,
and in-filled and void fissures (Sieh 1978, 1984; Ran
Yongkang et al., 2008, 2012). Upward fault terminations
are generally most effective for identification of the latest
faulting event, because the rupture caused by the
subsequent event usually follows the same plane
(McCalpin, 2009). On the basis of the sedimentary
geometry and upward fault terminations, at least six
paleoseismic events were identified from the trenches: we
name these E1 to E6 from youngest to oldest. Below, we
present and discuss the stratigraphic evidence for six
paleoearthquakes at the site.

5.3.1 The oldest event (E6)
E6 appears to be an event that offset U8 and U9. This
produced cracks in the lower part of U8, into which the U8
sediments were partly dragged (Fig. 7). The thickness of
U8 changes across the fault zone, becoming thicker closer
to the fault zone. In addition, F6 terminates upward at the
bottom of U8. However, no more evidence was exposed:
this was partly because the grain size is very coarse in the
northern part of the trenches, making it difficult to obtain
additional evidence.
5.3.2 Event 5 (E5)
This event is thought to have occurred between U6 and
U5. The basal boundary of U5 is undulating, indicating
tectonic disturbance by a paleoearthquake (Figs 6 and 7).
Cracks containing sediments from U6 are clearly visible in
the lower parts of Figs 6 and 7. In Fig. 6, gravel
orientation, which was interpreted as F1 and F3, is
developed in U6, exhibiting offset with a flowerlike
structure. The offset is not large, no more than a couple of
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Fig. 5. Morphotectonics along the Xiongkuer site, SBF.
(a), Google Earth satellite image of Xiongkuer; (b), gully offset of 4 m measured using differential GPS; (c), SBF fault trough
and scarp at the Xiongkuer site; (d), sinistrally displaced gully with 4m offset; (e), field photograph of trenches.

centimeters along the nearly vertical fault plane.
5.3.3 Event 4 (E4)
This event is thought to have occurred between U5 and
U4. As a result of the event, U5 was offset by F1-2, F4-2,
and F15, of which F1 and F15 terminate upward at the top
of U5 (Fig. 7). In addition, U5 and U4 display concave
geometry on the western profile in T-A. This observation
can be explained as sag-pond deposition after tectonic
uplift of the northern part, though we do not know which
fault moved in this event because of the lack of a
corresponding sedimentary sequence in the northern part
of the trenches. U5 shows a more curved shape than U4,
suggesting that an event occurred between U5 and U4. In
T-B, faulting has caused U5 to be thickened and warped
upward along the main fault zone (Fig. 8). Additional
evidence for the occurrence of E4 is the rhythmic
sequence of U4, in which coarse deposition in lower U4 is
replaced by fine deposition in upper U4, resulting from
changes in the hydraulic conditions after E4.

5.3.4 Event 3 (E3)
This event is thought to have occurred between U4 and
U2. There is a distinct geometric difference between U4 and
U2, with U4 being more concave than U2 (Figs 6, 7),
indicating that a paleoseismic event occurred between these
two units. U3, which represents river-channel facies,
displays the sedimentary characteristics of coseismic
colluvium. This unit cuts U4 and U5 and is overlain by U2,
indicating that U3 must have formed between deposition of
U4 and of U2. Obviously, U3 was deposited after the upper
part of U4 had been cut by E3 (Fig. 7). Unfortunately,
because of lateral erosion by this channel, no clear strata
offset was observed on the eastern log of T-A. However,
this event produced marked vertical displacement of U4 on
the western wall in T-A. The active fault, F4-2, of this event
terminates upward below the base of U2 (Fig. 7).
Like event E4, event E3 in T-A manifests itself in the
rhythmic sequence of U2, which is similar to that of U4,
acting as a sharp indicator of E3. In contrast, offset of U4
was evidently observed in T-B, although the offset is no
more than several centimeters (Fig. 8).
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Fig. 6. Log of the eastern wall of trench T-A.

Units are described in the text. Lines in red represent faults. Ex denotes paleoseismic events. Cx denotes samples for 14C analysis. (a), evidence for E1;
(b). evidence for E2– E4.

