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Abstract The dextral Longriba fault system (LFS), ~300 km long and constituting of two fault zones, has
recently been recognized as an important structure of the eastern Tibetan plateau (Sichuan province), as
it accommodates a significant amount of the deformation induced by the ongoing Indo-Asian collision.
Although previous paleoseismological investigations highlighted its high seismogenic potential, no
systematic quantification of the dextral displacements along the fault system has been undertaken so far.
As such information is essential to appraise fault behavior, we propose here a first detailed analysis of
the segmentation of the Longriqu fault, the northern fault zone of the LFS, and an offset inventory of
morphological features along the fault, using high-resolution Pleiades satellite images. We identify six
major segments forming a mature fault zone. Offsets inventory suggests a characteristic coseismic
displacement of ~4 m. Two alluvial fans, with minimum ages of 6.7 and 13.2 ka, respectively displaced by
23 £7m and 40+ 5m, give an estimate of the maximal horizontal slip rate on the Longriqu fault of

32+ 1.1mmyr " As a result, a minimum ~1340 year time interval between earthquakes is expected.

1. Introduction

Although the eastern margin of the Tibetan plateau undergoes deformation related to the ongoing Indo-Asian
collision [Molnar and Tapponnier, 1977], it experiences slow intracontinental strain rates [e.g., Shen et al., 2009].
For decades, a misinterpretation of the slow deformation, inferred from geodetic measurements, led to an
important underestimation of the seismic hazard over this area [e.g., Thompson et al., 2015]. The 2008 M,, 7.9
Wenchuan and 2013 M,, 7.0 Lushan earthquakes, which ruptured two main oblique reverse dextral faults in
the Longmen Shan (Figure 1), testify of the high seismic potential of the eastern Tibetan margin. The 300 km
long dextral Longriba fault system (LFS), located ~200 km northwest of the Longmen Shan and oriented parallel
to the frontal range, has been recently identified as a major intracontinental structure [Xu et al., 2008; Shen et al.,
2009; Guo et al., 2015] (Figure 1). Paleoseismological studies suggest that the LFS could produce M,, > 7 earth-
quakes [Xu et al, 2008; Ren et al., 2013a, 2013b]. However, the seismogenic behavior of the LFS remains
presently poorly known: no detailed segmentation map has been produced at local scale (~10km down to
10 m), and no systematic quantification of along-fault coseismic or cumulative horizontal displacements has
been undertaken.

Fault segmentation mapping is an essential preliminary step in understanding fault maturity and behavior.
Fault segmentation can affect rupture initiation, propagation, and arrest, and thus earthquake magnitude
and slip distribution, with slip models that may differ from one segment to another [e.g., Schwartz and
Coppersmith, 1984; Walsh and Watterson, 1988; Sibson, 1989; Wells and Coppersmith, 1994; Bellier et al., 19971.
Simultaneously, inventories of offset geomorphological markers can provide valuable insights into the
long-term, along-strike fault slip distribution. Several studies show that multiscale displacement inventories
allow to decipher single-event slip from cumulative displacements [e.g., Barka, 1996; van der Woerd et al.,
2002; Zielke et al., 2010, 2015; Klinger et al., 2011]. Moreover, the along-strike fault cumulative displacement
pattern can constrain whether or not fault segments are independently rupturing during earthquakes [e.g.,
Schwartz and Coppersmith, 1984; Klinger et al., 2005; Ren et al., 2015]. Such information on geometrical and
displacement characteristics of faults is important to derive generic properties and improve our understanding
of rupture process and seismic cycle [e.g., Wesnousky, 2008; Manighetti et al., 2005].
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Figure 1. (left) Shaded elevation model of the eastern Tibetan plateau. Arrows are GPS velocities (error ellipses represent 70% confidence) referred to the Sichuan basin
[Shen et al., 2009]. (right) Structural map. Earthquakes come from the U.S. Geological Survey catalog. Seismic events of M,,4 were plotted only nearby the LFS area

to avoid the M,,4 replicates associated to the Wenchuan and Lushan earthquakes. B.F: Beichuan fault. G.F: Guanxian fault. L.F: Longriqu fault. M.F: Maoergai fault. T.F:
Tazang fault. W.F: Wenchuan fault. Bold lines represent active faults.

Laser techniques and satellite image analysis of fault zone morphology have highly improved the quantification
of earthquake-related displacements along faults [Siame et al., 1996; Bellier et al., 2001; Fu et al., 2004; Biirgmann
et al., 2006; Klinger et al., 2011; Gold et al., 2013; Ren et al., 2015]. Along strike-slip faults, where human and
climatic impacts are limited over a short timescale, surface rupture and associated geomorphic features can
be remarkably preserved and mapped from such approaches. The systematic use of high-resolution images
to retrieve fault slip history and distribution has been developed along the high slip rate San Andreas fault,
where warm and dry climatic conditions favor the preservation of displaced geomorphic marker [e.g.,
Wallace, 1968; Gaudemer et al., 1989; Arrowsmith and Zielke, 2009]. This method has been increasingly applied
to the main seismogenic strike-slip faults of Asia [van der Woerd et al., 2002; Dominguez et al., 2003; Harkins et al.,
2010; Klinger et al., 2011]. However, as paleoclimate changes are not evenly recorded along Asian faults, the con-
ditions in which offsets form and evolve remain poorly understood. Likewise, the interplay between climatic
changes and fault slip during the seismic cycle remains an opened question [Heki, 2001; Hetzel and Hampel,
2005, 2006; Grant Ludwig et al., 2010; Zielke et al., 2010; Godard and Burbank, 2011; Steer et al., 2014].

In order to map the LFS segmentation at 10> down to 1 m scale, we analyze high-resolution (50 cm pixel size)
images, acquired by Pleiades satellites. We focus here on the northern 80 km long section of the LFS: the
Longriqu fault (Figure 2). We first map the Longriqu fault segments, then we systematically measure dextral
displacements recorded by geomorphic markers, mostly stream channels crossing the fault perpendicularly,
to assess if we can decipher the coseismic displacement of past earthquakes. Sampling and dating of
displaced alluvial fans at two sites allow us to estimate a maximum dextral slip rate along the Longriqu fault,
which we compare with geodetically determined short-term slip rates [Shen et al., 2009] and previously
derived Quaternary dextral slip rate [Ren et al., 2013a, 2013b].

