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ARTICLE INFO ABSTRACT

Keywords: We present results from a detailed investigation of the horizontal displacement distribution, timing of pa-
Tianjingshan fault leoearthquakes and left-lateral slip rate on the western Tianjingshan fault. Measurements of 240 offset streams
Pa.leoseismology and ridges confirm that the fault is left-lateral and record evidence of repeated ~3-4 m coseismic offsets along
ls\IlllspTriTat:t the 60-km-long fault. This suggests that ~6 earthquakes may have occurred along the entire western

Tianjingshan fault with repeated occurrence of earthquakes of Mw 7.2-7.5. Structural and stratigraphic re-
lationships exposed in our five trenches in combination with previously reported studies further indicate that the
fault has ruptured in as many as six paleoearthquakes since the late Quaternary. Paleoseismic data show that the
average recurrence interval for Holocene earthquakes is approximately 5,000 yr. The most recent earthquake
along the western Tianjingshan fault occurred ~1.2 + 0.1 kyr BP, indicating that this fault segment did not
rupture in the M 7.5 historical earthquake of 1709 that ruptured the central Tianjingshan fault. We estimate that
the Holocene slip rate of the western Tianjingshan fault is ~1.1-1.2 mm/yr based on measurements of the age
and offset of stream channels. Compared with the relatively fast slip rate of the Haiyuan fault (~4-6 mm/yr), we
suggest that the Tianjingshan fault acts as an essential active fault accommodating the sinistral displacement and

Tectonic deformation

crustal shortening deformation in NE Tibet.

1. Introduction

The major left-lateral Altyn-Tagh and Haiyuan faults strike along
the northern and northeastern margins of the Tibetan Plateau, respec-
tively (Fig. 1A). The Tianjingshan fault splays eastward off the north
side of the Haiyuan fault (Fig. 1B) and marks the northernmost strike-
slip fault boundary associated with the northeast margin of the Tibetan
Plateau. The Tianjingshan fault is defined by a series of discontinuous
Holocene active fault traces, which extends for a distance of 240 km,
approximately from Gulang in the west to Tongxin city in the east. The
fault is divided into four sections based on fault geometry and geo-
morphology (Li and Li, 2015); from west to east, these are the northern
Changlingshan fault (N-CLF), and the western (W-TJSF), central (C-
TJSF), and eastern (E-TJSF) Tianjingshan faults (Fig. 1B). On October
14, 1709, the M 7.5 Zhongwei (Ningxia) earthquake killed > 2000
people and produced a left-lateral surface rupture ~30-60 km long
along a portion of the central Tianjingshan fault (C-TJSF) (W.Q. Zhang

et al., 1988; Zhang et al., 2015; Fig. 1B). Numerous studies have de-
scribed the well-preserved surface ruptures (Nie and Lin, 1993; W.Q.
Zhang et al.,, 1988), established the average recurrence intervals
(2000-4000 yr, Min et al., 2001; Zhou and Liu, 1987; Wang et al.,
1990), and defined the slip rates (~2 = 0.5 mm/yr; Chai et al., 1997,
Li, 2005) of the C-TJSF.

The 60-km-long western Tianjingshan fault (W-TJSF) has received
less attention than the C-TJSF. Chai et al. (2003) observed that the W-
TJSF traverses, but does not cut, the Great Wall of China (built in 1598
CE during the Ming Dynasty) and with geomorphic observations con-
cluded that the most recent rupture along the W-TJSF occurred more
than 400 yr ago and did not rupture in the 1709 earthquake. The W-
TJSF has an average strike of ~N90°E and is composed of five sub-
parallel fault strands separated by pull-apart basins of different sizes
(Du et al., 2007). The individual fault strands are designated from west
to east as F1 to F5 (Fig. 1C). The average strike of the western Tian-
jingshan fault is about N90O°E. It remains unknown whether the relative
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Fig. 1. Tectonic setting of the study area. (A) Regional
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tectonic map of the study area on the Tibetan Plateau. The
black box shows the location of (B). (B) Topographic and
tectonic map of northeastern Tibet showing the major active
faults. Sections of the fault discussed in the text are labeled:
W-TJSF, western Tianjingshan fault; C-TJSF, central
Tianjingshan fault; E-TJSF, eastern Tianjingshan fault;
NCLF, northern Changlingshan fault; Red circles are epi-
centers of earthquakes (M = 3) from the China Earthquake
Networks Center catalog (and from Gu et al. (1983). The
epicenter of the 1709 M 7.5 earthquake on the C-TJSF is
highlighted. Dashed black box shows the location of (C). (C)
Active fault traces of the W-TJSF: F1, Jingtai subsegment;
F2, Guanguanling subsegment; F3, Shajing subsegment; F4,
Zhongwei subsegment; F5, Qinshan-Gushanzi subsegment.
Red bars are trenches excavated in this study. Black bars are
trenches excavated in previous studies. Numbers correspond
to trenches TC-1 through TC-10. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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scarcity of instrumentally recorded earthquakes along the W-TJSF,
between Luotuoshui and Gushanzi (Fig. 1B and C), implies that the fault
is locked, and therefore might pose a significant potential seismic ha-
zard to the heavily populated Jingtai and Zhongwei regions, or reflects
that the fault is experiencing a seismically calm period, and would not
produce a large earthquake in the near future.

