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Abstract The Altyn Tagh fault is one of the few great active strike-slip faults in the world. The recurrence characteristics of
paleoearthquakes on this fault are still poorly understood due to the lack of paleoseismic records recorded in high-resolution
strata. We document a paleoseismic record in a pull-apart basin along the Wuzunxiaoer section of the central Altyn Tagh fault.
The high-resolution strata recorded abundant seismic deformations and their sedimentary responses. Four earthquakes are
identified based on event evidence in the form of open fissures, thickened strata, angular unconformities, and folds. The
occurrence times of the four events were constrained using radiocarbon dating. Event W1 occurred at AD1220-1773, events W2
and W3 occurred between 407 and 215BC, and event W4 occurred slightly earlier at 1608-1462BC, indicating clustered
recurrence characteristics. A comparison of the earthquake records along the Wuzunxiaoer section with other records along the

Xorkoli section suggests that both sections ruptured during the most recent event.

Keywords

Tibet, Altyn Tagh fault, Strike-slip fault, Paleoearthquake, Coseismic offset

Citation:

Yuan Z, Liu-Zeng J, Zhou Y, Li Z, Wang H, Yao W, Han L. 2020. Paleoseismologic record of earthquakes along the Wuzunxiaoer section of the Altyn

Tagh fault and its implication for cascade rupture behavior. Science China Earth Sciences, 63: 93-107, https://doi.org/10.1007/s11430-019-9376-8

1. Introduction

The Altyn Tagh fault is one of the few great left-lateral active
faults in the world and forms the northern boundary of the
Tibetan Plateau (Figure 1a). In recent decades, many studies
have focused on the fault’s initiation time, activity, uplift
history, total displacement, deep and shallow structure, and
role in the tectonic evolution of Tibet (e.g., Chen et al., 2002;
Cheng et al., 2015; Gao et al., 2001; Jiang et al., 2004;
Molnar and Tapponnier, 1975; Ritts and Biffi, 2000; Sobel
and Arnaud, 1999; Tapponnier et al., 2001; Wang, 1997,
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Wittlinger et al., 1998; Xiao etal., 2017; Yin et al., 2002; Yue
and Liou, 1999; Zhang et al., 2015; Zhao et al., 2006; Chen et
al., 2010; Chen et al., 2009; Cui, 2011; Li et al., 2001, 2006,
2007; Liu et al., 2007; Sun et al., 2012; Wu et al., 2012, 2013;
Xu et al., 2011). However, studies of the late Quaternary
activity of the fault are relatively rare and have mainly fo-
cused on the slip rate using geologic and geodetic in-
vestigations (Cowgill et al., 2009; Gold et al., 2011; He et al.,
2013; Li et al., 2018; Mériaux et al., 2005, 2012; Molnar et
al., 1987; Peltzer et al., 1989; Zhang et al., 2007; Wang et al.,
2004; Xu et al., 2005). Compared with other famous inter-
plate faults, such as the San Andreas Fault in North America,
the North Anatolian Fault in Turkey, the Dead Sea Fault, and
the Alpine Fault in New Zealand, the paleoseismology of the
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Altyn Tagh fault has been insufficiently studied (Washburn
et al.,, 2001, 2003; Chinese State Bureau of Seismology,
1992; Xu et al., 2007). In recent years, researchers have
performed paleoseismologic studies along the Altyn Tagh
fault in an attempt to improve the number of events and their
credibility (e.g., Li et al., 2016; Shao et al., 2018; Yuan et al.,
2018).

The overall strike of the Altyn Tagh fault is relatively
consistent, although several bends divide the fault into dif-
ferent subsections (Ding, 1995). The late Quaternary active
trace of the fault has good continuity and is mainly mani-
fested as a single branch. In the middle section of the fault,
there are four compressional steps caused by changes in the
fault strike between the Cheerchen River and Subei. From
west to east, the three most prominent steps are the Akato
Tagh, Pingdingshan and Aksay restraining steps (Figure 1b).
This type of step plays an important role in controlling the
rupture propagation of strong earthquakes, which in turn
affects the earthquake magnitude (Biasi and Wesnousky,
2016, 2017; Duan and Oglesby, 2005; Lozos et al., 2011).
Although some work has been carried out along these
structures (Elliott et al., 2015, 2018; Shao et al., 2018;
Washburn et al., 2001, 2003; Yuan et al., 2018), the roles of
these steps in the rupture propagation of strong earthquakes
are poorly understood. Multiple time-scale slip rates and
long sequence paleoseismic data at different locations are
required to better understand these processes. In this study,
we excavated two paleoseismic trenches along the Wu-
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zunxiaoer section between the Akato Tagh and Pingdingshan
steps and correlated the new paleoseismic data with pub-
lished paleoseismic data along the Xorkoli section to the east
of the Pingdingshan step. We then discuss the recurrence
characteristics of earthquakes along the central section of the
Altyn Tagh fault.

