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ABSTRACT

The left-lateral strike-slip Xianshuihe fault
system, located in eastern Tibet, is one of the
most tectonically active intracontinental fault
systems in China, if not in the world, along
which more than 20 M >6.5 earthquakes
have occurred since A.D. 1700, including the
2010 Mw 6.9 Yushu earthquake. It is there-
fore essential to precisely determine its slip
rate, which remains poorly constrained at
all time scales, in order to evaluate regional
earthquake hazard. Here, we focus on the
NW segment of the Xianshuihe fault system,
the Ganzi fault. We studied three sites where
the active Ganzi fault cuts and left-laterally
offsets moraine crests and fan edges. We
constrained left-lateral offsets using light de-
tection and ranging (LiDAR) and kinematic
global positioning system (GPS) methods,
and we used cosmogenic dating to determine
the abandonment age of the offset surfaces.
We found that the slip rate remains constant
along the entire Ganzi fault (~300 km) at
6-8 mm/yr at the late Quaternary time scale,
consistent with geodetic (interferometric
synthetic aperture radar [InSAR] and GPS)
as well as geologic slip rates (4.9-7.5 mm/
yr since ca. 12.6 Ma). This implies that the
Manigango segment of the Ganzi fault could
potentially produce a M 7.6 earthquake in
the near future. While the Xianshuihe fault
system propagated from west to east, the fact
that the Ganzi fault’s long-term slip rate is
similar to that of the Xianshuihe fault to the
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SE suggests that the onset of the Xianshuihe
fault system at ca. 13 Ma marked a major
transition in tectonic regime in SE Tibet.

INTRODUCTION

The left-lateral strike-slip Xianshuihe fault
system, located in eastern Tibet, is considered to
be one of the most tectonically active intraconti-
nental fault systems on Earth (e.g., Molnar and
Deng, 1984; Allen et al., 1991; Wen, 2000; Wen
et al., 2008). Almost the entire fault system has
ruptured since A.D. 1700, with nine earthquakes
of Ms >7 and 16 earthquakes of Ms >6. Along
the central segment, the Xianshuihe fault, three
earthquakes of Ms >7.3 have occurred since
1923 (Allen et al., 1991; Wen, 2000), producing
surface rupture up to 110 km long and coseismic
offsets up to 5.5 m. The NW segment, consist-
ing of the Yushu/Batang and Ganzi faults, seems

less active, even though several large-magnitude
earthquakes have occurred since the late 1800s
(Table 1), including the 2010 Mw 6.9 Yushu
earthquake (star #3 in Fig. 1A), which produced
70 km of surface rupture along the Yushu fault,
with coseismic offsets of 1-2 m (e.g., Li et al.,
2012; Zhang, 2013).

Following the Yushu earthquake, the Yushu
fault has been extensively studied using interfer-
ometric synthetic aperture radar (InSAR) meth-
ods (e.g., Li et al., 2011; Liu et al., 2011; Tobita
et al., 2011; G. Zhang et al., 2016) and field
investigations (e.g., Lin et al., 2011; Li et al.,
2012), giving a broad estimation of the present-
day slip rate of 2-10 mm/yr. Late Quaternary
horizontal slip rates along the Ganzi fault (Ta-
ble 2) also show large uncertainties, between 3
and 14 mm/yr (e.g., Zhou et al., 1996; Wen et al.,
2003; Xu et al., 2003; Shi et al., 2016; colored
dots in Fig. 1D) using offset-age reconstructions

TABLE 1. HISTORICAL EARTHQUAKES ALONG THE GANZI FAULT

Date Magnitude Surface Horizontal References
rupture length offset
(km) (m)

Batang-Dengke

1896 7.3 70 ~3-5 Zhou et al. (1997, 2014); Wen et al. (2003);
Cheng et al. (2011)

1100 = 70 ? Zhou et al. (2014)

1550 + 110 ? Zhou et al. (2014)

Dengke-Manigango

1320 + 65 8 1707 5-9 Zhou et al. (1997); Wen et al. (2003);
Cheng et al. (2011)

Manigango-Ganzi

1854 7.3 170 <9 Zhou et al. (1997); Cheng et al. (2011);

Wen et al. (2003)

1866 7.7 65 3.6-6.3 Wen et al. (2003); Cheng et al. (2011)

1982 6 10 Roth (1989)

Zhuwo fault

1811 6.7 15 IGCEA and HGFU (1990)

1919 6.5 20 Roth (1989)

1967 6.8 18 0.68 Zhou et al. (1983); Papadimitriou et al. (2004);

Cheng et al. (2011)

https://doi.org/10.1130/B31691.1; 10 figures; 3 tables; Data Repository item 2017269.
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Figure 1. The Xianshuihe fault system in the frame of the India-Asia collision zone. (A) Tectonic map of the eastern Himalayan syntaxis
region with digital elevation model (DEM) in the background. Xianshuihe fault system is shown in red. RRF—Red River fault. Stars
indicate locations of major earthquakes along the Bayan Har block (Songpan Ganzi terrane): 1—2001 Ms 8.1 Kokoxili earthquake,
2—2008 Ms 8.0 Wenchuan earthquake, 3—2010 Mw 6.9 Yushu earthquake, 4—2013 Ms 7.0 Lushan earthquake. (B) SE Tibetan Plateau
with horizontal global positioning system (GPS) velocities relative to stable Eurasia (Liang et al., 2013), focal mechanisms of instrumen-
tal earthquakes with Mw >5 (Centroid Moment Tensor [CMT] catalogue 1976-2016): 2008 Wenchuan, 2010 Yushu, 2013 Lushan, 2014
Kangding, as well as main peaks, cities, and faults. LTFS—Litang fault system, XSHF—Xianshuihe fault, LMS—Longmen Shan, GS—
Gongga Shan, ZF—Zhongdian fault, AHF—Anninghe fault, DF—Daliangshan fault. (C) DEM of the Yushu/Batang faults and Ganzi
fault region, with active faults in red and main rivers in blue. Yellow stars show locations of the three study sites (Zhuqing [ZDG], Mani-
gango [MGT], and Ganzi [GZ]), with corresponding figure numbers. Yellow dots locate pictures found in the supplementary information
S1 (see text footnote 1). Purple areas represent the plutons discussed in the text. (D) Google Earth image of the Yushu/Batang faults and
Ganzi fault region, on which the high peaks (covered by glaciers) of the Queer Range are very clear just south of the fault, in contrast
to the more subdued reliefs north of the fault. Colored dots refer to the four studies where late Quaternary slip rates were determined.
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Ganzi fault slip rate

