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being located within a tectonic block surrounded by highly active faults. We study horizontally offset moraine
crests from the Cuopu basin and a vertically offset alluvio-glacial fan from the eastern Maoya basin. We deter-
mine a left-lateral rate of 0.09 4+ 0.02 mm/yr along a slowly slipping secondary fault at Cuopu, while the main
active fault at present is the normal range-front N Cuopu fault, along which we determined a left-lateral rate

Keywords:

m}a"fg fault system of 2.3 £ 0.6 mm/yr since 173 ka. At Maoya fan, matching the vertical 12 + 1 m cumulative offset with
Eastern Tibet the 21.7 + 4.2 ka fan age yields a vertical (normal) rate of 0.6 4+ 0.1 mm/yr. This rate is very similar to that
Slip-rate recently determined at the same location using low-temperature thermochronology (0.59 + 0.03 mm/yr since
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6.6 4= 0.5 Ma). Left-lateral rates along the main faults of the LTFS range between 0.9 and 2.3 mm/yr at all time-
scales from a few years to ~6 Ma. The facts that the LTFS is highly segmented and that at present, the Cuopu,
Maoya and South Jawa segments are mostly normal (while the Litang and Dewu segments are left-lateral/
normal), could prevent the occurrence of M > 7.5 destructive earthquakes along the LTFS, as is generally assumed.
However, motion on the normal faults appears to be linked with motion on the strike-slip faults, potentially
allowing for exceptional larger earthquakes, and implying that the area is not experiencing pure ~NS extension
but rather NW-SE left-lateral transtension.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Eastern Tibet, while located farther away from the collision front be-
tween India and Asia than the Himalayan range, nevertheless displays a
major step in the topography, representing the greatest relief on the pla-
teau. The highest peak of the Longmen Shan thrust belt (7556 m, Gongga
Shan, ‘GS’ in Fig. 1B) is adjacent to the ~500 m-high Sichuan basin, over a
distance of just ~50 km. This step in the topography more or less marks
the boundary between the seismically active Tibetan Plateau (>4000 m
a.s.l., >60 km thick crust, numerous active faults) and the tectonically
stable plains of eastern China (Ordos basin, Sichuan basin, Fig. 1A, and
South China block) (<1000 m a.s.l., <45 km thick crust, fewer active
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faults). This transition has been referred to as the “NS-trending tectonic
zone” or “NS seismic belt” (green box in Fig. 1A) due to the fact that more
than one third of all historical M > 7 earthquakes in continental China
have occurred in that zone (e.g., Deng et al., 2003; Zhang, 2013), includ-
ing the devastating 2008 Mw?7.9 Wenchuan earthquake. Such great relief
related to high seismic activity makes SE Tibet a key region to decipher
the different models of the Tibetan Plateau's deformation. While GPS
data (Fig. 1B) reveal that eastern Tibet is rotating clockwise relative to
Eurasia around the eastern Himalayan syntaxis along the Xianshuihe
fault (Zhang et al., 2004; Gan et al., 2007; Liang et al., 2013), what drives
this eastward motion is highly debated and may be explained by differ-
ent mechanisms. While the above GPS studies advocate continuous
deformation of eastern Tibet, other studies in contrast, interpreted the
same GPS data to show that eastern Tibet is made of blocks separated
by active faults (block-like model, Meade, 2007; Thatcher, 2007).

From low temperature thermochronology data, Zhang et al. (2015)
showed that vertical motion along the left-lateral/normal Litang fault
system (hereafter LTFS), which is parallel to the Xianshuihe fault, initi-
ated between 5 and 7 Ma. They interpreted this age as corresponding
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Fig. 1. The Litang fault system (LTFS) in the frame of the India-Asia collision zone. (A) Tectonic map of the eastern Himalayan syntaxis region with DEM in the background. Historical earth-
quakes of 9> M > 7 are plotted and the “NS seismic belt” of Deng et al. (2003 ) highlighted by the green polygon. RRF = Red River fault. (B) SE Tibetan Plateau with horizontal GPS velocities
(red arrows are used in the profile of Fig. S3) relative to stable Eurasia (Liang et al., 2013), focal mechanisms of instrumental earthquakes with Mw > 5 (CMT catalogue 1976-2016), as
well as main peaks, cities and faults. LTFS = Litang fault system, GYF = Ganzi-Yushu fault, XSHF = Xianshuihe fault, LMS = Longmen Shan, GS = Gongga Shan, ZF = Zhongdian
fault, JQ T = Jinhe-Qinghe thrust. (C) DEM of the Litang fault system region with Quaternary basins (in yellow) and active faults (in red). Yellow stars show locations of the two study
sites (Maoya fan and Cuopu moraines). Focal mechanisms of earthquakes (lower hemisphere projection) and corresponding slip directions (arrow pointing in the direction of motion
of the upper block) are from global CMT catalogue, with the nodal plane assumed to be the fault in black. Brittle fault plane along the South Jawa fault with two generations of striations
is plotted with the same convention: “1” = left-lateral striations, “2” = downslip striations (Z15=Zhang et al., 2015).

to a major fault reorganization in SE Tibet, with the activation of the
Lijiang pull-apart basin and Zhongdian fault, as well as the southeast-
ward propagation of the Xianshuihe fault along the Xiaojiang fault sys-
tem at that time (Fig. 1A,B). Zhang et al. (2015) further suggested that
the Xianshuihe and Zhongdian faults allowed eastward sliding of the
Litang Plateau during the Pliocene, with the LTFS accommodating differ-
ential motion within that block (Fig. 1B). During the Miocene, regional
shortening was absorbed by the NNE-SSW-trending Jinhe-Qinghe
and Muli thrust systems (Fig. 1B) (Yalong-Yulong thrust belt of Liu-
Zeng et al., 2008). Such alternation between thickening and lateral

motion along strike-slip faults is in agreement with the “hidden plate-
tectonic” model (e.g., Tapponnier et al., 2001) which emphasizes the
role of strike-slip faults. Alternatively, present-day normal faults could
also be explained by a viscous lower crustal flow originating from the
thick central Tibetan Plateau toward its thinner edges around the
Sichuan rigid block (e.g., Clark and Royden, 2000; Schoenbohm et al.,
2006). For this case, numerical simulations predict that the minimum
horizontal stresses (direction of extension) would be parallel to the
flow near the plateau margins and perpendicular to the flow out of
the high plateau due to divergence of the flow where it spreads out
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Fig. 2. The Cuopu basin. (A) Google Earth satellite image of the Cuopu basin with main geomorphic features. Moraines in pink (a-f correspond to the main moraines from older to younger),
rivers in blue, active faults in red. (B) Aerial view of the moraine lake and ~4 km-long Cuopu moraine complex. (C) Close-up of eastern moraine crests (approximate box in D) offset by the
main secondary fault (see field photos in Fig. 3). (D) Close-up of the Google Earth satellite image in 3D (approximate box in A) with offsets along the range-front fault (N Cuopu fault).
(E) Interpreted map of (D). '°Be cosmogenic samples and associated names (e.g., LIC-10) shown by yellow circles.