2. Seismotectonic and Geomorphological Settings
2.1. The Longmen Shan and the Longriba Fault System

The Longmen Shan and the LFS are important active structures of the eastern Tibet that find their origin
during the Paleozoic Era [Guo et al., 2015] (Figure 1). Guo et al. [2015] suggest that both structures formed

ANSBERQUE ET AL.

THE LONGRIQU FAULT 2



@ AG U Tectonics 10.1002/2015TC004070

L 7z

|:] Area of clear fault-
related topography
ke o D ;;_I‘ ~

g \southw_gstgm‘ti;i:ofthc LFS -

Surveyed sites along  Extent of Pleiades |
the Longriqu fault: images:
@ This study /
@ XuX.etal (2008) = Fault

Inferred
fault

I RenJ.etal (2013p) ===

i

N §.=

O
Y

b
!.

| AR4YE

!
M

%

Longriqu fault _—"
/—w

Nabuze river

QUATERNARY
Identified surfaces during Undifferentiated
field work: surfaces:
Metasediments Alluvial and
material glacial deposits

I:l Granitic material

Figure 2. (a) Ninety meter SRTM DEM along the 80 km long well-expressed LFS. Red arrows highlight the southwestern
zones of the LFS. (b) Regional-scale view of the two LFS zones (SRTM DEM). (c) Geomorphological map of the
study area.
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when the eastern edge of the Yangtze craton, which lies underneath from the LFS to the Sichuan basin, was a
passive margin [e.g., Roger et al., 2004; Harrowfield and Wilson, 2005]. The Longmen Shan and the LFS were
inverted during the closure of the Songpan Garze basin (Middle Triassic) [Roger et al., 2008; Pullen et al.,
2008; Guo et al, 2015]. The Longmen Shan, which represents a topographic boundary between the
Sichuan basin (500 m above sea level (asl)) and the Tibetan plateau (~4000 m asl), is composed of three main
transpressive NE trending faults: the Wenchuan, Beichuan, and Guanxian faults, accommodating most of the
convergence between the basin and the plateau (Figure 1). The LFS, parallel to the Longmen Shan, is made of
two dextral faults: the Longriqu and Maoergai faults, ~50° trending and NW dipping [X. Guo et al., 2013].

Over long timescale (>1 Ma), thermochronological data depict multiple growth phases of the Longmen Shan
with a slow and steady exhumation stage during early Cenozoic Era and rapid exhumation pulses during late
Oligocene and Miocene [Wang et al., 2012; Tian et al.,, 2013]. Across the LFS, because of the lack of data, the
million year timescale deformation history cannot be assessed. However, the LFS was reactivated during
Pleistocene time [Xu et al., 2008; Ren et al, 2013a]. Geodetic studies indicate that shortening across the
Longmen Shan is ~1.4mmyr~ (slip component normal to the fault strike) with a lateral slip rate of ~1.7 mmyr™"
[Shen et al., 2009]. In contrast, the LFS accommodates a shortening rate of ~0.7 mmyr~" [Xu et al,, 2008] but about
5+1mm yr’1 of lateral slip rate (slip component parallel to the fault strike) [Xu et al.,, 2008; Shen et al., 2009]. The
LFS strike and its significant dextral slip rate suggest that this fault system play an important role in strain
partitioning, accommodating part of the oblique motion of the Aba block (lying under the Ruoergai basin), with
respect to the Sichuan basin [Shen et al.,, 2009; Ren et al., 2013b].

The LFS runs over ~300 km from the Kunlun fault to the north, to the Xianshuihe fault to the south [Shen et al.,
2009] (Figure 1). However, the morphologically well-expressed part of the LFS is located directly south of the
Ruoergai basin and represents less than 30% of the entire fault system (Figure 2a). The northeastern part of
the Longriqu fault runs into the Songpan Ganze flysch (metasediments) and Quaternary fluvioglacial deposits
(Figures 2b and 2c). A significant relief is present on the northwest side of the Longriqu fault, while a large
basin extends south up to the Maoergai fault (Figure 2b). Over the late Quaternary, the Maoergai fault
behaved as a pure dextral fault, and three ruptures have been documented at ~8510, ~7100,
~5170calyrB.P. [Ren et al, 2013al. The dextral slip rate of the Maoergai fault is estimated between
0.7mmyr ™" (since ~9.5 ka) to 2.1 (at ~21 ka). Four earthquakes have been reported along the Longriqu fault
at 17,830, 13,000, 11,100, and 5080 cal yr B.P., with mostly dextral slip and a minor thrust component up to
1.2m of apparent coseismic throw [Ren et al, 2013b]. Ren et al. [2013b] used high-resolution DEM for
measuring local cumulative dextral displacements along the Longriqu fault, ranging from ~7 to ~50 m, and
estimated a dextral slip rate ranging from 1.4+ 0.3 (since ~11ka) to 2.5+04mmyr~ ' (at ~18 ka) with a small
vertical slip rate of 0.1£0.1 mm yr”. The average time interval between earthquakes on the LFS seem to be
~2000 years, and a clustered earthquakes model has been suggested [Ren et al., 2013b]. Tectonic and paleo-
seismological studies conducted across the two fault zones show that they can both produce earthquakes
ranging from M,, 7 to 7.4 [Xu et al., 2008; Ren et al., 2013a, 2013b].