TABLE 2. SLIP RATE SUMMARY ALONG THE GANZI FAULT

Slip rate Reference Method Ref. in Fig. 10
(mm/yr)
144+15 Gan et al. (2007) GPS (strain rate analysis) 1
10-11+0.3 Loveless and Meade GPS (block model) 2
(2011)
6.6+15 Wang et al. (2013) GPS (profiles) 3
11 +£1 Thatcher (2007) GPS (block model) 4
10+2 Shen et al. (2005) GPS Yunnan + Sichuan 5
12 Meade (2007) GPS (block model) 6
12.6-14.7 Wang et al. (2017) GPS (block model) 7
6.4 Liu et al. (2011) InNSAR 8
Batang-Dengke
72+12 Zhou et al. (1996) Thermoluminescence dating 9
11.3+1.8* Wen et al. (2003) Thermoluminescence dating /
9.8+ 0.9 Zhou et al. (2014) Paleoseismology 10
Dengke-Manigango
7+0.7 Zhou et al. (1996) Thermoluminescence dating 11
<10+ 0.4 Shi et al. (2016) 14C, paleoseismology 12
128 +1.7* Wen et al. (2003) “C /
13.4 £ 2* Xu et al. (2003) Thermoluminescence dating /
4.3-11.2 This study, Ria site Reinterpretation of Xu et al. (2003) using Ria
MGT age
3-8.3 This study, MGT site 1°Be MGT
7 (+1.1/-1.0) This study, ZDG site °Be ZDG
Manigango-Ganzi
8.5 (+0.8/-0.7) This study, GZ site °Be GZ
13.0x1.7 Wang et al. (2008) GPS (fault model) 13
3403 Zhou et al. (1996) Thermoluminescence dating 14
11.5+24* Wen et al. (2003) Thermoluminescence dating /
8+1 Shi et al. (2016) Reinterpretation of Wen et al. (2003) 15
2.6-8.3 Shi et al. (2016) 14C, paleoseismology 16
Queer Shan pluton
6.6 (+0.8/-0.7) Wang et al. (2009) 76-90 kmin 12.6 + 1 m.y. 17
Jinsha River
6.2+1.3 64 t0 93 kmin 12.6 =+ 1 m.y. 18

Note: GPS—global positioning system; InNSAR—interferometric synthetic aperture radar; MGT—Manigango;

ZDG—Zhuging; GZ—Ganzi.

*Rates obtained using the lower terrace reconstruction, and therefore overestimated. See text for details.

(with ™C, optically stimulated luminescence
[OSL], or thermoluminescence [TL] dating),
and 9-15 mm/yr using paleoseismology (Zhou
et al., 2014). Farther south, the Xianshuihe fault
has been investigated using morphotectonic
methods, giving a higher Holocene to late Qua-
ternary average slip rate of 10-20 mm/yr (e.g.,
Allen et al., 1991;Y. Zhang et al., 2016). On the
long-term time scale, poorly constrained slip
rates of 3.5 to 30 mm/yr along the Xianshuihe
fault system have been suggested by matching
geological offsets of ~60-100 km (e.g., Wang
et al., 1998; Wang and Burchfiel, 2000; Zhang,
2013; Yan and Lin, 2015) with initiation ages of
ca. 2-17 Ma (e.g., Roger et al., 1995; King et
al., 1997; Wang et al., 1998; Wang and Burch-
fiel, 2000; Yan and Lin, 2015). Such variability
between short-term (global positioning system
[GPS], InSAR) and some longer-term (tectonic-
geomorphology, geochronology) slip rates
is common (e.g., Hanks and Thatcher, 2006;
Thatcher, 2007), partly due to measurements
over different periods of the earthquake cycle,
related to crust and mantle rheology below the
seismogenic zone (Savage and Prescott, 1978;

Segall, 2002; Perfettini and Avouac, 2004).
Late Quaternary rates span multiple earthquake
cycles, so they minimize interseismic strain ac-
cumulation or postseismic relaxation, while
geodetic measurements span only a few years
and therefore do not necessarily represent what
is happening over the long term (thousands to
millions of years). Geodetic rates are prone to
vary during the earthquake cycle due to slow-
slip events or temporal variations of interseis-
mic coupling, and they may not be stable over
several seismic cycles (e.g., Rogers and Dragert,
2003). Consequently, geodetic techniques may
underestimate or overestimate slip rates if they
are measured only over one limited interseismic
period, or if the fault is late in its earthquake
cycle (when an earthquake is overdue). This can
have dramatic consequences if the importance
of a fault in accommodating deformation is mis-
takenly assessed. Therefore, precise constraints
on fault slip rates at the late Quaternary time
scale are essential to assess seismic hazards, es-
pecially in this highly active zone of eastern Ti-
bet, where one can assess how deformation due
to the India-Asia collision is accommodated.
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Our study fills the geographic gap between
the Yushu fault and the Xianshuihe fault, as well
as the time gap between geodetic and geological
slip-rate data by doing a morphotectonic study
of the Ganzi fault using '’Be cosmogenic radio-
nuclides, which has not yet been done. In this
paper, we present three study sites where the
Ganzi fault cuts and left-laterally (as well as
vertically at places) offsets late Quaternary geo-
morphic markers such as moraines and alluvial
fans. We used a combination of high-resolution
satellite image observations and field surveys
(including terrestrial light detection and ranging
[LiDAR] and kinematic GPS), as well as ''Be
cosmogenic dating of the offset geomorphic
markers, to determine late Quaternary slip rates.
We compare the slip rates obtained at various
time scales and assess the seismic hazard along
the Ganzi fault.

GEOLOGICAL SETTING

The NW-striking Xianshuihe fault system has
a relatively simple geometry with distinct step-
overs and bends that control the rupture termi-
nations and allow segments to be defined (e.g.,
Klinger, 2010; Zielke et al., 2015). The Xians-
huihe fault system consists of the Yushu (from
west of Yushu to the city of Batang) and Ganzi
(from Batang to Ganzi Cities) faults in the NW,
the Xianshuihe fault (from approximately the
town of Zhuwo to the town of Moxi) in the mid-
dle, and the Anninghe-Zemuhe-Xiaojiang faults
in the SE (Fig. 1B; e.g., Allen et al., 1991). The
entire fault system is ~1400 km long and a few
hundred meters wide in most places, except in
the SE part, where the Xianshuihe fault system
splays in several active, right-stepping branches
that strike approximately N-S until reaching the
Red River fault (Fig. 1A). The Xianshuihe fault
system acts as a bounding fault that limits the
northern extent of the clockwise rotation of ma-
terial with respect to Eurasia, around the eastern
Himalayan syntaxis, as evidenced by GPS data
(e.g., Zhang et al., 2004; Shen et al., 2005).