(Copley, 2008). While some regional focal mechanisms are compatible
with such a model (Copley, 2008) (Fig. 1B), the strike and kinematics
of the Litang and Xiaojiang fault systems, as well as that of the Lijiang
pull-apart basin, seem to be less compatible with this lower crustal

flow model. However, the Quaternary kinematics of these fault systems
still need to be better characterized.

Despite its key location, few late Quaternary studies have been con-
ducted in the Litang Plateau region. Our first observations imply that the
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LTFS is a transtensive left-lateral fault system, with the ratio of normal
and strike-slip components of motion varying with time and along the
various fault segments (Zhang et al., 2015). However, many questions
remain unanswered, in particular regarding the late Quaternary to
present-day LTFS horizontal and vertical slip-rates. After describing
the tectonics of the region and that of the LTFS in particular, we present
two study sites along the LTFS: horizontally offset moraine crests
from the Cuopu basin and a vertically offset alluvio-glacial fan from
the eastern Maoya basin (stars in Fig. 1C). We use a combination of
high-resolution satellite image observations and field surveys, as well
as 1°Be cosmogenic surface-exposure dating of the offset geomorphic
surfaces to constrain a late Quaternary slip-rate along the Cuopu and
Maoya segments of the LTFS, and discuss our results in the frame of east-
ern Tibet's tectonics.

2. Geological setting
2.1. The Litang fault system (LTFS)

The NW-striking Litang fault system (LTFS) is located between two
major fault systems in eastern Tibet, the left-lateral Xianshuihe fault
system to the north, and the right-lateral Red River fault system to
the south (XSHF and RRF in Fig. 1B). The LTFS lies within the high-
elevation (4000-4500 m a.s.l.), low-relief Litang Plateau located in
NW Sichuan province, and is ~ 190 km long, ~25 km wide, and discontin-
uous (Fig. 1C). It is mostly parallel to the highly active Xianshuihe fault,
with both faults veering toward a southerly strike to the SE (Fig. 1B).
The LTES consists of four right-stepping en-echelon left-lateral/normal
fault segments (each ~25-50 km long, striking ~N135°E) and four en-
echelon rhomb-shaped basins filled with Quaternary sediments (yellow
in Fig. 1C). From NW to SE, these are Cuopu, Maoya, Litang, and South
Jawa-Dewu.

The LTES is very active, with 3 historical earthquakes of 7.5> M > 7
since 1700. Xu et al. (2005) suggested, using tree rings counting on
trees growing on the youngest scarps, that the last large earthquake
along the Maoya segment occurred in 1886 (Ms7.1), despite the fact
that no clear surface rupture has been found along that segment. In con-
trast, several well-preserved surface ruptures are present along the
Litang and South Jawa-Dewu segments. While it had been suggested
(e.g., Xu, 1979) that the 1948 earthquake (Ms7.3) had ruptured both
the Litang and South Jawa-Dewu segments of the LTFS with ~70 km of
surface ruptures, others suggested that this earthquake occurred only
along the South Jawa-Dewu segment, with 41 km of surface ruptures
(Xu et al., 2005; Zhou et al., 2015). This other interpretation is partly
based on the presence of a 7-11 km gap between the two ruptures,
and on the fact that the surface ruptures along the South Jawa-Dewu
segment look much fresher than those along the Litang segment.
Xu et al. (2005) suggested that the last large earthquake along the
Litang segment occurred in 1890 (Ms7.1) with ~50 km of surface
ruptures and Zhou et al. (2015) determined, using '“C dating from a
trench in the Litang basin, that a 25 km-long rupture was produced by
an earlier event, the 1729 Mw6.7 Litang earthquake (or possibly by
an older one, between 1420-1690). Along all segments of the LTFS,
numerous evidence of tectonic activity are observed such as normal
fault scarps, left-laterally offset geomorphic features, triangular facets,
beheaded channels and shutter ridges, which all attest that the LTFS is
a transtensive left-lateral fault system at present. We describe this evi-
dence from NW to SE.

2.2. Cuopu basin

To the NW, the Cuopu basin (~25 x 4 km, trending ~N120°) is
bounded by the N Cuopu and S Cuopu normal faults, the former being
the master fault. Indeed, among this fault system, the Cuopu basin has
the largest elevation difference (~1700 m) between its floor and the
highest peak of the bounding mountain range to the north, attesting

to the important normal component of motion of the N Cuopu
fault. This present-day active fault is following the range-front,
where steep fault planes with down-dip striations have been ob-
served (Zhang et al., 2015). In contrast to the eastern half of the
basin, very large and well-preserved moraines are present in the
western half (pink in Fig. 2A). A large moraine lake is present in
the center of the basin, surrounded by >5 frontal and lateral moraine
crests (‘a’ to ‘f" in Fig. 2). Hot springs are present in the center of the
basin (Fig. 2A) and along the valley draining the basin toward the
SW, most likely related to faulting activity along several ~EW-
striking secondary faults located in the basin to the east and to the
west of the moraine lake, as well as along the Cuopu normal faults
bounding the basin. The main secondary fault cuts and left-laterally
offsets the oldest moraine crests (i.e. farther away from the lake)
(Figs. 2 and 3), and it also dams a small pond to the east (Figs. 2C
and 3), due to its slight normal component of motion.

Regarding long-term rates, Zhang et al. (2015), using low-
temperature thermochronology and 3D modeling (Pecube), deter-
mined that the vertical (exhumation) rate of the N Cuopu fault foot-
wall increased from 0.005 to 0.99 + 0.04 mm/yr at 5.3 4 0.4 Ma, thus
implying a vertical rate of ~1 mm/yr across the fault since the lower
Pliocene. They also noted that the local geological map shows a pos-
sible maximum left-lateral offset of Triassic beds of ~11 km across
the Cuopu segment (Bureau of Geology and Mineral Resources,
1991), and estimated a possible long-term left-lateral slip-rate of
~2 mm/yr.

2.3. Maoya basin

The Maoya basin is the largest basin along the LTFS (~50 x 10 km,
trending ~N110°), located just SE of the Cuopu basin (Fig. 1C). It consists
of two sub-basins, the eastern one being the larger and lower (Fig. 4A).
The Maoya basin is asymmetrical, with a steep, high and sharp-crested
range and few active streams along the northern side, while the south-
ern side of the basin is gently sloping, with long rivers (~10 km from
where they enter the basin) feeding the basin (Fig. 4A). The Maoya
range bounding the northern edge of the eastern basin is sharp-
crested with elevations up to ~5200 m in the NE, i.e. >1000 m higher
than the basin's floor which lies at ~4100 m. U-shaped glacial valleys
and moraines are particularly impressive on the northern flank of
the western basin, where one present-day glacier remains, hanging
from the highest peak. Numerous triangular facets attest to the normal
component of the N Maoya fault, as well as vertical scarps cutting late
Quaternary geomorphic features (Fig. 4A,B) that are visible along most
of the northern edge of the basin, attesting to its recent normal faulting
activity. In contrast, active faults are harder to follow along the southern
edge of the basin, implying that the master fault is represented by the
two N Maoya faults.

