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ABSTRACT

Insight into the spatial and temporal 
changes of slip-rate is essential to understand 
the kinematic role of large strike-slip faults in 
continental collision zones. Geodetic and 
geologic rates from present to several million 
years ago along the Karakorum fault range 
from 0 to 11 mm/yr. Here, we determine the 
first late Quaternary slip-rate at the southern 
end of the linear Bangong-Chaxikang seg-
ment of the Karakorum fault, using cumula-
tive offsets (20–200 m) of fans and terraces 
at three sites, as well as 74 new 10Be surface-
exposure ages to constrain the age of these 
offset geomorphic markers. The rate is >3 
mm/yr at sites Gun and Chaxikang, and it is 
>1.7–2.2 mm/yr at the Gar fan site. Together 
with rates obtained along the southernmost 
Menshi-Kailas segment, the Karakorum 
fault slip-rate seems to increase southeast-
ward from south of Bangong Lake to Kailas 
(from >3 to >8 mm/yr). These Karakorum 
fault slip-rate data (>3–8 mm/yr), together 
with the total length of the fault (>1000 km) 
and its initiation age (>13–23 Ma), confirm 
that the Karakorum fault is the major fault 
accommodating dextral strike-slip motion 
NE of the western Himalayas. The dextral 
Karakorum fault in the south and the con-
jugate left-lateral Longmu Co–Altyn Tagh 
fault system in the north are thus the major 
strike-slip faults of western Tibet, which con-
tribute to eastward extrusion of Tibet.

INTRODUCTION

Detailed studies of the major intracontinental 
strike-slip faults in Tibet, and of the Karakorum 
fault in particular, are important to improve 
our understanding of the tectonics of Central 
Asia. Specifically, it is essential to determine 
whether deformation following the India-Asia 
collision is mostly localized along a few large 
structures (block model), with significant lat-
eral transfer of material along strike-slip faults 
(e.g., Armijo et al., 1986, 1989; Peltzer and 
Tapponnier, 1988; Peltzer et al., 1989; Avouac 
and Tapponnier, 1993; Leloup et al., 2001; Tap-
ponnier et al., 2001; Replumaz and Tapponnier, 
2003), or if deformation is mostly distributed 
on numerous secondary structures (continuous 
deformation model) with minor lateral transfer 
along faults (e.g., Bendick et al., 2000; England 
and Molnar, 2005). Some studies (e.g., Flesch 
and Bendick, 2007; Meade, 2007a, 2007b; 
Thatcher, 2007, 2009; Loveless and Meade, 
2011) suggest that existing velocity fields and 
geologic rates on active faults in Asia are still 
too sparse and poorly constrained (both spa-
tially and temporally) to discriminate between 
these two end-member models. Therefore, in 
order to quantify the kinematic role of the main 
active faults in the India-Asia collision zone, 
it is essential to obtain new accurate slip-rate 
data at different time scales and locations along 
these faults.

Determining the slip-rates along the major 
strike-slip faults on the Tibetan Plateau has 
been the focus of numerous field studies in 
the past 20 yrs (e.g., Peltzer and Tapponnier, 

1988; Gaudemer  et al., 1995; Van der Woerd 
et al., 1998, 2002; Mériaux et al., 2004, 2005, 
2012; Chevalier et al., 2005a, 2005b, 2011b, 
2012, 2015a, 2015b; Cowgill, 2007; Kirby et al., 
2007; Gold et al., 2011). Along the Altyn Tagh 
fault, for instance, the longest strike-slip fault 
in Asia bounding northern Tibet (inset Fig. 1), 
some studies have highlighted consistent geo-
detic (global positioning system [GPS] or inter-
ferometric synthetic aperture radar [InSAR]; e.g., 
Chen et al., 2000; Wang et al., 2001; Wallace 
et al., 2004; Zhang et al., 2004) and geologic 
rates along its central segment (e.g., Cow-
gill, 2007; Thatcher, 2007; Zhang et al., 2007; 
Cowgill et al., 2009), while other studies have 
obtained faster late Pleistocene to Holocene slip-
rates when compared to geodetic rates (e.g., 
Mériaux et al., 2004, 2005, 2012; Xu et al., 
2005; Hanks and Thatcher, 2006; Ryerson et al., 
2006), suggesting millennial-scale slip-rate 
variations (e.g., Friedrich et al., 2003; Bennet 
et al., 2004). At the geological scale, zircon dat-
ing of offset conglomerates indicates slip-rate 
decrease from the early Miocene to present from 
about >20 mm/yr to ~5–15 mm/yr, highlighting 
long-term slip-rate changes (Yue et al., 2003).

The slip-rate of the >1000 km long right-
lateral Karakorum fault (Fig. 1) is also debated 
(Fig. 2; Table 1). At short time scales, InSAR 
data suggest a rate of 1 ± 3 mm/yr (Wright et al., 
2004) or <0–6 ± 2 mm/yr (with the highest rate 
being in the central portion, near the intersec-
tion with the Longmu–Gozha Co fault; Fig. 1; 
Wang and Wright, 2012), and GPS data yield 
between 3 and 7 mm/yr (Chen et al., 2004; Jade 
et al., 2004, 2010; Kundu et al., 2014) and up 
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Figure 1. (A) Map of southern Karakorum fault (KF), showing active branches of the Karakorum fault zone (in red) and other faults (in 
black), as well as main landmarks along Bangong-Chaxikang and Gar Basin segments (Chevalier et al., 2005a). Yellow hexagons locate sites 
from this study, while black hexagons locate previous studies: B—Brown et al. (2002), Bo—Bohon (2014), L—Lacassin et al. (2004), C5—
Chevalier et al. (2005a), C12—Chevalier et al. (2012). Note the 120 km offset of the Indus River (Gaudemer et al., 1989) and the >41 km 
offset of Bangong Lake (Liu, 1993). (B) First-order geometrical segmentation based on fault trace bends, step-overs, and fault junctions. 
C11b—Chevalier et al. (2011b). Inset is location of Karakorum fault within India-Asia collision zone. Red arrows are subset of representa-
tive global positioning system (GPS) velocities relative to stable Siberia (Gan et al., 2007). Shaded polygons show approximate locations of 
interferometric synthetic aperture radar (InSAR) swaths of Wright et al. (2004) and Wang and Wright (2012).
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to ~11 mm/yr (Banerjee and Bürgmann, 2002; 
H. Wang et al., 2011).

At the late Quaternary time scale, correlating 
the emplacement of offset geomorphic surfaces 
with climatic periods (no actual dates at that 
time), Liu (1993) inferred a slip-rate of ~18–35 
mm/yr. Using 10Be dating near Bangong Lake, 
Brown et al. (2002) obtained a Holocene slip-rate 
of 4 ± 1 mm/yr on the northern Bangong strand 
(“B” in Fig. 1), and Bohon (2014) suggested 5.6  
(+1.7/–1.1) mm/yr on the southern Tangtse strand 
(33–5.7 ka; “Bo” in Fig. 1), together suggesting 
a possible Karakorum fault post–marine isotope 
stage (MIS) 3 (ca. 40 ka) slip-rate of ~10 mm/yr 
near Bangong Lake across the two branches, 
assuming that they were active at the same time. 
Bohon (2014), however, suggested that this 
was the case during the period 30–6 ka but not 
anymore (since 6 ka, slow rates at Tangtse and  
fast rates at Bangong). Using 10Be dating, Che-
valier et al. (2005a, 2005b) determined a late 
Quaternary slip-rate of 10.7 ± 0.7 mm/yr (for 
the last ~300 ka) further south along the Gar 
Basin at Manikala. Taking the oldest age among 
the moraine surface samples at this same site, 
Brown et al. (2005) suggested the possibility of 
a slower rate. The ~11 mm/yr rate is 2–10 times 
faster than InSAR rates and 2–3 times faster than 
the slowest GPS rates, leading Chevalier et al. 
(2005a, 2005b) to suggest secular slip-rate varia-
tions due to measurements over different periods 
of the earthquake cycle in relation to crust and 
mantle rheology below the seismogenic zone 
(Savage and Prescott, 1978; Segall, 2002; Per-
fettini and Avouac, 2004). Indeed, geodetic rates 

are sensitive to the variations in the earthquake 
cycle and might underestimate slip-rates if mea-
sured only over the interseismic interval, or if the 
fault is late in its earthquake cycle. In contrast, 
late Quaternary rates most certainly span mul-
tiple cycles, therefore minimizing postseismic 
relaxation or interseismic strain accumulation. 
In addition, there are no recorded nor historic 
earthquakes along the Karakorum fault, suggest-
ing that it might be in the last phase of its seis-
mic cycle. Chevalier et al. (2012) determined a 
late Quaternary (ca. 200 ka) rate of >7–8 mm/yr 
across the two main branches of the Karako-
rum fault along its southernmost segment, in 
the Menshi-Kailas Basin, and suggested, in the 
absence of along-strike slip-rate gradient, that 
the Karakorum fault does not end east of  Kailas 
but probably extends eastward along the Yarlung 
Zangbo suture (Peltzer and Tapponnier, 1988; 
Lacassin et al., 2004). It has also been proposed 
that the fault extends southeastward along the 
Gurla Mandhata–Humla fault system (e.g., 
Armijo et al., 1989; Chen et al., 2004; Lacassin 
et al., 2004; Murphy and Copeland, 2005; Styron 
et al., 2011; McCallister et al., 2014), and even 
to the Main Frontal thrust through the Western 
Nepal fault system, delimiting a western Hima-
layan wedge sliver (Murphy et al., 2014). Fur-
ther north in the Pamir, along the Muji-Tashkor-
gan fault zone of the Kongur Shan extensional 
system, right-lateral separation between the 
western Himalaya-Pamir and Tibet-Tarim was 
determined for the Holocene at ~5 mm/yr along 
the main Muji fault in the north, and possibly at 
>9 mm/yr across the entire fault system (Che-

valier et al., 2011b). While a direct connection 
between the Kongur Shan extensional system 
and the Karakorum fault to the south is ques-
tioned (Robinson et al., 2007, 2015; Robinson, 
2009a), this extensional right-lateral fault system 
accommodates right-lateral movement between 
the Pamir and the western Tarim (e.g., Liu, 1993; 
Ratschbacher et al., 1994; Murphy et al., 2000; 
Chevalier et al., 2011b, 2015b).

At the long-term time scale (millions of 
years), the rates range from 0 mm/yr (Robinson, 
2009b) north of Bangong Lake to 27 mm/yr 
(Valli et al., 2008), even though most studies 
suggest a rate around 5–13 mm/yr (Fig. 2; e.g., 
Murphy et al., 2000; Lacassin et al., 2004; Phil-
lips et al., 2004; Rutter et al., 2007; Valli et al., 
2007, 2008; Robinson, 2009a; S. Wang et al., 
2009, 2011, 2012; Boutonnet et al., 2012, 2013; 
Gourbet et al., 2015).