The far NW Xianshuihe fault system is made
up of two converging faults, the Yushu fault
in the north, which ruptured in 2010, and the
Batang fault in the south, which has a normal
component opening wide sedimentary basins
just west of Batang (Fig. 1C). East of Batang,
the Jinsha River follows the Ganzi fault for
~60 km between Batang and Dengke (Fig. 1C),
making it hard to clearly follow the fault trace in
this deep valley (Fig. 1D). Once the Jinsha River
leaves the fault near Dengke to veer to the SE,
the Ganzi fault becomes clearer in the topogra-
phy as it follows the northern flank of the Queer
Range. The dogleg shape of the Jinsha River has
been interpreted to reflect a 60-90 km offset by



the fault (Wang et al., 1998; Wang and Burch-
fiel, 2000; Fig. 1C). The NW-trending Queer
Range, which culminates at 6168 m elevation,
belongs to the Shaluli Mountains, which consti-
tute the NW end of the larger-scale Hengduan
Mountains of eastern Tibet (Fig. 1B). Interest-
ingly, the prominent Queer Range is only pres-
ent SW of the Ganzi fault, while NE of the fault,
the reliefs are more subdued (Fig. 1D). This
possibly reflects recent uplift of the SW com-
partment of the fault. East of Dengke, the fault
trace is very clear, with numerous pull-apart ba-
sins and sag ponds (Figs. S1D and S1E'"), shutter
ridges (Figs. S1B and S1E [see footnote 1]), and
offset geomorphic markers attesting to its left-
lateral component. Where the Ganzi fault enters
the Ganzi Basin, it is harder to follow, partly
due to human activities, even though the pres-
ence of hot springs attests to the importance of
fault activity (Fig. S1E [see footnote 1]). There,
the Yalong River appears to be offset by ~35 km
by the Ganzi fault (Wang et al., 1998; Fig. 1C).
The three sites we investigated in detail are lo-
cated along the eastern half of the Ganzi fault,
just north of the Queer Range, where the fault
cuts numerous moraines (sites Zhuqing [ZDG]
and Ganzi [GZ]) and several river terraces or
fans (site Manigango [MGT]). A left en-echelon
step-over just east of the town of Ganzi, between
the Ganzi and Xijanshuihe faults, forms an
~25-km-wide pull-apart basin (Fig. 1C). There,
the NE-striking Zhuwo normal fault (dipping to
the NW at 50°-65°; Papadimitriou et al., 2004)
marks the SE side of the basin.

METHODOLOGY

In order to map active fault strands and geo-
morphic surfaces, and to precisely measure
offsets, we used a combination of field inves-
tigation and high-resolution satellite images,
such as Google Earth or Bing images, as well as
high-resolution topographic data from a Riegl
VZ1000 terrestrial LIDAR scanner (angular res-
olution of 0.02° for raw data, set to <0.5 m hori-
zontally and <0.2 m vertically between two data
points after filtering the data) and from a kine-
matic GPS (Trimble R8). The '°Be cosmogenic
radionuclide dating technique (e.g., Gosse and

!GSA Data Repository item 2017269, field pho-
tos of several geomorphic features along the active
Ganzi fault (location in Fig. 1C) (Fig. S1), photos
of individual boulders we collected at Zhuqing
(ZDG) and Ganzi (GZ) moraines (Fig. S2 and S4,
respectively), details on the parameters used in the
software of Hidy et al. (2010) (Fig. S3), and GPS
profiles across the Ganzi fault (Fig. S5), is available
at http://www.geosociety.org/datarepository/2017 or
by request to editing @ geosociety.org.
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Phillips, 2001) allowed us to precisely constrain
the surface emplacement exposure ages of the
study sites: 10 and 12 samples were collected
from the top few centimeters of large granite
boulders present on the ZDG and GZ moraine
crests, respectively, and one depth profile from a
refreshed terrace riser at the MGT fan site. The
offset of the fan edges or moraine crests was
taken between the piercing points on both sides
of the fault. Then, matching the age of the sur-
faces with their offset yielded median slip rates
at the 16 level (calculated using Zechar and
Frankel, 2009) at the late Quaternary time scale.

Several factors, however, may influence the
1"Be concentration in the samples we collected.
Most processes, such as erosion, weathering,
snow cover, and rolling, yield young appar-
ent ages (e.g., Putkonen and Swanson, 2003;
Applegate et al., 2010; Chevalier et al., 2011;
Heyman et al., 2011), whereas inherited cos-
mogenic radionuclides (due to prior exposure)
will overestimate the ages (e.g., Heyman et al.,
2011). However, it appears that only 3% of the
boulders (“outliers”) may have been exposed
prior to glacial erosion, transport, and deposi-
tion (Putkonen and Swanson, 2003; Heyman et
al., 2011), especially since glacial boulders have
been pulled off from the glacial valley, crushed,
and eroded before sitting on a moraine’s crest.
Those outliers have ages that are much older
than the rest of the population and can be dis-
carded (e.g., Benedetti and Van der Woerd,
2014). In addition, while a moraine is overall
a relatively stable feature over the long term, a
moraine surface is generally unstable after its
emplacement, with large boulders being gradu-
ally exhumed to the surface as erosion washes
the smaller material away, thus representing
various stages of exhumation as the surface low-
ers. Therefore, in the absence of clear outliers,
it is most appropriate to choose the oldest age
of the sample population to represent the em-
placement age of the moraines (e.g., Hallet and
Putkonen, 1994; Putkonen and Swanson, 2003;
Briner et al., 2005; Applegate et al., 2010; Che-
valier et al., 2011; Heyman et al., 2011).

In order to constrain the age of alluvial sur-
faces or glacial outwash when no suitable sam-
ples are present on their surface (such as at the
MGT fan site), we used the amalgamated clasts
approach (e.g., Anderson et al., 1996; Repka et
al., 1997; Hancock et al., 1999; Matmon et al.,
2009) by collecting samples from a depth pro-
file. This approach assumes that the inherited
component in each clast is small enough so that
it can be averaged through the amalgamation,
i.e., that the sediments have been deposited rap-
idly enough to be considered as a single strati-
graphic unit (which appears to be the case for
the MGT fan site; see following), especially for
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large catchments (Hetzel et al., 2002) such as
the MGT fan site.