2.2. Geomorphological Settings

The Ruoergai basin—also called the Zoige basin—seems to be a tectonically controlled feature bounded to
the south by the LFS and to the north by major sinistral NW trending faults, such as the Kunlun fault (Figure 1).
The basin lies at ~3400m (asl), covers about 30.000 km?, and has a metasedimentary basement [Jia et al.,
2010], which developed during Triassic [e.g., Seng6r, 1985; Mattauer et al., 1992; Roger et al., 2010]. Over
the Holocene, the basin has recorded a long lacustrine history [Zhao et al., 2011]. Currently, the combination
of both southeast and southwest Asian monsoons contributes to supply rain water to the basin during sum-
mer periods [Zhao et al., 2011]. The mean annual precipitation rate is estimated to be around 580-860 mm
[Chen et al., 1999]. Denudation rates derived near the LFS ranges from 0.04 to 0.1 mmyr ™ reflecting slow ero-
sional processes [Ansberque et al., 2015]. As a result of its high elevation and low relief, the basin surface is
covered by mountain meadows and bog soils in its western part [e.g., Zhou et al., 2002; Zheng et al., 2007;
Mischke and Zhang, 2010; Zhao et al., 2011; C. X. Guo et al.,, 2013]. The latter started to develop during the
Holocene climatic optimum around 9 to 5ka (cal B.P.) [Zheng et al., 2007; Mischke and Zhang, 2010; Zhao
et al, 2011]. During this stage, the weather was warm and wet, and the basin water level high enough to
create a large flooded area and generate thick peat formation. Bog soils also developed further south within
small catchments perpendicular to the Longriqu fault.

ANSBERQUE ET AL.

THE LONGRIQU FAULT 4



@AG U Tectonics 10.1002/2015TC004070

A) Major fault segments

v
l Major intersegments (step-overs)

(}
\
’(¢

o ~
IS =
O €
NE 2 5]
> = O [ E
2 S £ T @ .
£ £5 = O o 9
j=a = O
S o O T = E®
© ] m 2 T 5
=35 o) m 3
S S a ° 2
= 20 Q
= € = 2 +
3 »
8 (8] ’ ] 4
= Distance along-strike fault
R
=
o =2}
=) =
= o
(2]

}
i
\
(

e
c
@
E =
Sl
o >
=l
i)
(a)

rainbow taper

Cumulative horizontal
displacement

Distance along-strike fault

B) Longriqu fault segmentation | 32°40'N 32°50'N
7 < 7~

32°30'N

/ ya V4 ya
102°30°E 102°40'E 102°50'E 103°0'E

C) Simplified major segments map|

divide
537 38
S1

Transpressional bend Relay zone Transpressional bend Push up

Transpressional bend

Surveyed sites:
@ This study

O XuX. etal. (2008)
[[]Ren J. etal. (2013b)

D) Secondary segments map I

7
1 G ——
S6b
K S2b S3b — S4b
_./———\% /\S1c > Saa % M
STa \ STB >3a S5a $5b ¢

step-over step-over overlapping
/

Figure 3. (a) Schematic fault segment organization and maturity evolution with associated slip distribution (modified from
Manighetti et al. [2015]). (b) Shaded DEM derived from orthorectified Pleiades images. (c) Simplified major segments
map (at scale of ~10 km). Numbers indicate the fault strike. Dash-dotted line locates the drainage divide. (d) Map of
secondary segments.

Presently, the Ruoergai basin and the LFS are drained by the Yellow River system, which flows northward and
incised the low relief-high elevation areas of the Plateau since Tertiary-Quaternary times [Li et al., 1997;
Meétivier et al., 1998; Harkins et al., 2007]. The Longriqu fault is more specifically drained by the Qeerdeng river
(Figure 2c). The latter runs along the fault strike over ~40 km. The alluvial plain associated with the river is
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fault. (f) Pleiades images showing streams duplication at the fault location. (g) Plausible explanation of streams duplication
process through time.

~800 to 1.2 km wide and is bounded by two deposition surfaces. ESE and SE the river, the present-day slightly
NW dipping surface is mainly composed of material coming from the erosion of the Yanggon granite (located
~8km south the Qeerdeng River) (Figure 2c). This surface is ~15m higher than the alluvial plain of the
Qeerdeng River elevation. West the river (directly downstream the Longriqu fault) the deposition surface is
slightly dipping toward the SE and is mainly composed of relatively angular schist and quartz pebbles,
suggesting that most of these materials come from the hillslope (upstream of the Longriqu fault, where
the relief is up to 400 m higher) to form a piedmont (Figure 2c). This surface is ~10 to 20 m above the alluvial
plain. The Qeerdeng River is thus incising both this piedmont and the erosional deposits from the Yanggon
granite but did not form major terraces within its alluvial plain. The river cuts the Longriqu relief in the
northeast part of the fault and is probably associated to an antecedent drainage. The southwestern part of
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Table 1. Segments of the Longriqu Fault
Secondary Segments

Major Segment Label Length (km) Mean Azimuthal Strike Label Length (km) Mean Azimuthal Strike

S1 24.5 51.6 Sla 4.6 537
S1b 16.3 52.6
Slc 3.6 36.2
S2 12.0 40.6 S2a 9.6 394
S2b 24 44.6
S3 16.0 50.0 S3a 3.0 37.1
S3b 8.6 47.0
S3c 44 55.6
S4 39.0 574 S4a 16.9 58.7
S4b 221 56.1
S5 20.3 51.0 S5a 3.0 88.8
S5b 173 424
S5¢ 1.9 374
S6 22.7 46.8 Sé6a 55 35.7
Sé6b 9.8 62.9
S6c¢ 74 49.5

the Longriqu fault is crossed cut by the Nabuze River, which could also be antecedent to the fault (Figure 2c),
as suggested by Ren et al. [2013b] who estimated a 500 m offset of the river.

3. Fault Segmentation From Pleiades Satellite Imagery

3.1. Pleiades Images Processing

We used five stereo couples of Pleiades images to generate a high-resolution Digital Elevation Model (DEM)
along the Longriqu fault trace using the ENVI 5.0 (EXELIS) software (Figure 2b). Original images are panchro-
matic, not orthorectified, with horizontal resolution of 50 cm. During the DEM processing, no ground control
point has been used, and we relied on the Rational Polynomial Coefficient (RPC), included in the metadata of
the Pleiades images. The derived DEM has an optimal horizontal resolution of 5 m and a vertical precision of
~10 m. Higher horizontal resolutions have been tested, but produce high surface roughness. The derived
DEM was used to orthorectify the original Pleiades images under ArcMap 10.0 (ESRI) using the image’s
RPC. The segmentation analysis and offsets inventory were performed on the orthorectified Pleiades images.