5.3.5 Penultimate event (E2)
This event is thought to have occurred between U2 and
U1. Fault activity during E2 also disturbed the deposition
of U2, resulting in this unit having a non-conformable
contact with the underlying U7 (Figs. 6, 7). A lateral gully
developed after E3, in turn the lateral erosion produced by
this gully thinned the strata locally and obscured some
stratigraphic evidence of E2. Even so, it is still apparent
that F4-1 extends upward into U1 and displaces U2 on the
western wall of T-A. The offset of U2 is smaller than the
offset of the underlying U4, attesting to an event between
U4 and U2 (Fig. 7). Additional evidence of E2 is that U2
thickens around the northern push-up ridge in T-B and the
base of this unit was disturbed by a fault that may extend
upward to the surface (Fig. 8). In both trenches, the
curvature of U2 is much greater than that of U1, which is
another important indicator of E2. Stronger stratigraphic
evidence is that U1 shows a rhythmic sequence with
coarser sediment in the lower part and fine sediment in the
upper part.

5.3.6 Most recent event (E1)
This event is thought to have occurred after deposition
of U1. In both trenches it is readily apparent that faults

extend upward to the surface in the southern main fault
zone. Cracks filled with organic-rich sediment from U1
can be traced confidently up to the ground surface in T-B
(Figs. 8a, 8b), suggesting that U1 was disturbed by an
earthquake. In both walls of T-A, F7 extends into U1 and
caused development of cracks in the lower part of U1.
Additional stratigraphic evidence is that the thickness of
U1 changes across the fault zone, becoming thicker closer
to the fault zone (Figs. 6, 7). These characteristics indicate
that U1 was disturbed by E1 and can be defined as an
event horizon.
5.4 Sampling and dating
As the units deposited before U5 are very coarsegrained, we collected charcoal samples only from the fine
sediments (U1–U5) identified on the basis of event
interpretation and stratigraphic correlation.
Twelve samples were sent to Beta Analytic, America,
for accelerator mass spectrometry (AMS) radiocarbon
dating. All samples are marked on their stratigraphic units
in Figs 6–8; exact sampling positions are marked in Fig. 9.
Radiocarbon ages were corrected using the Oxcal 4.2
program (Ramsey and Lee, 2013; Reimer et al., 2013).
With the exception of sample C11 having an inverse
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Fig. 7. Log of the western wall of trench T-A.

Units are described in the text. Lines in red represent faults. Ex denotes paleoseismic events. Cx denotes samples for 14C analysis. (a), evidence for E4;
(b), evidence for E1–E3.

stratigraphic age compared to samples in overlying
sediments, the ages of other samples exhibit good
agreement with the depositional sequence. Sample C11
was collected from near the paleo-gully channel (U3) and
its AMS age is very similar to that of sample C25 from
U3; thus, we cannot exclude the possibility that sample
C11 may have been moved from lower sediment by lateral
erosion. Therefore we did not use C11 in our age control.
We also excluded sample C36 from U2 in T-A, which
yielded an age of 4190±30 B.P., because it is too old
compared with other samples collected from U2, although
the sample age is consistent with the age sequence. We
regard this sample as reworked detrital charcoal.
E4 occurred between U4 and U5, and sample C105
from U5 yielded a corrected age of 5850±30 B.P. (1σ),
providing a maximum age constraint for E4. After
deposition of U3 and U4, these beds were offset as a result
of E3; subsequently, U2 was deposited on top. Sample
C100 from the baked layer in the upper part of U4
provided a corrected AMS age of 4230±30 B.P (1σ),
which may represent an accurate age for U4; sample C25
from U3 yielded an age of 4040±30 B.P. (1σ). Samples
C403 and C404 from U2 in T-B provided corrected ages
of 1850±30 B.P and 2250±30 B.P. (1σ), respectively.
Event E2 can be bracketed by the sedimentary ages of U2
and U1. Sample C20 from U1 in T-A yielded a corrected

age of 1650±30 B.P. (1σ). The most recent event (E1)
disturbed the deposition of U1 and produced coseismic
cracks in U1, suggesting E1 must have occurred after
deposition of U1.
We suggest that E1 can be constrained to have occurred
between 390 A.D. and the present day (Fig. 10).
Comparing with historical documents (Feng Xianyue,
1997), we find that this event was very probably
associated with the 1842 M71/2 historical earthquake. In
history, only the 1842 M71/2 and 1914 M71/2 earthquakes
were recorded in Barkol. The long axis of the intensity
distribution of the 1842 M71/2 had the same orientation as
that of the Xiongkuer surface rupture zone (Wu Fuyao et
al., 2016b). E2 is most likely to have occurred between
192 A.D. and 513 A.D.; E3 between 2571 B.C. and 327
B.C. The oldest event, E4, occurred after 4663 B.C. and
before 3839 B.C. Based on this analysis, we conclude that
the time gap between E4 and E3 is 1268–433 years and
that between E3 and E2 is 519–2379 years. The time gap
between E2 and E1 has the most reliable value of 1329–
1650 years.