Here, we document the first quantitative geo-
morphologic and chronologic data from sites 
located NW of the study conducted by Che-
valier et al. (2005a, 2005b), along the Bangong-
Chaxikang and Gar Basin segments (Fig. 1), 
which are inaccessible today. This segment is 
unique in the sense that it is the only segment 
along the entire Karakorum fault that is purely 
linear (not transpressive nor transtensive, no 
change of direction, one single main fault, etc.). 
It has long been studied to constrain long-term 
slip-rates and initiation age of the Karakorum 
fault (e.g., Valli et al., 2007), especially due to 
the presence of the 120 km offset of the Indus 
River (Gaudemer et al., 1989). Measuring geo-
morphic offsets across the main branch of the 
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Karakorum fault and constraining their ages 
with 10Be cosmogenic surface-exposure dating 
of alluvial surfaces allowed us to determine 
its slip-rate at the longitude of ~80°E. We then 
compared our rate with that on other segments 
of the Karakorum fault and at different time 
scales. Eventually, these types of studies may 
shed light on whether deformation in Tibet is 
mostly localized or distributed.

REGIONAL ACTIVE TECTONICS

The Karakorum fault extends from the Pamir 
to Mount Kailas and can be divided into six seg-
ments based on major bends and fault junctions 
(Fig. 1B). The Muji-Tashkorgan segment, possi-
bly the northernmost segment of the Karakorum 
fault (Chevalier et al., 2011b, 2015b), is ~270 km 
long with a mainly normal component of motion 
along the Kongur Shan extensional system of the 

Pamir (Fig. 1B; Liu, 1993; Brunel et al., 1994) 
between the strike-slip segments of Muji and 
K2. The longest segment (K2, ~400 km long 
from southern Pamir to Bangong Lake; Fig. 1B) 
is located in remote northern India at very high 
elevation and near politically unstable borders, 
and it is thus barely accessible. This transpres-
sional segment, as suggested by fault branches 
with both thrust and strike-slip kinematics (e.g., 
Searle et al., 1998; Raterman et al., 2007), lies 
in a deeper and narrower valley than the trans-
tensional segments to the south and helped raise 
the second highest mountain in the world (K2 in 
the Karakorum Range; e.g., Searle et al., 1998). 
Based on satellite image interpretation and field 
investigation, Robinson (2009b) and Robinson 
et al. (2015) suggested that this segment, as well 
as the southern part of the Muji-Tashkorgan seg-
ment to the north, was no longer active (fault 
trace covered by undisturbed loess, fluvial, and 

glacial deposits), since at least 24–200 ka (Owen 
et al., 2012). It has been proposed that initiation 
of the Longmu–Gozha Co fault between 3 and 
9 Ma (Raterman et al., 2007), which approaches 
the Karakorum fault at Bangong Lake (Fig. 1), 
could have shut off movement along the Karako-
rum fault to the NW (Robinson, 2009b). Houlié 
and Phillips (2013) recently suggested that no 
matter where thrust seismic events occur along 
the Himalayan front, they may inhibit seismic 
activity along the northern portion of the fault, 
which may serve as an explanation for the lack of 
Quaternary offset evidence along the northwest-
ern K2 segment, with most slip therefore taking 
place toward the southern segments of the fault. 
However, oblique plate convergence at depth 
along the slip-partitioned boundary between 
India and Tibet may indicate a more complex 
convergence accommodation mechanism than 
previously thought (Kundu et al., 2014).

TABLE 1. SUMMARY OF STUDIES PLOTTED IN FIGURE 18C
Number Rate (mm/yr) Notes Reference
Geodetic global positioning system (GPS)
1 11 ± 4 Banerjee and Bürgmann (2002)
2 4 ± 1 Chen et al. (2004)
3 3–3.4 ± 5 Jade et al. (2004, 2010)
4 3 ± 0.1–8 Joint geodetic-geologic inversion Loveless and Meade (2011)
5 5–12 Two-dimensional, linear elastic, deformable 

microplate model for the upper crust, based on 
the behavior of an idealized earthquake cycle.

Langstaff and Meade (2013)

6 11.6 ± 3.7 H. Wang et al. (2011)
7 7 ± 3 Zhang et al. (2004)
8a 5 ± 2 NW of 79°E Kundu et al. (2014)
8b 3.6 ± 1.5 SE of 79°E Kundu et al. (2014)

Geodetic interferometric synthetic aperture radar (InSAR)
9 1 ± 3 Wright et al. (2004)
10 <0–6 ± 2 Wang and Wright (2012)

Late Quaternary
11 >5 One strand at Muji Chevalier et al. (2011b)
12a 4 ± 1 One strand at Bangong Brown et al. (2002)
12b 5.6 (+1.9/–1.2) One strand at Tangtse Bohon (2014)
12a + 12b 9.6 (+2.1/–1.6) Two strands (Bangong and Tangtse) Brown et al. (2002) and Bohon (2014)
13a >5.4 One strand at Manikala if oldest age Chevalier et al. (2005a, 2005b)
13b 10.7 ± 0.7 One strand at Manikala if mean age Chevalier et al. (2005a, 2005b)
14a 2.5 ± 1 One strand at Gun (smaller offset) This study
14a′ >3.8 (+1.5/–1.1) One strand at Gun (larger offset) This study
14b >3.4 One strand at Chaxikang This study
14c >1.7–2.2 One strand at Gar fan This study
15a 4.7 (+1.8/–1.4) KRFF at Menshi Chevalier et al. (2012)
15a′ 2.4 (+2.6/–0.8) DF at Menshi Chevalier et al. (2012)
15a + 15a′ 7.1 (+3.2/–1.7) Two strands at Menshi Chevalier et al. (2012)
15b 6.4 (+2.4/–2.3) KRFF at Kailas Chevalier et al. (2012)
15b′ 1.5 (+2.1/–0.9) DF at Kailas Chevalier et al. (2012)
15b + 15b′ >7.9 (+3.2/–2.5) Two strands at Kailas Chevalier et al. (2012)

Long-term geochronology
16 10 ± 3 250–400 km offset, 23–32 Ma Lacassin et al. (2004)
17 2.7–10.2 40–150 km offset, 14–16 Ma Phillips et al. (2004)
18 6.89 ± 0.8–10.8 ±1.3 149–167 km offset Robinson (2009a)
19 3–10 3–5 Ma Rutter et al. (2007)
20 >8.5 ± 1.5 120 km Indus River offset, 14 Ma Valli et al. (2007)
21 >8–10 (south) and <27 (north) >200–240 km and ~480 km offset, 13–23 Ma Valli et al. (2008)
22 >5 66 km offset, 13 Ma Murphy et al. (2000)
23 7.3 ± 1.8 100 km offset, 12 Ma S. Wang et al. (2009)
24 6.4 ± 1.3 13 Ma S. Wang et al. (2011)
25 4.5 ± 0.1 52 ± 2 km offset, 12 Ma S. Wang et al. (2012)
26 0 0 km offset Robinson (2009b)
27 8.4–13 200–240 km offset, 22.7 Ma Boutonnet et al. (2012)
28 9–13 Quartz-strain-rate (QSR) method, at Tangtse Boutonnet et al. (2013)

Note: KRFF—Kailas range-front fault; DF—Darchen fault.
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From Bangong Lake, the southern half of the 
Karakorum fault can be divided into four seg-
ments from NW to SE: Bangong-Chaxikang, 
Gar Basin, Menshi-Kailas (Chevalier et al., 
2012; Fig. 1B), and Kailas-Thakkhola. In Fig-
ure 3, we present detailed mapping of the main 
and secondary fault strands that offset Quater-
nary moraines, alluvial fans, and terraces along 
the SE end of the Bangong-Chaxikang segment 
and along the NW end of the Gar Basin segment.

Bangong-Chaxikang Segment

The Bangong-Chaxikang segment strikes 
N142°E and is ~265 km long (Fig. 1). Over a 
length of 150 km, this segment is very linear 
and single stranded and almost purely strike-
slip (not transpressive nor transtensive), and it 
shows particularly clear long-term cumulative 
offsets of both the western part of Bangong 
Lake (41–101 km; Fig. 1A; Liu, 1993) and 
the dog-leg offset of the Indus River (120 km; 
Fig. 1A; Gaudemer et al., 1989). Southeast of 
79.5°E (Fig. 1), the Karakorum fault splits into 
two main branches, where one branch (range-
front fault) follows the base of the Ayilari Range 
and has a complex geometry, with multiple 
traces at places, as well as bends and steps. 
Prominent triangular facets (Fig. 3) attest to a 
significant normal component of slip in addi-
tion to a probable right-lateral strike-slip com-
ponent. The other branch (mid-valley fault) lies 
within the Indus Valley and is very linear, as 
highlighted on various satellite images (Fig. 3) 
by vegetation patches fed by small springs. It is 
mainly strike-slip, with vertical motion due to 
local fault bends responsible for the formation 
of pressure ridges and pull-apart basins.

The range-front and mid-valley branches are 
roughly parallel along most of the fault zone. 
While they are ~5 km apart south of 32°35′N, 
they stand only 1.5 km from each other to the 
north (Fig. 3). Oblique splays, or transfer faults, 
roughly striking N-S, connect the two branches 
(Fig. 3). The northernmost splay zone corre-
sponds to a releasing jog in the range front, a 
broadening of the Indus Valley, and the wid-
ening of the separation between the two main 
fault strands. Overall, the geometry of fault-
ing between 32°26′N and 32°45′N is therefore 
indicative of transtensional slip partitioning, 
as observed for instance along the Damxung 
fault along the Nyainqentanghla Range in 
southern Tibet (Armijo et al., 1986), the Red 
River fault (e.g., Allen et al., 1984; Replumaz 
et al., 2001), or along the Kunlun fault (e.g., 
King et al., 2005; Klinger et al., 2005). In all 
these cases,  partitioning results from oblique 
faulting at depth and appears to occur above 
a buried sediment-basement interface, within 
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extensional half  grabens. Here, the southward-
increasing distance between the two partitioned 
faults likely results from the fact that the fault 
zone enters the greater Gar pull-apart basin to 
the south (Figs. 1 and 3).

Gar Basin Segment

The Gar Basin segment of the Karakorum 
fault (Fig. 1) strikes N140°–N170°E and is 
~185 km long. Here, the main Karakorum fault 
is also divided into two main branches, the mid-
valley fault, which continues into the swamps 
of the Gar Basin, where its trace becomes dif-
ficult to follow, and the range-front fault, which 
continues to follow the steep flank of the Ayilari 
Range (Fig. 3). The normal component of slip 
along the range-front fault appears to increase 
south of Chaxikang, as well as the average and 
summit elevations of the range. The average 
height of the triangular facets increases by at 
least 30% (up to ~1800 m; Fig. 3).

The Gar Basin has the geometry of an active 
dextral pull-apart basin (Armijo et al., 1986, 
1989; Sanchez et al., 2010) and is composed 
of two rhomb-shaped subbasins ~15 km wide 
at most, over a total length of ~150 km. The 
two subbasins have approximately the same 
size and are bounded by high mountains. The 
topography across the NW basin shows clear 
asymmetry, with the Ayilari Range to the SW 
being ~400 m higher than the mountains to the 
NE, which implies that active normal throw is 
larger along the Ayilari range-front fault than on 
the opposite side (NE) of the NW Gar Basin. 
Note that fault strands are also present along the 
southern side of the Ayilari Range, the Quater-
nary activity of which is unclear (Fig. 1).