SITES DESCRIPTION AND RESULTS
Zhuqing (ZDG) Moraines

The impressive Zhuqing (ZDG) moraine
complex, out of the Yingpu valley, is located
~120 km NW of Ganzi (~32.112°N, 98.851°E;
Fig. 1C). The moraines are located at elevations
of ~4000—4200 m and originate from a 5816-m-
high peak of the NW Queer Range, where a
large ice cap is still present, and from which
several glaciers flow northward to the Zhuqing
Basin (Fig. 2B). The ZDG moraine complex is
made of >14 different crests, from only a few
meters high to ~200 m high (Ou et al., 2014).
An ~10-m-high scarp is visible across the val-
ley, nicely showing the fault’s trace (Figs. 2B
and 2C). No glacial lake remains in the valley,
but large swamps are still present downstream
from the fault (Fig. 2). The main ZDG lateral
moraines are steep, ~4-km-long, 2-km-wide,
200-m-high moraines (Fig. 3A), and their crests
are relatively subrounded and covered with
small bushes and occasional trees, with nu-
merous large (up to ~10 m diameter) boulders.
Two recessive inner latero-frontal moraines
(younger) are visible along the inner flanks of
the main ZDG moraines (Figs. 2B, 2C, and
3) and have been dated at 16.2 = 1.4 ka and
12.2 £ 1.1 ka by Ou et al. (2014) using OSL
dating (Fig. 2A). While the upstream inner mo-
raines are preserved and uplifted by the fault,
their downstream equivalents have been down-
dipped by the fault and are now covered by the
swamps (Fig. 2C).

We collected 10 samples on the western main
crest (Fig. 2A; Table 3), from the top of large
embedded granite boulders (Fig. S2 [see foot-
note 1]). Seven samples were collected upstream
from the fault (ZDG1-ZDG?7), and three were
collected downstream (ZDG8-ZDG10). The
ages range from 14 + 1 ka to 23 + 2 ka (Fig. 4;
Table 3), with no difference between the sam-
ples collected upstream and downstream from
the fault, attesting that it is a single moraine. As
explained above, we chose the oldest age of 23 +
2 ka to best represent the moraine emplace-
ment age, considering that no anomalously old
sample is present here. That age is consistent
(i.e., older) with that of the inner moraines.
Surveying the site using a terrestrial LiDAR as
well as a kinematic GPS along the western crest
allowed us to precisely measure its left-lateral
offset, which is 160 + 20 m (Fig. 3). The offset
of the eastern crest is smaller (~80 m) due to
the left-lateral sense of motion along the fault
and the postglacial erosion of the eastern lateral
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Figure 3. Digital elevation model of Zhuqing (ZDG) moraines site (~32.112°N, 98.851°E). (A) High-resolution digital elevation model
determined from terrestrial light detection and ranging (LiDAR) survey (contours in m). Locations of LiDAR bases are represented by
white stars. Note that elevations are approximate (LiDAR data give accurate relative, not absolute, elevation) and slightly differ from
those obtained from the topographic contours. (B) 160 + 20 m backslip of LiDAR data realigns the crests highlighted in black. (C) Topo-
graphic profile across the fault scarp (location in A).

moraine in the downstream area. The fault scarp
is 10 = 0.5 m high on the valley floor (Figs. 2B,
2C, 3A, and 3C). Matching the 160 + 20 m off-
set with the 23 + 2 ka age of the western mo-
raine crest yields a late Quaternary horizontal
slip rate of 7 +1.1/~1.0 mm/yr. A vertical throw
rate of >0.4 mm/yr for the southern (upstream)
area was estimated from the offset of the valley
floor (10 min 23 +2 k.y.), or >0.6 mm/yr taking
the 16.2 ka age of Ou et al. (2014) for the upper
inner moraine (Fig. 2A).

Manigango (MGT) Fan

The Manigango (MGT) fan site is located
~30 km SE of the ZDG moraines and ~8 km
NW of the town of Manigango (~31.964°N,
99.135°E; Fig. 1C), at ~4000 m elevation. The
fan and terraces were emplaced at the apex of an
~7-km-long moraine (Fig. 5D) coming from the
central Queer Range, where very few present-
day glaciers remain. The Ganzi fault cuts
through the fan and terraces and left-laterally
offsets their risers (Figs. 5 and 6). The fan and
terraces upstream from the fault are significantly
higher (up to 12 + 1 m) than those downstream
from the fault, attesting to a locally important
vertical component of motion (Figs. 6B and 6C).

The MGT fan surfaces are flat (4° slope)
and covered by short grass and small bushes

at places. The active main stream (river 1) has
entrenched 15 + 1 m (measured by LiDAR)
into the fan, and only two levels of terraces (T3
and T2) are present around river 1. The terraces
are devoid of large boulders, and smaller rocks
have been disturbed by human interaction due
to seasonal settlement and by small animals. We
consequently refreshed the upstream, western
T3/T2 riser (Fig. 5C) and collected numerous
cobbles (~5 cm diameter) from the same depth,
every 20 cm at eight different depths, and pro-
cessed them as eight single samples (see Meth-
odology section). However, because the top and
bottom levels did not yield enough quartz, we
only have data for six different depths, from
50 to 150 cm below the fan’s surface (Fig. 6D;
Table 3). In order to model the '’Be concentra-
tion obtained at different depths to determine a
surface age, we used the software of Hidy et al.
(2010), which yielded a surface age for the T3
fan surface of 19 + 2.3 ka (Fig. 6D; Fig. S3 [see
footnote 1]). This age suggests that the MGT fan
was emplaced soon after the Last Glacial Maxi-
mum (LGM, ca. 20 ka; e.g., Clark et al., 2009),
following glacier retreat and possible breach of
the frontal moraine.

After the MGT fan was emplaced, its edges
could start to be offset by the fault. The eastern
edge of the fan appears to be offset by a maxi-
mum of 130 + 20 m, since the current stream
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that follows the downstream edge of the fan may
have eroded it (Fig. 5B). Subsequently, the fan
surface itself (T3) started to be entrenched by
streams such as rivers 1 and 2 (Fig. 5B) and form
terraces such as T2. Eventually, the terrace risers
started to be offset. Detailed site surveying using
terrestrial LIDAR and kinematic GPS yielded
horizontal offsets of the main abandoned gul-
lies and terrace risers ranging from ~20 to ~75 m
(Figs. 5B and 6B). Note that the 75 + 16 m offset
of the T3/T2 riser (taken as an average between
the riser’s top-to-top and bottom-to-bottom off-
sets) is a minimum due to the constant erosion
of its upstream riser by river 1, while the down-
stream riser is preserved (Fig. 5B). The vertical
offsets we measured are 9 + 1 m for T3 west of
river 1 (profile P2), and 12 + 1 m for T3 east of
river 1 (profile P3; Fig. 6C).