At the eastern end of the basin, well-developed alluvio-glacial fans
cut by prominent fault scarps are ideal sites to study late Quaternary
slip-rates as well as long-term exhumation rates. Xu et al. (2005)
observed that one of these fans (Fig. 5) appears to be left-laterally
and vertically offset by the N Maoya fault, and determined a Holocene
left-lateral slip-rate of 4.1 4+ 0.9 mm/yr and a reverse slip-rate of
1.8 + 0.5 mm/yr using thermoluminescence dating. This sense of
motion is however not in agreement with the basin morphology,
attesting to normal motion (Zhang et al., 2015). Using low-temperature
thermochronology (apatite and zircon fission track as well as apatite
(U-Th)/He dating), Zhang et al. (2015) determined an increase in verti-
cal (exhumation) rate up to 0.59 + 0.03 mm/yr (normal, not reverse) at
6.6 4 0.5 Ma. They interpreted this age to correspond to the initiation
age of the N Maoya fault. Regarding long-term offsets, Zhang et al.
(2015) noted that the Upper Triassic Ganzi-Daocheng pluton is left-
laterally offset by ~6 km across the Maoya segment and estimated a
possible long-term left-lateral slip-rate of ~0.9 mm/yr.
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Fig. 3. Field photos of the Cuopu basin. (A) View looking at the three moraine crests (a, b, ) offset by the main secondary fault (red arrows). Sample LIC-16 (big boulder) is visible near ‘b’.
(B) Photo of the entire Cuopu moraine complex. (C) Panoramic photo showing the main secondary fault offsetting the 3 oldest moraine crests by 25 + 10 m (crest ‘a’) and 15 + 3 m
(crest ‘c’). Crest ‘b’ is harder to realign across the fault because it is highly degraded. Sag ponds are present between ‘a’ and ‘b’ due to the minor normal component of the fault. (D,E)
Close-up of the offset moraine crests. Locations shown in (C). (F) View of the main secondary fault toward the range-front fault, highlighting its slight normal component.
(G) Secondary fault near the N Cuopu normal fault (range-front fault) shown by white arrows (see Fig. 2E). Person circled for scale in (D) and (F).
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Fig. 4. The Maoya basin. (A) 3D Google Earth satellite image (3 x vertical exaggeration) of the Maoya basin (B). Maoya fan site with active faults, kinematic GPS profile (Fig. 8A), position of
LiDAR bases, collected samples (LIC-), and locations of photos from Fig. 5 are shown. (C) Close-up of the main fault scarp (approximate box in B), with active streams/gullies network
highlighted in blue, attesting that no clear left-lateral offset is visible, despite the 38 & 7 m offset suggested by Xu et al. (2005) (yellow dashed lines). Yellow circles show location of
Xu et al. (2005) thermoluminescence samples. (D) 0.5 m resolution LiDAR data of the fault scarp. (E,F) 0.2 m resolution LiDAR data (box in C) with location of LiDAR profiles in Fig. 8B,

and that of kinematic GPS profile in Fig. 8A (dashed line).

24. Litang basin

In the NW Litang basin (20 x 10 km, ~N135°), linear surface ruptures
are still visible and well-preserved (Xu et al., 2005; Zhou et al., 2015;
Zhang et al., 2015; Fig. 6B,C), due to the last large earthquake that
occurred along the Litang segment in 1890 (Ms7.1, 50 km of ruptures,
Xu et al., 2005) or in 1729 (Mw6.7, 25 km of ruptures, Zhou et al.,
2015). The rupture still displays left-laterally offset gullies of up to
~1.8 m with a cumulative vertical offset of ~3 m, attesting to the currently

transtensive kinematics of the LTFS (Zhang et al., 2015). The southern side
of the basin has a steeper topography (with elevation difference between
the peaks and the basin floor of >1000 m), several U-shaped valleys, mo-
raines and shutter ridges and fault scarps attesting to its normal compo-
nent of motion (Fig. 6). Regarding long-term offsets, Zhang et al.
(2015) noted that Paleozoic rocks overlain by Eocene basins show a
14 km left-lateral offset across the Litang segment. Assuming that the
Litang fault initiated at the same time as the nearby N Maoya fault
(6.6 £ 0.5 Ma) would lead to a left-lateral slip-rate of 2.1 4+ 0.2 mm/yr.
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2.5. Jawa basin

Towards the SE end of the LTFS, the Jawa basin (20 x 15 km, ~N130°)
is bounded by the linear Dewu fault to the east and by the South Jawa
fault to the SW (Fig. 1C). The 1948 earthquake occurred along the
former (with still visible surface ruptures) and a left-lateral late Quater-
nary slip-rate of ~4 mm/yr was suggested by Xu et al. (2005), using
thermoluminescence dating of an offset alluvial fan. Along the South
Jawa fault, fault plane striations suggest that normal faulting kinematics
could dominate the LTFS at present, following a previously dominant
left-lateral kinematics in the past (Zhang et al., 2015). Southeast of the
Jawa basin, the LTFS changes direction to become more NS-striking
and its trace becomes difficult to follow on the satellite images as well
as in the field.

3. Methodology

We used field observations, Google Earth satellite images, high-
resolution topographic data from a Riegl VZ1000 terrestrial LiDAR
(Light Detection and Ranging) scanner (Fig. 4D-F) (angular resolution
of 0.02° for raw data, set to <0.5 m between two data points after
process), as well as from a kinematic GPS (Trimble R8) at the Maoya
fan site, in order to map active fault strands and geomorphic surfaces,
and to precisely measure offsets. We used °Be cosmogenic dating to de-
termine the surface-exposure age of 19 granite samples collected using
chisel and hammer to chop off the top few centimeters of large boulders
present on the Cuopu moraine crests (Fig. S1), and 8 large granite boul-
ders from the Maoya alluvio-glacial fan surface (Fig. S2) in order to de-
termine the surface emplacement ages (Fig. 7 and Table 1). Matching
the age of the surfaces with their offset yields average slip-rates (calcu-
lated using Zechar and Frankel, 2009) at the late Quaternary timescale,
to be compared with rates at shorter and longer timescales.