3.2. Fault Segmentation

Segments and discontinuities identification is an important issue during fault analysis to assess the potential
of the different segments to rupture all together or independently [e.g., Aki, 1984; Schwartz and Coppersmith,
1984; Barka and Kadinsky-Cade, 1988; Klinger et al., 2011] (Figure 3a). We provide here a detailed mapping of
the Longriqu fault surface trace, from the analysis of orthorectified Pleiades images at a scale lower than
1:4000 (Figures 3b-3d). This mapping was also improved by field observations of right-lateral offsets, shutter
ridges, sudden stop of the regressive erosion at the fault location, rivers widening, or streams
duplication (Figure 4).

Along the 80 km long Longriqu fault, six major segments with length ranging from ~12 to ~35 km have been
identified (Figure 3c and Table 1), separated by large (>100 m wide) geometric discontinuities such as bends,
relay zones, and large overlaps. Segments are numbered S1-S6 from west to east. The mean strike of the
Longriqu fault is ~54°. At 15km along fault strike, segment S2 makes a ~36° significant strike change
forming a large restraining bend between segment S1 and S3, which are oriented ~50° (Figure 3c).
Segments S3, S4, and S6 branch off in a relay zone at ~35 km along fault strike. Segment S4 overlaps with
segment S5 building a push-up into a restraining step over at ~55km along fault strike, which is clearly
distinguishable in the topography (Figures 3b, and 3c). The northeastern end of segment S5 corresponds
to a restraining bend striking 36°. At least 12 secondary segments are identified ranging from 2 to 22 km
and separated by small (<10 m wide) discontinuities such as step overs (Figure 3d and Table 1). Segments
S1 and S3 are made of three secondary segments, segments S2 and S4 of two secondary segments, and
segment S5 of three secondary segments. At 45 km along fault strike, segments S4a and S4b overlap each
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other forming a restraining bend (35°) (Figures 3c and 3d). We cannot present a high-resolution mapping of
segment S6 due to the lack of Pleiades images in this area (Figures 2c and 3b). However, according to lower
resolution satellite images (QuickBird, Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) and Shuttle Radar Topography Mission (SRTM)), we suggest the presence of three secondary seg-
ments along S6 (Figure 3b).

4. Offsets Distribution
4.1. Principle, Method, and Uncertainties

During a strike-slip fault rupture, all fault crossing features, such as stream channels, can be horizontally dis-
placed. If the geomorphological conditions allow their preservation these features can be offset several times
and thus record the cumulative displacement of several past earthquakes. The along-strike fault offset inven-
tory would then reveal different sets of displacement values, which could represent successive coseismic
offsets. Consequently, the smallest values are likely to be related to the last seismic rupture of the strike-slip
fault, while sets of larger values correspond to cumulative displacements over several seismic cycles [e.g.,
Wallace, 1968; Sieh and Jahns, 1984; McGill and Sieh, 1991; Zielke et al., 2010, 2015; Klinger et al., 2011].

Providing a consistent and meaningful offsets inventory along a strike-slip fault is challenging as offset
quantification depends on (i) the stream reconstruction on either side of the fault, (ii) the geomorphic
markers type and preservation through time, and (iii) consistent manual measurements all along the fault.
Several studies summarized procedures to properly measure offsets [Ritz et al.,, 1995; van der Woerd et al.,
2002; Cowgill, 2007; Zielke et al., 2015]. Based on these previous studies and aware that the choice of the
markers will feed back on the slip distribution and slip rate results, we measured only offset rivers and
terrace risers (Figure 5). To minimize uncertainties associated to geomorphic features degradation and river
widening, only rivers of similar width ranging from 1 to 20 m were picked. Limiting the measures to similar
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types of markers allows to avoid potential uncertainties related to the marker size. This approach also limits
the maximum range of displacements that can be measured. Indeed, cumulative displacements on a 10' to
10*ka timescales are preferentially recorded and preserved by large geomorphic markers (ridges, crests,
staged terraces, and large rivers) than smaller rivers through time. As one of our main interests is to find
the most recent coseismic offsets along the Longriqu fault, we did not select such large markers. We also
retrodeformed the offsets to reconstruct the horizontally displaced past morphologies and check the
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Figure 7. Site 1. (a) Hillshaded DEM from orthorectified Pleiades images. (b) Orthorectified Pleiades image zoomed on
offset alluvial fan. (b") Close up view of Figure 7b with interpretation. Marshes correspond to a thick level of peat covering
the alluvial fan (see Figure 8). (c) retrodeformation of the measured displacements.

consistency between disconnected streams on either side of the fault (Figure 5). Field surveys have permitted
us to observe different levels of terraces from modern deposits near the present-day river bed elevation (T0)
to older and higher terraces. However the best-preserved risers corresponds to T1/T0 or Fi(alluvial fan
surface)/TO transitions.

We attributed two uncertainties to the displacement measures. The first one is related to the image pixel size
resolution. As Pleiades images have a horizontal resolution of 50 cm, minimum offset uncertainties are set to
be systematically + 1 m (50 cm are added on the two tips of the offset). The second uncertainty, added to the first
one, represents the range of possible offset values best-fitting the retrodeformed morphology. This second
uncertainty is statistically approached by measuring manually one offset several times. As most of the geo-
morphic markers are not fully preserved through time and degraded, uncertainties increase with offset values.

4.2, Offsets Inventory

Along the Longriqu fault, 74 offsets recorded by geomorphic markers have been measured (Figures 6a and
6b). They are well distributed along the fault, excepted in bends (Figures 6a and 6b). Offsets inventory along
strike-slip fault can be analyzed with statistical methods [Wallace, 1968; McGill and Sieh, 1991; van der Woerd
et al.,, 2002; Zielke et al., 2010, 2015; Klinger et al., 2011]. In order to highlight the different ranges of offsets
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Figure 8. lllustration field view of Site 1 and stratigraphic log. (a) Photography of the displaced fan and associated interpre-
tation (see Figure 7b’ for the view angle). (b and d) Views of the sampled surfaces on both sides of the river (west and east,
respectively). (c and e) Respective zooms on sampled levels. Samples in (C) are associated to the top of the alluvial fan.

recorded along the Longriqu fault, displacements have been classified into a probability density (Gaussian
kernel) function (PDF) (Figures 6¢c-6e). This approach, developed by McGill and Sieh [1991] allows deciphering
the displacement ranges that are significantly represented along the fault. All measurements were made on
ArcMap and the PDF was built on the R software.
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Figure 9. Site 2. (a) Hillshaded DEM from orthorectified Pleiades images. (b) Zoom on displaced alluvial surface. (b") interpretation of Figure 9b with zoom below (see
white rectangle on Figure 9b' for the zoom location). (c and c') Retrodisplacement of the measured offset.