Matching the MGT fan (T3) surface age with
the fan’s maximum offset (130 + 20 m) yields
a maximum slip rate of 6.8 +1.5/-1.2 mm/yr,
while matching the largest minimum offset of
T3/T2 (75 £ 16 m) with the age of T3 yields
a minimum slip rate of 3.9 +1.0/~0.9 mm/yr.
Matching the largest vertical offset of T3 (12 +
1 m) with the age of T3 yields a vertical throw
rate of 0.6 = 0.1 mm/yr. Therefore, the horizon-
tal slip rate at the MGT fan site ranges from 3 to
8.3 mm/yr. The highest horizontal slip rate de-
termined at the MGT site is close to the slip rate
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Figure 4. Ages of Zhuqing (ZDG) moraines, showing °Be cosmogenic
surface exposure ages (using the time-dependent model of Lal, 1991/
Stone, 2000 [“LS dep”’ column, bold in Table 3]) with 16 uncertainty.

Figure 5. Manigango (MGT) and Ria sites (~31.964°N, 99.135°E). (A) Area near the MGT
and Ria fan sites on Bing images and (B) close-up. Fault is highlighted by white arrows in A.
Depth profile (DP) location is shown in B. (C) Photo of depth profile from T3/T2 riser at the
MGT site. (D) Google Earth image of the entire MGT valley as well as neighboring valleys,
where moraine crests are highlighted with white dashed lines (vertical exaggeration 3x).
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determined at the ZDG site (7 +1.1/~1.0 mm/yr)
at the same ~20 k.y. time scale.

Ganzi (GZ) Moraines

The Ganzi fault, trending ~N120° at that lo-
cation, bounds the SE Queer Range, and one can
follow its trace all the way to Ganzi (Fig. 1C). It
cuts and left-laterally offsets several moraines,
including the ones that extend the farthest to the
north, where our Ganzi (GZ) moraines stand,
~40 km NW of Ganzi (~31.731°N, 99.581°E) at
elevations of ~4000 m (Fig. 1C). The fault also
vertically offsets late Quaternary deposits with
the north (downstream) side up (Figs. 7 and 8).

The moraines were emplaced by glaciers
flowing down from the SE Queer Range, where
present-day glaciers abound (Fig. 1D). Numer-
ous large U-shaped glacial valleys and moraines
extend north of the range for ~2 km before veer-
ing to the NE (1 in Fig. 7C). Upstream from that
turn, moraines with rough topography and large
boulders diverge out of the main valley toward
the NW (“1” in Fig. 7C; pink tones in Fig. 7A).
The main GZ moraines (smoother topography,
crests highlighted by white dashed lines in
Fig. 7A) extend farther and cross the fault. They
are covered by grass and small bushes (Fig. S4
[see footnote 1]), and medium-sized granodio-
rite boulders (up to 2.5 m large and up to 1.2 m
above the surface) with big quartz grains lie on
their crests (Fig. S4 [see footnote 1]). Swamps
are present between the eastern and western GZ
crests as well as along the fault (Fig. 8A).

We collected 12 samples from the top of the
largest boulders (Fig. S4 [see footnote 1]) that
were present on the surface of the western crests,
seven upstream from the fault (GZ1-GZ7) and
five downstream (GZ8-GZ13; Fig. 8A). GZ
sample ages are widespread and range from 8.6 +
0.8 ka to 94 + 8 ka (Fig. 9; Table 3). This large
age spread may be explained by the fact that the
crests are smooth, and the boulders are medium
sized (Fig. S4 [see footnote 1]), compared to,
for example, those present at ZDG. Indeed, it
has been shown that large boulders yield a bet-
ter representative age of a moraine’s emplace-
ment than smaller ones (Heyman et al., 2016).
While one could imagine that the upstream and
downstream crests do not belong to the same
moraine, the fact that their ages are indistin-
guishable most likely indicates that they are part
of the same moraine complex. As explained al-
ready, we take the oldest age of the surface to
represent the emplacement age of the moraine,
94 + 8 ka, which, taking into account the error
bars, could correspond to marine oxygen iso-
tope stage (MIS) 5b or 5c (Fig. 9). As far as we
know, no other MIS 5 moraines have been found
in eastern Tibet.
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Figure 6. Digital elevation model (DEM) of Manigango (MGT) site (~31.964°N, 99.135°E). (A) Terrestrial light detection and ranging (Li-
DAR) DEM with locations of profiles perpendicular to the fault. White stars show locations of LiDAR bases. (B) General three-dimensional
LiDAR DEM of the central part of the MGT fan site where vertical and minimum horizontal offsets are visible. Fault trace is highlighted
by white arrows. (C) LiDAR profiles perpendicular to the fault, showing the vertical offsets of T3 and T3/T2. (D) MGT '“Be surface age
(T3) obtained by modeling the depth profile samples using the software of Hidy et al. (2010). See details in Figure S3 (see text footnote 1).
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Figure 7. Ganzi (GZ) moraine site area (~31.731°N-99.581°E). (A) Google Earth image
corresponding to the black frame in C, with its interpretation. (B) Backslipping of satellite
image showing the 800 + 20 m offset of the eastern moraine crest as well as of two other
features. Blue dashed line represents possible course of former river. (C) Google Earth im-
age of the area around GZ site. Ganzi fault is shown in red, and moraine crests are shown
as white dashed lines. “1” refers to moraines that extend north of the range for ~2 km
before veering to the NE. Upstream from that turn, ‘2 refers to moraines with rough
topography and large boulders, which diverge out of the main valley towards the NW.
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We surveyed the GZ site using LiDAR and
kinematic GPS, which yielded a left-lateral off-
set of 800 + 20 m by realigning (1) the eastern
upstream crest with the western downstream
crest; (2) a small hill and promontory that may
have been the inner part of a river meander prior
to being offset (blue dashed line in Fig. 7B);
as well as (3) another moraine crest to the east
(dashed lines in Figs. 7B and 8B). Matching the
800 + 20 m offset with the 94 + 8 ka age yields
a left-lateral slip rate of 8.5 +0.8/~0.7 mm/yr,
similar to what we determined at the ZDG and
MGT sites.