In this paper, we present geomorphic evidence of repeated slip at
more than 16 sites along the traces of the western Tianjingshan fault
(W-TJSF). We then combine new paleoseismic observations, obtained
by trenching, with previously reported observations (Chen et al., 2006;
Du et al., 2007; Unpublished results, IGCEA et al., 2003; Min et al.,
2001) to interpret the past rupture history and the recurrence intervals
of large surface-rupturing earthquakes on the W-TJSF. Additionally, we
measure the age and offset of an older stream channel to estimate the
W-TJSF slip rate. The results provide a basis to discuss the behavior of
the fault within the context of existing earthquake recurrence models
and the tectonic role of the fault along the northeast margin of the
Tibetan Plateau.

2. Methods

We measured offset geomorphic features along the W-TJSF using
tape measures and laser rangefinders in the field, as well as Google
Earth imagery, and structure-from-motion (SfM) models
(Supplementary Material S1 and Figs. S1-S3). Fault traces F3 and F5
are typically modified by surface mining, so our measurements are
limited to those made along segments F1, F2, and F4. The offset mea-
surement results are presented in Section 3.1. Five trenches (TC-1, TC-
2, TC-5, TC-6, and TC-7) were excavated, using both hand tools and
machine excavators, across the active fault scarps, mainly along the F1,
F2, and F4 segments. The location of each trench is shown in Fig. 1C.
Before trenching, the fault-trace geometry and surface geomorphic
units were mapped and topographic profiles were measured across the
fault scarps at each site. The walls of each trench were scraped and
cleaned and the exposures were marked with a 1-m string grid prior to
logging. The sedimentary layers in each trench were differentiated as

individual units based on color, grain size, sorting, texture, bedding
thickness, and other features such as liquefaction (Table S1). The se-
quence of ground-rupturing events was then defined on the basis of
stratal cross-cutting relationships, sediment thickness changes, soft-se-
diment deformation, fissures, and sand liquefaction. In each trench, the
interpreted paleoearthquakes are designated as E1, E2, etc., with E1
being the youngest. Optically stimulated luminescence (OSL) ages of
sediment samples collected from the trenches are used to constrain the
ages of the stratigraphic units, and hence the interpreted events. All
samples were processed and analyzed in the Luminescence Dating La-
boratory at the State Key Laboratory of Earthquake Dynamics, Institute
of Geology, China Earthquake Administration (CEA), Beijing, using
conventional pretreatment techniques (see Lu et al. (2007) and Yang
et al. (2012) for the detailed experimental procedures). The OSL results
and details of methodology are summarized in Supplementary Material
S1 and Table S2.

3. Results
3.1. Geomorphic evidence for paleoearthquakes from offset measurements

Numerous offset geomorphic features can be observed, both in the
field and from Google Earth imagery, along the W-TJSF. For example,
Fig. 2 shows that a series of stream channels emerging from small hills
composed of late Neogene and early Pleistocene sediments are dis-
placed by the fault. The enlarged circles in Fig. 2 indicate recent left-
lateral stream offsets. As a result, these offset features of different sizes
offer us a good opportunity to better document the seismic behavior
and the occurrence of past large earthquakes on the W-TJSF.

The 240 offset measurements are summarized in Supplementary
Table 3. To quantitatively determine the relationship between along-
strike offset distribution and individual paleoearthquakes, we plot our
offset measurements as a function of distance along each fault segment
(Fig. 3A). In Fig. 3A, symbols with shaded background connected by
vertical dashed lines are measurements of multiple offsets made at the
same site; whereas, sites exhibiting only one single offset are marked by
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Fig. 2. Geological and geomorphological features of the W-TJSF. (A) Geological map and fault traces of the W-TJSF. Modified from Unpublished results, IGCEA et al. (2003). Small black

boxes show the geomorphological mapping areas in B-E. (B-E) Surficial geologic maps produced using Google Earth imagery and field observations. Circles a-h, located in the lower-left
corners of (B)-(E) show enlarged maps of left-laterally displaced stream channels at sites marked by dashed black circles a’~h’ in respective subfigures.