6 Discussions
6.1 Determination of slip rate
If known with sufficient precision, slip rates and strain
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Fig. 8. Log of the eastern wall of trench T-B.
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Units are described in the text. Lines in red represent faults. Ex denotes paleoseismic events. Cx indicates samples for 14C analysis. (a), evidence for E1–E3; (b), evidence for E4.

Fig. 9. Generalized stratigraphic column of sedimentary deposits in trenches.
E1–E6 represent paleoseismic events; U is short for unit.
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Fig. 10. Results of OxCal analysis of radiocarbon dates
from the trenching site.
Lines with no fill are prior probability distributions; solid curves are
posterior distributions after OxCal analysis. The number after each
radiocarbon date is the agreement index, indicating the extent of overlap between the prior and posterior distributions. The overall agreement
index for this model is 98.5%. Red solid vertical lines represent the
timing of earthquakes in the historical record around Barkol. Red
curves denote four events with related time ranges, of which the youngest event is associated with the historical 1842 A.D. Barkol earthquake.

rates in deforming regions allow testing of kinematic and
dynamic models of the deformation (England and Monlar,
2005). Using information from 3-D paleoseismic trenches
and displacement of marker horizons, the slip-rate of a
strike-slip fault since the late Quaternary can be calculated
(Weldon et al., 2002; Wang Hu et al., 2013). Nonetheless,
this method requires long reliable paleoseismic records
and markedly displaced pierced horizons.
The geographic environment (a too wide trough and bad
traffic conditions) and sedimentary features (the lack of
fine sediment in lower strata) prevented us from carrying
out 3-D excavation across the whole Xiongkuer surface
rupture zone; thus, we were unable to define slip rates
using displaced marker horizons. Furthermore, it is
common for the slip measured across discrete fault planes
to represent only a fraction of the total deformation and so
a single trench cannot yield the total deformation (Sieh
and Jahns, 1984). Under those conditions, no available slip
rate can be calculated unless the morphotectonic response
to multiple paleoseismic events in trenches can be
obtained. Thus, information on the coseismic or
cumulative offset of gullies developed along the fault is
required.
Six events were identified from the excavated trenches,
of which the latest four were dated. The oldest event (E4)

http://mc.manuscriptcentral.com/ags

Vol. 91 No. 2

439

occurred between 4663 B.C and 3839 B.C, suggesting that
at least four events have occurred since 4663 B.C. Based
on this data, we calculate the average recurrence interval
to be 1400–1500 years, which is very close to the most
reliable interval of 1329–1650 years between E2 and E1
(the 1842 Barkol M71/2 historical earthquake), implying
that the activity along the SBF follows a quasi-periodic
model and the paleoseismic sequence at the Xiongkuer site
is reliable. On the other hand, although our offset data are
too sparse, particularly the cumulative offset data, to really
show evidence of offset clusters, the observation plot
derived from satellite interpretation, UAV measurement,
and differential GPS survey confirmed that larger
cumulative offsets are multiples of the smallest value of
4±1 m, which can be suggested to be the slip per event.
Thus, we believe that the measured displacement of ~16 m
implies the occurrence of four events, consistent with the
four events since 4663 B.C.–3839 B.C. revealed in the
trenches, implying a left-lateral slip-rate of approximately
2.5–2.8 mm/a for the western segment of the SBF. This
rate represents a significant portion (~80%) of the 10-year
timescale GPS vector of 3.5–3.7±0.82–0.91 mm/a within
the whole easternmost Tian Shan fault system, implying
that the SBF is one of the most active faults in this region.
6.2 Tectonic implication
Although the focal mechanism solution, GPS vectors,
and SHmax indicate evident compressional shortening
during orogenic tectonic movements in the easternmost
Tian Shan since the late Quaternary, lateral strike-slip
movement also cannot be ignored. We know that the
whole eastern Tian Shan accommodates a shortening rate
of 2–4 mm/a (Abdrakhmatov et al. 1996; England and
Monlar, 2005); however, the left-lateral slip rate of 2.5–
2.8 mm/a in this region is on the same order of magnitude.
This indicates an equal tectonic role for strike-slip and
compression in this orogen. Considering that the
shortening across the range was achieved by several
reverse faults, strike-slip tectonics may prevail. In fact, the
slip rates in Altai and western Mongolia are also on the
same order of magnitude (Ritz et al., 2006; Nissen et al.,
2009). Hence we suggest that compressional deformation
is not the only means of stress release in Barkol tagh,
eastern Tian Shan, and that the SBF is also an important
tectonic factor in this region. Taking into account that the
predominant regional convergence is N–S, the E–Worientated SBF, which is one of the most active faults in
the region, is the mostly likely option for accommodating
substantial lateral tectonic deformation transferred from
east to west during orogeny in the eastern Tian Shan
(Wang Zongxiu et al. 2008). In the east and south of
Barkol tagh, additional reverse features can be observed,
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however, we think this does not contrast with the strikeslip movement in Barkol tagh west if there has been
transpressional activity in eastern Tian Shan since the late
Cenozoic (Cunningham et al., 2003). Unfortunately, at
present it is unclear exactly how this accommodation
occurred because of a lack of information on
paleomagnetism and reverse faulting. Further research
should be carried out on the eastern segment of the SBF
and north Hami basin fault.