DISCUSSION

Ganzi Fault Slip Rate at Various
Time Scales

Late Quaternary Slip Rates

ZDG site. We determined the emplacement
age of the ZDG moraines at 23 + 2 ka using '’Be
dating, which roughly corresponds to the Last
Glacial Maximum (LGM, ca. 20 ka). Other stud-
ies sampled the same crests with different tech-
niques and determined similar ages (Fig. 2A) of:
22.2 + 1.7 ka (four samples between 19.7 and
22.2 kausing OSL; Ou et al., 2014), 24.3 +2 ka
(three samples between 18.4 and 24.3 ka using
OSL; Xu et al., 2010; but recalculated by Ou et
al., 2014), 18.5 £ 1.9 ka (one sample using ESR
[electron spin resonance]; Xu et al., 2010), and
24.7 + 2 ka (one sample using TL, Dangzi mo-
raine nearby [Fig. 2A]; Lehmkuhl, 1998). Our
results are in agreement with other studies from
the Hengduan Mountains, which determined
that LGM moraines are regionally widespread
(e.g., Strasky et al., 2009; Xu and Zhou, 2009;
Zhang et al., 2012). Therefore, we are confident
about the ZDG moraines being LGM in age,
and, consequently, we are confident about the
slip rate 7 +1.1/~1.0 mm/yr we obtained using
the offset at the ZDG site.

MGT site. While moraines are very large and
steady features with clear crests, fan surfaces are
more transient. Fan edges and terrace risers may
easily be eroded after fan emplacement as the
river and newly formed gullies entrench the fan
surface. Minimum and maximum offset values
are often given, corresponding to different ero-
sion phases not always easily datable.

At the MGT site (Fig. 5), we determined the
fan age (T3) at 19 + 2.3 ka using '’Be dating.
Such large fan deposition has been interpreted
as a consequence of post-LGM massive melting
(e.g., Clark et al., 2009). We measured the maxi-
mum offset of the eastern edge of T3 at 130 +
20 m and the minimum offset of the T3/T?2 riser
at 75 £ 16 m, leading to a horizontal slip rate
ranging between 3 and 8.3 mm/yr.
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Figure 8. Digital elevation model of the Ganzi (GZ) moraines site (~31.731°N-99.581°E).
(A) High-resolution digital elevation model (DEM) determined from terrestrial light
detection and ranging (LiDAR) survey (contours in m). Locations of LiDAR bases are
represented by white stars. Note that elevations are approximate (LiDAR data give
accurate relative, not absolute, elevation) and slightly differ from those obtained from
the topographic contours. (B) 800 + 20 m backslip of LiDAR data realigns the crests
highlighted in black. GZ samples are shown as white circles.

Five hundred meters west of the MGT site,
the Ria site has a very similar geometry with a
fan surface (T3x) similar to T3 at MGT, also en-
trenched by a stream, and a lower terrace (T2x)
similar to T2 at MGT (Figs. 5A and 5B). The
eastern edge of T3x is offset by a maximum of
180+20m, and the T3x/T2x riser is offsetby 95 +
10 m. T2x was dated at 7.4 + 0.6 ka (one "C age;
Wen et al., 2003) and 6.62 = 0.52 ka (one TL
age; Xu et al.,, 2003), and T3x was dated at
11.12 + 0.93 ka (one TL age; Xu et al., 2003),
surprisingly approximately twice as young as
our T3 surface at MGT.

A maximum slip rate of 14.3 +2.0/~1.8 mm/yr
had been suggested by matching the T3x/T2x
riser offset with the lower terrace T2x age (Xu
et al., 2003; Wen et al., 2003). However, because
a riser may constantly be refreshed by the active
river until the lower terrace is abandoned, taking
the upper terrace age (T3x) yields a maximum age
for the offset and thus a minimum slip rate (e.g.,
Cowgill, 2007): >8.5 +1.2/-1.1 mm/yr (95 m in
11 k.y.). However, due to the fact that Xu et al.
(2003) had only one sample for each terrace, com-
pared to our six depth profile samples at the MGT
site, we consider that our T3 age at MGT is more
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robust, and we apply it to the offsets at the Ria site.
This yields horizontal slip rates ranging between
5+0.9/-0.7 mm/yr (180 £20 min 19 2.3 k.y.)
and 9.5 +1.7/~14 mm/yr (95 £ 10 m in
19+2.3k.y.),i.e., between 4.3 and 11.2 mm/yr, in
agreement with what we obtained at the MGT
site. Nevertheless, additional dating will be
necessary to confirm the ages of the terraces
at the Ria site.

GZ site. The GZ site shows a left-lateral offset
of 800 + 20 m of moraine crests dated at 94 + 8 ka
(MIS 5¢), i.e., older than the LGM moraines at the
ZDG site, which yields a left-lateral slip rate of
8.5 +0.8/0.7 mm/yr. This is the first time that a
slip rate along the Xianshuihe fault system has
been determined for such a long time interval,
as previous studies documented only LGM or
younger offset geomorphic features. This rate is
very similar to what we determined at the LGM
time scale at the ZDG site (7 +1.1/~1.0 mm/yr),
and it is also within the range of slip rates we de-
termined at the MGT/Ria sites (3-11.2 mm/yr)
farther to the NW.

Geological Slip Rates

The Ganzi fault is continuous without major
change in fault direction or fault bifurcation at
the scale of ~300 km (Fig. 1B). The total left-
lateral geological offset along the fault can be
estimated in two different ways. First, the geo-
logic formations show an offset of ~80 km.
South of the fault, the eastern part of the Qiang-
tang terrane corresponds to the approximately
N-S—trending Permian-Triassic Yidun vol-
canic arc, which contains Triassic (ca. 245 to
ca. 216 Ma) and Cretaceous (ca. 105-95 Ma)
granitoids (Reid et al., 2007). That arc is bent,
cut, and offset by the Xianshuihe fault system
near Manigango. Among the granitoids south of
the fault, the Queer Shan granite is cut by the
fault and matches the Gaogong granite on the
other side of the fault, indicating a 76-90 km
left-lateral offset (Fig. 1C; Wang and Burch-
fiel, 2000; Wang et al., 2009). Apatite fission-
track (AFT) ages from the pluton are older than
17 Ma, indicating that most of its exhumation
occurred prior to that time, while AFT ages
from within the fault zone are all younger than
12.6 + 1 Ma, suggesting that fault initiation oc-
curred at that time (Wang et al., 2009). Consid-
ering a 76-90 km offset in 12.6 + 1 m.y. yields a
left-lateral slip rate of 6.6 +0.8/-0.7 mm/yr. Sec-
ond, the Jinsha River has a dogleg shape near
Batang, suggesting ~100 km of left-lateral offset
(Fig. 1C; Wang and Burchfiel, 2000). In more
detail, the river follows the fault for 64 km, but
abandoned valleys north and south of the fault
can accrue offset by 8 and 21 km, respectively,
suggesting a total offset of 64-93 km (Fig. 1C).
That corresponds to a rate of 6.2 = 1.3 mm/yr,
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Figure 9. Ages of Ganzi (GZ) moraines, showing ’Be cosmogenic surface exposure ages (us-
ing the time-dependent model of Lal, 1991/Stone, 2000 [“LS dep” column, bold in Table 3])
with 16 uncertainty. Figure also shows the Specmap climatic proxy curve of Thompson et al.
(1997) from the Guliya ice cap in western Tibet, and that of Imbrie et al. (1984; right panel),

with gray-shaded sectors showing the marine oxygen isotope stages (MIS).