unconnected symbols without a shaded background. The sum of the rupturing the entire 60-km length of the W-TJSF. This interpretation is

observations in Fig. 3A is plotted as a histogram in Fig. 3B. We observe based on the observation that earthquake ruptures appear to propagate
peaks in the histogram, separated on average by 3-4 m, and interpret easily across 3-4 km releasing steps (Wesnousky, 2006) and is sup-
that each peak may represent the occurrence of a large earthquake ported by our trenching results, which show that at least the most
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Fig. 3. Relationship between stream offset distribution and individual paleoearthquakes along the strike of the W-TJSF. (A) Plot of 240 horizontal offset measurements distributed as a
function of distance along strike for the three major subsegments of the W-TJSF. Offset values are color coded to highlight displacements interpreted as resulting from the same number of
paleoearthquakes. Vertical dashed lines and symbols with shaded background indicate sites with repeated offset at the individual site. (B) Frequency counts for the 240 offset mea-
surements (see Supplementary Table 2), calculated using a non-overlapping sliding window in steps of 1 m, and histogram showing the number of offsets per m displacement. Each peak
(~3,6,9,12, 16, and 20 m) on the fitting curve is interpreted to represent the average offset of multiple earthquakes. The difference between average peak values is approximately 3 m.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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recent earthquake ruptured the entire W-TJSF (see Section 4). In ad-
dition, a similar peak spacing was observed for other faults and was
interpreted as the average slip during each earthquake (e.g. Klinger
et al., 2011; Zielke et al., 2010), so we infer that similar fault behavior
may occur on the W-TJSF. The smallest observable offsets are inter-
preted to correspond to the most recent earthquake, as evidenced by a
stream channel that was left-laterally displaced by 2.7 m across the
newly-ruptured fault strand f3 exposed in TC-5 trench (see Section
3.2.2), and successively larger offset groups are interpreted to record
the cumulative slip of prior events. These interpretations assume that
the production rate of geomorphic features capable of recording fault
offset is much higher than the frequency of surface-rupturing earth-
quakes (Zielke et al., 2015). The 129 single-event offsets, attributed to
the most recent earthquake, record an average coseismic slip of
3 = 1.5m. Consequently, the distinct peaks at ~6 and ~9 m may
represent the penultimate and antepenultimate earthquakes due to re-
petition of earthquakes producing ~3 m coseismic offsets. Peaks at
~12, ~16, and ~20 m are likely the result of the cumulative slip of
four to six entire-W-TJSF-rupturing earthquakes. Despite the un-
certainty arising from the decreasing number of larger offset measure-
ments, our observations appear to support the idea that the slip dis-
tribution is similar for each repeated earthquake along the W-TJSF.

3.2. Paleoseismic evidence from trenching investigations

To assess the timing of earthquakes responsible for each peak in the
histogram shown in Fig. 3B, we use the structural, stratigraphic, and
OSL age relationships observed in the five trenches (TC-1, TC-2, TC-5,
TC-6, and TC-7) excavated across the fault (Fig. 1C). Trench sites TC-2,
TC-5, and TC-7 are described in the sections below (see Supplementary
Material S2 and Figs. S4-S6 for detail of TC-1 and TC-6). Detailed de-
scriptions of the sedimentary units in the trench exposures and the OSL
ages of all samples collected from the trenches are summarized in
Supplementary Tables 1 and 2, respectively.

3.2.1. TC-2

The location and geomorphic context of trench site TC-2 are shown
in Figs. 1C and 4C. The trench log presented in Fig. 5 shows a sequence
of alluvial layers overlain by finer-grained aeolian loess. The
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sedimentary sequence is cut by four fault strands: f1, f2, {3, and f4. The
stratigraphic and tectonic relationships appear to show only a single
earthquake displacement in the TC-2 trench. This event produced
folding and thrust faulting of units U1-1/2, U1-2, and U1-3 along fault
zone f3-4, which dies out upwards in unit U1-4; these units are overlain
by undeformed unit U2 (Fig. 6A). The E1 event has also been identified
as the termination of fault zone f1-2 in unit U1-4 toward the top of the
exposed surface (Fig. 6B). Although we cannot completely rule out the
possibility that f3-4 displacement may represent an event older than f1-
2 displacement in the TC-2 trench, it is more likely that fault strands f1,
f2, 3, and f4 ruptured simultaneously because in trench TC-1, ap-
proximately 200 m west of trench TC-2, only one earthquake dis-
placement is similarly observed. Sample TISH-50, taken from the base
of unit Ul-4, gave an 4.4 + 0.3 kyr BP, which represents the upper
limit of the event horizon; sample TJSH-51, taken from the top of unit
Ul-4, gave an age of 0.2 + 0.1 kyr BP, which indicates the lower
chronological limit for the most recent earthquake (E1). Therefore, E1
is likely to have occurred within 0.2-4.4 kyr BP.