7 Conclusions
Six paleoseismic events were detected in the trenches at
the Xiongkuer site, of which the four latest were dated. Of
the dated paleoearthquakes, the most recent event (E1)
may be associated with the 1842 Barkol M71/2 historical
earthquake. The oldest dated event (E4) occurred between
4663 B.C. and 3839 B.C., indicating an average
recurrence interval of 1400–1600 years.
Measurement of cumulative gully offsets at Xiongkuer,
SBF, suggests that ~4 m coseismic offset was produced by
a single earthquake. Combined with the paleoseismology,
we obtained an average left-lateral slip rate of 2.5–2.8
mm/a along the western segment of the SBF. The strikeslip rate is of the same order of magnitude as the
shortening rate of 2–4 mm/a along the eastern Tian Shan,
suggesting that compressional deformation was not the
only tectonic deformation in Barkol tagh, eastern Tian
Shan since the late Quaternary. The lateral deformation
transferred by the SBF was also one of the most active
Cenozoic tectonic movements in this region.

Acknowledgements
This work was funded by foundation of seismic risk
assessment of active faults, China Earthquake
Administration (Grant no. 1521044025). We would like to
express our great thanks to Wang Hu, Ma Xingquan, and
anonymous reviewers for their helpful suggestions that
improved the manuscript.
Manuscript received Dec. 17, 2016
accepted Feb. 8, 2017
edited by Liu Lian

References
Abdrakhmatov, K.Y., Aldazhanov, S.A., Hager, B.H.,
Hamburger, M.W., Herring, T.A., Kalabaev, K.B., Makarov,
V.I., Molnar, P., Panasyuk, S.V., and Prilepin, M.T., 1996.
Relatively recent construction of the Tien Shan inferred from
GPS measurements of present–day crustal deformation rates,
Nature, 384: 450– 453.
Baljinnyam, I., Bayasgalan, A., Borisov, B.A., Cisternas, A.,