About one third of the way into the NW Gar 
Basin, at the foot of the Ayilari Range, a trans-
fer step analogous to that observed south of 
Chaxikang is visible (Fig. 3). At this location, 
the range-front fault of the Bangong-Chaxikang 
segment continues straight into swamps fed by 
meandering channels of the Gar River (likely 
outlining a deep extensional sag in the cen-
ter of the pull-apart), where its trace becomes 
difficult to follow. Sanchez et al. (2010) noted 
that the main fault strand is composed of fewer 
segments along the narrow, NW-striking, strike-
slip zones, and of multiple segments along the 
wider, N-S–striking, dip-slip zones. They sug-
gested that the dip-slip zones propagate basin-
ward, leaving inactive segments behind and 
forming new segments as they move to the SE.

The Ayilari Range on the west side of the 
NW Gar Basin is still topped by a residual ice 
cap, which feeds many valley glaciers, most of 
them on the NE flank of the range (Fig. 3). As 
evidenced by deep glacial incisions extending 

much lower than the present termini, most of 
these glaciers have reached into the basin dur-
ing the coldest epochs of the Pleistocene, aban-
doning impressive moraines that are still clearly 
visible today. The largest till accumulations 
come from the largest valleys at Manikala and 
Tajiang (stars in Fig. 3; Chevalier et al., 2005a, 
2005b, 2011a).

METHODS

The active fault strands orthogonally cut most 
of the abandoned fluvioglacial terraces and 
moraines, which is an optimal setting to study 
faulting behavior. We used field observations, 
Chinese topographic maps (1:50,000 scale), and 
satellite images such as high-resolution Quick-
bird, Ikonos, Landsat 7, Advanced Spaceborne 
Thermal Emission and Reflection Radiometer 
(ASTER), Satellite Pour l’Observation de la 
Terre (SPOT), and Corona images to map and 
assess the relative importance of the active fault 
strands (Fig. 3). The relative ages of landforms 
were determined based on their imbrications and 
relative height above active riverbeds, and abso-
lute ages were determined from 10Be cosmo-
genic surface-exposure dating at targeted sites.

In total, 74 quartz-rich surface samples, 
mainly from cobbles (<25 cm in diameter), were 
collected at three sites: 28 from terraces at site 
Gun (7 km NW of Chaxikang), 32 from fan sur-
faces at site CK (Chaxikang), and 14 from a fan 
surface at site GF (Gar Fan, near Gar; Table 2). 
The 10Be concentration in surface cobbles 
results mainly from nuclide accumulation due 
to exposure to cosmic rays at the sampling site. 
However, these concentrations may be biased 
toward higher values due to prior exposure (or 
inheritance; e.g., Van der Woerd et al., 1998; 
Schmidt et al., 2011; LeDortz et al., 2012) or 
toward lower values due to postdepositional 
erosion (e.g., Ritz et al., 2006; Vassallo et al., 
2011; Benedetti and Van der Woerd, 2014). Pre-
exposure can manifest itself in two ways. Either 
inheritance is random and expresses exposure 
of the cobble somewhere in the catchment, or it 
is evenly distributed within all the clast popula-
tion and expresses a common exposure process, 
which in general corresponds to the transport 
time from the source to the sampling site. In 
the first scenario, single pre-exposed samples 
can easily be detected as outliers because they 
have much larger 10Be concentrations than all 
the others (Van der Woerd et al., 1998). In the 
second scenario, average inheritance is usually 
determined by modeling the 10Be concentra-
tion variation with depth (e.g., Anderson et al., 
1996). Since depth profiles have not been col-
lected at the sites studied here, it is thus possible 
that the 10Be concentrations are biased toward 

higher values, particularly for sites Gun and 
Chaxikang, for which inheritance due to trans-
port time and hillslope erosion can be significant 
(because the valleys are >10 km long at Gun and 
Chaxikang, compared to <3 km long at Gar fan).

Erosion can affect the deposits in several 
ways. First, the depositional surface may be 
affected by incision of rills developing in inher-
ited lows (bar-and-swale morphology) from the 
depositional event. Second, erosion can affect 
clast surfaces due to chemical or physical altera-
tion of the rock minerals, frost spallation, etc. 
Third, the fine-grained matrix of the inhomo-
geneous conglomeratic deposit may be evacu-
ated due to erosion, leaving behind a cobble lag 
deposit. The first case is avoided by sampling 
the flattest, highest parts of the surfaces away 
from the incised rills. The second case affects 
the samples randomly (depending on sample 
lithology), can sometimes be detected during 
sampling, and usually leads to lower 10Be con-
centration than other samples. The third case is 
usually addressed by modeling the depth depen-
dence of 10Be concentration in a depth profile 
and may be detected with a detailed stratigraphic 
description of the deposit. Again, depth profiles 
and stratigraphic logs have not been performed 
at our sites, and surface lowering due to matrix 
erosion may affect our results (by boulder top-
pling, yielding lower 10Be concentration).

Although it has been proposed to model 10Be 
concentration populations of moraines to dis-
tinguish among the various processes affecting 
these surfaces, models are usually undercon-
strained due to the low number of analyzed 
samples per surface (e.g., Hallet and Putkonen, 
1994; Applegate et al., 2012). In order to be 
able to discuss the 10Be concentration distribu-
tions, it is thus necessary to analyze a large set 
of samples per surface (Chevalier et al., 2011a). 
Here, we analyzed at least 10 clasts on each of 
five distinct surfaces and 5–6 samples on two 
of them. A population of 10 starts to be statis-
tically significant and allows the shape of the 
distribution to be deciphered and distinction 
of potential outliers (e.g., Bierman, 1994; Van 
der Woerd et al., 1998; Matmon et al., 2006; 
 Mériaux et al., 2012).

With all these drawbacks in mind, a few 
assumptions are thus necessary to analyze the 
10Be distributions, or here, the 10Be modeled sur-
face ages, for each surface. If a sample shows a 
significantly different age from the rest of the 
sample population (e.g., no overlapping error 
bars), it is considered an outlier and excluded 
from the data set. We applied a statistical cri-
terion, Chauvenet’s criterion, that numerically 
validates an eyeballed choice of outlier sort-
ing (e.g., Mériaux et al., 2012), even though it 
does not prove any geomorphic process at play. 

 as doi:10.1130/B31269.1Geological Society of America Bulletin, published online on 29 July 2015
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Because we analyzed inset surfaces, we also 
checked for stratigraphic consistency of the 
age distributions across the terrace sets. For 
instance, inheritance may be assumed to be sim-
ilar across a set of terraces if due to transport in 
the catchment. Erosion, however, may affect ter-
races of various ages differently (for example, 
a more pronounced bar-and-swale morphology 
may be observed on older surfaces), although 
processes affecting young terraces must also 
affect the older ones (for example, chemical or 
physical alteration).

We will assume negligible erosion of the tar-
geted alluvial surfaces based on several observa-
tions. First, the region is located in a dry region 
of Tibet with limited precipitation, mostly in 
the form of occasional snow storms, so that 
postdepositional modification of the surfaces is 
minimized. Second, erosion of the clasts may be 
assessed. We tested for variable rock erosion by 
measuring the 10Be concentration in cobbles and 
boulders of various resistance, such as granite 
and quartz vein blocks, sampled as pairs located 
less than 1 m from each other. This experiment 
was performed for eight sample pairs at site 
Chaxikang, located centrally between Gun and 
Gar fan, and showed no systematic difference 
in 10Be concentration (Fig. 4; Table 2; Che valier 
et al., 2011a). This simple experiment indicates 
that clast alteration (chemical and physical 
weathering) may not be significant (e.g., Briner, 
2009). Bedrock surfaces have been found to 
erode rather slowly across Tibet (e.g., Lal et al., 
2003; Strobl et al., 2012) with rates of 3–15 
m/Ma. Applying such rates to the cobbles and 
boulders sampled at our sites would decrease a 
10, 20, 40, and 50 ka model age by 4%, 7%, 
16%, and 26%, respectively (Table 2; e.g., 
Ryerson et al., 2006). Without other means of 
constraining erosion, we consider the relatively 
well-preserved surfaces as an indication of neg-
ligible surface modification.

Snow or loess cover and possible associated 
shielding are also likely negligible. Snow cover 
is in general limited due to dry conditions, espe-
cially in the continental, arid western part of the 
plateau. There is no seasonal snow cover, and 
snowfall is usually short-lived and less than a 
few tens of centimeters thick. Although climatic 
conditions have certainly changed through the 
last glacial cycle, correction for snow is most 
likely not required and negligible. For compari-
son, the shielding effect of a 70 cm snow cover 
during the last 10 k.y. in Alaska (where snow-
fall is much more frequent and abundant than 
on the Tibetan Plateau) has been shown to affect 
the ages by only 10% (Mériaux et al., 2009). In 
addition, Strobl et al. (2012) have shown that a 
decrease in production rate of only 4.5% occurs 
if the annual precipitation from southern Tibet 
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would fall as snow and remain on the ground for 
6 months per year.

While loess may come and go as a function 
of changing climate, there is no hint at our sites 
that the targeted surfaces were mantled by a 
significant loess cover in the past. In general, 
when this is the case, loess remnants are signifi-
cant and cannot be missed (e.g., Van der Woerd 
et al., 2002; Mériaux et al., 2005; Perrineau 
et al., 2011).

To summarize, we first used a basic visual 
rule to reject outliers. Samples with overlapping 
error bars were considered to belong to a clus-
ter, and samples with no overlapping error bars 
were considered outliers (e.g., Van der Woerd 
et al., 1998). The most commonly used statis-
tical criterion of Chauvenet (Bevington and 
Robinson, 1992; Taylor, 1997; Dunai, 2010) 
generally yields the same result (Mériaux et al., 
2012). Chauvenet’s criterion looks for a prob-
ability band, centered on the mean of a normal 
distribution (even though our ages are not nor-
mally distributed), that should reasonably con-
tain all samples, therefore allowing removal of 
any sample lying outside this probability band 
(the rejected sample is an outlier). One may 
apply the criterion several times in a row (data 
returning values <0.5 are considered outliers, 
and there must be as many points closer to the 
mean as there are further away, i.e., each value 
has a 50% chance of survival), with the limita-
tion that there must be a statistically sound num-
ber of samples left in the data set. Indeed, the 
population size is important. A large population 
is less likely to be affected by a single outlier, 
regardless of its value, while a small population 
is more sensitive to outlier selection. In cases of 
bi- or multimodal distributions or continuously 
scattered distributions, the criterion reaches 
its limits. All data points may be sequentially 

rejected, and one may stop after three iterations. 
Here, we carefully applied this statistical test for 
each data ensemble (Table 3), which allowed 
us to discard outliers and thus estimate the age 
of each surface. Note that the criterion is effi-
cient at Gun, due to the presence of plateau ages 
with upper and lower tails (e.g., Matmon et al., 
2006), but less efficient at Chaxikang or Gar 
fan, where ages are more regularly distributed 
or show a bimodal distribution, respectively (see 
following).