3.2.2. TC-5

At this trench site (location shown in Figs. 1C and 7A and B), the
fault trace strikes S105°E and can be recognized on satellite imagery as
well as in the field as a clear, single, linear trace that offsets a large
number of streams along the Guanguanling subsegment (F2). We ex-
cavated a 14-m-long trench across a south-facing scarp, located ap-
proximately 700 m east of Majiajing, on the F2 subsegment. At this site,
the fault trace cuts across a late Pleistocene-Holocene alluvial fan, and
left-laterally displaces a young stream by ~2.7 m and an older stream
by ~11.7 m to the west of our trench (Fig. 7C). Here, the scarp height is
up to ~0.80 m, varying along strike between approximately 0.3 and
2.8 m, and the trench exposes, from oldest to youngest, a sequence of
late Pleistocene and Holocene sedimentary layers, designated as units
U1 through U11 (Fig. 8). The sequence is cut entirely or in part by seven
fault strands, designated as f1 to f7 (Fig. 8).

We identified at least four paleoseismic events, designated as E1, E2,
E3, and E4 as a function of increasing age, and we discuss here the
evidence for each event in chronological order. The main fault zone
consists of fault strands f3 to f7, all showing generally down-to-the-
south displacement. Strand f3 extends highest in the section to where it
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s e o8 ot Pressure ridge
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Fig. 4. Geomorphological mapping and features of the westernmost portion of F1 (Jingtai subsegment). (A) Morphotectonic map showing the fault trace, geomorphological units, and
stream channels. Note that the fault trace terminates near the pressure ridge and the Great Wall (1598 CE) was not faulted by the surface trace. Location is shown in the lower-left corner
sketch map. Black bars indicate the trench locations shown in (B) and (C). (B) Photograph showing the fault scarp truncating the youngest alluvial fan, trench site TC-1 (37.393046°N,
103.938413°E), and the relation between fault trace and the Great Wall. (C) View of north-facing scarp with a height of ~1 m and trench site TC-2 (37.392895°N, 103.940273°E).
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Fig. 5. Trench logs and dated stratigraphy of the east (A) and west (B, reflected) walls of TC-2. Red lines mark the faults, which form two major fault zones. The stratigraphy of TC-2 is
similar to that observed in TC-1 (see detail in Table S1). Stratigraphic positions of OSL samples are shown by black circles. Dashed corners on the east wall of the trench (A) define areas
that are further enlarged in Fig. 6 to show details of the stratigraphic units and cross-cutting relationships. See Section 3.2.1 for descriptions of evidence for the interpreted earthquake
event E1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Photomosaic of part of the west wall of TC-2 showing evidence for the interpreted earthquake event E1. (A) Fault strand f3-4, which folded units U1-1/2 to U1-3 and terminated
within U1-4, provides evidence for E1. (B) Further evidence for E1 is provided by fault strand f1-2, which ruptured the ground surface. Note that the total vertical displacement of E1 is
approximately 1 m, consistent with that measured across the fault scarp, suggesting that the youngest alluvial fan may only record the most recent earthquake event.

is capped by a thin unbroken layer, unit U11, and thus records the most
recent displacement, paleoearthquake E1 in the exposure. OSL ages for
samples taken from the unbroken unit Ul1l and the broken layer U10
place the time of last displacement on f3 at between 1.7 + 0.2 kyr BP
(TJSH-66) and 3.5 * 0.4kyr BP (TJSH-29). The apparent vertical
offset on f3 is approximately 0.1-0.15 m across units U4 to U10, but the
sense of displacement reverses and unit thicknesses vary across f3 in the
lower units Ul and U3, suggesting that a component of the offset is

308

strike-slip.

The penultimate earthquake (E2) is recorded by fault strands f4 and
f6, which project upward and offset the base of unit U9, but do not
offset the upper contact of unit U9. The lower contact of U10 is flat,
suggesting that some amount of erosion of U9 occurred before U10 was
deposited. Assuming that OSL sample TJSH-28, taken from the base of
U9, was deposited prior to the last displacement on f4 and f6, it is in-
terpreted that displacement on f4 and f6 occurred simultaneously after
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104°13'

Alluvial fan

Fig. 7. Geomorphological mapping and features of the central portion of F2 (Guanguanling subsegment). (A) Google Earth imagery showing the central portion of F2, with precision of
10 m. (B) Corresponding morphotectonic map showing the fault trace, geomorphological units, and stream channels. Location is shown in the lower-left corner sketch map. Black box in
the lower-left corner map indicates the trench location shown in (C). (C) Topographic map showing the fault scarp, offset channels, and TC-5 trench site. Contour interval is 0.2 m. Profiles
(P1 and P2) across the fault zone show that the height of the scarp is ~0.8 m. (D) North-looking view of the interpreted faulted landscape at the trench site (37.425573°N, 104.186135°E).
The alluvial fan is incised by the older (left) and younger (right) stream channels. Location of pit OSL sample TJSH-65 is shown by the black circle and arrow.

8.9 = 0.8 kyr BP (TJSF-28) and before 3.5 * 0.4 kyr BP, which is the
age of sample TJSH-29 taken from the base of overlying unit U10
(Figs. 8 and 9A).