2. Offset landforms along the Wuzunxiaoer
section

The ~90-km-long Wuzunxiaoer section of the Altyn Tagh
fault, which strikes NE, runs from east of the Akato Tagh
bend to north of the Pingdingshan bend. The fault traverses
Wuzunxiaoer Lake nearly perpendicular to the shoreline,
which has an apparent offset of ~762 m (Figure 2). On the
east side of the Akato Tagh (89°37'E-89°43'E), the fault
trace is defined by en echelon seismic surface ruptures pro-
duced by left-lateral shearing (Molnar et al., 1987; Cowgill et
al., 2004). Farther to the east, along the Kulesayi (89°51'45"
E-89°52'45"E), the Altyn Tagh fault diverges into several
branches in a horsetail pattern. To measure the left-lateral
offsets along the section, we used a UAV to take aerial photos
of the surface rupture and then processed them with the
Agisoft Photoscan software to generate a digital elevation
model (DEM) with a resolution of <7 cm (Figure 3a and 3b).
Based on the DEM, thirty-nine offsets were obtained by
interpreting and restoring offset channels (Figure 3¢ and 3d),
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Figure 1 (a) Tectonic setting of northern Tibet showing the locations of faults and historical earthquakes; (b) shaded-relief map of the central section of the
ATF and locations of paleoseismic sites. ATF, Altyn Tagh fault; HYF, Haiyuan fault; KLF, Kunlun fault; XSF, Xianshuihe fault; KF, Karakoram fault. All

faults are modified from Tapponnier et al. (2001).
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Figure 2

Interpretation of the satellite image of the study area showing a ~762-m sinistral offset of the shoreline and a pull-apart basin on west side of the

salt lake. The actual offset of the shoreline is greatly affected by the fault kinematics. Because the ATF is dominated by strike-slip movement and has both
thrust and normal faults, ~762 m is the apparent horizontal displacement. The southwestern shoreline of the salt lake has been modified by a potash plant,
which results in a lack of an offset shoreline. The background image is from Google Earth.

showing that the coseismic offset of the most recent earth-
quake was ~6.6 m (Figure 3e). In addition, the 762 m of
sinistral displacement indicates that the shoreline has been
faulted at least one hundred times, and the latest seismic
surface rupture is still clearly preserved in the shallow se-
diments of the lake.

3. Paleoseismology

3.1 Site description

Based on the principles of site selection for paleoseismic
trenching (Liu et al., 2007; Ran et al., 2012; Yuan et al.,
2016), two large trenches were excavated in a relatively flat
playa in a small pull-apart basin on the west side of Wu-
zunxiaoer Lake (Figure 4). The basin is located on the west
side of the old 315 National Road, where offset landforms
have been identified by several scholars (Cowgill et al.,
2004; Molnar et al., 1987; Washburn et al., 2001). A series of
normal fault scarps with vertical offsets of 2-10 m is located
on the northwest side of the basin, and an ancient landslide is
located on its southeast side, which may be related to fault-
ing. The Altyn Tagh fault strikes NE62° and passes through
the south-central part of the basin. To the east of the playa,
the ~20-m-wide earthquake surface rupture zone is located
on the alluvial fan (Figure 5). The surface ruptures on the
playa and the western alluvial fan have been entirely buried
by the debris flow, but the distribution of plants on the playa
is consistent with the fault strike, and they are located along
the strike of the surface rupture zone, indicating the location

of the buried fault traces.

The sediment in the playa, which was shed from peripheral
alluvial fans, can be divided into two types, a proximal
source and a distal source. The proximal source sediment is
mainly pinkish-gray silty sand to clay transported from al-
luvial fans to the southeast, northwest and southwest of the
basin; the distal source sediment comes from the ranges on
the southwest side of the basin. The alluvial fan from the
bedrock ranges extends to the southeast side of the pull-apart
basin and is diverted to the west due to the low-lying terrain
of the basin. Some deposits are transported to the basin in-
terior, and fine clastic sediments are deposited in the playa
(Figures 4 and 5). Because the bedrock is mainly early-
middle Paleoproterozoic to Neoarchean greenish-gray to
light gray coarse-grained feldspathic sandstone, conglomer-
ate, and gray to light-gray gneiss and marble, the distal
source debris is mainly gray, grayish-green fine sand to clay.
Due to the low topography of the basin center, sediments
from different sources are continuously deposited in the
playa, forming pinkish-gray and greenish-gray rhythmic
layering. Moreover, the debris has a high deposition rate and
can quickly bury and preserve seismic surface ruptures. This
kind of site with a high deposition rate and high-resolution
stratigraphy is an ideal trenching site for paleoseismology.