Throughout the text, we therefore refer to 
model ages calculated with no erosion and 
no inheritance, using the time-dependent Lal 
(1991)/Stone (2000) production rate model. 
Ages calculated with other available production 
rate models (Dunai, 2000, 2001; Desilets and 
Zreda, 2003; Lifton et al., 2005; Desilets et al., 
2006) can be found in Table 2. Uncertainties for 
individual model ages refer to external uncer-
tainties (i.e., analytical and production rate; 
Balco et al., 2008) and are reported at the 1σ 
confidence level (Table 2). In the text, we report 
median ages before and after outlier selection 
(for each surface) and calculated slip-rates using 
the method of Zechar and Frankel (2009), with 
uncertainties at the 1σ confidence interval about 
the median.

RESULTS

Gun Site

Geomorphology
The Gun fan complex is located at 32°33′N, 

79°37′E, ~7 km NW of the Chaxikang fort, at an 
elevation of ~4280 m, between the Indus River 
and the north Ayilari Range. This fan complex 
was emplaced at the outlet of the Gun valley, a 
winding fluvioglacial valley, which extends over 

18 km from the top of the range (~6000 m) to 
the range front (4450 m) (Fig. 3). The Gun and 
Chaxikang valleys are close to one another and 
have similar lengths and shapes, although the 
latter is wider and flatter (Fig. 3). The Gun val-
ley has been incised by a shorter glacier than the 
one that carved the Chaxikang valley. The gla-
cier that once occupied the Gun valley appears 
to have reached only about two thirds of the way 
between the top and the outlet of the valley, evi-
denced by the transition from a U- to a V-shaped 
valley and terminal moraines found ~6–7 km 
upstream from the range front (Fig. 3). Hence, 
the Gun glacier appears to have never crossed 
the range-front fault to deposit moraines in the 
Indus River floodplain, in sharp contrast with 
what is observed at Chaxikang (see following). 
Note also that the Chaxikang and Gun valleys 
do not merge upstream, where an ice-cap used 
to cover the range during glacial maxima (e.g., 
Chevalier et al., 2005a). The upstream catch-
ment of the Gun glacier was thus likely smaller 
than that of the Chaxikang glacier.

While incising into the Ayilari Range bedrock 
and the moraines, the Gun River has emplaced 
two large imbricated fan complexes in the Indus 
River floodplain (Figs. 5 and 6). The oldest, 
dark-colored fan complex is located east of the 
Gun River, while the distal part of the young-
est fan complex, lighter-colored, spreads out to 
the west of the Gun River. The river has incised 
into the fan complex deposits, forming a series 
of terraces with distinct hues on the images and 
in the field (Figs. 5–8). About halfway on the 
oldest fan, part of the present-day Gun River has 
been deviated eastward for irrigation purposes 
along water ducts that cross the natural chan-
nels (Fig. 5). Farther downstream, all the fans 
and terraces are crosscut by the active mid-val-
ley branch of the Karakorum fault (Figs. 5–9). 
There are traces of large earthquakes along this 
mid-valley branch of the fault, most commonly 
visible as meter-size mole tracks, as well as very 
large (20 m high at places) cumulative pressure 
ridges (Figs. 7B–7E).

Northwest of the Gun site, the Karakorum 
fault displays mostly pure strike-slip movement 
across the fans, with springs outlining the fault 
trace (highlighted in black by darker vegetation 
on the satellite images; Fig. 5). Near the present-
day Gun River, the fault sharply cuts and right-
laterally offsets a set of three terraces (T1–T3). 
There, the main scarp along the mid-valley fault 
faces NE in the NW part of the fan complex, but 
it faces SW in its SE part. The fact that this shift 
occurs about midway across the fan (Figs. 6 and 
8) suggests apparent vertical offset resulting 
from predominant strike-slip motion across a 
conical fan-shaped surface. This shift also coin-
cides with a slight bend to the SE in the trace 
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of the fault (Fig. 8). The mid-valley fault trace 
is simple and linear across the NW part of the 
fan complexes, but in contrast, there are several 
minor extensional fault splays south of the fault 
across the SE part of the older complex (Figs. 
6B and 8).

The different surfaces within the fan com-
plexes have distinctive characteristics, all 
showing complex channel networks. As deter-
mined in the field and on satellite images, T1 is 
smoother with shallow braided gullies, mostly 
parallel to those in the Gun riverbed (Figs. 

7A and 9A), and the surface rocks are mostly 
granite cobbles (<25 cm). The T1/T0 riser is 
extremely sharp and well preserved upstream 
from the fault but not downstream (Figs. 6B, 8A, 
and 9A). Two facts, (1) that the T1/T0 upstream 
riser stops abruptly at the fault (due to apparent 
vertical motion with the southwestern side up) 
and (2) that no measurable right-lateral offset 
is visible, imply that T1, NE of the fault, may 
be younger next to the stream than away from 
it. We sampled accordingly, i.e., away from the 
T1/T0 riser, but also away from the T2/T1 riser 

to avoid contamination from riser degradation 
(Figs. 6 and 8).

T2 is broader and incised by deeper channels 
than that on T1, but it is nevertheless composed 
of granite cobbles of similar sizes. Although not 
free-faced, the T2/T1 riser is very sharp down-
stream as well as upstream from the mid-valley 
fault, and it is clearly offset. Pull-apart sags are 
visible along the fault (highlighted by snow in 
Figs. 6, 8, and 9). The fault scarp on T2 is ~4 m 
high, facing NE (Fig. 7A). Most channels on 
T2 are ~N-S trending and tend to diverge, as is 
usual on distal parts of a fan, and meet the T2/T1 
riser at rather high angle (up to 50°).

T3 is the darkest surface on the satellite 
images and in the field, with boulders up to 1 m 
large (Figs. 6–8), forming levee crests separat-
ing channels that are deeper than those on T2 
and T1. The T3/T2 limit is quite different from 
the linear, sharply cut risers that separate the sur-
faces of T2, T1, and T0 upstream. While T3 and 
T2 on either side of this riser are quite different, 
the limit itself has a complex, sawtoothed shape 
with indentations and protruding lobes (Figs. 6 
and 8), due to the roughness and deep incisions 
on T3, which over time, carved the T3/T2 limit 
more than the recent T2/T1 riser. In fact, most 
of the indentations are related to the oblique 
channels that intersect the T3/T2 limit. Even 
more than on T2, the channel geometry on T3 is 
typical of the distal part of a fan. The NE-facing 
fault scarp on T3 is up to ~6 m high closer to T2. 
The average slope of T3 fan is ~3°, as calculated 
from topographic map contours.

The different characteristics of the three main 
surfaces probably in part reflect different modes 
of emplacement. It appears that the fan com-
plex apexes have migrated downstream along 
the glacial outwash (Figs. 3 and 5). Hence, the 
outwash regime near the fault has evolved from 
broad, distal, and depositional (fan mode), to 
more restricted channel aggradation and inci-
sion, which probably accounts for the different 
aspects of the terrace risers and edges. In addi-
tion, the emplacement of T3 seems to reflect a 
higher-energy depositional environment when 
compared to T2, and especially to T1 and T0. 
Indeed, T3 has larger, more angular debris, and 
the shape of the T3/T2 limit is sawtoothed rather 
than linear. It may also indicate that T2 was 
emplaced as a fill deposit, along the margin of 
the T3 fan surface.

Offsets
Several distinct right-lateral offsets can be 

identified and measured along the mid-valley 
fault across the Gun fan complex (Figs. 6, 
8, and 9). Eastward from the Gun River, the 
height of the north-facing scarp increases from 
~1 m on T1, to ~4 m on T2, to ~6 m on T3. 

TABLE 3. OUTLIERS REJECTION USING CHAUVENET’S CRITERION
Chauvenet 1 Chauvenet 2 Chauvenet 3

Gun T1
n = 11 10 8
Mean = 21,462 18,068 13,036
St dev = 15,674 11,496 4927
Mean square of 

weighted deviation
(MSWD) = 31.48 24.44 14.53

Samples rejected Gun 16 (55,404 yr) Gun 13 (40,064 yr) Gun 14 (22,565 yr)
Gun 17 (36,322 yr) Gun 5  (6502 yr)

Chauvenet value 0.02 0.07 and 0.25 0.05 and 0.49
Gun T2
n = 12 11 9
Mean = 33,974 24,200 19,187
St dev = 37,245 12,934 7079
MSWD = 71.28 30.3 21.57
Samples rejected Gun 23 (145,776 yr) Gun 7 (50,508 yr) Gun 24 (33,863 yr)

Gun 22 (41,613 yr)
Chauvenet value 0 0.04 and 0.44 0.02
Gun T3
n = 5 4 3
Mean = 41,630 32,903 30,032
St dev = 20,255 6265 3071
MSWD = 49.19 33.66 30.19
Samples rejected Gun 27 (76,540 yr) Gun 26 (41,515 yr) Gun 30 (33,575 yr)
Chauvenet value 0.07 0.21 0.31
Chaxikang (CK) F2
n = 10 9 7
Mean = 18,415 16,265 16,454
St dev = 8878 6057 4071
MSWD = 22.23 18.25 17.3
Samples rejected CK 13b (37,761 yr) CK 15  (25,427 yr) CK 13a (22,464 yr)

CK 16b (5783 yr)
Chauvenet value 0.03 0.42 and 0.19 0.44
CK F3
n = 6 5 4
Mean = 24,426 26,643 24,630
St dev = 6973 4889 2205
MSWD = 25.95 27.28 24.8
Samples rejected CK 20 (13,339 yr) CK 23 (34695 yr) –
Chauvenet value 0.39 0.25
CK F3′
n = 16 14 11
Mean = 43,722 44,439 43,569
St dev = 8918 5136 3440
MSWD = 45.48 45 43.84
Samples rejected CK 3b (58,614 yr) CK 1b (53,846 yr) CK 1a (37,050 yr)

CK 26 (18,800 yr) CK 9 (52,511 yr) CK 7b (49,197 yr)
CK 25 (36,526 yr) CK 8a (48,831 yr)

Chauvenet value 0.29 and 0 0.13 and 0.37 and 0.41 0.08 and 0.23 and 0.34
Gar fan (GF)
n = 14 12 10
Mean = 18,798 15,246 15,100
St dev = 10,862 6533 5358
MSWD = 24.64 17.84 16.8
Samples rejected GF 5 (38,600 yr) GF 2 (26,221 yr) GF 6 (22,979 yr)