Displacements on fault strands f1 and f2 are interpreted to record an
antepenultimate event (E3). Each strand projects upward from the base
of the trench into the footwall and displaces the base of unit U7 where,
together, they form a buried graben (Figs. 8 and 9B and C). However,

neither strand f1 or f2 projects through to the upper contact of unit U7.
The age of displacement on strands fl1 and f2 clearly postdates de-
position of unit U6, dated at 25.6 * 1.4 kyr BP from OSL sample TJSH-
31. Placing an upper bound on the timing of the antepenultimate event
is problematic. The deposition of OSL sample TJSH-59, near the base of
unit U7, may have occurred either before or after the displacement on
underlying faults fl1 and f2, and its position with respect to the fault

TJSH-66

East Wall IA_

| TJSH-29
35:04 kyr BP 1 oo
8.9:0.8 kyr BP .

8 10 12 14

Fig. 8. Trench logs of the east (A) and west (B, reflected) walls of TC-5, depicting the stratigraphy and deformation associated with the interpreted earthquake events, E1 through E4.
Faults are shown with thick red lines. Sedimentary units are indicated by different colors and are labeled numerically (see detail in Table S1). Stratigraphic positions of OSL samples are
shown by black circles. Liquefaction is only observed on the east wall; note how U5 is deformed. Dashed corners correspond to the outlines of photographs in Fig. 9. See Section 3.2.2 for
descriptions of the evidence for the individual earthquake events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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displacement is not clear. Additionally, the age of OSL sample TJSH-59
(29.2 * 1.4 kyr BP) is stratigraphically inverted with the younger age
of OSL sample TJSH-31 (25.6 = 1.4 kyr BP) in sediment clearly broken
by faults f1 and f2. If sample TJSH-59 in unit U7 was deposited after
displacement on faults f1 and f2, it may at best be interpreted that the
antepenultimate displacement occurred somewhere around 25-29 kyr
BP.

The oldest earthquake (E4) is indicated by a fault-controlled wedge,
unit U5, filled with coarse sand and fine-grained pebbles within unit
U4-3; the lower part of this wedge links to liquefied strata of unit U3 via
a tube-like dike (Figs. 8 and 9D). The lower contact of the overlying
unit, U6, is well-preserved and is expressed as a continuous, flat, silty
layer, showing no noticeable liquefaction effect. In addition, strati-
graphic thickness changes of units Ul and U3 across f3 indicate that an
older strike-slip displacement may also have occurred on f3. Therefore,
the oldest earthquake can reasonably be inferred to have occurred
sometime between the deposition of unit U4-3 and unit U6.

The sequence of displacement and accompanying erosion in the
trench is summarized in Fig. 10. The cumulative vertical displacement
of all the earthquake horizons is ~0.85 m, consistent with the scarp
height (0.77 = 0.03 m) obtained from topographic survey profiles
across the main fault zone. From this observation, it may be inferred
that trench TC-5 preserves a complete record of paleoseismic events
since E4.

3.2.3. TC-7

The TC-7 trench is located approximately 300 m south of the
Dingwu Highway, which runs subparallel to the east-west trending
fault trace (Figs. 1C and 11A). At the trench site, the surface trace of the
Zhongwei subsegment (F4) follows the boundary between Neogene
bedrock and late Quaternary sediments (Fig. 11A). The TC-7 trench is
approximately 13 m long and was excavated across a discrete scarp that
accommodated up to 3 m of south-side-up vertical slip (Fig. 11B-D).
Exposed within the trench are four steeply dipping faults, designated as
f1, f2, £3, and f4. The southernmost fault, f1, is confined within the
Neogene bedrock. The remaining three fault strands break through and
are associated with a sequence of late Pleistocene-Holocene colluvial
and fill deposits, designated as units U2 through U7. Unit descriptions
accompanying the trench log are shown in Supplementary Table 1. The
structure and stratigraphy are interpreted to record six pa-
leoearthquakes.

310
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Fig. 9. Photographs of parts of the east and west walls of
TC-5, showing evidence for the interpreted earthquake
events, E1 through E4. (A) The fault f3 that offsets unit U7
(left side) provides the evidence for E1. E2 is characterized
by several fault strands offsetting and folding the well-
layered strata (right side). (B and C) Evidence for E3 is in-
dicated by small grabens on both walls of the trench. (D)
Liquefaction of unit U5 provides the evidence for E4, which
is the oldest earthquake revealed in this trench.