http://mc.manuscriptcentral.com/ags

Apr. 2017

Dem’yanovich, M.G., Ganbaatar, L., Kochetkov, V.M.,
Kurushin, R A., Molnar, P., Philip, H., and Vashchilov, Y.Y.,
1993. Ruptures of Major Earthquakes and Active Deformation
in Mongolia and Its Surroundings. Geological Society of
America Bulletin, Memoir, 1–60.
Bayasgalan, A., Jackson, J., and McKenzie, D., 2005.
Lithosphere rheology and active tectonics in Mongolia:
relations between earthquake source parameters, gravity and
GPS measurements. Geophysical Journal International, 163
(3): 1151–1179.
Bemis, S.P., Micklethwaite, S., Turner, D., James, M.R., Akciz,
S., Thiele, S.T., and Bangash, H.A, 2014. Ground–based and
UAV–Based photogrammetry: A multi–scale, high–resolution
mapping tool for structural geology and paleoseismology.
Journal of Structural Geology, 69: 163–178.
Bo Meixiang, Luo Fuzhong, Li Jun, Toshifumi Imaizumi,
Takahiro Miyauchi, Haraguchi Tsuyoshi and Ma Yong, 1999.
Microlandform of active fault zone in the northern fringe of
Hami basin, Inland Earthquake, 13(2): 162–168 (in Chinese
with English abstract).
Chen Guihua, Xu Xiwei, Wen Xueze and Chen Yuegau, 2016.
Late Quaternary slip-rates and slip partitioning on the
southeastern Xianshuihe fault system, eastern Tibetan
plateau. Acta Geologica Sinica (English Edition), 90(2): 537–
554.
Cunningham, D., Owen, L., Snee, L., and Li Jiliang, 2003.
Structural framework of a major intracontinental orogenic
termination zone: the easternmost Tien Shan, China. Journal
of the Geological Society, 160(4): 575–590.
Cunningham, W.D, Windley, B.F., Dorjnamjaa, D.,
Badamgarov, G., and Saandar, M., 1996. Late Cenozoic
transpression in southwestern Mongolia and the Gobi Altai–
Tien Shan connection. Earth and Planetary Science Letters,
140(1): 67–8.
Deng Qidong, Zhang Peizhen, Ran Yongkang, Yang Xiaoping,
Min Wei and Chu Quanzhi, 2003. Basic characteristics of
active tectonics of China. Science in China (Series D), 46:
356–372.
England, P., and Molnar, P., 2005, Late Quaternary to decadal
velocity fields in Asia. Journal of Geophysical Research, 110
(B12): 501–509.
Feng Xianyue, 1997. Paleoseismology in Xinjiang. Xinjiang:
Health science and technology publishing house, 1–260 (in
Chinese).
Gan Weijun, Zhang, Peizheng, Shen, Zhengkang, Niu, Zhijun,
Wang, Min, Wan, Yongge, Zhou Demin and Chen Jia. 2007.
Present–day crustal motion within the Tibetan plateau inferred
from GPS measurements. Journal of Geophysical Research
Solid Earth, 112(B8), 582–596.
Jiang Wali, 1993. The distribution and active characteristics of
the Barkol active fault zone in the eastern Tien Shan area of
Xinjiang from interpretation of aerophone. Inland earthquake,
7(4): 350–355 (in Chinese with English abstract).
Jing Feng, Shen Xuhui, Feng Chun, Hong Shunying, Liu Jing
and Xu Yueren, 2009. Application of CBERS–02 CCD data in
earthquake active fault research: a case study of Barkol fault
zone in Xinjiang. Earthquake, 29(2): 48–56 (in Chinese with
English abstract).

Apr. 2017

ACTA GEOLOGICA SINICA (English Edition)
http://www.geojournals.cn/dzxben/ch/index.aspx