GF 12 (41,617 yr) GF 13 (5734 yr) GF 9 (23,538 yr)
Chauvenet value 0.14 and 0.04 0.21 and 0.47 0.38 and 0.26
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We  interpret vertical offsets to be primarily due 
to displacement of conical fan-shaped surfaces, 
as discussed previously. We measured the cumu-
lative offsets SE of the outwash by projecting the 
riser directions to the fault and realigning them 
across the fault (e.g., Gaudemer et al., 1995) 
on the 1-m-resolution Ikonos image (Fig. 9B). 
The best fits of the geomorphic markers (terrace 
risers, fan edges, and river channels) across the 
fault after retrodeformation of satellite images 
are as follow (Figs. 8 and 9): A 38 ± 5 m offset 
(Figs. 9C and 9D) is measured for the T2/T1 
riser, for which a small uncertainty is assigned 
due to the very linear and sharp riser, which 
makes realignment across the fault straight-
forward. Note that this offset value may be a 
minimum due to the possible refreshment of 
the upstream T2/T1 riser (e.g., Cowgill, 2007). 
However, a similar offset of one large channel 
incised into T2 is also measured, with a slightly 
larger uncertainty due to the fact that the chan-
nel is not linear but meanders (Figs. 9C and 9D). 
After projecting the channel’s main direction on 

each side of the fault, we obtain an offset of 
38 ± 10 m (Figs. 9B and 9D). In addition, sev-
eral other gullies on T2 are realigned when the 
image is retrodeformed by that amount (Figs. 
9B and 9D). This channel offset value is iden-
tical to that of the T2/T1 riser and therefore is 
likely coeval with it, indicating that the T2/T1 
riser began accumulating offset following aban-
donment of T2. The 38 (+10/–5) m offset value 
constitutes the clearest offset measurement at 
this site. The T3/T2 limit offset is more difficult 
to assess because of its irregular shape. It ranges 
from 90 to 150 m depending on the reconstruc-
tion (average 120 ± 30 m; Figs. 9E–9I). Last, the 
offsets between the upstream and downstream 
branches of the irrigation channel, probably 
located in older abandoned channels incising T3 
to the SE, range from 150 to 220 m (Fig. 8B). 
These offsets overlap with the higher range of 
the T3/T2 offset, probably reflecting displace-
ment of the oldest part of the fan surface T3, but 
they are not well constrained and will therefore 
not be used to constrain slip-rates. Although 

the range-front fault can be traced for tens of 
kilome ters to the SW (Figs. 3 and 5), no clear 
offset is visible on the images, and we could not 
reach it in the field due to access restriction.

Surface Ages
Twenty-eight granite cobbles were collected 

on the three surfaces (Table 2; Fig. 8): 11 from 
T1 (five downstream from the fault: Gun 1–6, 
and six upstream: Gun 13–18), 12 from T2 (six 
downstream: Gun 7–12, and six upstream: Gun 
19–24; closer to the T2/T1 riser to avoid pos-
sible contamination from T3), and five down-
stream from the fault on T3 (Gun 25–30).

The shape of the age distributions on each 
terrace (Fig. 10) shows a similar pattern of a 
relatively tight cluster of young ages with a sig-
nificant upper tail (~30% of the ages), which is 
best explained by random inheritance. Despite 
the large age range (Fig. 10; Table 2), young 
clusters can nevertheless be defined after apply-
ing Chauvenet’s criterion three times (Table 3). 
T3 ages range from 28 to 77 ka, with the oldest 
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sample (Gun 27) being discarded after the first 
iteration of the statistical analysis (one outlier 
out of five samples, i.e., 20% of the samples; Fig. 
10; Table 3). It is not meaningful to apply the 
criterion again here due to the limited number of 
samples on T3 (which would reject each sample 
one by one until the two samples with similar 
ages remain). The four remaining samples yield 
a median age of 31.4 (+9.0/–4.4) ka. On T2, the 
ages range from 12 to 146 ka. The four oldest 
samples were discarded after three successive 
iterations (four outliers out of 12 samples, i.e., 
33% of the samples; Fig. 10; Table 3). The eight 
remaining samples yield a median age of 16.5 
(+5.5/–3.8) ka, which is consistent with the fact 
that T2 is lower than, and inset in, T3. On T1, 
the ages range from 7 to 55 ka. The four oldest 
samples and the youngest one were discarded 
after three successive iterations (five outliers out 
of 11 samples, i.e., 45% of the samples; Fig. 10; 
Table 3). The median age of the remaining six 
samples is 12.2 (+3.5/–2.5) ka.

It is plausible that T3 was emplaced as a high-
energy debris-flow fan during the interglacial 
postdating the late marine isotope stage (MIS) 3 
(ca. 40 ka), at places the largest glacial advance 
in Tibet (e.g., Finkel et al., 2003; Mériaux et al., 

2004; Owen et al., 2008; Chevalier et al., 2011a; 
Heyman et al., 2011; Hetzel, 2013), explain-
ing its rough surface topography compared to 
those of T2 and T1, which are clearly post–Last 
Glacial Maximum (LGM) to early Holocene 
terraces. The scatter of ages toward older ages 
on T1 and T2 may be due to their small surface 
areas, close to the fault. It may also be related 
to the fact that these terraces were emplaced 
at the distal end of a rather long and winding 
fluvioglacial valley and catchment, with several 
moraines and terrace deposits located upstream, 
which are all possible sources of samples with 
significant pre-exposure. Finally, contamina-
tion of lower, younger surfaces by samples from 
older, higher ones might have been enhanced by 
the ubiquitous presence of channels oblique to 
the terrace risers. The fact that most of the oldest 
ages on T1 come from samples on the smallest 
terrace patch upstream is consistent with this 
inference. T1, which is almost at the level of the 
present-day riverbed downstream from the fault, 
is likely much younger than T2. A mid-Holo-
cene age for T1 would be more consistent with 
other similar Tibetan alluvial sites (e.g., Van der 
Woerd et al., 1998, 2000, 2002; Mériaux et al., 
2004, 2005, 2012; Li et al., 2005; Cowgill et al., 

2009; Gold et al., 2009, 2011; Harkins et al., 
2010; Chevalier et al., 2011b, 2012) and would 
imply a significant average inheritance in all 
the samples.

Slip-Rates
The T3 fan offset (120 ± 30 m) is associated 

with the median age of T3 (31.4 [+9.0/–4.4] ka), 
resulting in a minimum slip-rate of 3.8 
(+1.5/–1.1) mm/yr. Associating the best-defined 
and best-constrained offset (38 [+10/–5] m) 
with the median age of T2 (16.5 [+5.5/–3.8] ka; 
the T2/T1 riser offset began accumulating fol-
lowing abandonment of T2) results in a slip-rate 
of 2.5 ± 1 mm/yr. Averaging these two rates 
yields a minimum of 3.1 ± 0.4 mm/yr at Gun for 
the last 30 ka.

Chaxikang (CK) Site

Geomorphology
The Chaxikang (CK) site is located down-

stream from the Chaxikang moraines and 7 km 
SE of the Gun site, near the village of Chaxi-
kang (Fig. 5). At the Chaxikang site, several 
alluvial fans (F2, F3, and F3′) were deposited 
and cut by the Karakorum fault. The fans and 
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moraines lie between the Indus River and the 
north Ayilari Range, at the outlet of a large 
U-shaped glacial valley (Chaxikang valley; Figs. 
3 and 5). At  periods of large glacial extents, the 
glacier almost reached the Indus River, located 
~20 km away from the ice cap that once topped 
that part of the Ayilari Range (5800–5900 m). 
Today, only ice remnants are visible, in contrast 
to the larger ice cap to the south near Manikala 
(Fig. 3).  Following the work of Liu (1993) based 
on SPOT image interpretation, Chevalier et al. 
(2011a) mapped four distinct moraines. The 
youngest moraine (M1, Fig. 5) extends ~1.6 km 

NE of the range front and is incised ~20–30 m 
by the present Chaxikang River. Only one set of 
abandoned terraces is visible along the current 
Chaxikang River. An intermediate moraine com-
plex (M2) extends ~3.6 km from the range front 
and is incised by a narrow, 50–60 m-deep can-
yon. The older moraine complex (M3) extends 
5.2 km from the range front, where its terminus 
has been eroded and breached by the Chaxikang 
River. The M1, M2, and M3 moraines studied 
for paleoclimatic purposes (e.g., section 3.1.7 
in Chevalier et al., 2011a) were formed during 
the LGM, MIS 3–4, and MIS 5–6, respectively, 

spanning a whole glacial cycle. Additional tills 
are located on both sides of the Chaxikang 
moraines, with one M4 till (M4* in Fig. 5) south 
of the Chaxikang valley now facing a triangular 
facet, indicative of right-lateral motion along the 
range-front fault. This moraine might not have a 
counterpart north of the valley because of dextral 
shift, and correlative erosion by glacial and flu-
vial action (e.g., Chevalier et al., 2005a).

The Chaxikang fan complex between the M3 
moraine terminus and the Indus River is com-
posed of three main imbricated fan deposits, 
F2, F3, and F3′ (Figs. 11 and 12). The youngest 
and lowest surface, F2, made of well-rounded 
cobbles/boulders ~10 – 50 cm in diameter, is 
located where the present-day Chaxikang River 
divides into several divergent channels (Figs. 5, 
6A, 11D, and 12). Parts of the channels have 
been deviated for irrigation purposes along 
water canals that cross the natural channels. The 
next fan surface is F3, standing higher than the 
level of F2 and characterized by more deeply 
incised gullies. F3′, the oldest fan surface at the 
site, has broader bars that stand higher than F3. 
Detailed inspection of the fan complex on satel-
lite images and in the field suggests that F3′ and 
F3, NE of the mid-valley fault, are smoother, 
lighter colored (Figs. 6A and 12), and more dis-
tal, with smaller cobbles and more subtle rills, 
and with radial channeling at high angle to the 
edge of the fan, as compared to F3 and F3′ SW 
of the fault (Figs. 12A and 12C). While the dif-
ference between F3 and F3′ is visible SW of the 
fault in the field and on the satellite images, the 
limit between these two surfaces NE of the fault 
is less clear. The mid-valley branch of the Kara-
korum fault, along which pull-apart sags are 
visible (Figs. 12A and 12C), cuts and right-
laterally offsets the fan surfaces F3 and F3′. In 
addition to the mid-valley branch of the Kara-
korum fault, the F3 and F3′ fan surfaces SW of 
the fault are cut by several east-dipping normal 
faults that splay southward from the main Kara-
korum fault, with the highest cumulative scarps 
being ~4 m high. These normal faults belong to 
the transfer zone that marks the widening of the 
Gar pull-apart basin (see above and Fig. 3).

Offsets
Several right-lateral offsets are determined 

along the main branch of the Karakorum fault at 
site Chaxikang, even though none of them is as 
clear as at the Gun site. As the distal part of the 
fan, NE of the fault, is right-laterally displaced, 
it offsets the western bank of the Indus River, 
marked by the limit of the water at the date of 
the image (in 2002; Fig. 12), and also by the 
limit of the maximum flooding outlined by 
the sharp difference between the sloping rocky 
surface of the fan and a subhorizontal zone 
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Figure 7. Field photos of Gun site (location in Figs. 3B and 5A). (A) General view of T3 and 
T2. Mid-valley branch of the Karakorum fault is highlighted by NE-facing scarp (white 
arrows). (B–E) Large cumulative pressure ridges (black arrows) located just north of Gun 
site (32.679°N, 79.483°E) along the Karakorum fault (white arrows). Scale: the fault scarp 
is ~4–6 m high and the mole tracks in B, C, and D are ~20 m high.
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occupied by vegetation (Fig. 12). Even though 
the Indus River banks, which are not yet passive 
geomorphic markers, may have evolved through 
time, we can tentatively assign a 150–180 m off-
set of its western bank today, which is on the 
order of other features’ offsets, as described 
next. Despite the fact that the F3/F2 riser SW of 
the fault is not present NE of the fault, an offset 
of ~190 m may be assigned to the eastern edge 
of F3. Finally, the F3′/F3 riser mapped south of 
the fault may be inferred NE of the fault, and 
this yields a possible offset of at least 200 m 
(Fig. 12).