The most recent paleoearthquake (E1) is evident from the pre-
servation of a wedge-shaped colluvial deposit (U7-1) bounded to the
south by fault f2 (Fig. 12). This event occurred after deposition of units
U6-2 and U5. OSL ages of samples TJSH-36, -37, and -38, taken from
units U6-2 and U5, range from 8.2 *= 0.5 kyr BP to 11.0 = 0.9 kyr BP
and place a maximum bound on the age of E1. A penultimate event (E2)
is recorded by another colluvial wedge unit U6-1, also bounded to the
south by fault f2 (Fig. 12). Formation of the colluvial wedge unit, U6-1,
occurred prior to deposition of the overlying unit, U6-2, and after de-
position of the directly underlying unit, U5. The OSL age of sample
TJSH-36, taken from overlying unit U6-2, is 11.0 * 0.9 kyr BP. The
OSL ages of samples TJISH-37 and TJSH-38, taken from underlying unit
U5, are 9.9 = 0.5 kyr BP and 8.2 + 0.5 kyr BP, respectively. The ages
of the underlying and overlying units are stratigraphically inverted. We
assume that the older age of sample TJSH-36 is due to incomplete light
exposure. Considering this assumption, the E1 and E2 paleoearthquake
displacements postdate approximately 9.9 * 0.5kyr BP. An ante-
penultimate event (E3) is recorded by rupture of the base of unit U5
along fault strands f3 and f4. OSL samples TJSH-37 and TJSH-38 place
the age of the lower portion of unit U4 somewhere around
9.9 + 0.5kyr BP and 8.2 + 0.5 kyr BP, respectively; therefore, the
antepenultimate event occurred after ~9.9 + 0.5 kyr BP. In this re-
gard, the trench exposure records three earthquake displacements since
~9.9 = 0.5 kyr BP, but provides no unique information to place either
upper or lower bounds on the timing of each displacement.

An older paleoearthquake (E4) is recorded by colluvial wedge unit
U4. Formation of colluvial wedge U4 postdates deposition of unit U3-2,
which is dated at 24.3 + 2.1 kyr BP (OSL sample TJSH-61), and likely
predates the depositional age of OSL sample TJSH-38 (8.2 = 0.5 kyr
BP) in unit U5. A small fissure-fill-colluvial deposit unit U3-1, which
abuts fault strand f3, is interpreted to record an even older pa-
leoearthquake (E5). The deposition of unit U3-1, and thus the age of E5,
postdates deposition of unit U2-3, which has an age of approximately
32,5 + 1.3kyr BP to 28.1 + 1.6 kyr BP (OSL ages of samples TJISH-
49 and -39, respectively) and predates the depositional age of unit U3-
2, dated at 24.3 + 2.1 kyr (TJSH-61). The colluvial wedge deposit U2-
1, abutting fault strand f2, records the oldest paleoearthquake (E6)
interpreted in the trench exposure. We have no OSL ages to place a
maximum bound on the timing of E6. The 32.5 = 1.3 kyr BP age of
OSL sample TJSH-49, taken from unit U2-3, places a minimum bound
on the age of event E6.
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Fig. 10. Possible restoration of the stratigraphy on the east wall of
trench TC-5, showing the deformation associated with events E1 to E4.
(A) Present-day situation after the deposition of U11; (B) E1, rupturing
of the most recent earthquake along 3 and fault scarp formation; (C)
Deposition of U10; (D) Erosion of U9 on the upthrown wall and de-
position of U9 on the downthrown wall; (E) E2, rupturing of the pe-
nultimate earthquake along f4-f7 simultaneously and geomorphic

2m scarp formation; (F) Successive deposition of U7-U9; (G) E3, forma-
2m tion of small extensional graben between f1 and f2; (H) Deposition of
U6; (I) E4, liquefaction and fault-controlled sand funneling and
channeling; (J) Possible original situation and the successive deposi-

E1 tion of U2-U4.
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Six of the interpreted events, E1 through E6, appear to be large
surface-rupturing earthquakes. The cumulative vertical displacement
for these paleoearthquakes is approximately 3.2 m, determined through
restoration of the strata deposited before and after each event (Fig. 13),
which is consistent with the scarp height of 3.17 + 0.3 m obtained
from topographic survey profiles across the main fault zone. Therefore,
trench TC-7 likely records a complete sequence of paleoseismic events
since E6.

3.3. Slip rate estimation of the western Tianjingshan fault

A displaced stream channel near the TC-5 trench site (Fig. 7) affords
an opportunity to establish the fault slip rate. There are two stream
channels incised into the hanging wall at this site (Fig. 14). The eastern

of the two hanging wall channels is only ~30 m long, narrow in width,
and is not well developed, as evidenced by a knickpoint at its head
where headward erosion is actively migrating up the faulted alluvial fan
surface (Fig. 7D). The older stream channel within the alluvial fan at
this site extends ~700 m upward into Pleistocene alluvial deposits and
downstream to where it feeds into the Majiajing River (Fig. 7B). The
two drainages join in the footwall. The smaller channel displays a 2.7 m
left-lateral offset in the channel wall. The older channel in the hanging
wall is offset by approximately 11.7 = 0.5 m (Fig. 14B). Support for
the correlation and offset is further found in the observation that the
profiles of the older stream channel on both sides of the fault match
very well. In addition to the horizontal offset, vertical offsets of
0.74 = 0.12m and 0.80 = 0.12m are obtained by measuring the
offsets of two topographic profiles across the north-side-up fault scarp
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Fig. 11. Geomorphological mapping and features of the central portion of F4 (Zhongwei subsegment). (A) Morphotectonic map showing the fault trace, geomorphological units, and
stream channels. Location is shown in the lower-left corner sketch map. Black bar shows the location of trench TC-7 (37.441709°N, 104.403813°E). (B) 3-D model showing the fault scarp
and trench site, created using high-resolution differential GPS (DGPS) surveying. Profiles (P1 and P2) across the fault zone show scarp heights of ~3.46 m and ~ 2.87 m, respectively. (C)