3.2 Strata

Two large trenches, T4 and T5, were excavated across the
fault zone in the southern part of the basin. Trench T5 was
excavated first. It was 40 m long, 3—4 m wide, and 4.5 m
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Figure 3 Offset landforms on the west side of the Wuzunxiaoer site and statistics of the channel offset measurements. (a) Mosaic of UAV aerial
orthographic images; (b) digital elevation model (DEM); (c) interpretation of channels and faults; (d) plot of offset channels, in which the error is 10% of the

offset; (e) probability density diagram of channel offsets.

deep. The strata in the trench are mainly composed of
pinkish-gray silt to clay with few rhythmic and traceable
strata and three layers of greenish-gray silty sand to clay.
These strata characteristics, in which it is difficult to accu-
rately define event horizons, are related to the range of the
distal-sourced debris coming from the bedrock mountainous
area on the southwest side of the trench. To obtain higher-
resolution stratigraphy, we excavated another trench (T4)
~100 m east of T5 and closer to the edge of the alluvial fan.
T4 was 28 m long and similar in width and depth to T5. The
high-resolution alternating strata in T4 are composed of
greenish-gray and pinkish-gray silty sand to clay (Figure 6a
and 6b), which fully reflect the characteristics of proximal-
source and distal-source interaction. A total of twenty-nine
stratigraphic units are identified in T4. The greenish-gray
strata can be further subdivided into multiple sets of sub-
stratigraphic layers (Figure 7). In addition, the strata in T4
can be traced continually on both walls (Figure 6¢ and 6d).
Thus, the event horizons in T4 can be accurately defined
based on the high-resolution and continuous strata.

3.3 Evidence for earthquakes

After detailed mapping of the strata and their structural de-
formations, four events were recognized primarily by open
fissures, folds, angular unconformities, growth strata and
vertical offsets. A summary of the surface rupture evidence
identified in the two trenches is provided below (Figure 6c,
6d and Figure 8).

(1) Event W1. The most recent ground-rupturing earth-
quake, event W1, is the most strongly expressed event in the
trenches, and it occurred during deposition of unit 50. On the
northeast wall of T4 at meters 12 through 13 (all locations are
horizontal distances in meters from left to right on the trench
wall), the faulting produced a fissure that is overlain by a
significantly thickened unit 50. In this exposure, units 120
and 110 warp down into fault zone. At meter 16, units 110
and older are offset by a thrust fault and overlapped by the
thickened unit 50. On the hanging wall, unit 110 was partly
eroded during the deposition of unit 50. The most impressive
feature that formed during event W1 is a thrust fault exposed
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Figure 4 Tectonic geomorphologic map of the pull-apart basin showing the drainage environment, fault traces and trench location superimposed on the
digital elevation model (DEM).

proximal source Prox

g Ollrc
()

A
/trenches

0
o
c
o
N
o
=
=
=
(=8
2
=
(]
(3]
o
T
3
0]

Figure 5 Three-dimensional view of the pull-apart basin showing two debris sources.

on the northeast wall of T4 at meters 21 through 24. Faults
clearly cut units 110 and older, which are also folded on the
northwest side of the fault zone. The strata in the core of the
fold were eroded and lack the overlying unit 50, the thickness
of which changes significantly on both sides of the fault zone
and forms an angular unconformity with units 110 and 120.
At meter 2 on the southwest wall of T4, faults cut up
through the middle of unit 50, generating a fissure that is

filled with blocks derived from units 110 and older and is
capped by the overlying unit 50, which thickens towards the
southeast. At meter 8 in T4SW, a 40-cm-wide fissure with no
visible fault below it ruptures up through the lower part of
unit 50 and is overlain by the thickened unit 50. Farther to the
southeast at meter 10, evidence of the event is very clear as
faults rupture up to the lower part of unit 50 and are overlain
by the upper part, which thickens into the fault zone. At
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Figure 6 (a)—(b) Photomosaics of the two walls of T4 and (c)—(d) their trench logs at the Wuzunxiaoer site.

meters 13 through 14 in T4SW, units 110 and below are cut
by faults that produced a 60-cm-wide fissure. At meters 22—
27, two fissures extend through the lower part of unit 50 and
are filled with units 50 and older, which are overlain by unit
50, which thickens into the depressions. The strata on both
sides of the northwest fissure were vertically offset by
~20 cm.