4. Site description and results
4.1. Cuopu moraines

The particularly impressive Cuopu moraines are located in the cen-
ter of the Cuopu basin (Fig. 2A) at 30.485°N-99.54°E, at an elevation
of ~4150 m. The youngest crests are observed close to the lake and are
mostly continuous except where they have been breached by the
stream originating from the lake. The oldest moraines (‘a’ and ‘b’) are
found farther from the lake and only on the east side. The N Cuopu mas-
ter fault runs along the range-front (Fig. 2A) and does not vertically off-
set the moraines as they are only present south of the fault in the basin
(in the master fault's hanging wall), thus no estimate of the vertical
offset of the moraines on that fault can be determined. The fact that
the oldest moraines do not, at present, stand in the prolongation of
the valley from where the glacier originated, but in front of triangular
facets, suggests a left-lateral motion on the master fault (Fig. 2D,E). An
~EW-striking secondary fault cuts and horizontally offsets the three
oldest moraine crests. The offset is 15 4 3 m for crest ‘c’ (measured by
handheld GPS, plotted and measured on Google Earth) and 25 + 10 m
(measured on Google Earth) for crest ‘a’” which is not as sharp
(Figs. 2C and 3). The offset of crest ‘b’ is harder to measure due to
its highly degraded crest along which no boulder remains (except LIC-
16). Minor vertical displacement created sag ponds between moraines
'a'and ‘b’ (Fig. 3). Overall, the three crest offsets appear to be compati-
ble, with crest ‘a’ offset by a larger amount, in agreement with moraines’
relative chronology, where crest ‘a’ is older than crest ‘c’. Note that
while this requires further field investigation (hard to constrain on the
satellite images alone), crest ‘d’ could be slightly affected by the main
secondary fault (Fig. 2C). The younger moraines close to the lake how-
ever do not appear offset, suggesting fault activity only prior to the
emplacement of moraine ‘d’ (or ‘e’). East of the oldest preserved mo-
raine, a recent, undisturbed alluvial fan has most likely destroyed

other possible evidence of fault traces and offsets (Fig. 2C). While west
of the lake, the youngest moraines show no offsets, the oldest ones
appear disturbed by the fault, even though no clear offset could be
mapped (Fig. 2AE).

We collected 19 samples from crests ‘b-f (Figs. 2E, 7A and Table 1),
but only one sample has been dated on crests ‘b’ and ‘f. Ages from crest
‘c’ range from 48 to 173 ka (number of samples = 8), from 15 to 29 ka
on crest ‘d’ (n = 6) and are ~16 ka on crest ‘e’ (n = 3) (Fig. 7A). We
choose the oldest age on each surface to represent the moraine em-
placement age to account for the numerous processes that can lead to
apparent young ages: erosion, weathering, spallation, snow cover and
rolling (e.g., Putkonen and Swanson, 2003; Applegate et al., 2010;
Chevalier et al., 2011; Heyman et al., 2011). While inheritance (or
prior exposure), which yields apparent old ages, may also have affected
the samples we collected, it has been shown that the percentage of
boulders that were exposed prior to glacial erosion (as well as transport
and deposition) is quite small (<3%) (Putkonen and Swanson, 2003;
Heyman et al., 2011), and that those outliers have ages that are much
older than the rest of the samples. Therefore, our choice of taking the
oldest age is validated since no anomalously old sample is present
here, except maybe on crest ‘d’ (sample at 29 ka while the rest are
~17 ka, see discussion below). In addition, a moraine surface may be un-
stable after its emplacement, with large boulders being exhumed to the
surface as erosion transports the finer material away (e.g. Hallet and
Putkonen, 1994; Putkonen and Swanson, 2003; Briner et al., 2005;
Applegate et al., 2010; Heyman et al., 2011). These gradually exhumed
boulders therefore represent different stages of exhumation as the
surface lowers. Crest ‘c’ being quite smooth and irregular compared to
crests ‘d-f, it is likely to have been affected by such processes. Assuming
negligible prior exposure as explained above, the oldest age of the sur-
face therefore better represents the emplacement age of the moraine
(e.g. Hallet and Putkonen, 1994; Putkonen and Swanson, 2003; Briner
et al., 2005; Applegate et al., 2010; Chevalier et al., 2011; Heyman
et al., 2011). One could instead imagine that the majority of boulders
on crest 'c' is made of outliers that were picked up, transported and
deposited by the glacier to the crest. However, prior exposure is often
limited because glacial boulders have most likely been pulled off from
the glacial valley, crushed, and eroded.

Moraine emplacement ages are therefore 69 + 6 ka on crest ‘b’,
173 4 16 ka on crest ‘c’, 29 + 3 ka on crest ‘d’, 16 £ 1 ka on crest ‘e’
and 15 + 1 ka on crest ‘f. Crest ‘b’ is located the farthest away from
the moraine lake and should therefore be the oldest, which is not
the case. There, only one sample (LIC-16) was collected (not statistical-
ly sound) from the broad crest due to the lack of other suitable boul-
ders (Fig. 3A). We believe it has most likely been affected by erosion
(surface lowering due to matrix erosion or boulder toppling, yielding
lower '°Be concentration) and may be discarded (outlier in white in
Fig. 7A) (e.g., Benedetti and Van der Woerd, 2014). However, even
though only one sample has also been collected on the youngest
(sharpest) sampled crest ‘f* (therefore also not statistically sound),
its age is in agreement with moraines' relative chronology, where
younger moraine crests (especially ‘e’, ‘f and other younger crests closer
to the lake) are harder to differentiate from one another, due to their
close proximity.

The Cuopu moraines are located in the monsoon-influenced part of
the Tibetan Plateau, as defined by Owen et al. (2008). Moraine crest ‘c’
at 173 + 16 ka would correspond to Marine Isotope Stage MIS-6. This
is similar to the oldest moraine age determined so far in SE Tibet:
184 + 17 ka at Nata site located 42 km due north of Cuopu (Fu et al.,
2013). Moraine crests ‘e-f at ~16-15 ka were emplaced during the
Heinrich 1 event by glacier retreat following the Last Glacial Maximum
(LGM, MIS-2, ~20 ka) (Fig. 7A). These ages are consistent with nearby
studies (Schafer et al., 2002; Xu and Zhou, 2009 and Fu et al., 2013)
who dated moraine crests at ~16 ka in the west Maoya basin (location
in Fig. 1C) and in the nearby Shaluli Mountains, respectively. Lastly,
crest ‘d’ appears to belong to MIS-3/2, even though one may consider
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Maoya fan

Fig. 5. Field photos of the Maoya fan site. (A) View of the steep scarp on the Maoya fan with upstream moraine in the background. (B) Close-up of the fault scarp (1241 m) with people
circled for scale. (C) Aerial view looking east, of the Maoya fan and eastern Maoya basin. The N Maoya fault and a possible secondary fault are marked by red arrows. (D) View of the NW
upper fan surface (where sample LIC-8 is located, Fig. 4B). Note how flat and bare it is compared to the SE upper fan surface, which has marshes and much denser vegetation (E).

LIC-10 (29 ka) to be an outlier (because much older than the next oldest
age, i.e. possibly affected by inheritance, Putkonen and Swanson, 2003),
yielding the oldest age on ‘d’ to become 17 + 2 ka (MIS-2), slightly older
than moraine crests ‘e’ at 16 4= 1 kaand ‘f at 15 4 1 ka, and still in agree-
ment with moraines' relative chronology. Matching the 15 & 3 m
horizontal offset with the 173 4 16 ka age of the offset moraine
crest ‘c’ yields a poorly constrained, very small left-lateral slip-rate of
0.09 + 0.02 mm/yr along the main secondary fault at Cuopu. One
could also view the oldest sample on crest ‘c’ (LIC-25 at 173 + 16 ka)
as an outlier so that the next oldest age (LIC-20 at 145 + 13 ka) better

represents the moraine's age, yielding a slightly higher left-lateral slip-
rate of 0.1 4 0.03 mm/yr.