South-looking view of the fault scarp and TC-7 trench site. Location is shown in (A).
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Fig. 12. Trench log of the west wall of TC-7, depicting the stratigraphy and deformation associated with the interpreted earthquake events, E1 through E6. Red lines indicate fault strands.
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3.2.3 for descriptions of the evidence for the individual earthquake events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

(Fig. 7C). The alluvial fan surface into which the 11.7-m-offset channel
incises is capped by an ~0.5 m thick layer of loess. We interpret that
the alluvial deposits at the base and below the loess layer represent the
times of stream incision initiation and fan surface abandonment, re-
spectively. An OSL sample (TJSH-65; Supplementary Table 2), collected
in a ~0.8 m hand-excavated hole at the topmost section of the sand
layer on the alluvial fan (Figs. 7D and 14A), places the age of aban-
donment at 10.7 = 1.0 kyr BP. This age places a maximum bound on
the time at which the larger stream was incised and began to record
lateral offset. Dividing the observed 11.7 + 0.5 m offset by the age of
fan abandonment at 10.7 + 1.0 kyr BP places a minimum value on the
fault slip rate equal to 1.1 *= 0.1 mm/yr. Similarly, the vertical fault
slip rate is estimated at 0.2 = 0.1 mm/yr.

312

4. Discussion

The observations from our trenching studies are summarized in the
form of a space-time diagram in Fig. 15. The relative location of each
trench along the fault zone is marked along the horizontal axis and the
boxes show the temporal constraints on the timing of earthquakes we
obtained from our trenching studies. Other researchers have also con-
ducted trenching studies along the fault (Chen et al., 2006; Du et al.,
2007; Unpublished results, IGCEA et al., 2003; Min et al., 2001) and
their results are included in the plot in Fig. 15. Within the limits of
dating paleoearthquakes at each site, the data allow us to infer that the
entirety of the fault zone ruptured during the most recent earthquake.
The period 1.1-1.3 kyr BP, corresponding to the thickness of the red
line in Fig. 15, is the single time period that satisfies the timing of the
most recent paleoearthquake at the 10 trench sites. If this is true, the
majority of data allow us to suggest that the most recent event occurred
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Fig. 13. Possible restoration of the stratigraphy on the west wall of
trench TC-7, showing the deformation associated with events E1 to E6.
(A) Present situation after the deposition of U7-2; (B) Post-faulting
deposition of U7-1; (C) E1, rupturing of the most recent earthquake
along f2; (D) Deposition of U6-2; (E) Post-faulting deposition of col-
luvial wedge unit U6-1; (F) E2, rupturing along f2 and scarp forma-
tion; (G) Continuous deposition of U5 after earthquake event E3; (H)
E3, rupturing along f3 and f4; (I) Earlier deposition of U5; (J) Post-
faulting deposition of colluvial wedge unit U4; (K) E4, rupturing along
= f2 and scarp formation; (L) Deposition of U3-2 and U3-3; (M) Post-
faulting deposition of fissure-fill colluvium unit U3-1; (N) E5, rup-
turing along f3; (O) Deposition of U2-2 and U2-3; (P) Post-faulting
deposition of colluvial wedge unit U2-1; (Q) E6, rupturing along f2
and scarp formation; (R) Possible original situation.

approximately between 1.1 and 1.3 kyr BP, and not at the same time as
the historical 1709 earthquake that has been documented on the C-TJSF
(Nie and Lin, 1993; W.Q. Zhang et al., 1988; Zhang et al., 2015;
Fig. 1B). Though numerous trenches have now been excavated along
the W-TJSF, constrains on the timing of the penultimate and older
earthquakes remain limited. The largest number of paleoearthquakes is
observed in trench TC-7, where six surface-rupturing earthquakes are
recorded over the last ~ 35 kyr. If these values are representative of the
entire W-TJSF, and the fault always breaks in its entirety, it appears
that the average return time of surface-rupturing earthquakes is ap-
proximately 5000 yr. If the fault does not always break along its entire
length, then the occurrence rate of surface-rupturing earthquakes will
accordingly be more frequent, and their rupture lengths and magni-
tudes respectively smaller.