The PDF of the recorded offsets along the Longriqu fault displays evidence for five clearly distinct peaks,
which we relate to five well-preserved channel offset ranges (Figures 6c-6e). Ranges of well-represented
offsets are centered around 4.1+£0.9, 11.9+ 1.9, 21.0+ 2.6, 30.7 + 3.6, and 38.8 +4.0 m (Figure 6e). We note
that each peak value is close to a multiple of 4, with a peak-to-peak wavelength of ~9 m (Figure 6e).

Five slip rate estimates from 'C and '°Be dating numerous small alluvial fans, which developed at the outlet
of most catchments, contribute to form the piedmont surface south of the Longriqu fault and have been
horizontally displaced by the fault. In order to constrain the dextral slip rate of the Longriqu fault, we sampled
and dated two of those horizontally displaced alluvial fans (Figures 7-10). We used radiocarbon (**Q) dating
to constrain the age of the fan 1 deposit and the cosmogenic nuclide ('°Be) exposure dating to model the
age of abandonment of the fan 2 surface, where organic material was rare.

4.3. Site 1 (32°42.792'N, 102°45.057'E)

Site 1 is located on segment S4a (~40 km along fault strike, Figure 3c) at the outlet of a catchment (Figure 7a)
and corresponds to an alluvial fan ~630 m long and ~210 m wide covered by peat and vegetation. The alluvial
fan exhibits a 23.0 £ 7.0 m offset recorded by two different markers (Figures 7b and 7c). Offsets have been
estimated by realigning (i) the present-day river bed in the vicinity of the fault (AA’, Figures 7b and 7c) and
(ii) F1/F1" which corresponds to a slight topographic change in the alluvial fan mostly expressed downstream
of the fault (aa’, Figures 7b'). The distinction between F1 and F1' becomes unclear upstream of the fault
(Figures 7b’ and 8a). We collected organic sediments and charcoals along vertical sections freshly exposed
by the river downcutting into the apex of the alluvial fan 170 m upstream from the fault. The proximity of
the alluvial fan source can lead to younger ages than those downstream, but no more favorable outcrop
was present close to the fault (Figures 8b-8e). We tried to identify the botanical classes of the samples, but
some of them could not be recognized (Table 2). The two sampling sites are ~15m from each other. On
the west bank of the river, in the alluvial fan deposit, two samples have been collected: a charcoal at 2m
depth and some plant remains at 2.20 m depth (Figures 8b and 8c). Radiocarbon ages of the two samples
are 6030 + 100 and 7560 + 100 cal yr B.P., respectively (Table 2 and Figure 8c). Ages are derived from the accel-
erator mass spectrometry (AMS) facility at Poznan Radiocarbon Laboratory and have been calibrated using
CALIB 7.0.4 (http://calib.qub.ac.uk/calib/download/) with the calibration curve IntCal13 [Reimer et al., 2013].
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Figure 10. lllustration of Site 2 and stratigraphic log. (a) Photography of the displaced and sampled alluvial surface of Site 2
(see Figure 9b for the view angle) and (b) its interpretation. (c and d) Photographies and stratigraphic log of the east
(Site 2a) and west (Site 2b) river bank, respectively.

The scatter between the two ages is large. However, as samples are only 20 cm from each other, we assume
that such scatter is due to deposit reworking processes. Because these samples were extracted from very
close to the top of the alluvial fan, we consider the samples average age (6795 + 100 cal yr B.P.) to approxi-
mate the minimum age of the fan. Above the alluvial fan and especially in the fan apex area, a thick wet
organic soil has developed, interspersed with thin fluvial layers suggesting changes in deposit dynamics
(Figures 8d and 8e). Similar thick organic deposits have been analyzed in the Hongyuan valley, ~15 km farther
north (Figure 1), described as peat, and dated between 9460 + 70 and 1540 + 40 cal yr B.P. from ~4 m to 25cm
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Table 2. Radiocarbon Ages

Bank Sample ID Sample Material e Ages (Mean + ¢/cal yr B.P.) Calibrated '#C Ages (20) (cal yr B.p)?
East bank h Plant remains (Liliopsida) 2365 +35 2410+ 80

- f Organic sediment 2560 + 40 2720+ 40

= e Organic sediment 2485+ 30 2590+ 130

- d Organic sediment 2455 + 35 2455 + 95

- b Organic sediment (Liliopsida) 2850 +40 2965+ 110

West bank a Charcoal (Pinopsida) 5270+40 6030+ 100

- b Sed + small plant remains (Pinopsida) 6690 + 60 7560 + 100

Calendar ages at 20, calibrated using CALIB 7.0.4 based on IntCal13 curve [Reimer et al,, 2013]. Altitude of Site 1: 3737 m.

depth, respectively [Zhou et al., 2002]. In order to compare the peat age of our site with the Zhou et al. [2002]
peat ages and to provide an age bound to our alluvial fan, we sampled the peat deposits (on the east bank of
the river only). We sampled the soil at 5 levels: 135, 150, 170, 180, and 225 cm depth (Figures 8d and 8e).
Radiocarbon analyses yield ages of 2410+ 80, 2720+ 40, 2590+ 130, 2455+95, and 2965+ 110 cal yrB.P,,
respectively (Table 2). We notice that ages are not correlated with depth (Figure 8e), which is probably related
to some sediment reworking during deposition condition changes. However, the scatter between ages is
negligible as the age mean deviation is 172 + 25 cal yr B.P., so the mean age of the peat deposit can be esti-
mated around ~2630 + 90 cal yr B.P., which is consistent with the Hongyuan peat ages from Zhou et al. [2002].
Ages derived from the upper part of the alluvial fan and the soil are thus significantly different, with a time
gap of more than 4000 years between the two deposits. This time interval suggests either that the top of
the alluvial fan has been eroded, and then covered by a soil, or that during 4000 years the fan was inactive
at this location. In the first case, the minimum fan age (6795 + 100 cal yr B.P.) could be even younger.