4.2. Maoya fan

The Maoya fan site is located along the Maoya segment of the LTFS
(Fig. 1C), at 30.176°N-100°E, at an elevation of ~4230 m. It lies at
the eastern end of the eastern basin, where the basin becomes
narrower (~1 km as opposed to a maximum of 10 km farther west).
The <3 km-long valley from where the Maoya fan originates cuts
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Fig. 6. The Litang basin. (A) Google Earth satellite image of the Litang basin. (B-D) Photos of the most recent surface rupture (1890 Ms7.1, Xu et al., 2005 or 1729 Mw6.7, Zhou et al., 2015)
located in the NE part of the basin. (E) Litang fault at the southern end of the Litang basin (Bengge). (F) Litang fault just east of the Maoya basin. Photo location shown in Fig. 1C. White
arrows highlight fault with main normal component while red arrows highlight fault with main left-lateral component.

through the northern Maoya range. The stream flowing through the
valley most likely originates from springs located ~300 m higher
than the fault, as well as from precipitation and seasonal snowmelt. In
addition, two former glacial valleys (with no present-day glacier) are
perched ~500 m higher than the valley upstream from the Maoya fan.
In particular, moraines from the eastern one reach the valley floor just
~700 m upstream from the Maoya fan (Fig. 5A) and may attest to the

largest glacial extent. Therefore, we believe that the Maoya fan is
an alluvio-glacial fan surface, which most likely emplaced almost in-
stantaneously, following the frontal moraine's collapse and depositing
exceptionally large boulders on the fan downstream.

The Maoya alluvio-glacial fan surface (~8° slope to the SW) is
entrenched by several gullies (Fig. 4C), mostly seasonally active, that
reach the Litang River crossing the basin in an ~EW direction (Fig. 4A).
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etal. (1984).

The Maoya fan surface is covered by short grass (Fig. 5), but small
bushes abound where water is present (Figs. 4C and 5A), especially in
the SE upper fan surface (Fig. 5E). Indeed, the upper fan surface is deeply
entrenched by two active streams that separate it into three different
surfaces. The western and central upper surfaces are flat and almost de-
void of vegetation (Fig. 5D) while the SE upper surface is highly vegetat-
ed with marshes (Fig. 5E). The upstream part of the Maoya fan is small
and narrow (~100-200 m wide and ~200 m long) compared to the
downstream part (~1 km wide and ~1.2 km long) (Fig. 4).

The N Maoya fault cuts and vertically offsets numerous alluvial
fans near their apex, including the Maoya fan and a similar fan just
to the west (Fig. 4). Another trace, possibly a secondary fault, cuts
the Maoya fan farther downstream (Figs. 4B and 5C). The main
fault scarp has a slope of ~35° and is partly covered by bushes
(Fig. 5B). We leveled a kinematic GPS profile perpendicular to the
scarp (Fig. 4B,E), which allowed us to precisely measure the vertical
offset of the Maoya fan of 12 4 1 m (Fig. 8A), value confirmed by our
terrestrial LIDAR survey (Figs. 4D-F and 8B). We collected eight sam-
ples from large boulders rapidly emplaced following the upstream
moraine's breach, two upstream (LIC-7, 8) and six downstream
(LIC-1-6) from the fault (Figs. 4B and S2), with ages ranging from
18 to 50 ka (Fig. 7B and Table 1). Sample LIC-7 (50 + 4 ka) is twice
as old as the rest of the samples and may have been affected by in-
heritance (or prior exposure) (Fig. 7B). Indeed, while for large catch-
ments it has been suggested that inheritance is evenly distributed in
all the samples (Hetzel et al., 2002), in smaller catchments however,
inheritance can usually be assessed by the occurrence of outliers
(with an age much older than the rest of the population) that can
thus be discarded (e.g. Van der Woerd et al.,, 1998) (white in
Fig. 7B). Whether the other samples may have been affected by in-
heritance as well is hard to assess without sampling the active river
or by doing a depth profile. The remaining seven samples yield an av-
erage age of 21.7 + 4.2 ka, which, when matched with the 12 &+ 1 m
vertical offset yields a vertical rate of 0.6 & 0.1 mm/yr for the Maoya
segment of the LTFS.

The fact that the age of the Maoya fan corresponds to the Last Glacial
Maximum (LGM, ~20 ka) is in agreement with our inference that the
Maoya fan is an alluvio-glacial fan which emplaced rapidly, possibly
due to a glacial lake outburst flood that breached the frontal moraine
located upstream from the fan (due to water pressure, earthquake,
erosion, rock or snow avalanches etc). This also reinforces our prefer-
ence for the Maoya fan to be 22 ka rather than ~10 ka, as suggested by
Xu et al. (2005).

5. Discussion
5.1. Horizontal rate along the Cuopu segment

The Cuopu moraines are only found on one side of the main range-
front fault (N Cuopu fault), which prevents us to determine a vertical
rate along this main fault segment. However, a left-lateral rate along
the main secondary fault affecting the moraines can be calculated.
Matching the 173 4 16 ka old moraine crest (‘c’) with its 15 + 3 m
left-lateral offset by the main secondary fault within the basin yields a
horizontal slip-rate of 0.09 + 0.02 mm/yr (or 0.1 4 0.03 mm/yr taking
the next oldest age, 145 4 13 ka, as discussed above). This rate is >20
times smaller than the ~2 mm/yr Pliocene rate obtained by matching
the ~11 km long-term offset with the 5.3 + 0.4 Ma fault initiation age
(Zhang et al., 2015) (Fig. 9). However, this long-term offset has most
likely been accumulated along the range-front fault, which appears as
purely normal at present. Indeed, the oldest moraine crests ‘a,b,c’ east
of the lake are now facing triangular facets, most likely due to left-
lateral displacement of moraines previously located in front of the
glacial valley. Furthermore, no corresponding crests for ‘a’ and ‘b’ are
present west of the lake due to left-lateral motion along the range-
front (younger moraines have easily destroyed older ones that were
facing the valley, e.g., Chevalier et al., 2005, 2015). It is hard however
to calculate a precise horizontal slip-rate for the N Cuopu fault due to
the lack of piercing point for moraines ‘a,b,c’ due to erosion by fans lo-
cated upstream (Fig. 2C). Nevertheless, an attempt to project the
crests toward the range-front (Fig. 2D), or taking the distance be-
tween crests ‘d’ and ‘c’ yields a first order slip-rate estimate of
2.3 4+ 0.6 mm/yr (400 4 100 m in 173 ka), similar to the Pliocene
rate. If one assumes that LIC-25 (173 4 16 ka) is an outlier and that
LIC-20 (145 + 13 ka) better represents the moraine's age, the rate
becomes 2.8 4+ 0.9 mm/yr.