Li Chuanyou, Zhang Peizheng, Yuan Daoyang, Wang Zhicai and
Zheng Dewen, 2010. Sedimentary characteristics of sag–pond
on the active strike–slip fault and its tectonic implication: an
example from sag pond of west Qinling fault. Acta Geologica
Sinica, 84(1): 90–105 (in Chinese with English abstract).
Li Haibing, Woerd, J.V.D., Sun Zhiming, Si Jialiang, Tapponier,
P., Pan Jiawei, Liu Dongliang and Chevalier M.L., 2012. Co–
seismic and cumulative offsets of the recent earthquakes along
the Karakax left–lateral strike–slip fault in western Tibet.
Gondwana Research, 21(1): 64–87.
Li Xi, Ran Yongkang, Chen Lichun, Wu Fuyao, Ma Xingquan
and Cao Jun, 2015. Late Quaternary Large Earthquakes on the
Western Branch of the Xiaojiang Fault and Their Tectonic
Implications. Acta Geologica Sinica (English Edition), 89(5):
1516–1530.
Li YinZhen, and Shen Jun, 2001. Seismological tectonics and
seismicity in Hami, Xinjiang. Inland earthquake, 15(2): 141–
147 (in Chinese with English abstract).
Liang Shiming, Gan Weijun, Shen Chuanzheng, Xiao Genru, Liu
Jing, Chen Weitao, Ding Xiaoguang and Zhou Deming, 2013.
Three–dimensional velocity field of present–day crustal
motion of the Tibetan Plateau derived from GPS
measurements. Journal of Geophysical Research: Solid Earth,
118(10): 5722–5732.
Mattern, F., 1998. The Turfan depression of the western Turfan
basin, northwest China: aspects of subsidence and relation to
lateral escape tectonics. International geology review, 40(4):
324–334.
McCalpin, J.P., 2009. Paleoseismology (second edition). San
Diego, California, USA: Academic Press, 0–473.
Nissen, E., Walker, R.T., Bayasgalan, A., Carter, A., Fattahi, M.,
Molor, E., Schnabel, C., West, A.J., and Xu, Sheng, 2009, The
late Quaternary slip–rate of the Har–Us–Nuur fault
(Mongolian Altai) from cosmogenic 10Be and luminescence
dating. Earth and Planetary Science Letters, 286(3): 467–478.
Ramsey, C.B., and Lee, S., 2013. Recent and planned
developments of the program OxCal. Radiocarbon, 55(2–
3):720–730.
Ran Yongkang, Chen Lichun, Chen Jianwu and Gong Huiling,
2008. Late Quaternary surface deformation and rupture
behavior of strong earthquake on the segment north of
Mianning of the Anninghe fault. Science in China (Series D),
51(09): 1224–1238.
Ran YongKang, Wang Hu, Li YanBao and Chen Lichun, 2012.
Key techniques and several cases analysis in paleoseismic
studies in mainland China (1): trenching sites, layouts and
paleoseismic indicators on active strike–slip fault. Seismology
and Geology, 34(2): 197–210 (in Chinese with English
abstract).
Reimer, P.J, Bard, E, Bayliss, A.J, Beck, J.W., Blackwell, P.G.,
Ramsey, C.B., Buck, C.E., Cheng, H., Edwards, R.L., and
Friedrich, M., 2013. IntCal13 and Marine13 radiocarbon age
calibration curves 0–50,000 years cal BP. Radiocarbon, 55(4):
1869–1887.
Ritz, J.F., Brown, E.T., Boules, D.L., Philip, H., Schlupp, A.,
Raisbeck, G.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, Mongolia.

http://mc.manuscriptcentral.com/ags

Vol. 91 No. 2

441

Geology, 23(11): 1019–1022.
Shu Liangshu, Wang Bo, Yang Fan and Lu Huafu, 2003.
Polyphase tectonic events and Cenozoic basin–range coupling
in the Tianshan Belt, Northwestern China. Acta Geologica
Sinica (English Edition), 77(4): 457–467.
Sieh, K.E., 1978. Prehistoric large earthquakes produced by slip
on the San Andreas Fault at Pallet Creek, California. Journal
of Geophysical Research, 1978, 83(B8): 3907–3939.
Sieh, K.E., 1984. Lateral offsets and revised dates of large
prehistoric earthquakes at Pallett Creek, southern California.
Journal of Geophysical Research: Atmospheres, 1984, 89
(B9): 7641–7670.
Sieh, K.E., and Jahns, R.H., 1984. Holocene activity of the San
Andreas fault at Wallace Creek, California. Geological
Society of America Bulletin, 95(8): 883–896.
Tapponnier, P., and Molnar, P., 1979. Active faulting and
Cenozoic tectonics of the Tien Shan, Mongolia, and Baykal
regions. Journal of Geophysical Research: Solid Earth (1978–
2012), 84(B7): 3425–3459.
Vassallo, R., Brakcher, R., Brown, E.T., Carretier, S., and
Bourlès, D.L. 2006. Using in situ–produced 10Be to quantify
active tectonics in the Gurvan Bogd mountain range (Gobi–
Altay, Mongolia), Geologic Society.of America, Special
Papers, 415: 87–110.
Vassallo, R., Ritz, J.F., Braucher, R., and Carretier, S., 2005.
Dating faulted alluvial fans with cosmogenic 10Be in the
Gurvan Bogd mountain range (Gobi–Altay, Mongolia):
climatic and tectonic implications. Terra Nova, 17: 278–285.
Vasuki, Y., Holden, E.J., Kovesi, P., and Micklethwaite, S.,
2014. Semi–automatic mapping of geological Structures using
UAV–based photogrammetric data: An image analysis
approach. Computers & Geosciences, 69: 22–32.
Walker, R.T., Nissen, E., Molor, E., and Bayasgalan, A., 2007.
Reinterpretation of the active faulting in central Mongolia.
Geology, 35(8): 759–762.
Wang Hu, Ran Yongkang, Li Yanbao and Chen Lichun, 2013.
Paleoseismic ruptures and evolution of a small triangular pull–
apart basin on the Zemuhe fault. Science in China (Series D),
56(03): 504–512.
Wang Hu, Ran Yongkang, Li Yanbao, Gomez, F., and Chen
Lichun, 2013. Holocene paleoseismologic record of
earthquakes on the Zemuhe fault on the southeastern margin
of the Tibetan Plateau. Geophysical Journal International,
193 (1): 11–28.
Wang Qi, Zhang Peizhen, Niu Zhijun, Freymueller, J.T., Lai
Xian, Li Yanxi, Zhu Wenyao, Liu Jingnan, Biham R., and
Larson K.M., 2001. Present–day crustal movement and
tectonic deformation in Chinese mainland. Science in China
(Series D), 1(7): 529–536 (in Chinese with English abstract).
Wang ZongXiu, Li Tao, Zhang Jin, Liu Yongqing and Ma
Zongjin, 2008. The uplifting process of the Bogda Mountain
during the Cenozoic and its tectonic implication. Science in
China (Series D), 51(4): 579–593.
Weldon, R.J., 2002. Structure and Earthquake Offsets on the San
Andreas Fault at the Wrightwood, California, Paleoseismic
Site. Bulletin of the Seismological Society of America, 92(7):
2704–2725.
Wen Zhenling, Hu Xiaofei, Pan Baotian, Lu Yaoyang, Cao Xilin