To derived a slip rate, we assume that the alluvial fan (F1) and the river that entrenches it starts to record and
accumulate displacements when the fan ends to form, such that derived organic material ages from the upper
part of the alluvial fan can approximately be related to the age of the largest displacement. Considering the
largest displacement, at the alluvial fan scale, of 23.0+ 7.0 m (Figure 7c’), recorded by the offset river and the
mean (minimum) age of the fan is 6795+ 100 cal yr B.P., we estimate a dextral slip rate for the Longriqu fault
of 34+ 1.1 mmyr ' (averaged through the Holocene). As the alluvial fan age has been derived from near fan
surface samples, we can consider that the inferred slip rate likely corresponds to a maximum slip rate.

4.4, Site 2 (32°41.313'N, 102°42.645'E)

4.4.1. Site Presentation

Site 2 is located less than 5 km west of Site 1 on segment S4a (Figure 3c). The site is easily accessible owing to a
road located 300 m east of it that crosses the Longriqu fault. The site corresponds to an alluvial fan ~370 m long
and ~160 m wide covered by peat and vegetation. We sampled at two locations: Site 2a located less than 10 m
north the Longriqu fault and Site 2b at 20 m south the fault (Figure 9a). Site 2 records two offsets of 7.6 £ 1.9 and
40.0 £ 5.0 m (Figures 9b-9c’). The smallest offset has been measured by realigning the current major river, which
carves into the alluvial fan, and a smaller channel located west of this river (bb’, dd’, Figure 9¢). On the eastern
side of the fan, a former channel, presently filled by wet peat deposits (marsh), has been offset by 40.0 + 5.0 m
(cc’, Figures 9b and 9c'). The westernmost small channel observed only downstream the fault (@’ (=d’,
Figures 9b and 9¢)), also seems to have been displaced by it. We interpret this channel as formerly
connected to the present-day upstream part of the river (upstream of the fault), then displaced by ~40m
(aa', Figure 9¢') and finally captured, leading to the present-day morphology (Figure 9b). No terrace riser can
be clearly identified in the alluvial fan, but we can distinguish the alluvial fan surface (F1) and the current river
bed deposit (T0) (Figures 10a and 10b). Samples from Site 2 were collected along two vertical profiles from both
sides of the present-day river, upstream and downstream of the fault (Figure 10b). On the east bank (Site 2a,
upstream of the fault), we collected seven samples every 40 cm from 10 to 110cm depth (Figure 10c), and
on the west bank (Site 2b, downstream of the fault) we collected nine samples from 5 to 200cm depth
(Figure 10d). Samples are essentially pebbles of quartz and schist (Table 3).

4.4.2. Alluvial Fan Age

To determine the exposure time of the alluvial fan, we measured the concentration of in situ produced '°Be
that accumulates through time in quartz-rich pebbles exposed to cosmic rays [e.g., Lal, 1991; Gosse and
Phillips, 2001]. Collected pebbles were crushed and sieved to extract the 250-1000 um fraction. After
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Table 3. '“Be Analytical Results®

Sample Pebble Material Depth (m) [mBe] (at.gq) [mBe] Error (at.gq)
S2a10 Quartz pebbles 10 618188 19506
S2a30 Quiartz, schist 30 2161234 11788
S2a50 Quartz, schist 50 137382 6313
S2a70 Quartz, schist 70 137945 6983
S2a90 Quartz, schist 90 158199 7277
S2al110 Quartz, schist 110 133701 7216
S2b5 Quartz, schist 5 431478 13606
S2b40 Quartz, schist 40 488171 15706
S2b60 Quartz, schist 60 102299 3443
S2b80 Quartz, schist 80 64824 2323
S2b120 Quartz, schist 120 54676 2088
S2b140 Quartz pebbles 140 49226 1807
S2b140 Quartz, schist 140 46701 1735
S2b160 Quartz, schist 160 65418 2313
S2b200 Quartz, schist 200 26937 1227

“Longitude: 102 42.647. Latitude: 32 41.302. Altitude: 3676 m.

magnetic separation, the nonmagnetic fraction was etched in one third HCl and two thirds H,SiFe until
pure quartz was obtained. Three additional HF leachings were used to remove atmospheric '°Be
absorbed on quartz grains. The samples were spiked with 100 uL of an in-house °Be carrier solution
(3.03.1073g-g~") before total digestion [Merchel et al, 2008]. Beryllium was finally extracted using
standard ion exchange columns and oxidized into BeO. The '°Be/°Be ratios were measured at the French
accelerator mass spectrometry (AMS) ASTER facility in Aix-en-Provence [Arnold et al, 2010, 2013]. The
obtained '°Be/°Be ratios were corrected for procedural blanks and calibrated against the National Institute
of Standards and Technology standard reference material 4325 by using an assigned value of 2.79
+£0.03x 10" [Nishiizumi et al, 2007]. Analytical uncertainties (reported as 1¢) include uncertainties
associated with AMS counting statistics, chemical blank measurements, and AMS internal error (0.5%). A
sea level, high-latitude (SLHL) spallation production of 4.03+0.18atg™'yr~' was used and scaled for
latitude [Stone, 2000] and elevation [Lal, 1991]. The in situ '°Be concentration is time and depth dependent,
such that '°Be concentration depth profile should follow an exponential decrease [Lal, 1991]. If this is the
case, both the erosion rate and surface exposure time can be constrained [Siame et al., 2004]. Surface
exposure (or abandonment) ages were calculated using estimates of the nuclear particles contribution
proposed by Braucher et al. [2011] and modeled using a x? inversion method proposed by Siame et al. [2004].