considering that the river entrenchment is older
than the fault’s initiation at 12.6 + 1 Ma.

Geodetic Slip Rates

At a much shorter time scale (a few years),
rates along the Ganzi fault can be calculated us-
ing GPS data. The GPS network is improving
rapidly, so we take into account only the most
recent results, but it is still sparse, and high un-
certainties remain. Wang et al. (2013) recently
calculated a strike-slip rate of 6.6 = 1.5 mm/yr
along the Ganzi and Yushu/Batang faults, with
a low shortening rate of 1.7 + 1.6 mm/yr. This
result was obtained by defining a Chuandian
block fixed reference frame using few core sta-

tions south of the Ganzi fault. In order to better
constrain that rate from stations located close
to the fault trace, we analyzed two recent GPS
data sets across the Ganzi fault near Manigango
(Fig. S5 [see footnote 1]). The two data sets are
sparse and yield a large range of possible left-
lateral slip rates: 3.3 + 3.6-5.4 = 2.6 mm/yr for
that of Liang et al. (2013) and 1.6 + 0.9-4.4
+ 0.9 mm/yr for that of Zhao et al. (2015), and no
significant extension (Fig. S5 [see footnote 1]).
To reduce the uncertainty due to the sparse
GPS network, synthetic three-dimensional elas-
tic block models have been built at the scale of
all of Tibet to estimate the rate that is most com-
patible with all available GPS data. Using 17
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Figure 10. Horizontal slip rates along the Ganzi fault at the three study sites (Zhuqing
[ZDG], Manigango [MGT], and Ganzi [GZ]) at various time scales. See Table 2 for refer-
ences to numbers. L13—Liang et al. (2013), Z15—Zhao et al. (2015). Open symbols rep-
resent rates that are not in agreement with the 6-8 mm/yr (gray shaded area) slip rate
we suggest for all time scales. GPS—global positioning system; InSAR—interferometric
synthetic aperture radar.
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blocks, Meade (2007) determined a left-lateral
slip rate of 12 mm/yr along the Ganzi fault, while
using 24 blocks, Loveless and Meade (2011)
inferred a similar rate of ~10-11 + 0.3 mm/yr.
Assuming 11 blocks, Thatcher (2007) suggested
an overall horizontal rate (both along and across
strike) of 11 + 1 mm/yr. Considering a global
rigid rotation of Tibet rather than defining block
boundaries, Gan et al. (2007) proposed an even
faster rate: 14.4 mm/yr. Recently, Wang et al.
(2017) estimated a slip rate on the Xianshuihe
fault between 12.6 and 14.7 mm/yr from geo-
detic data only or including geologic observa-
tions, respectively.

Slip Rate Comparison at Various Time Scales

At the late Quaternary time scale, the
slip rate of the MGT site ranges between 3
and 8.3 mm/yr; at the Ria site, it ranges be-
tween 4.3 and 11.2 mm/yr; at the ZDG site,
it is 7 +1.1/-1.0 mm/yr; and at GZ, it is 8.5
+0.8/-0.7 mm/yr (Fig. 10; Table 2). Consider-
ing that the ZDG site is the most robust (clear
offset and similar ages), and that the rates at
the GZ and MGT/Ria sites are compatible with
that at ZDG, we suggest a late Quaternary slip
rate along the Ganzi fault of 6-8 mm/yr (gray
shaded area in Fig. 10). This rate encompasses
late Quaternary studies from Zhou et al. (1996)
and Shi et al. (2016). At the longer-term time
scale, matching the pluton offset (76-90 km)
and the Jinsha River offset (64-93 km) with
the fault’s initiation age (12.6 = 1 Ma) yields a
geological slip rate of 4.9-7.5 mm/yr (Fig. 10;
Table 2), which falls into the 6-8 mm/yr late
Quaternary slip rate range we suggest.

At the geodetic time scale, the GPS data of
Wang et al. (2013) and Liang et al. (2013) and
the InNSAR data of Liu et al. (2011) are com-
patible with values we obtained at longer time
scales (6-8 mm/yr). However, the Zhao et al.
(2015) GPS data set yields a slightly slower rate
(Fig. 10; Table 2), which may be due to refer-
ence frame differences or regional impact of the
postseismic rebound of the nearby 2008 Wen-
chuan earthquake. All other published GPS slip
rates (open symbols in Fig. 10) appear to be sig-
nificantly faster than the 6-8 mm/yr slip rate we
suggest for all time scales. This may show the
limitations of the global approach, as numerous
active faults are present within the Chuandian
block, such as the en-echelon Litang fault sys-
tem (Fig. 1B), along which some segments are
purely normal and have a slip rate of ~0.6 mm/yr
since 6 Ma, opening up large basins (Zhang et
al.,, 2015; Chevalier et al., 2016). Therefore,
based on the relatively good agreement be-
tween slip rates measured on short-term (GPS),
late Quaternary (ca. 90-20 ka), and geologic
(ca. 13 Ma) time scales, we suggest that the slip



rate along the Ganzi fault has remained constant
at 6-8 mm/yr.