In addition, the presence of horizontal offsets on the oldest moraine
crests only, and not on the youngest ones nor on the alluvial fan to the
east, suggests that the main secondary fault was only active in the
past and stopped before the younger moraines (and fan) emplaced
(sometimes between ~173 and ~29 ka, or 17 ka). If our hypothesis of
a cessation of left-lateral active faulting along both the N Cuopu and sec-
ondary fault is correct, it could be compared to what happens along the
South Jawa fault, where the fault plane shows older left-lateral striations
crosscut by younger, normal ones (Zhang et al., 2015), attesting that
strike-slip motion preceded normal motion. At present, only the N
Cuopu fault remains active, with a pure normal sense of motion.



Table 1
Analytical results of '°Be geochronology and surface exposure ages at Maoya fan and Cuopu moraines.

Sample name Lat (N) Long (E) Elev (m) Quartz (g) Be carrier (mg) '°Be/°Be (107'°) '°Be (10°atom/g) Desilets ages (yrs)® Dunai ages (yrs)® Lifton ages (yrs)® LS indep ages (yrs)® LS dep ages (yrs)?

Cuopu moraines

b LIC-16 30.481064 99.555136 4176 19.66575  0.29445 4129468 413+0.068 6393147777 62694 47590 6016046135 8054347317 69047 1 6069

[« LIC-21 30.48852 99.55858 4243 20.53443 0.30149 3089 +55 3.034+0.053 44078 £5333 43282 +5213 41829 +4248 5693245143 47938 + 4195
LIC-22 30.48642 99.55575 4222 20.11649  0.29881 5044 +92 5.006 £ 0.091 76097 49314 74253 49043 7130247320 9683248878 8307917366
LIC-24 30.48206 99.55309 4193 20.80545 0.29816 6163+93 5.901+0.089 91089411165 88848410833 8531748754 115722410607 98276 + 8697
LIC-26 30.47865 99.54978 4190 19.33687 0.29754 6127 +94 6.299 +0.097 97211411944 94990+ 11611 91769 49442 124578 411461 104612+ 9284
LIC-27 30.47812 99.54898 4181 20.61034  0.29695 7898 +£117 7.603+0.112 114782414177 1115254+£13699 108273411191 151953 414092 124729+11130
LIC-23 30.48384 99.55453 4199 20.2695 0.29839 8379+122 8.242+0.12 122759415201 118939414643 115614411977 164382+15304 134627 12050
LIC-20 30.48948 99.55989 4246 19.63962  0.29368 9070+ 126 9.062+0.125 131061416262 126317415578 122620412718 176840+ 16511 145435+ 13046
LIC-25 30.48031 99.55197 4186 21.04332 0.29784 10874 +150 10.2844+0.141 156483 419583 150572+£18722 145146415169 208624 4- 19688 173075+ 15669

d LIC-12 30.49258 99.55746 4289 16.9111 0.2993 720421 0.851+0.024 1458941779 15136+1838 14078 1452 15494 + 1425 1514411355
LIC-13 30.49138 99.55695 4279 18.3889 0.29779 800423 0.865+0.024 14899+ 1817 15430+ 1874 14369 41482 15848 +1458 1546011384
LIC-14 30.48356 99.55147 4206 15.09584  0.29646 648419 0.854+0.024 15016 £ 1831 15542 +1888 14483 41494 15944 + 1466 1554441391
LIC-15 30.48244 99.55099 4198 19.95144  0.2954 905424 0.895+0.024 15837 +£1926 16339+1979 15269 4+ 1569 16923 +1548 16412+ 1461
LIC-11 30.49407 99.55808 4292 17.01552  0.29842 835429 0.978 +£0.033 16506 42038 16991 +£2089 15895+ 1667 17820+ 1673 17205+1574
LIC-10 30.49535 99.55858 4296 16.1193 0.36928 1125436 1.7214+0.055 2731143370 2740543367 2608342729 3159942960 2888512633

e LIC-17 30.48278 99.54843 4173 19.1385 0.29493 817424 0.844-0.024 15284 + 1865 15803 +£1920 14747 £1522 16216+ 1492 1578611414
LIC-28 30.48145 99.54565 4156 19.82563  0.29672 833423 0.832+0.023 15383 +1873 15899+ 1928 1484541527 16307 + 1495 15866+ 1415
LIC-29 30.48107 99.54456 4152 20.23429  0.29753 873427 0.857 £0.026 157744+1932 16278 £1986 15216 £1579 16779 £1555 162841+ 1469

f LIC-19 30.48293 99.5475 4164 18.58772  0.29504 750421 0.795+0.022 1469041789 15230+ 1847 14184 41460 15493 + 1421 15141 +1351

Maoya fan

Down LIC-1 30.16814 99.99681 4119 17.2226 0.374297 912429 1.32540.042 24037 42962 24296+ 2982 23022 42406 2702042526 25092 4-2283
LIC-2 30.16876 99.99728 4126 16.0895 0.370415 760424 1.1694+0.037 2150042647 2186542681 2059942151 2374142217 2235242032
LIC-3 30.17122 99.9978 4150 16.7291 0.370549 984431 1.456 +0.046 2573943174 2594043185 24582 42570 29258 +2738 26964 - 2455
LIC-4 30.17142 99.99828 4155 17.5306 0.367419 855428 1.197+0.04 2163542673 2199742706 2072642174 2395342250 2253042061
LIC-5 30.17257 99.99949 4177 18.1695 0.374478 677422 0.9334+0.03 17100£2105 17578 £2155 164614+1719 18431 +£1722 177154+1612
LIC-6 30.17402 100.0018 4210 17.9985 0.366027 689435 0.937 £0.047 16889 +2182 17372 +£2237 16260+ 1815 18208 + 1846 17519+:1736

Up LIC-7 30.17643 100.00217 4252 18.8779 0.372542 2324+ 64 3.065+40.085 45533 £ 5600 44627 4+ 5464 43060 +4473 59096 4- 5497 49728 14487
LIC-8 30.17686  100.00211 4261 19.8518 0.371066 918448 1.146+0.06 19733 £ 2568 20158+2614 1891142130 2173942229 2063942069

Note: Samples were processed at Stanford University's cosmogenic facility and the '°Be/°Be ratios were measured at ASTER (CEREGE).

Ages calculated with the CRONUS 2.2 (with constants 2.2.1) calculator. LS dep (indep) = Lal (1991) / Stone (2000) time-dependent (independent) production rate model.

Dunai (2000, 2001); Desilets and Zreda (2003); Desilets et al. (2006); Lifton et al. (2005).

Shielding factor is 0.98; sample density is 2.7 g/cm3. Thickness is ~5 cm. No erosion rate was applied.
Standard used at ASTER is NIST SRM4325 (=NIST_27900) with '°Be isotope ratios = 2.79 x 10", equivalent to 07 KNSTD.
2 External uncertainties (analytical and production rate, Balco et al., 2008) are reported at the 1 o confidence level.
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Fig. 8. Profile across the Maoya fan scarp. Profiles obtained by kinematic GPS (A) and LiDAR scanner (B) perpendicular to the Maoya fan (positions in Fig. 4B,E) showing the 12 +- 1 m

vertical offset of the Maoya fan.