Event W1 is well-documented in trench T5, and its evi-
dence is clear and significant for identifying the event hor-
izon because unit 50 is ~50 cm thick, significantly thicker
than in T4. The area of trench T5 is dominated by the de-
position of pinkish-yellow silty sand from the proximal

source, while the gray and black sand from the distal source
is thin, and some units are even missing. Figure 8 shows that
faults clearly cut to the middle of unit 50, forming an angular
unconformity between units 50-1 and 50-2. The dating
samples defining event W1 were collected in T5 (Figure 8a).

In summary, event W1 occurred during the deposition of
layer 50 and has strong credibility due to the large amounts
of evidence.

(2) Event W2. The penultimate earthquake (event W2)
occurred when unit 160 was at the ground surface. Evidence
for event W2 is clear on both walls of T4. A distinct 2-m-
wide fissure is located at meters 18—20 in TANE (Figure 9a).
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Unit SE
Stratigraphic description Number  Section

Pinkish-gray very fine sand to fine sand. 50
Dark gray fine sand.

: . . 110
Greenish-gray very fine sand to silt.
Greenish-gray fine sand to medium sand. 120

; ) ) 130
Greenish-gray fine sand to very fine sand.
Greenish-gray very fine sand. 140
Pinkish-gray silt and light gray fine sand.

150

Greenish-gray silt and very fine sand.
Pinkish-gray silt. 155
Greenish-gray very fine sand and silt; light E
reddish-brown silt. .
Dark gray very fine sand and silt. +| 160
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Pinkish-gray silt and greenish-gray silt.
Pinkish-gray fine sand and silt.

| 165 |;

Light pinkish-gray clay to silt and light gray very

fine sand. 170
Pinkish-gray silt to fine sand.

Greenish-gray medium sand, very fine sand,

and silt. [ 190

Dark gray fine sand to very fine sand; greenish-
gray clay to silt.

Greenish-gray clay to silt and gray very fine sand |
Light reddish-brown clay to silt.

Greenish-gray fine sand in lower part; light
brownish-gray and reddish brown silt in upper
part.

Greenish-gray and dark gray silt.

Pinkish-gray silt in upper part; light brownish-red
silt.

205

Greenish-gray very fine sand, silt, and clay. 210
Light reddish-brown and greenish-gray clay to silt

220

Pinkish-gray silty fine sand. 230

Light gray very fine sand and greenish-gray silt. 240

i 250

Light reddish-brown to light brown silt.
Greenish-gray very fine sand in upper part;
Greenish-gray and light reddish-brown clay to silt]

Pinkish-gray silt and light gray very fine sand to
fine sand.

195 |
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Figure 7 Stratigraphic column, simplified description of strata, and probability density functions (PDFs) for event ages at the Wuzunxiaoer site showing
unit thicknesses, unit numbers and stratigraphic locations of radiocarbon samples. The radiocarbon ages were calibrated and statistically analyzed using

OxCal 4.3.1 and the atmospheric data from Reimer et al. (2013).

The fissure disrupts units 160 and older, is filled by blocks of
units 200—-160, and is capped by unit 155, which thickens
into the depression. A secondary fault strand on the south
side of the fissure cuts to the top of unit 160. At meters 20-22
on the opposite wall (T4SW), faults ruptured through unit
160, producing a fissure that is filled by faulted strata and
covered by unit 155, whereas the southeast side of the fissure
was faulted by a more recent earthquake. On the northwest
side of this exposure, three minor fissures ruptured up
through unit 160. At meters 24-25 in T4SW, faults offset
units 160 and below, and they are overlain by unit 155, which
thickens into the fault zone. The faulting is also overprinted
by a younger event. At meter 26.5, the upper part of unit 160
is doubled in thickness by thrust faulting and is overlain by
unit 155, which thins dramatically onto the fault scarp. Near
meter 15, units 160 and older are cut by a fault and capped by

the thickened unit 155.

(3) Event W3. The third earthquake back (event W3) oc-
curred when unit 170 was at the ground surface. The most
compelling evidence of event W3 is a large fissure exposed
on the northeast wall of T4 in meters 22 through 25 (Figure
9b). This fissure, which is ~3 m wide, clearly cuts units 180
and older and is filled with fragmented blocks derived from
units 190 through 170, and it is capped by the thickened unit
165, indicating that the earthquake occurred while unit 170
was at the ground surface. Both sides of the fissure were
offset by a younger event. Likewise, on the opposite wall
(T4SW), faults displaced units 170 and older, and they were
subsequently capped by unit 165, which thickens into the
depression.