The length of the W-TJSF (e.g., Fig. 1C) provides a basis to place
limits on the size of past earthquakes on the fault zone. The length of
the W-TJSF is approximately 60 km. If it is assumed that the entire fault
ruptures, one may use published scaling relationships between
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earthquake magnitude and rupture length. Using the regressions of
Wells and Coppersmith (1994) and Wesnousky (2008), entire rupture of
the W-TJSF will produce an earthquake of magnitude and moment
equal to 7.15 and 6.3 x 10%° dyne-cm, respectively. The same approach
can be used with the measures of repeated offset summarized in Fig. 3,
which suggests that offsets average ~3 m when the W-TJSF ruptures.
Using the regressions of Wells and Coppersmith (1994) and Wesnousky
(2008), a rupture with average surface offset of ~3 m corresponds to an
earthquake of magnitude and moment equal to 7.47 and 3 x 10%”
dynecm, respectively. One may also compute the expected seismic
moment of an earthquake rupturing the entire 60 km length of the W-
TJSF. The formulation for seismic moment = uLWD, where y is the
crustal rigidity (3 x 10'! dyne/cm?), L is the fault length, W is the fault
width, and D is the average displacement. Assuming that the fault width
is 15km (Gao et al., 2013), which is the approximate depth of the
seismogenic layer for continental earthquakes, the length is 60 km, and
the average displacement is 3 m, the expected seismic moment is
8.1 x 10*® dyne-cm, or Mw = ~7.2.
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The slip rate of > 1.1 mm/yr we calculate for the segment of the
western Tianjingshan fault is comparable to fault slip rates of
~2.5mm/yr and 0.7-1.6 mm/yr proposed by previous studies on the
central and eastern segments of the Tianjingshan fault, respectively
(Chai et al., 1997; Li, 2005). These values are also in agreement with
the present-day GPS velocity of ~1-1.3 mm/yr along the Tianjingshan
fault (Gan et al., 2007; Li et al., 2009; Zheng et al., 2013). Results from
deep seismic reflection profiles suggest that the Tianjingshan fault de-
veloped as a result of northeastward migration of a large thrust ramp,
and that it merges with, and initiated subsequent to the Haiyuan fault,
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dipping SW at shallow angle in the middle-lower crust (Gao et al.,
2013). Thus, the Tianjingshan fault and the Haiyuan fault together
accommodate left-lateral slip and crustal shortening along the north-
easternmost margin of the Tibetan Plateau deriving from the collision
and subsequent indentation of India into Eurasia. The left-lateral
Haiyuan and Altyn Tagh faults are inferred to be major intracontinental
boundary faults that control the eastward extrusion of rigid blocks, with
poorly constrained geologic slip rates of ~12-20 mm/yr and
~20-30 mm/yr, respectively (Gaudemer et al., 1995; Lasserre et al.,
1999, 2002; Meyer et al., 1998; Mériaux et al., 2004, 2005; Peltzer
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et al., 1989). However, numerous geologic (e.g., Cowgill, 2007; Cowgill
et al., 2009; Li et al., 2009; Yuan et al., 1998; P.Z. Zhang et al., 1988;
Zhang et al., 2007), GPS (e.g., Bendick et al., 2000; Li et al., 2009;
Loveless and Meade, 2011; Shen et al., 2001; Thatcher, 2007; Wallace
et al., 2004; Zhang et al., 2004; Zheng et al., 2013), and InSAR (e.g.,
Cavalié et al., 2008; Elliott et al., 2008) studies suggest that the slip
rates of the Haiyuan and Altyn Tagh faults are ~4-6 mm/yr and
~10 mm/yr, respectively. It is important to note that the sum of the
slip rates of the Tianjingshan fault and the Haiyuan fault (5-7 mm/yr)
is only ~30-50% of that assumed in the eastward extrusion model, and
the same is true along the Altyn Tagh fault. Therefore, our observations
are more likely to favor a lower slip-rate model, whereby crustal de-
formation in NE Tibet not only partitions along major strike-slip faults,
but may also be accommodated by internal ductile deformation.

5. Conclusions

Our offset measurements record up to six surface-rupturing events
on the W-TJSF, with a similar coseismic slip of 3-4 m for successive
earthquakes. Trenching investigations along the W-TJSF further suggest
that approximately six paleoearthquakes may have occurred during the
last 35 kyr, with an average Holocene earthquake recurrence interval of
~5000 yr. The most recent earthquake on the W-TJSF occurred
~1.2 = 0.1 kyr BP, indicating that the W-TJSF did not experience
surface rupture during the 1709 earthquake that is known to have
ruptured the C-TJSF. Here, we provide the first quantitative slip-rate
estimate (1.1-1.2 mm/yr) for the W-TJSF. The relatively high slip rate
of the Tianjingshan fault shows that it is important in accommodating
the sinistral displacement and crustal shortening deformation in NE
Tibet.
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