5.2. Vertical rate along the Maoya segment

Matching the 12 + 1 m vertical offset of the Maoya fan (using kine-
matic GPS and LiDAR data) with its 21.7 4 4.2 ka surface age, we deter-
mined a vertical rate of 0.6 + 0.1 mm/yr (Fig. 9). At the same site, Xu
et al. (2005) measured a 17 4+ 3 m vertical (reverse) offset of the
Maoya fan (using total station) and determined a 9.4 4 0.42 ka surface
age from three samples using thermoluminescence dating on sands
collected beneath the modern soil. They therefore obtained a vertical
(reverse) rate of 1.8 £+ 0.6 mm/yr. Recalculating Xu et al. (2005)'s
average age and slip-rate using Zechar and Frankel (2009) yielded
8.8(+2.8/—0.9) ka and 1.8(+0.5/—0.4) mm/yr, respectively. Their
rate is three times as high as what we determined at the same timescale
with a different technique. This difference in surface ages may simply
reflect technique shortcomings, such as the fact that Xu et al. (2005)
collected only three samples which location may not be ideal because
they may have been reset by riser erosion or gully entrenchment, or
small rockslides (yellow in Fig. 4C). In addition to our inference that
the Maoya fan emplaced following the upstream moraine's breach (as
explained above), we believe that the seven similar sample ages we ob-
tained on the Maoya fan using '°Be dating are more representative of its
true age and therefore we favor a 21.7 4 4.2 ka emplacement age and a
lower rate, 0.6 + 0.1 mm/yr. Furthermore, the sense of motion (reverse)
suggested by Xu et al. (2005) is incompatible with our observations of
the basin morphology, which attests of normal motion (Zhang et al.,
2015), as explained above.

Xu et al. (2005) also argued that a now beheaded gully downstream
from the fault has accumulated a left-lateral offset of 38 4 7 m com-
pared to the active stream, upstream from the fault (Fig. 4C), yielding
a horizontal slip-rate of 4.1 £+ 0.9 mm/yr, or 4.1(+2.2/—1.8) mm/yr
using Zechar and Frankel (2009). Our detailed streams/gullies mapping
and field survey however casts doubts on this left-lateral offset. Indeed,
while the gullies network appears to be disturbed by the scarp, our

observations show no tectonic lateral offset (Fig. 4C). Past the scarp,
the streams fan out on the lower fan surface with no systematic lateral
offsets between the upstream gullies and downstream gullies that
could be due to the fault. In addition, the pretended offset gully is cur-
rently active (Fig. 4C) and therefore not beheaded as Xu et al. (2005)
argue. Along the neighboring fan to the west, the streams flow at the
base of the scarp (Fig. 4C) simply following topography (slope to the
SW, i.e. almost parallel to the scarp, as opposed to the Maoya fan,
where the scarp is almost perpendicular to the slope direction). In addi-
tion, we did not find any clear left-lateral offsets in the morphology
along the entire Maoya segment on satellite images nor in the field.
We therefore conclude that only dominant normal motion occurred
on this fault strand since at least the fan emplacement (~22 ka).

By performing 3D numerical thermal-kinematic inversion using
the Pecube code (Braun et al., 2012) on 5 apatite fission track and 2 ap-
atite (U-Th)/He ages from samples in the Litang fault footwall, Zhang
et al. (2015) determined a long-term exhumation rate of 0.59 +
0.03 mm/yr since 6.6 4 0.5 Ma at the Maoya fan site. This rate is identi-
cal to the vertical rate we determined at the same location at the late
Quaternary timescale: 0.6 4+ 0.1 mm/yr (Fig. 9), suggesting that vertical
rates may have remained constant since the fault's initiation. Matching
the LTFS initiation age with the long-term horizontal offsets along the
Maoya segment (~6 km) yields a long-term left-lateral slip-rate of
~0.9 mm/yr (Zhang et al., 2015) (Fig. 9). This suggests that horizontal
rates may have varied with time as the current nature of the Maoya seg-
ment appears to mostly be normal.

5.3. Short-term deformation rates from GPS and seismic data

Seventeen earthquakes of Mw > 5 have been recorded in the USGS
catalogue since 1976 close to the LTFS. Twelve of them correspond to a
cluster of events that occurred in early 1989 with their epicenters lying
25 to 50 km south of the Maoya fault, with focal mechanisms implying
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~EW normal faulting (Fig. 1B). One earthquake (Mw5.2, 1989/1/18)
is located closer to the Litang fault, and given the uncertainties on its
location (25 to 35 km difference between the CMT and the USGS
catalogues), it is probable that it has occurred on that fault (Fig. 1C).
Its focal mechanism shows one nodal plane trending N120° 50°S par-
allel to the LTFS (Fig. 1C). If this plane was the fault activated during
the earthquake, motion was mostly left-lateral (pitch 15°E) with a nor-
mal component. A few months later, another earthquake (Mw6.2, 1989/
5/3) occurred ~20 km south of the Maoya fault, probably rupturing its
deep part since the fault dips ~50-60° toward the south. In this case,
the focal mechanism shows one of the two nodal planes trending N95°
52°S parallel to the Maoya fault (Fig. 1C). If this plane was the fault acti-
vated during the earthquake, motion was mostly normal with a small
left-lateral component (pitch 66°E) (Fig. 1C).

GPS data reveal a large-scale clockwise rotation of eastern Tibet
relative to Eurasia around the eastern Himalayan syntaxis (Zhang
et al., 2004; Gan et al., 2007; Liang et al., 2013) (Figs. 1B and S3). These
velocities, derived from both campaign and permanent stations, are cal-
culated over 3 to 15 years and are used to estimate the current slip-rate
on the LTFS. While a significant 1.3 + 0.6 to 13.1 + 0.6 mm/yr left-lateral
motion is identified across the Xianshuihe fault, the southward decrease
in overall horizontal velocity across the LTFS is small given the uncer-
tainties (1.7 & 1.6 mm/yr), but is consistent with a 1.1 4+ 0.5 mm/yr
left-lateral motion along a fault trending N130° together with 2.5 +
1.7 mm/yr of extension in the perpendicular direction (Fig. S3D,E).
However, the GPS network is still too sparse and the time lag too
small to yield precise slip-rate estimates, and high uncertainties re-
main. In addition, the data can be significantly affected by the seismic
cycle. Nevertheless, at first order, GPS-derived slip-rates appear com-
patible with longer-term observations (~10 ka to 7 Ma) showing that
the LTFS is currently left-lateral with an extensional component of a
few mm/yr.

5.4. Litang fault system within SE Tibet

The fact that we and Zhang et al. (2015) determined a similar rate of
~0.6 mm/yr at ~20 ka and 5-7 Ma timescales, respectively, has impor-
tant implications for the tectonics of the region. It suggests that the
LTFS (or at least the Maoya segment) has been moving at a constant ver-
tical rate of ~0.6 mmy/yr since its initiation at 5-7 Ma. Using a fault's dip
angle of 50° (corresponding to that of the SW dipping focal plane of the
1989/1/18 earthquake, Fig. 1C) yields an extension rate perpendicular
to the fault of ~0.5 mm/yr. This amount is of the same order but slightly
lower than the GPS estimates (2.5 4+ 1.7 mm/yr) (see Fig. S3).