(4) Event W4. The fourth earthquake (event W4) occurred
shortly after unit 210 was deposited. In T4ANE, near meter 20,
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Figure 8 Typical evidence for event W1 in trench T5.

secondary faults offset units 210 and below and are capped
by the less-deformed units 205 and 200. At meter 23 in
T4NE, a rootless fault cuts unit 210, producing a fissure. One
of the most compelling observations is that units 210 and
older were folded near meter 3.5 in T4NE, where the over-
lying unit 205 thickens into the depression, indicating that
the earthquake occurred during the early deposition of unit
205 or after the deposition of unit 210. In addition, several
minor fissures are located on both sides of the fold, which
may be related to the folding.

On the opposite wall (T4SW) at meter 3.8, faults cut to the
top of unit 210 and are capped by a significantly thickened
unit 205, which was subsequently faulted by event W1. One
of the most credible pieces of evidence for this event is at
meters 21 and 24 in T4SW, where faults cut to the surface of
unit 210, producing fissures filled with greenish-gray and
pinkish-yellow sediments and were overlain by unit 205,
which thickens into the depressions (Figure 9c). The two
fissures appeared to have originally been a single structure
before being damaged by a later earthquake. One indication
of this is that the overlying unit 205 contains similar sand
lenses, both of which were displaced by the younger event.

In conclusion, because the folds, fissure fills and growth
strata are strong event indicators, event W4 has high cred-
ibility.

(5) Other possible earthquakes in the Wuzunxiaoer trench.
At meter 1 in T4NE, the rootless faults cut the upper part of

unit 195. A fault near meter 20 in T4NE appears to offset
layers to the top of unit 195. However, it is difficult to ac-
curately determine the upper limit due to the poor bedding in
the upper part of unit 195. At meter 21, the lower part of unit
195 and the older strata are warped down towards to
southeast and are overlapped by less deformed units 190 and
the upper part of unit 195. Because the SE side of the ex-
posure is close to the fault zone, the fold deformation may
also be related to a later earthquake. At meters 4.6-7 in
T4NE and meters 1-5 on the opposite wall, several small
fissures terminate at the top of unit 195 and are filled with
overlying greenish-gray sediments. Although these fractures
may be connected to deeper faults, they may also be mud
cracks.

At meter 4 in T4SW, unit 200 shows slight folding de-
formation, but it is not continuous. In addition, an angular
unconformity between unit 190 and the underlying strongly
deformed strata can be observed at meters 10 through 16 on
both walls in T4, indicating that an earthquake occurred
before the deposition of unit 190. However, it is difficult to
distinguish the latest underlying strata because the strata are
in the main fault zone and have been so strongly deformed
that the stratigraphic sequence and sedimentary features
cannot be accurately identified. One possibility is that the
event horizon is units 195-205, which form an angular un-
conformity with the overlying unit 190 at meter 11.5 in
T4SW. The other possibility is that the event horizon is unit
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Figure 9 Typical evidence for events W2, W3 and W4 in T4. The bold yellow lines represent event horizons.

210. Most of the underlying units (195-205) are in con-
formable contact with the overlying unit 190 but have a
suspected unconformable contact with the older unit 210.
Thus, the earthquake may be event W4. In summary, an
event may be preserved in the middle and upper parts of unit
195. However, due to the poor layering of unit 195, the weak
continuity of unit 200, and weak indicators such as minor
fissures, upward termination of faults and slight folding, the
reliability of this earthquake is relatively low.

Faults cut the lower part of unit 260 at meters 2.4-3 in
T4ANE, producing a fissure filled with blocks of unit 290.
Moreover, units 260 and older are strongly disturbed, so it is
impossible to distinguish the specific unit. At meter 8 on the
same wall, a rootless fault disappears in unit 260. Farther to
the southeast at meter 10.3, faults cut to the middle of unit
260. Nearby liquefaction can be observed in unit 270, which
affects the central part of unit 260. In summary, an earth-
quake might have occurred during the deposition of unit 260.
However, the thickness of the overlying strata after the
earthquake does not change, and there does not appear to be
an angular unconformity. Moreover, some deformation was
caused by rootless faults. Therefore, the deformation may be

secondary deformation caused by more recent earthquakes,
so the reliability of this event is low.

At meter 9 in TASW, there are stratigraphic disturbances in
the lower part of unit 270 and unit 290, which may have been
caused by an earthquake or freeze-thaw processes. More-
over, minor rootless faults at meters 10 and 11 cut to the base
of unit 270, producing two small fissures. The strata on both
sides of the fissures do not show obvious vertical offsets.
Therefore, an earthquake with low reliability might have
occurred during the early deposition of unit 270.