The mid-valley fault scarp faces NE along 
the western half of the fan (as evidenced by 
channels crossing the fault and veering toward 
NW), but it faces SW along the eastern half of 
the fan (Fig. 12A). This change of scarp facing 
direction occurs exactly halfway across the fan 
(near where samples CK-25, 26, and 27 were 
collected), i.e., exactly where expected in case 
of a horizontally shifted fan surface. Some 
N-S–striking normal faults connected to the 
mid-valley fault make up scarps across the SW 
part of the fan. These normal faults make parts 

of the fan go down but do not alter the general 
shape of the fan and main fault scarp. It should 
also be noted that the NE part of the fan, dis-
placed in front of the main Indus River course, 
does not show any sign of river incision across 
its surface in the form of a steep and higher riser, 
but instead, similar to the SW part, it smoothly 
merges with the Indus riverbed, indicating minor 
or no vertical motion across the mid-valley fault. 
Although the only topographic data available 
are at the 1:50,000 scale, it is interesting to note 
that reconstructing the 4240 m contour yields an 
offset of ~200 m. Coincidentally or not, this off-
set is once again in agreement with the F3′/F3 
offset, the offset of the eastern edge of F3, and 
the offset of the western bank of the Indus River.

Surface Ages
In total, 32 cobbles were collected on the 

three subfans F2, F3, and F3′ (Figs. 5, 12, and 
13; Table 2): 16 (CK-1–9, 25–27) NE of the 
fault on F3′, six (CK-19–24) SW of the fault on 
F3, and 10 on F2 (CK-12–18) SW of the fault. 
On the fans, we sampled granite and quartzite 
sample pairs where possible (Figs. 4 and 13), as 

described in the methods section. The sample 
age distributions on the three sampled surfaces 
show large scatter with no clear cluster of ages. 
However, after outlier rejections, they do not 
overlap and represent three distinct age popula-
tions. The 16 samples on F3′ range from 19 to 
59 ka. Two successive iterations of Chauvenet’s 
criterion discarded the three oldest and the two 
youngest samples (five outliers out of 16 sam-
ples, i.e., 31% of the samples; Fig. 13; Table 3). 
It is not meaningful to apply the criterion again 
here because it would reject each sample one 
by one until too few samples remain. The 
remaining 11 samples on F3′ yield a median age 
of 43.4 (+5.2/–4.9) ka. On F3, six sample ages 
range from 13 to 35 ka. Two successive itera-
tions were sufficient to discard the oldest and the 
youngest sample (two outliers out of six sam-
ples, i.e., 33% of the samples; Fig. 13; Table 3). 
The remaining four samples yield a median age 
of 24.5 (+3.2/–2.9) ka. Lastly, on F2, 10 sample 
ages range from 6 to 38 ka. Three successive 
iterations were sufficient to discard the three 
oldest and the youngest samples (four outliers 
out of 10 samples, i.e., 40% of the samples; Fig. 
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13; Table 3). The remaining six samples yield a 
median age of 14.9 (+4.7/–3) ka. Note that the 
median values of all ages before outlier rejec-
tion for the three surfaces, F3′, F3, and F2, are 
similar at 44.0 (+8.4/–7) ka, 24.5 (+6.6/–9) ka, 
and 16.8 (+8.6/–5.5) ka, respectively.

It is worth noting the similarity in ages 
between the main surfaces dated at Gun and at 
Chaxikang. F2, dated at 12–20 ka, is similar in 
age to T2 at site Gun (12–22 ka), and both are 
clearly post-LGM. At first glance, T3 at site Gun 
(27–40 ka) has a similar age as the older surface 
F3-F3′ at Chaxikang (21–48 ka), and may both 
be correlated to the interglacial following MIS 
3, which is well expressed in the moraine M2 at 
this site (Figs. 5 and 13; Table 2; Chevalier et al., 
2011a). We will further detail climatic correla-
tions with surface ages in the discussion section.

Slip-Rates
The F3/F2 riser is only well defined SW of 

the fault. Assuming that its continuation NE of 
the fault corresponds to the southeastern rim 
of F3, then the 190 m offset may be bracketed 
between the ages of F3 and F2, i.e., ca. 15 and 
ca. 25 ka, yielding a rate of 8–12 mm/yr. The 
F3′/F3 riser is not clearly defined NE of the 
fault. Assuming that the total cumulative 200 m 
offset of the fan complex is also the offset of 
F3′/F3, then its age may be bracketed between 
the ages of F3 and F3′, i.e., ca. 25 and ca. 43 ka, 
yielding a rate of 4–8 mm/yr. Both these rate 
determinations assume that the inset fans F3 
and F2 were deposited across the fault, which, 
in the absence of ages on each of these surfaces 
on both sides of the fault, remains to be demon-
strated. Taking the F3′ fan offset of 200 m and 
the oldest surface age of 49 ka (CK-7B) yields a 
plausible minimum rate of 4.1 mm/yr. However, 
matching the ~200 m offset we measured using 
four different markers with the oldest age we 
have for this site before (59 ka, CK-3B) or after 
(49 ka, CK-7B) outlier rejections, respectively, 
yields a minimum rate of 3.4 mm/yr, which is 
similar to the value we determined at site Gun. 
In the absence of additional age constraints on 
all surfaces, these slip-rates should be consid-
ered cautiously.

Gar Fan (GF) Site

Geomorphology
The Gar fan site (GF) is located ~35 km SE 

of Chaxikang, and just NW of the Gar transfer 
zone (Fig. 3). It is a debris-flow fan with meter-
high levee ridges located at 32°15′N, 79°52′E, 
at an elevation of ~4350 m above sea level (Fig. 
14). The fan surface dips >8° to the NE (deter-
mined from topographic map contours), shows 
a convex-upward morphology typical of debris-

flow fans (Fig. 15B), and was fed by a rather 
short (<3-km long) and steep catchment, which 
drains only part of a large triangular facet at the 
front of the Ayilari Range. The V shape of the 
valley attests that it was never glaciated, even 
though an ice cap covered the summits of the 
Ayilari Range during glacial maxima. Here, 
the Karakorum fault has one main strike-slip 
branch, with several minor extensional splays, 
particularly at the foot and across the triangular 
facets, which bear traces of recent earthquakes 
(Figs. 14 and 15B). The fault traces are under-
lined by springs and vegetation patches. The 
main strike-slip branch of the fault cuts and 
offsets the bar and swale morphology on the 
surface of the Gar fan debris-flow fan, as well 
as other adjacent catchments and surfaces to the 
NW and SE (Figs. 14, 15D, and 15E).

Offsets
At the Gar fan site, cumulative channel and 

surface offsets are clear in the field and can be 
measured by retrodeforming the satellite images 
across the Gar fan and its vicinity (Fig. 16). The 
Gar fan surface is clearly the result of several 
phases of deposition and channel incision. Its 
surface shows patches with variable roughness 
that can be attributed to progressive aging and 
surface smoothing by alteration of the rock at 
its surface and/or accumulation of soil or loess. 
Several cumulative offsets of channels incised 
in its surface can be determined at 12 and 22 m. 
The 12 m offset is the smallest offset visible on 
the images and corresponds to the reconstruc-
tion of several channels incised in the middle of 
the fan and the active bed to the NW (Fig. 16B). 
The 22 m offset allows oblique channels to be 
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Figure 9 (on this and following page). Offsets at Gun site. (A–B) Gun site today. (C–D) Retro-
deforming the Ikonos image by 38 m realigns both the T2/T1 riser and channels on T2.
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reconstructed on the Gar fan surface to the SE, 
as well as a small drainage NW of the Gar fan, 
which is made of channels deeply incised into 
an older surface (Figs. 15D, 15E, and 16C). It 
also realigns both rims of the Gar fan outlined 
on the satellite image and in the field by the 
color difference between the fan surface and the 
nearby active stream beds. Last, a total offset of 
60–70 m reconstructs a second channel from the 
drainage NW of the Gar fan, as well as several 
additional features (Figs. 15D, 15E, and 16D). 
It may also be viewed as reconstructing the mar-
gin of the Gar fan, to a lesser extent.

Surface Ages
Fourteen samples (GF 1–14; Table 2; Figs. 

14 and 17) were collected on the levees of the 

Gar fan debris-flow downslope from the main 
fault. The sample ages range from 6 to 42 ka 
and show a bimodal distribution with an upper 
and a lower tail (Fig. 17). One iteration of 
Chauvenet’s criterion discards the two oldest 
samples (two outliers out of 14 samples, i.e., 
14% of the samples; Fig. 17; Table 3). The 
remaining 12 samples yield a median age of 13 
(+10.3/–3.4) ka. Note that taking all samples 
from Gar fan yields a similar median age of 
15.2 (+13.0/–5.3) ka. The age of Gar fan is thus 
similar to the ages of T2-T1 at Gun and F2 at 
Chaxikang, in agreement with the formation of 
debris-flow fans and terraces after the LGM. 
While the first iteration of the criterion does not 
justify the rejection of ages older than 15 ka, 
the main probability density function (pdf) is 

nevertheless centered around 10 ka (Fig. 17), 
or the early Holocene. This may further support 
the inference that Gar fan formed as a result of 
intense debris-flow emplacement during the 
glacial-interglacial transition at the end of the 
LGM and that the age of 13–15 ka is a maxi-
mum for the Gar fan surface.

Slip-Rates
Taking the median age of Gar fan (13 

[+10.3/–3.4] ka) and the 22 m offset of the chan-
nels incised on its surface defines a minimum 
bound of the slip-rate of 1.7 mm/yr. If the most 
significant peak of the age distribution is con-
sidered, i.e., 10 ka, a slightly higher rate of 2.2 
mm/yr is determined. This rate is on the order 
of, but slightly lower than, what we determined 
at sites Gun and Chaxikang. Note that taking the 
65 ± 5 m offset reconstruction of the margin of 
the Gar fan yields a slip-rate of 4.9–6.5 mm/yr 
(if using 13 or 10 ka, respectively). Therefore, 
the 1.7 or 2.2 mm/yr rate is strictly a minimum.