The '°Be concentration evolution at depth in both vertical profiles display exponential decrease (Figures 11a
and 11b). However, both also show that the shallowest samples are strikingly enriched in 19Be, suggesting
two different stages of deposition. The best-fitting model for both Sites 2a and 2b, taking into account all
samples, imply a density Rho > 5gcm ™, which is definitely not realistic (Figures 11a and 11b). If we use a
more reasonable 2.1gcm 2 alluvial fan density and remove the samples from the soil, both sites present
'%Be concentration depth profile in steady state, such that only a minimum exposure time can be derived
(Figures 11c and 11d). Although the model fits well the data and the derived erosion rate is acceptable
compared to denudation rates measured in the area (between 0.04 and 0.1 mmyr~' [Ansberque et al.,
2015]), the neutrons absorption length given by the fit regression considering all data, of 102 gcm™2 for
Site 2a and of 117 gcm™2 for Site 2b, are too low (Figures 11c and 11d); the minimum absorption length
of combined neutrons and muons should be >160 g cm 2. Removing the soil, '°Be-rich samples yields accep-
table absorption length (~210 gcm~2) (Figures 11c and 11d), which suggests that to keep a correct absorp-
tion length, with all of the samples, several centimeters of surface erosion is required. Trying to reconcile all
the above mentioned conditions for Site 2a, using an erosion rate given by the sample at the surface
(0.05 mm yr”), the samples must have been 70cm deeper (Figure 11e). Considering a soil removal of
70 cm, the age of the fan cannot be assessed as the profile has reached a steady state, but a minimum
exposure time of 15.6 ka can be estimated. As the Site 2b presents the same characteristics than Site 2a,
we followed the same steps of calculations to derive its minimum exposure time and obtain a minimum
exposure time of 10.8 ka with 84 cm of surface removal and an erosion rate of 0.07 mmyr~" (Figure 11f).
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Figure 11. (a and b) Depth—wBe concentration profiles of Sites 2a and 2b, respectively. (c and d) Depth—mBe concentration profiles without soil samples for both
sites (white dots). (e and f) Depth-mBe concentration profiles considering that samples should be 70 cm (Site 2a) and 84 cm (Site 2b) deeper with respect to the
fan surface than their Eresent—day depth (rem. soil: removed soil). Black lines are logarithmic regressions through the data. Depth axis is density-dependent
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The deepening of the samples for profile modeling (Figures 11e and 11f) can be explained by a partial disso-
lution of the top of the fan followed by the development of a soil, which build up using the most weathering-
resistant fan materials, such as quartz pebbles. Such processes have been described by Molliex et al. [2013]
to explain the '°Be concentration discrepancy between samples at fan or terrace surface and deeper samples.
Sites 2a and 2b do not form distinct terraces or levels, we thus average their minimum exposure ages to

13.2+24ka.

(cm)

10

30

50

70

90
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To calculate a dextral slip rate based on offset measurements and the 10ge dating method, we assume that
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the exposure (or abandoned) time of the alluvial fan surface can be related to the age of the largest displace-
ment it records. Considering the largest displacement of 40.0+5.0 m and the mean (minimum) alluvial fan
age of 13.2+2.4ka, we calculate a slip rate of 3.0+ 1.1 mmyr~". As the alluvial fan age corresponds to the
minimum exposure time, we can consider that the inferred slip rate corresponds to a maximum estimate
close to the true slip rate.

5. Discussion
5.1. Slip Rate Over the Holocene

The dextral slip rates that were estimated using two displaced alluvial fans dated with two different dating
methods are strongly consistent: the maximum dextral slip rate estimated from Site 1 is 3.4+ 1.1 mmyr™"
(since ~7ka) and 3.0+ 1.1 mmyr~' from Site 2 (since ~13 ka). The mean (maximum) dextral slip rate of the
Longriqu fault is thus estimated at 3.2+ 1.1 mmyr~'. However, the two studied sites suggest that the top
of the fans has been eroded or weathered. Then the derived age may not represent the minimum age of
the fan, and the dextral slip rate on the Longriqu fault is maybe slightly underestimated. Ren et al. [2013b]
estimated a dextral slip rate on the Longriqu fault ranging from ~1.4 to 2.5mmyr~' averaged over ~18ka,
which is lower than our dextral slip rate estimate from 7 to 13ka. This difference may be explained by
considering the Ren et al. [2013b] sites location along segment S1b (likely interacting with S2a) nearby the
beginning of the main restraining bend between S1 and S2 (Figure 3c). Indeed, at the tip of a discontinuity,
slip rate can decrease, as part of slip along a restraining bend is converted into vertical motion [e.g., Peacock,
1991; Biirgmann et al., 2006]. The vertical motion estimated by Ren et al. [2013b] at their site locations is 0.1
£0.1mmyr~" (since 11ka).

Multiple studies have reported and discussed discrepancies between geodetically determined slip rates and
those inferred from reconstruction of displaced and dated fluvial markers [e.g., Cowgill, 2007; Meade et al.,
2013]. Over geodetic timescale, the dextral slip rate on the LFS is 5+ 1mmyr~" [Shen et al., 2009]. As the
LFS consists of two fault zones and as the Longriqu fault has a slightly faster dextral slip rate than the
Maoergai fault [Ren et al,, 2013b], the maximum 3.2+ 1.1 mmyr~' slip rate estimated for the Longriqu fault
is consistent with present-day rates across the LFS and confirms that the system has an important role on
the accommodation of the eastern Tibetan margin deformation.

5.2. Potential Earthquake Magnitude

Pleiades images allowed us to identified six major segments and at least 12 secondary segments, along an
80 km long portion of the Longriqu fault. The Longriqu fault geometry and geomorphology (large restraining
bends and overlaps) display evidence for its maturity (Figure 3). Although, in details, secondary segments
form small discontinuities, we presume that the Longriqu segments are connected to each other at the crus-
tal scale. As connected segments may interact together during an earthquake, generated at seismogenic
depths [Wells and Coppersmith, 1994], we cannot exclude a complete rupture of the whole studied 80 km
long portion of the Longriqu fault in a single rupture. A rupture length of 80km would produce a
M,, 7.3-7.4 earthquake and a maximum coseismic displacement of ~3.5m [Wells and Coppersmith, 1994].
The Longriqu fault accommodates ~0.1 mmyr~' of reverse slip rate [Ren et al., 2013b]. The estimated
32mmyr~! strike-slip rate and the 0.1 mmyr~" reverse slip rate would account respectively for ~100%
and ~3% of the true slip vector of the Longriqu fault. Then even taking into account the reverse slip rate
component, the estimated earthquake magnitude would not be much higher than 7.4.