34 “c dating and paleoearthquake ages

In the two trenches, only a small amount of animal dung was
found in units 205 and above, and no suitable carbon dating
materials were found in the older strata. Five samples were
dated at the Keck Carbon Cycle Accelerator Mass Spectro-
metry Facility at the University of California, Irvine. All of
the dating results were calibrated and modeled using the
online program OxCal v4.3 (Ramsey and Lee, 2013; Reimer
etal., 2013) with 95% confidence intervals (Table 1). Finally,
the ages for the paleoearthquakes were modeled accounting
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for radiocarbon calibration and stratigraphic constraints
(Figure 7). The event horizon of paleoecarthquake W1 is in
the middle of unit 50. Two radiocarbon samples above and
below the horizon provide bounding ages for the pa-
leoearthquake of AD1220—1773. The dates of events W2 and
W3 are limited to 407-215BC due to the lack of samples
available to constrain their individual dates. The event hor-
izon for W4 is the top of unit 210. Because only one dating
sample, ATF14-17, was collected near the base of the over-
lying unit 205, ~10 cm from the top of unit 210, the date of
event W4 should be close to the initial deposition time of the
sampling layer, 1608—1462BC. However, sample ATF14-17
was located near the fault zone, which introduces some un-
certainty in defining the sample location.

4. Discussion

4.1 Completeness of the Wuzunxiaoer record

Before correlating the events between sites along strike and
discussing the recurrence behavior, it is important to evaluate
the completeness of the paleoseismic record at each site in
terms of the possibility of overestimating or underestimating
the number of paleoseismic events. Evaluating the reliability
of a paleoearthquake is based on a combination of the quality
and frequency of indicators at a particular horizon (Scharer et
al., 2007). We used the method of Scharer et al. (2007) to
perform a statistical analysis of the earthquake evidence re-
vealed in the trenches. First, each event indicator is assigned
arank indicating the quality of the evidence on a scale of 1 to
4. For example, a rank of 4 (strong) indicates that the mor-
phologic and sedimentologic features could only have been
caused by earthquake-induced ground deformation; a rank of
3 (fair) indicates that an earthquake likely formed the fea-
tures or that it is difficult to confirm the event horizon. A
rank of 2 (moderate) indicates that an earthquake possibly
caused the features, and a rank of 1 (weak) indicates that an
earthquake likely did not cause the features. According to
these scoring standards, we evaluated and ranked all of the
earthquake indicators exposed in the two trenches. The data
set of the suspected event indicators is summarized in Figure
10, which shows that four highly credible paleoearthquakes
were recorded at the Wuzunxiaoer site, and seven suspected
events were excluded. Events W1, W2, W3 and W4 exhibit
more than one high-quality event indicator (rank 4) sufficient
to identify an individual earthquake horizon. The event
horizons of units 195, 250, 260, 270, 290, 320 and 350 are
excluded due to low-quality event indicators with ranks less
than 3, reducing the possibility of overestimating the number
of events.

A rupture can be missed during a depositional hiatus,
which can be identified from the deposition rate and char-
acteristics of the strata. There are an insufficient number of
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dating samples from the Wuzunxiaoer trenches to constrain
the deposition rate in detail to identify such a hiatus. How-
ever, the trenches are located in the central part of the pull-
apart basin and are near the source areas. As long as rainfall
can form ground runoff, debris can be deposited at the lo-
cation of the trench. Therefore, there may not be depositional
hiatuses in the trenches. In addition, paleosoils were not
found in the strata in the trenches, which further indicated
that long-term depositional hiatuses do not exist.

The local superimposition of deformation by a younger
earthquake on older deformation could hide or obscure evi-
dence of older earthquakes. In trench T4, the indicators for
the early events are partially modified by later events (see
Section 3.3). Although there is no definitive way to rule out
this possibility, complex branch faults, high-resolution strata,
high sedimentation rates and multiple exposures can greatly
reduce this effect. In T4, the fault zone, which has many
branches, is nearly 30 m wide. Moreover, the earthquake
evidence on both walls of T4 shows similar features, de-
monstrating the robustness of the evidence from exposure to
exposure. Thus, we conclude that four events likely occurred
at the site over past 3500 years.