Late Quaternary Slip Rates along
the Xianshuihe Fault System

Near Batang, at the NW extremity of the
Ganzi fault, the Xianshuihe fault system splits
into two branches: the Batang and Yushu faults
(Fig. 1B). The Batang fault has been described
as a left-lateral reverse fault by Huang et al.
(20154, 2015b), who suggested late Quaternary
slip rates of 2—4 mm/yr using offset geomorphic
landforms. However, according to our mapping
and field observations, the Batang fault opens
wide sedimentary basins just west of Batang,
attesting to its normal component. Such a nor-
mal component is expected on a N100°-trending
fault connected to a left-lateral fault trending
N130° such as the Ganzi fault. In addition, we
did not find any systematic horizontal offsets,
even if a few small gullies may appear offset as
suggested by Huang et al. (2015a, 2015b). How-
ever, these authors documented clear vertical
offsets of ~6 m of a fan surface dated at ca. 24 ka,
equivalent to our T3 surfaces, giving a rough
estimate of the vertical rate of ~0.25 mm/yr.
To the north, the Yushu fault appears to have
purely strike-slip motion, as indicated by focal
mechanisms of the 2010 Mw 6.9 Yushu earth-
quake (Fig. 1C), but no morphotectonic deter-
mination of the Yushu fault slip rate is avail-
able to date.

The Holocene left-lateral slip rate along the
Xianshuihe fault SE of the Ganzi fault has been
inferred at 15 + 5 mm/yr using three terrace
riser offsets of ~140-200 m (near Luhuo and
Longdengba, Fig. 1B) inferred to be postglacial,
with a poorly constrained age between 7.5 ka
(one sample using “C) and 20 ka (LGM; Al-
len et al., 1991). Nevertheless, considering that
these postglacial terraces have the same age as
our MGT fan (19 + 2.3 ka), the slip rate for the
Xianshuihe fault would become 6.5-12 mm/yr.
Therefore, the 6-8 mm/yr rate we determined
along the Ganzi fault would appear on the lower
end of that along the Xianshuihe fault, which
may suggest a southeastward increase in hori-
zontal slip rates along the Xianshuihe fault sys-
tem, even though additional quantitative data
are warranted to constrain the rates along the
other segments of the Xianshuihe fault system.

Geodynamic Significance of the Xianshuihe
Fault System

The Xianshuihe fault system is 1400 km long
and veers around the eastern Himalayan syn-
taxis (Fig. 1A). In this study, we constrain its
left-lateral slip rate at ~7 mm/yr along its Ganzi

Ganzi fault slip rate

segment at the late Quaternary time scale, as
well as since ca. 12.6 Ma. This rate is similar to
the long-term left-lateral slip rate proposed for
the Xianshuihe segment of the Xianshuihe fault
system that has accrued an offset of 62 km since
ca. 9 Ma (Zhang et al., 2017). It thus appears that
the different segments of the Xianshuihe fault
system have been activated at different times,
with the Xianshuihe fault system propagating
toward the east, despite the fact that the fault
slip rate seems to be similar along all segments
at all time scales. We do not discuss in this pa-
per the timing of initiation of the eastern part of
the fault system (Anninghe-Zemuhe-Xiaojiang
faults; Fig. 1B) because precise constraints on
age and slip rate there are still lacking, even if
it has been proposed that these segments are
more recent (Wang et al., 1998). Such geometry,
constant slip rate, and propagation from west to
east of a fault system are expected when a rigid
body (India) indents a plastic media having a
free boundary with shape similar to that of the
South China—Sundaland continental lithosphere
(Tapponnier and Molnar, 1976). We thus sug-
gest that in SE Tibet, a major tectonic reorga-
nization occurred between ca. 17 and 15 Ma,
corresponding to the end of the southeastward
extrusion of Sundaland (e.g., Leloup et al.,
2001), and ca. 12.6 Ma, corresponding to the
initiation of the Xianshuihe fault system. That
latter initiation time marks the onset of the pres-
ent-day tectonic regime. This tectonic regime is
characterized by a strong rotation of the maxi-
mum horizontal compression from N-S at the
front of the indenter in the eastern Himalaya to
approximately E-W at the western boundary of
the indented continent along the Sagaing fault in
Burma (e.g., Tapponnier and Molnar, 1976). In
such context, it is not necessary to invoke lower-
crustal channel flow to explain the geometry of
the active faults and the associated deformation
pattern around the eastern Himalayan syntaxis.

Earthquake Hazard Along the NW
Xianshuihe Fault System

The 2010 Yushu earthquake proved that the
Yushu fault is active. Along the Ganzi fault, nu-
merous large earthquakes (up to M 7.7) have oc-
curred since A.D. 1800, except near Manigango
where the last large earthquake was 700 yr ago
(believed to be M 8, and therefore having longer
recurrence interval; Table 1). Interestingly, only
the Yushu/Batang faults have a different geom-
etry than the others, with several faults rather
than a single continuous fault. The fact that
the large Yushu earthquake (Mw 6.9) occurred
along such a discontinuous and geometrically
complicated segment may suggest that an even
larger earthquake is more likely to occur along
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the Ganzi fault farther to the SE. Indeed, tak-
ing our 6-8 mm/yr slip rate, the slip deficit near
Manigango reaches ~5 m (since 700 yr), which,
considering an ~150 km rupture length (Mani-
gango segment), yields a potential earthquake of
magnitude of 7.6 at present (M = 5.08 + 1.16 x
log[surface rupture length]; Wells and Copper-
smith, 1994).

CONCLUSION

We studied three sites showing horizontal
(and vertical at places) offsets along the Ganzi
fault, in the NW part of the Xianshuihe fault
system in eastern Tibet, to evaluate its late Qua-
ternary slip rate and assess the seismic hazard in
this highly seismically active region. By mea-
suring offset moraine crests and fan edges us-
ing LiDAR and kinematic GPS, and dating their
surfaces using '°Be (surface and depth profile)
cosmogenic nuclides, we determined a constant
late Quaternary (ca. 90-20 ka) slip rate along
the Ganzi fault of 7 (+1.1/-1.0) mm/yr at the
ZDG site, 3—11.2 mm/yr at the MGT/Ria sites,
and 8.5 (+0.8/-0.7) mm/yr at the GZ site.

The ZDG site is the best constrained site, with
precise offsets and tight ages. Its 68 mm/yr
rate is compatible with our rate estima-
tions at our two other sites, and we choose
it to best represent the late Quaternary rate
along the Ganzi fault. Furthermore, this rate
is also compatible with geodetic (InSAR
and GPS) and geologic (offsets of the Queer
Range pluton and the Jinsha River, using low-
temperature thermochronology) rate estima-
tions. We conclude that the rate has remained
constant along the entire Ganzi fault (~300 km)
at all time scales since the fault initiation in
the early Miocene (ca. 12.6 Ma). Such rates
could potentially produce a devastating
M 7.6 earthquake near Manigango. Initiation
of the Xianshuihe fault system at ca. 12.6 Ma
marked the onset of the present-day tectonic
regime in SE Tibet and in Sundaland.
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