DISCUSSION

Climatic Origin of Regional 
Geomorphology along the 
Southern Karakorum Fault

The ages of the fan surfaces at Chaxikang 
indicate that they formed contemporaneously 
or after emplacement of moraines M2 and M1 
(Fig. 13). F3′, dated at ca. 38–48 ka, may be 
related to the deglaciation following the major 
glacial advance dated at ca. 40 ka (MIS 3) along 
the Ayilari Range to the SE (e.g., Chevalier et al., 
2005a, 2011a) or elsewhere in Tibet (e.g., Finkel 
et al., 2003; Mériaux et al., 2004; Owen et al., 
2008; Chevalier et al., 2011a; Heyman et al., 
2011; Hetzel, 2013). F3, dated at 21–28 ka, 
predates the LGM (20 ka), and its age overlaps 
with the age of T3 at Gun (27–40 ka). The age 
of F2 (12–20 ka) indicates that it formed after 
the LGM, thus most probably after the emplace-
ment of moraine M1 (although M1 has not been 
dated here, it may correspond to the last signifi-
cant maximum advance after the largest advance 
of M2, Fig. 5). Its age is similar to the age of 
T2 at Gun (12–22 ka). The correspondence 
between the glacier reconstructions and the fan 
and terrace emplacement at both Gun and Chaxi-
kang sites supports the geomorphic age deter-
minations and a posteriori validates both the 
assumptions made about outlier rejections and 
interpretation of the cobble ages. This reflects 
accumulation of 10Be nuclide mostly following 
surface emplacement, with also minor postdepo-
sitional modification. Regarding Gar fan, the fact 
that the fan emplacement age (10–23 ka) appears 
to also be coeval with both T2-T1 at Gun and 
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F2 at Chaxikang (we discussed earlier the pos-
sibility of an early  Holocene emplacement age at 
10 ka, corresponding to the best-defined age dis-
tribution peak) may suggest that it was formed 
as an intense debris-flow fan surface deposited 
during the glacial-interglacial transition at the 
end of the LGM.

To the south, at the Manikala site (Chevalier 
et al., 2005a; C5 in Fig. 1), the moraines dated 
at ca. 20–42 ka (M1) and ca. 150–195 ka (M3; 
Chevalier et al., 2011a) correlate with glacial 
stages MIS 2–3 and MIS 6, similar to Chaxi-
kang site M1 and M3 moraines, respectively 
(Chevalier et al., 2011a). Further south, along 
the Menshi-Kailas segment of the Karakorum 
fault, as well as in the Pulan graben (C12 in 
Fig. 1), Chevalier et al. (2012) dated 12 surfaces 
at seven sites, at a 200 ka time scale. At Men-
shi site, the ages of T1 (19–35 ka) and T3 (70–
137 ka), even though scattered, may indicate 
emplacement during warm and humid intersta-
dials or interglacials, which are periods consid-
ered favorable to fluvial deposition. Indeed, on 
T1, a few sample ages are post-LGM and a few 
others are post–MIS 3 (ca. 40 ka; similar to fans 
F3 and F3′ at Chaxikang), while on T3, samples 
appear to have been deposited during the MIS 5 
interglacial.

Further east, at site La Zhi Tang (Chevalier 
et al., 2012), the well-defined cluster at 10–12 ka 
on T1s (n = 16 out of 21 samples) appears to be 
coeval with the plateau of ages at Gar fan (ca. 
10 ka) and to T1 at the Gun site, and it reveals a 
clear depositional event during the early Holo-
cene climatic optimum, a warm and humid 
pluvial that has now been demonstrated to be 
a major period of fan deposition and terrace 
aggradation in other parts of Tibet (e.g., Mériaux 
et al., 2004, 2005; Van der Woerd et al., 1998, 
2000; Hetzel, 2013). T2 at La Zhi Tang, dated at 
41–63 ka, may have been deposited during the 
MIS 3 interstadial, similar to F3′ at Chaxikang. 
Just east of the La Zhi Tang site, at the base of 
Mount Kailas (Fig. 1), Chevalier et al. (2012) 
dated three moraine crests: A Qu at ca. 22–37 ka, 
West Xiong Se at 17–48 ka, and East Xiong Se at 
13–17 ka. While A Qu and West Xiong Se most 
likely reflect an emplacement during MIS 2–3 
glacial stages, coeval with Manikala M1, East 
Xiong Se corresponds to an LGM emplacement, 
most likely like Chaxikang M1. Just south of 
Kailas, where the Karakorum fault connects with 
the normal fault following the base of the Gurla 
Mandhata in the Pulan graben (Fig. 1), Chevalier 
et al. (2012) studied one fluvial site (Rengongpu) 
and one moraine site (Rongguo), also studied 

by Owen et al. (2010). At Rengongpu, T3 ages 
are more scattered (27–42 ka) and may be cor-
related to a post–MIS 3 glacial, similar to F3-F3′ 
at Chaxikang and T3 at Gun. T2 is 6–11 ka and 
T1 is 6 ka, clearly defining emplacement ages 
during the early Holocene climatic optimum, 
similar to La Zhi Tang T1 surfaces and to Gar 
fan, and T1 at Gun. At Rongguo, M1 (19–45 ka) 
from the study by Chevalier et al. (2012) (cor-
responding to M4a [9–55 ka] of Owen et al., 
2010) is consistent with an emplacement during 
MIS 2–3, similar to the West Xiong Se, A Qu, 
and Manikala M1 moraines (as well as possi-
bly Chaxikang M1), while M2 (28–95 ka) from 
the study by Chevalier et al. (2012) at Rongguo 
(corresponding to M3 [28–64 ka] of Owen et al., 
2010) may coincide with the short glacials dur-
ing MIS 5, closer to Chaxikang M2 ages.

Along the northern end of the Bangong-
Chaxikang segment, where the Karakorum fault 
splits into two parallel strands, the  Bangong 
and Tangtse branches, two geomorphologi-
cal studies revealed a 11–14 ka debris-flow 
fan emplacement age for the Bangong strand 
(Brown et al., 2002) and a 31–37 ka debris-flow 
age for the Tangtse strand (Bohon, 2014). The 
former fan deposition ages may correspond 
to T1 at Gun, Gar fan, T1 at La Zhi Tang, and 
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to some extent to T2 at Rengongpu, while the 
latter may be coeval with T3 at Gun and T3 at 
Rengongpu. Overall, by compiling all the dated 
alluvial and glacial deposits (Chevalier et al., 
2011a) in southwestern Tibet, it appears that 
the major fan- or  terrace-building episodes are 
regionally correlated and thus related to climatic 
events, as expected.

Significance of 10Be Model Age Distribution

Our interpretation of age distribution on allu-
vial surfaces is mostly determined by the pro-
cesses at play when these geomorphic markers 
are emplaced. We view river terraces or alluvial-
fan emplacement as discrete depositional events 
followed by surface abandonment and inci-
sion by the active streams. This interpretation 
is probably valid in arid environments where 
streams are intermittent and mostly fed by rare 
storms or summer meltwaters where glaciers are 
present. It is thus expected that if the rocks man-
tling these geomorphic markers originated from 
a similar source (assuming negligible hillslope 
erosion and transport time), their cosmogenic 
isotope content should be very similar, with a 
tight cluster of ages. However, such clusters 
may only show up if a sufficient number of sam-

ples are analyzed on each one of the markers. 
Deviation from the cluster toward younger or 
older ages (i.e., toward lower or greater isotope 
concentration) only affecting part of the sample 
ages distribution can thus be viewed as the result 
of a specific process affecting these samples and 
can justify their a posteriori sorting.

Ages obtained for pairs of samples with dif-
ferent lithology (quartzite vs. granite, 8 pairs; 
Fig. 4; Table 2) show no trend. Quartzite model 
ages can be both older and younger than granite 
model ages for similar samples (CK-1, 3, 7, and 
13 vs. samples CK-8, 14, and 16, respectively). 
Only one pair (CK-2) yielded the same age. 
If granite samples were always younger than 
quartzite samples, it would imply that granite 
samples are more significantly affected by ero-
sion compared to quartzite. The absence of such 
a trend thus suggests that erosion is a minor 
player at the time scale and for the samples 
considered here. In addition, Chaxikang pairs 
of ages range from 6 to 59 ka (Fig. 4; Table 2), 
largely covering the glacial-interglacial transi-
tion period, as well as all the terrace ages we 
studied here. Therefore, the fact that no trend 
is observed also confirms that erosion does not 
significantly affect the ages, at least not in a sys-
tematic manner.

Slip-Rates along the Southern Half 
of the Karakorum Fault

The first qualitative estimates of the Karako-
rum fault’s late Quaternary slip-rate (Liu, 1993) 
were based on climatic inference, given the 
dearth of direct dating techniques at the time. 
Because Liu (1993) inferred that the Chaxikang 
fans and moraines were emplaced ca. 10 and 
18 ka, instead of ca. 12–48 ka and ca. 44–84 ka 
(M2 median or oldest age), respectively, the slip-
rate he inferred (>18–35 mm/yr) is therefore 
two to four times larger. A slip-rate two to four 
times smaller, i.e., 4.5–9 mm/yr, would be con-
sistent with what we determine in this study at 
Chaxikang (>3.4 mm/yr).

Using dating techniques such as cosmogenic 
surface-exposure 10Be dating, our results here 
complement those from Chevalier et al. (2005a, 
2012) as well as Brown et al. (2002) and Bohon 
(2014), and provide the most comprehensive 
set of quantitative geomorphic constraints on 
the slip-rate along the southern Karakorum 
fault. The extremely clear (on satellite images 
and in the field, large mole tracks, etc.), simple 
(not transpressive nor transtensive, no change of 
direction, etc.), and linear Bangong-Chaxikang 
segment of the Karakorum fault has long been 
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the center of attention, but its access is now 
restricted due to its strategic location near inter-
national borders. In particular, the 120 km offset 
of the Indus River that is visible along this seg-
ment has been used as a minimum geological 
offset to derive the long-term slip-rate or initia-
tion age of the Karakorum fault (e.g., Gaudemer 
et al., 1989; Liu, 1993; Lacassin et al., 2004; 
Valli et al., 2007, 2008). Despite the importance 
of determining a late Quaternary slip-rate along 

this important segment, no quantitative data 
were available until now. Even though our rates 
may not be as well constrained as at other sites 
to the south (Chevalier et al., 2005a, 2012) or 
to the north (Brown et al., 2002; Bohon, 2014), 
they nevertheless provide new data that allow us 
to suggest the most likely slip-rate values along 
the Bangong-Chaxikang and Gar Basin seg-
ments of the Karakorum fault, which are sum-
marized in Figures 18B and 18C. From NW to 

SE, the slip-rate along the mid-valley branch of 
the Bangong-Chaxikang segment of the Kara-
korum fault over a ca. 10–60 ka age range is 
3.1 ± 0.4 mm/yr at Gun, >3.4 mm/yr at Chaxi-
kang, and >1.7 mm/yr at Gar fan.

South of Gar fan, in the Gar Basin segment of 
the Karakorum fault, along the range-front fault 
only, the slip-rate at Manikala is a minimum of 
5.4 mm/yr at time scales 0–40 ka, or if the old-
est age is favored (Brown et al., 2005), slightly 
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faster than what we determined in this study, 
and it is ~11 mm/yr at time scales 40–200 ka, 
or if the mean age is favored (Chevalier et al., 
2005a, 2005b), 3–5 times higher than what we 
just determined to the north. South of the town 
of Baer, after an ~30° bend in the fault, the dex-
tral slip-rate across two of several fault branches 
observed in the Menshi-Kailas Basin (Che-
valier et al., 2012), measured over a ca. 200 ka 
range, is >7.1 mm/yr at Menshi and >7.9 mm/yr 
at  Kailas (these are minimum rates because of 
multiple active fault strands and because a sig-
nificant vertical component has not been con-
strained). North of all these sites, just NW of  
Bangong Lake, the ~10 mm/yr slip-rate obtained 
with the same technique along the Tangtse and 
Bangong strands of the fault (4 ± 1 mm/yr since 
<14 ka [Brown et al., 2002] plus 5.6 mm/yr 
since 34 ka [Bohon, 2014]) is similar to the rate 
in the Menshi-Kailas Basin and to the highest 
rate at Manikala, if both strands were active at 
the same time. If the two strands were not active 
at the same time, the rate for each strand is also 
in agreement with what we determined in this 
study, as well as the minimum rate at Manikala.