4.2 Paleoseismic recurrence characteristics and corre-
lation with other sites

The recurrence behavior of paleoearthquakes is crucial for
future seismic hazard assessments. Although the ages of the
three older events cannot be completely individually dis-
tinguished in the Wuzunxiaoer trenches, events W2 and W3
occurred within 200 years (Figure 7), indicating clustered
recurrence characteristics. The earliest event (W4) and the
most recent event (W1) are separated by ~1000 years from
the clustered events. In addition, samples ATF14-22 and
ATF14-23 only differ by 200 years, which defines a de-
position rate of 7.2 mm yrfl; this is significantly higher than
those of the upper and lower strata (Figure 7). Although the
ages of the two samples are consistent with their stratigraphic
sequence, sample ATF14-23 may be younger considering the
overall changes in the deposition rate in the trench. Even so,
the older three events (W2, W3 and W4) occurred within
~1000 years, which still indicates clustered characteristics.
To more fully understand the characteristics of the pa-
leoearthquakes along the Wuzunxiaoer section, we compare
the data in this study with previously published data (Figure
11; Washburn et al., 2001, 2003; Shao et al., 2018; Yuan et
al., 2018). Two events, K1 (AD1230-1720) and K2 (68BC—
ADI1267), were identified at the Kulesayi site, located ~7 km
west of the Wuzunxiaoer site, using radiocarbon and opti-
cally stimulated luminescence (OSL) dating methods
(Washburn et al., 2001). Both upper boundaries of the latest
events at the Kulesayi site were constrained by using the
mixed-mineral infrared luminescence method. However, the
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Table 1 Dating samples in the Wuzunxiaoer trenches
Sample name Laboratory number Unit e age Uncertainty (10) Material Modeled age (Posterior)
ATF14-06 UCI-153582 50-1 195 15 Animal dung AD1660-1953
ATF14-04 UCI-153583 50-2 830 20 Animal dung AD1169-1256
ATF14-22 UCI-153584 155 2180 15 Animal dung 355-174BC
ATF14-23 UCI-153585 195 2355 15 Animal dung 470-389BC
ATF14-17 UCI-153586 205 3230 15 Animal dung 1528-1448BC
W1 W2 w3 w4
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Figure 10 Histograms of event indicators. The diameters of the solid circles are scaled by the sum of the indicators in each rank.

conventional mixed-mineral infrared luminescence signal
has abnormal attenuation, which may lead to an under-
estimation; infrared luminescence signals from fine-grained
mixed minerals may have anomalous fading problems that
may lead to age overestimation (Wintle, 1973; Huntley and
Lamothe, 2001). Therefore, the dating results include these
uncertainties, which make it impossible to accurately assess
the reliability of the times of the two events. Despite the
many uncertainties, we compare the record at the Wu-
zunxiaoer site to events K1 and K2 at the Kulesayi site. The
age range of event W1 strongly overlaps with the date of the
most recent event at the Kulesayi site. Considering that
continuous surface ruptures span the two sites with no sig-
nificant steps in map view, it is very likely that W1 ruptured
the entire Wuzunxiaoer section. The other event (K2) was
not recorded at the Wuzunxiaoer site, indicating that K2 was
likely a small earthquake.

In addition to the comparison of the data along the Wu-
zunxiaoer section, we also compare our results to the data
along the Xorkoli section and the Aksay bend (Figure 11).
Yuan et al. (2018) discussed the comparison of pa-
leoearthquake records on the Xorkoli section and the Aksay
bend. This paper will not repeat the details and focuses on
comparing the data on both sides of the Pingdingshan re-
straining step. Event W1 overlaps in time with the most
recent event (A) at the Copper Mine site, so the two events
may be the same earthquake. Moreover, the distribution of

the coseismic offsets at the Kulesayi site shows that the
average strike-slip offset of event W1 is ~6.6 m, suggesting
that the magnitude of event W1 may have reached ~M,,7.8
and that the rupture length may have been greater than
200 km (Wells and Coppersmith, 1994). In addition, Elliott
et al. (2015) inferred that the magnitude of the latest earth-
quake was M,,7.8-8.1 based on the latest seismic surface
rupture extending continuously from Xorkoli to Annanba.
This is consistent with the simultaneous rupture lengths on
both sides of the Pingdingshan step, indicating that events
W1 and A are the same event not only in time but also in
rupture scale. The three other events (W2, W3 and W4) do
not correlate with any events at the Copper Mine site, so
none of these events passed through the Pingdingshan step.
In addition, since 3.5 ka, the Wuzunxiaoer site and the
Copper Mine site recorded 4 and 5 events, respectively. In
other words, the probabilities of the Wuzunxiaoer section
and Xorkoli section participating in cascade failure are 0.25
(1/4) and 0.20 (1/5), respectively, and the Pingdingshan step
likely halted most earthquake ruptures.

The angle of the Pingdingshan bend reaches ~25°, and its
linking section is ~23 km long. In addition, a ~4 km releas-
ing step is located on the east side of the Pingdingshan bend
(Figure 1 and Figure 11). Lozos et al. (2011) show that bends
greater than 18° and with linking lengths longer than 5 km
usually halt ruptures. In addition, there is a threshold di-
mension of fault steps (3~4 km) above which earthquake
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ruptures do not propagate and below which rupture propa-
gation ceases only approximately 40% of the time (Wes-
nousky, 2006). This conclusion is based on numerical
simulations of fault ruptures and historical earthquake sta-
tistics. However, several strong earthquakes have broken
through multiple steps, such as the 1992 Landers earthquake
in the USA and the 2016 Kaikoura earthquake in New
Zealand (Sieh et al., 1993; Hamling et al., 2017). Although it
is impossible to exclude the possibility that two different
events that occurred within decades might be considered the
same event, the paleoseismic data along the Wuzunxiaoer
and Xorkoli sections support the possibility that the most
recent earthquake ruptured both sections. In addition to the
possibility of simultaneous rupture on both sides of the bend,
the occurrence times of the events on the two sections are
similar, such as events W4 and E and events W2, W3 and C,
indicating that even if the earthquakes cannot break through
the Pingdingshan step, there is a relationship between the
rupturing times on the two sections.