442

Vol. 91 No. 2

ACTA GEOLOGICA SINICA (English Edition)
http://www.geojournals.cn/dzxben/ch/index.aspx

and Zhang Jian, 2015, Deformation analyses of fluvial
terraces in Jinta Nanshan mountains, Gansu Province.
Geological Review, 61(5):1032–1046 (in Chinese with
English abstract).
Wu Fuyao, Ran Yongkang, Chen Lichun and Li An, 2016a.
Distribution of 3 earthquake rupture zones in eastern Tian
Shan and its relationship with 2 historical earthquakes.
Seismology and Geology, 38(1): 77–90 (in Chinese with
English abstract).
Wu Fuyao, Ran Yongkang, Li An, Xu Liangxin and Cao Jun,
2016b. Late–Quaternary geological evidence of strike–slip
tectonics in easternmost Tien Shan. Seismology and Geology,
38(3): 617–630 (in Chinese with English abstract).
Xie FuRen, Cui XiaoFeng, Zhao JianTao, Chen Qunce and Li
Hong, 2004. Regional division of the recent tectonic stress
field in China and adjacent areas. Acta Geophysica Sinica, 47
(4): 654–652 (in Chinese with English abstract).
Zhang Yongshuang, Yao Xin, Xiong Tanyu, Ma Yinsheng, Hu
Daogong, Yang Nong and Guo Changbao, 2010. Rapid
identification and emergency investigation of surface ruptures
and geohazards induced by the Ms 7.1 Yushu earthquake.
Acta Geologica Sinica (English Edition), 84(6): 1315–1327.

http://mc.manuscriptcentral.com/ags

Apr. 2017

Zhang Yongshuang, Yao Xin, Yu Kai, Du Guoliang and Guo
Changbao, 2016. Late–Quaternary slip rate and seismic
activity of the Xianshuihe fault zone in southwest China. Acta
Geologica Sinica (English Edition), 90(2): 525–536.
Zhu Wenbing, Shu Liangshu, Wan Jinglin, Sun Yan, Wang Feng
and Zhao Zhongyan, 2006, Fission-track evidence for the
exhumation history of Bogda–Harlik Mountains, Xinjiang
since the Cretaceous. Acta Geologica Sinica, 80(1): 16–22 (in
Chinese with English abstract).
Zoback, M.L., 1992. First – and second – order patterns of stress
in the lithosphere: The world stress map project. Journal of
Geophysical Research: Solid Earth, 97(B8): 11703–11728.

About the first author
WU Fuyao, male, born in 1985 in Enshi City, Hubei Province,
received doctor degree in 2016 in Institute of Geology, China
Earthquake Administration; now as a postdoctor in China
Railway Eryuan Engneering Group; He is now interested in
the study on active tectonic, geological hazard, and regional
stability. Email: woaiac1899@163.com; phone: 010–
62009147, 13426197201.