How dextral motion on the faults at the Gar 
fan site is transferred farther south along the 
west side of the Gar Basin is most likely com-
plex. It involves an interplay between oblique 
normal fault strands and strike-slip strands that 
vanish into the Gar Basin swamps. This may 
explain why the rate we determined at Gar fan 
is lower than at other places. Although we did 
not sample other surfaces in that area, one N-S–
striking normal fault (Fig. 15C) is so prominent 
in the landscape that we infer it transfers a sig-
nificant fraction of the total slip to the range-
front fault system farther south. The cumulative 
scarp along this fault reaches 200 m, but its age 
cannot be assessed at this stage. More detailed 
work, including further dating and better topo-
graphic measurement (especially near the range 
front at sites Gun and Chaxikang), is needed to 
obtain firmer results and to quantify the dextral 
and vertical slip-rates on the range-front fault, 
which could slightly increase the slip-rates we 
obtain here.

Overall, the slip-rate from south of Bangong 
Lake to Kailas therefore appears to increase 
over the southernmost ~500 km of the Karako-
rum fault, from >3 mm/yr at Gun and Chaxi-
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Figure 16. Quickbird satellite image (Google 
Earth) of Gar fan. (A) Gar fan site today 
and after back-slipping the image by 12 m 
(B), 22 m (C), and ~60–70 m (D), realigning 
several channels, as well as a drainage made 
of three channels to the north (circle in D).
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kang to >5.4 mm/yr at Manikala to >7–8 mm/yr 
at Kailas. This is in contradiction with the infer-
ence from other studies (e.g., Searle et al., 1998; 
Murphy et al., 2000; Phillips et al., 2004; Valli 
et al., 2008; Robinson, 2009a; Styron et al., 
2011; Kundu et al., 2014), which suggested 
that the rate and magnitude of offset might be 
decreasing toward its tips, like that observed 
along the Altyn Tagh fault (e.g., Meyer et al., 
1996; Mériaux et al., 2005; Zhang et al., 2007; 
Chevalier et al., 2015) and the eastern Kunlun 
fault (e.g., Van der Woerd et al., 2002; Kirby 
et al., 2007). The southeastward increase in slip-
rate may just reflect the fact that the rate is con-
strained across two branches of the fault (Che-
valier et al., 2012) in the south, instead of just 
one, or it may possibly be due to the presence 
of active faults along the southern side of the 
Ayilari Range, absorbing some of the deforma-
tion north of Baer (Fig. 1). It may also be due 
to the presence of distributed extension north 
of the Karakorum fault, along the small conju-
gate strike-slip faults of central Tibet (Taylor 
et al., 2003). The approximation of a spatially 
constant slip-rate along the southern Karako-
rum fault (Menshi-Kailas segment) recently 
proposed by Chevalier et al. (2012), or its pos-
sible increase to the south (from Bangong Lake 
to Kailas) as suggested here, reinforces the 
idea that the Karakorum fault does not end just 
east of Kailas (e.g., Ratschbacher et al., 1994; 
Murphy et al., 2002) but extends to where its 
slip-rate decreases, i.e., further east along the 
Yarlung Zangbo suture (Peltzer and Tappon-
nier, 1988; Lacassin et al., 2004) and southeast-
ward along the Gurla Mandhata–Humla fault 
system (e.g., Armijo et al., 1989; Chen et al., 
2004; Lacassin et al., 2004; Murphy and Cope-

land, 2005; Styron et al., 2011; McCallister 
et al., 2014) and into western Nepal (Murphy 
et al., 2014).

Interestingly, we generally observe (Fig. 2) 
that geodetic and geologic rates may agree, 
within error, with the late Quaternary slip-rates. 
At a more detailed level, some rates appear 
to be slightly slower (Jade et al., 2004, 2010; 
Wright et al., 2004; Kundu et al., 2014), simi-
lar (Chen et al., 2004; Wang and Wright, 2012; 
Wang et al., 2012; Langstaff and Meade, 2013; 
Bohon, 2014; Kundu et al., 2014), or slightly 
higher (e.g., Banerjee and Bürgmann, 2002; 
Lacassin et al., 2004; Valli et al., 2007; S. Wang 
et al., 2009, 2011; Boutonnet et al., 2012, 2013; 
Gourbet et al., 2015) than what we obtain here. 
Chevalier et al. (2005a) suggested that this 
might be due to temporal variations as a result of 
the very different time spans involved (~15 yrs 
for geodetic and ~100 ka for late Quaternary, 
or Ma for geochronology studies). Robinson 
(2009b) instead suggested that the inferred 
active Karakorum fault termination at its inter-
section with the Longmu–Gozha Co fault (near 
Tangtse) might explain the possible slip-rate 
decrease from 10.7 mm/yr (Chevalier et al., 
2005a, 2005b) >250 km south of the junction 
to 4 mm/yr (Brown et al., 2002) just south of it, 
but to which one may add 5.6 mm/yr (Bohon, 
2014). Alternatively, the rates obtained at the 
different time scales (Fig. 2) might be viewed 
as in agreement with each other, with variations 
most likely due to measurement uncertainties 
or technical shortcomings. Indeed, InSAR data 
were not corrected for tropospheric effects, 
which are significant along the northern edge of 
Tibet (Elliott et al., 2008) and difficult to adjust 
for. Also, GPS data are extremely sparse in SW 

Tibet (only one station north of the Karakorum 
fault, “SHIQ”, which was recently considered 
unreliable by Kundu et al. [2014] due to excep-
tionally high uncertainties), with the few exist-
ing stations located close to the fault, within the 
elastic deformation zone. Additionally, He and  
Chery (2008) argued that low GPS-derived slip- 
rates may be unreliable due to the way that geo-
detic measurements are extrapolated in time to 
obtain long-term slip-rates. Last, even though 
the Karakorum fault is one of the major active 
faults in Asia, its seismic activity has been quite 
low for M >5 earthquakes, maybe explaining 
observed low GPS/InSAR rates. Regarding 
long-term geologic rates, the minimum bounds 
of most studies seems to agree with rates deter-
mined at shorter time scales. On the contrary, 
the maximum bounds would be more in favor 
of an ~11 mm/yr rate (Fig. 2), i.e., twice as 
high as what late Quaternary rates suggest. This 
may indicate a recent decrease in fault motion, 
for which the precise timing and cause would 
remain to be constrained, possibly having strong 
implications on average slip-rate and total offset 
measurements.

The characteristics of the Karakorum fault, 
being the only right-lateral strike-slip fault in 
western Tibet, with continuity over more than 
1000 km for the last >13–23 Ma, as well as hav-
ing a significant slip-rate of >3–>8 mm/yr, attest 
to the important role of the Karakorum fault in 
the tectonics of Tibet, together with the left-
lateral strike-slip Altyn Tagh and Kunlun faults. 
The evidence of a long-lasting, large-scale dis-
continuity tends to favor a model closer to the 
block model than to the continuum model as 
the most adequate description of lithospheric 
deformation north of the Himalayas, even 
though continuous-like deformation may occur 
at smaller scale within the blocks (e.g., Taylor 
et al., 2003).

The total geological offset along the Karako-
rum fault ranges from 66 km along the south-
ernmost segment (Murphy et al., 2000, 2002) to 
>200–480 km (e.g., Ratschbacher et al., 1994; 
Matte et al., 1996; Lacassin et al., 2004; Valli 
et al., 2008; Gourbet et al., 2015) elsewhere, 
with intermediate values around 100–150 km 
(e.g., Gaudemer et al., 1989; Liu, 1993; Searle, 
1996; Searle et al., 1998). Matching these 
long-term offsets with the initiation age of 
>13–23 Ma yields a long-term slip-rate of >2.9 
mm/yr (if 66 km) or >8.7 mm/yr (if 200 km). 
These rates are consistent with what we deter-
mined at the late Quaternary time scale. The fact 
that the Karakorum fault may have been mov-
ing at a rate of >3 mm/yr over >13–23 Ma (or 
maybe >8 mm/yr) attests that it accommodates 
an important part of the deformation due to the 
India-Asia collision, together with the Altyn 
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Tagh fault along the northern boundary of the 
Tibetan Plateau (moving at >9 mm/yr). In addi-
tion, the presence of smaller conjugate strike-
slip faults in central Tibet moving at a rate of 
1–2 mm/yr since 8–14 Ma (Taylor et al., 2003) 
confirms that the deformation in Tibet is pri-
marily absorbed by large-scale strike-slip faults 
along the borders of Tibet, and to a lesser degree 
within the plateau. This confirms that Tibet is 
extruded to the east, and that deformation at first 
order is best described with a block model rather 
than with a continuous model.

CONCLUSIONS

By investigating three fluvial sites along the 
main branch of the Bangong-Chaxikang and 
Gar Basin segments of the Karakorum fault, 
representing a total of seven markers that are 
offset by up to ~200 m and spanning ~60 ka, 
we determined slip-rates of 3.1 mm/yr at the 
Gun site, of >3.4 mm/yr at Chaxikang, and 
>1.7 mm/yr at Gar fan. These rates are slightly 
lower than what was previously determined 
in the central segment of the Karakorum fault 
near Bangong Lake (Bangong 4 mm/yr [Brown 
et al., 2002] plus Tangtse 5.6 mm/yr [Bohon, 
2014]; i.e., 10 mm/yr) and at Manikala (>5–11 
mm/yr; Chevalier et al., 2005a, 2005b), as well 
as in the south along the Menshi-Kailas seg-
ment (two branches, >7–8 mm/yr; Chevalier 
et al., 2012). Even though these rates lie within 
the currently published range of slip-rates 
(0–11 mm/yr), including geodetic and long-
term geologic (Ma) rates, they suggest a pos-
sible late Quaternary slip-rate increase toward 
the SE, along the southernmost 500 km of the 
Karakorum fault from Bangong Lake to  Kailas. 
The Karakorum fault’s length (>1000 km), ini-
tiation age (>13–23 Ma), and slip-rate (>3–8 
mm/yr) confirm its important kinematic role 
in the tectonics of Tibet. The evidence that the 
Karakorum fault is thus a long-lasting, large-
scale discontinuity north of the Himalayas, 
similar to the left-lateral Altyn Tagh and Kun-
lun strike-slip faults, is in favor of a deforma-
tion model for Tibet closer to a block model to 
describe lithospheric deformation north of the 
Himalayas. However, the still sparse and dis-
crepant data along the Karakorum fault make 
it necessary to investigate more sites at differ-
ent time scales to better refine its temporal and 
spatial kinematic behavior.
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