Our Longriqu fault segmentation map covers only 80 km of the fault system, because farther west and east
glacial erosion and modern deposits do not allow to observe the fault trace (Figure 1). However, we think that
the present-day morphological signature of the LFS, which has preferentially developed south of the
Ruoergai basin (Figure 2a), testifies of localized deformation along the fault system and that the LFS may have
been reactivated first by a significant vertical motion in the past. Indeed, the positive relief and the basin,
respectively, north and south the Longriqu fault, are unusual for a strike-slip fault-related topography and
could be associated with a hangingwall and footwall (Figures 1 and 2). The location of this fault-related topo-
graphy suggests that the deformation along the Longriqu fault is concentrated along the 80 km long studied
zone. Likewise, the same assumption can be made for the Maoergai fault (Figures 1 and 2). If correct, as the
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LFS is described as a ~300 km long system, the Longriqu and Maoergai faults could be composed of at least
two regional-scale segments, with the most active one running into the studied area over 80 km.

5.3. Past Coseismic Displacements and Earthquake Recurrence

Long-term displacement patterns along the fault can be explained by different models, such as (i) the slip
variable model, which predicts random earthquake size and variable along-fault displacement for each event
[Schwartz and Coppersmith, 1984]; (ii) the uniform slip model, where large earthquakes generate periodically
the same slip distribution along the same fault segment [Sieh, 1981]; and (iii) the characteristic earthquake
model for which a single-event displacement at any point along the fault is constant from one earthquake
to the other, resulting in a regular identical long-term slip pattern [Schwartz and Coppersmith, 1984]. To
discriminate which model is relevant, the last rupture slip distribution along the fault and longer-term obser-
vations, such as cumulative displacements, are required. In our case, both are assessed from the PDF of offsets
measurements (Figure 6).

Even though the fault segmentation map suggests that segments are connected at depth, each segment
could behave independently through distinct earthquakes. This would lead to different PDF of the slip
distribution for different segments. However, the PDFs from 0 to 22 km, and from 22 to 60 km along fault,
display very similar offset ranges (Figures 6c and 6d). These results suggest that segments from S1 to S5
(Figure 6a) can rupture all together during earthquakes. The smallest offsets population observed on the
PDF is 4.1 +£0.9m (Figure 6e). Following previous studies, we attribute this smallest offset range to the last
earthquake. This ~4 m value is consistent with the 3.5 m maximum coseismic displacement deduced from
scaling laws from Wells and Coppersmith [1994] (see section 6.2). We also assume that at least five earth-
quakes are well-preserved along the Longriqu fault, corresponding to the five well-distinct successive peaks
(Figure 6e). In a characteristic slip model, each peak-to-peak wavelength corresponds to the coseismic
characteristic displacement, and each peak value is a one-time increment of the coseismic slip value [Zielke
et al, 2010, 2015; Klinger et al,, 2011]. The peak-to-peak wavelength of our PDF is ~9m, which is approxi-
mately twice the last earthquake displacement (Figure 6e). This suggests either that the slip distribution is
not governed by a characteristic slip model or that only one event on two is well preserved. The first assump-
tion would imply that the last earthquake generated a coseismic slip of ~4m, while previous events
generated ~9 m slip, which is not realistic regarding the 80 km potential rupture length. The second hypoth-
esis would imply that the present-day PDF pattern reflects past climatic changes, which influence the
preservation (peaks)/degradation (troughs) of displaced morphological markers. We favor this hypothesis,
which has been explored in previous studies of alluvial surfaces offset by active faults over the Tibetan
plateau [van der Woerd et al., 2002; Meriaux et al., 2012]. In fact, intermediate offset peaks are also observed
in the PDF (for example, 8.1 m and 17.4 m, Figure 6e). Taking into account these peaks, we found a strikingly
consistent, mean peak-to-peak wavelength of 4.3 + 2.9 m over nine preserved earthquakes (Figure 6e).0n the
basis of our measured offsets distribution, we suggest that the Longriqu fault may follow a characteristic slip
model with a ~4 m coseismic slip and a rupture length of ~80 km. Following the Wallace [1970] definition of
the earthquake recurrence interval and according to our mean slip rate results and coseismic slip, we propose
a time interval of 1340 +?g§g years between earthquakes. This earthquake recurrence is consistent with the

Ren et al. [2013a, 2013b] results, who calculated a ~1700 year recurrence interval.
5.4. Relationship Between Characteristic Slip Model and Regional Kinematic

Ren et al. [2013a, 2013b] distinguished several earthquakes on the Longriqu and Maoergai fault with at least
one apparently rupturing the two faults simultaneously. As both fault zones belong to the same system, we
could suggest that the Maoergai fault also follows a characteristic slip model. Such behavior is intimately
related to how the LFS area and more broadly the eastern Tibetan Plateau deforms. Caniven [2014] showed
that characteristic slip is favored where tectonic stress loading rate is slow and suggested that this slip model
is the result of weak coupling between upper and lower crusts. Several kinematic models, which were
proposed to explain the deformation mechanisms of eastern Tibet, suggest the presence of a décollement
zone at the brittle/ductile transition on which the Longmen Shan structures and the LFS are rooted [e.g.,
Hubbard et al., 2010; Ren et al., 2013b]. Thus, the characteristic slip model we point out for the Longriqu fault
in this study could be a consequence of a weak coupling between upper and lower crusts owing to
the décollement.
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6. Conclusion

In this paper, we used high-resolution Pleiades images that we combined with morphotectonic field survey
to propose a detailed segmentation map, at kilometric to metric scale, along the 80 km long well-expressed
section of the Longriqu fault. We identified six major segments and at least 12 secondary segments, which are
arranged to form a mature fault segmentation. The inventory of displacements along the Longriqu fault
shows that at least five segments can rupture simultaneously, suggesting that the whole 80 km long studied
zone can rupture and produce 7.3—7.4 magnitude earthquakes. The slip distribution allows to propose a
~4 m coseismic slip and to suggest that nine earthquakes are geomorphologically preserved along the fault.
We estimated a late Quaternary maximum dextral slip rate of 3.2+ 1.1 mmyr™", inferred from displaced and
dated alluvial fans (with '*C and '°Be methods), and then an earthquake recurrence of ~1300 years. Finally,
we suggest a characteristic slip model for the Longriqu fault, which bears with the idea of a weak coupling
between the upper and lower crusts in that area.
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