While the Cuopu and Maoya segments appear to be mostly normal
since at least ~20 ka, they were most likely left-lateral strike-slip in
the past (with cumulative offsets of 11-6 km, Zhang et al., 2015).
Along the Litang and South Jawa-Dewu segments however, it appears
that while co-seismic surface ruptures show both left-lateral and verti-
cal offsets, cumulative horizontal offsets are harder to find. This led
Zhang et al. (2015) to suggest that normal and left-lateral motions
were coeval for some segments (Litang and South Jawa-Dewu along
which co-seismic surface ruptures display oblique motion), but were
successive for others, as attested by fault plane striations crosscutting
relationship (Jawa) or long-term cumulative horizontal offsets vs
short-term vertical offsets (Cuopu and Maoya). More importantly,
they suggested that the Cuopu, Maoya and South Jawa faults trending
~N110-120° show an en-echelon pattern and act as releasing bends
of the left-lateral Litang and Dewu segments trending ~N135°. This
implies that the area is not the site of pure ~NS extension as previously
assumed on the basis of few focal mechanisms (e.g., Copley, 2008) but
rather of NW-SE left-lateral transtention along the LTFS.

The fact that the long-term left-lateral offsets across the LTFS
are much smaller (<15 km, e.g., Zhang et al., 2015) than that across
the nearby Ganzi-Yushu-Xianshuihe fault system (60-80 km, e.g.,
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Burchfiel et al., 1995; Yan and Lin, 2015), suggests a younger initiation
age for the former or a much slower rate, therefore possibly explaining
its discontinuity compared to the very linear traces of the Ganzi-Yushu-
Xianshuihe or Red River fault systems. Indeed, the 5-7 Ma (Zhang et al.,
2015) initiation age of the LTFS is younger than that of the Xianshuihe
fault (>12.8 & 1.4 Ma, e.g., Roger et al.,, 1995) or Red River fault (<11
to 5 Ma for dextral slip, e.g., Leloup et al., 1993, 2001; Replumaz et al.,
2001; Fyhn and Phach, 2015). This led Zhang et al. (2015) to suggest
that the onset of the LTFS results from a kinematic reorganization in
SE Tibet, and that it acts as a link between the two major fault systems
in eastern Tibet, the Xianshuihe and the Red River fault systems
(Fig. 1B), ensuring kinematic compatibility between them.

5.5. Earthquake hazard in the Litang area

The devastating 2008 Mw7.9 Wenchuan earthquake occurred in the
Longmen Shan, along the eastern topographic step between the seismi-
cally active Tibetan Plateau and the tectonically stable plains of eastern
China (Fig. 1A). Because more than one third of all historical M > 7
earthquakes in continental China have occurred in that transition zone
(e.g., Deng et al,, 2003; Zhang, 2013), it is referred to as the “NS seismic
belt” (green box in Fig. 1A). We suggest however that this zoning is
encompassing active faults of various kinematics and orientation and
is thus not adequately depicting the seismic risk of the region. The
left-lateral strike-slip Xianshuihe fault system is one of the most active
faults on the Tibetan Plateau with 9 events of M > 7 since 1700
(e.g., Allen et al., 1991). This fault system is composed of 4 segments
of >300 km-long, with a clear continuity and a dominant strike-slip mo-
tion (Fig. 1A,B), and could generate earthquakes of large magnitude
(Allen et al., 1991), comparable to that of the Wenchuan earthquake.
The LTFS is also quite active with three historical earthquakes of
7.5>M> 7 since 1700, which if occurring today, would produce consid-
erable damage in the Litang county, where >70,000 people live. The
~N135° trending Litang and Dewu faults have a sinistral/normal motion,
as attested by the 1989/1/18 Mw5.2 earthquake focal mechanism
(Fig. 1C) and the geological offsets. In 1989, rupture on this strike-slip
branch has preceded by four months a larger earthquake swarm on
the Maoya normal fault (16 earthquakes with 5 < Mw < 6.4 in four
months), strongly suggesting interaction of the two faults. However,
the LTFS appears highly segmented (Figs. 1C and 9) and it seems that
most ruptures will remain restricted to individual segments, the length
of these segments (35 to 60 km) supporting earthquakes of magni-
tudes less than Mw?7.5. It is however not impossible that an event
initiated on one segment could propagate to another one, inducing a
larger magnitude event. The high segmentation, the low slip-rates
and the current dominant normal component of motion on several seg-
ments all indicate that seismic hazard along the LTFS is smaller than
along the nearby large strike-slip Xianshuihe fault system or Longmen
Shan thrust belt.

6. Conclusion

We studied horizontally offset moraine crests from the Cuopu basin
and a vertically offset fan from the eastern Maoya basin to determine
late Quaternary slip-rates along the Litang fault system (LTFS) located
in the eastern Tibetan Plateau. At Cuopu, only the oldest moraine crests
are offset by the slowly slipping main secondary strike-slip fault within
the Cuopu basin (the fault does not cross the youngest crests), along
which we determined a very small (~0.1 mm/yr) left-lateral slip-rate.
The main active N Cuopu fault is currently almost purely normal, but
shows a left-lateral rate of 2.3 + 0.6 mm/yr since 173 ka from the offset
of the same moraines, in agreement with the rate of 2.1 £+ 0.2 mm/yr
proposed by Zhang et al. (2015) since ~5.3 Ma. The Maoya fan is verti-
cally offset by the currently dominantly normal N Maoya fault, along
which we determined a vertical rate of 0.6 + 0.1 mm/yr since ~22 ka,
which is in agreement with the exhumation rate obtained by Zhang

et al. (2015) on the long-term (5-7 Ma) at the same location (0.59 +
0.03 mmy/yr). These rates at ka and Ma timescales translate into an ex-
tension rate which is slightly lower than that determined by GPS:
2.5 + 1.7 mm/yr. Left-lateral rates along the main faults of the LTFS
range between 0.9 and 2.3 mmy/yr at all timescales. We confirm that at
present, the Cuopu, Maoya and South Jawa segments of the LTFS are
normal with a slight left-lateral component, while the Litang and
Dewu segments are dominantly left-lateral with a normal component.
This implies that the area is not experiencing pure ~NS extension
but rather of NW-SE left-lateral transtension along the LTFS. We sug-
gest that the slow rate, the partly normal kinematics along the LTFS,
and its highly segmented geometry favor the occurrence of large
earthquakes (6.5 < M <7.5) rather than of very large ones (M > 7.5),
similar to those occurring along the Xianshuihe and Longmen Shan
fault systems. However, the exceptional occurrence of a very large
earthquake rupturing the whole Litang fault system cannot be complete-
ly ruled out.
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