4.3 Estimation of the sizes of paleoearthquakes

The magnitudes of paleoseismic events can be roughly es-
timated based on parameters such as the surface rupture
length and average coseismic displacement (Wells and
Coppersmith, 1994). Estimates of the surface rupture length,

coseismic slip and rupture width for the four events at the
Wuzunxiaoer site are listed in Table 2. The surface rupture
length is estimated based on the comparison of paleoseismic
records at multiple sites (Figure 11). The rupture length of
event W1 may have reached ~400 km, and W2, W3 and W4
might have reached ~90 km because the Wuzunxiaoer sec-
tion is confined by a larger-scale bend to the west. Based on
these rupture lengths alone, the magnitude of event W1 could
have reached M,,8.1, and the other three events could have
reached M,,7.3. Because the trench is perpendicular to the
fault zone, only the apparent vertical offset of the strata could
be obtained. Assuming that the strata are horizontal and that
their thicknesses remain constant along the fault between the
trench exposures, the average vertical slips of the four pa-
leoseismic events (from new to old) were 0.42, 0.39, 0.11
and 0.48 m, respectively. The coseismic lateral slip of event
W1 was 6.6 m, and the ratio of lateral to vertical slip was
15.7. If this ratio is the same for the three older events, the
lateral displacements would have been 6.1, 1.7 and 7.6 m for
W2, W3 and W4, respectively. Thus, the magnitudes of the
four events could have reached M,,7.8, M,7.7, M,7.3 and
M,7.8, respectively, based only on the coseismic lateral
slips. The widths of the rupture zones of the four events
appear to support the scenario that events W1 and W4 were
similar in size and larger than events W2 and W3 (see Table
2), assuming that a larger deformation width corresponds to a
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Events FZW VD (SW wall) VD (NE wall) AVD LD SRL M, (LD) M, (SRL)
Wi 25 047 0.36 0.42 6.6 ~400 7.8 8.1
w2 12.5 0.48 0.29 0.39 6.1 ~90 7.7 73
w3 3 0.08 0.14 0.11 1.7 ~90 73 73
W4 23 031 0.65 0.48 7.6 ~90 7.8 73

a) FZW, fault zone width (m); VD, coseismic vertical displacement (m); AVD, average coseismic vertical displacement (m); LD, coseismic lateral
displacement (m); SRL, surface rupture length (km); M (LD), moment magnitude based on the empirical relationship between magnitude and average lateral
displacement of Wells and Coppersmith (1994); M, (SRL), moment magnitude based on the empirical relationship between magnitude and surface rupture

length.

larger magnitude. However, the magnitudes of the four pa-
leoseismic events are estimated based on several assump-
tions, and there is great uncertainty in the estimation of the
magnitudes, especially for the three older events, which lack
reliable lateral displacement data.

5. Conclusions

The small pull-apart basin to the west of Wuzunxiaoer Lake
is an ideal site for recording paleoearthquakes because of the
high-resolution stratigraphy sourced from two different
drainages with different rock types. Four events were iden-
tified based on folds, thickened strata, vertical offsets, open
fissures, and unconformities. Event W1 occurred between
ADI1220 and 1773, events W2 and W3 occurred during 407—
215BC, and event W4 occurred slightly earlier at 1608—
1462BC, suggesting a clustered recurrence behavior. A
comparison of the Wuzunxiaoer earthquake record with re-
cords at other sites to the east along the Xorkoli section
suggests that the most recent earthquake (W1) may have
ruptured through the Pingdingshan step-over with a magni-
tude possibly reaching ~M,8.1. The older events do not
overlap in time but occurred at similar times and may have
had smaller magnitudes than the latest event.

Although the Wuzunxiaoer site has high-resolution strati-
graphy, materials suitable for carbon dating are sparse, which
results in larger uncertainties in the dates of the events than
those at sites along the Xorkoli section of the fault. There-
fore, additional work is needed at this site, such as ex-
cavating more trenches to increase the chances of finding
more carbon dating samples and exploiting other dating
methods, such as OSL dating.
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