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ABSTRACT

Arc-parallel extension is an important 
component of the active deformation of the 
Himalaya. This extension is accommodated 
via arc-perpendicular normal faults linked to 
arc-parallel strike-slip faults. Analysis of ~130 
global positioning system geodetic velocities 
indicates >3 cm yr–1 of arc-parallel extension 
of the Himalaya. Several models have sought 
to explain Himalayan arc-parallel extension 
and strike-slip faulting, including lateral 
extrusion of Tibet, oroclinal bending of the 
Himalaya, radial spreading of Tibet and 
the Himalaya, and variably oblique con-
vergence between India and the Himalaya. 
Predictions of each model are tested against 
structural and geodetic observations. These 
tests indicate that the oblique convergence 
model best describes Himalayan extensional 
and strike-slip deformation.

INTRODUCTION

Throughout much of the Phanerozoic, the 
southern margin of Eurasia has been tectonically 
active; the collision and subsequent accretion of 
continental lithospheric fragments against Eur-
asia since the middle Paleozoic have produced 
the highly deformed crust that now makes 
up the orogens of Central Asia (Yin and Har-
rison, 2000). This process is ongoing; India’s 
Late Cretaceous–early Paleogene collision 
and continued convergence with Eurasia have 
produced an active deformation zone extend-
ing for >2000 km (Taylor and Yin, 2009). This 
deformation has uplifted the Himalaya range 
and portions of the Tibetan Plateau, producing 
the highest topography on Earth, where most 
of the Indo-Eurasian relative motion is accom-
modated (Gan et al., 2007). This convergence 
is the primary cause for central Asian deforma-
tion, though many models have been proposed 

to explain the observations of the geometry 
and active tectonics of the Indo-Asian collision 
zone or subsets of it, especially in Tibet and the 
Himalaya. These include, but are not limited to, 
models of rapid uplift of the Tibetan Plateau due 
to detachment and sinking of the lithospheric 
mantle (e.g., Molnar et al., 1993); northeast 
stepwise uplift of Tibet (Tapponnier et al., 
2001); gravitationally driven collapse of the pla-
teau (e.g., Dewey, 1988; Jade et al., 2004), pos-
sibly accommodated by lower crustal fl ow from 
under the plateau to the east (e.g., Royden et al., 
1997); viscous (continuous) deformation of 
Tibetan lithosphere (e.g., England and House-
man, 1988); and deformation of Tibet and the 
Himalaya via motion of a number of relatively 
small internally rigid blocks (e.g., Chen et al., 
2004a; Meade, 2007; Thatcher, 2007).

Though the Himalayan-Tibetan orogen is 
often considered the type model of a continen-
tal collisional orogen, active shortening struc-
tures are limited to the margins of the Tibetan 
Plateau, essentially the Himalayan front and 
where the plateau borders the Tarim, Qaidam, 
and Sichuan Basins (Métivier et al., 1998; 
Taylor and Yin, 2009). Within Tibet, active 
deformation is widespread and consists of east-
directed extension, accommodated by gener-
ally north-striking rifts and coeval north-south 
shortening via conjugate northeast- and north-
west-striking strike-slip faults (Armijo et al., 
1986, 1989; Taylor et al., 2003; Taylor and Yin, 
2009) (Fig. 1). Active normal and strike-slip 
faulting is present within the Himalayan arc 
as well; these show slip directions to be gen-
erally arc parallel, resulting in both arc-par-
allel extension and translation (Nakata, 1989; 
Murphy  et al., 2002, 2009; Murphy and Cope-
land, 2005; Thiede et al., 2006; Jessup et al., 
2008; Li and Yin, 2008). Various mechanisms 
have been proposed to explain deformation in 
the Himalaya and south Tibet, including lateral 
extrusion of a rigid Tibet along the Karakoram 
fault (KF) and Indus-Yarlung suture zone 
(IYS) (Tapponnier et al., 1982; Lacassin et al., 

2004); oroclinal bending (Li and Yin, 2008); 
outward radial expansion of the Tibetan Pla-
teau (Molnar and Lyon-Caen, 1989; Copley 
and McKenzie, 2007; Murphy et al., 2009); 
and variably oblique Indo-Himalayan conver-
gence (McCaffrey and Nábelek, 1998; Seeber 
and Pêcher, 1998). These models are described 
in more detail in the following, and specifi c, 
testable predictions of each are presented.

Here we combine and analyze several 
recently published global positioning system 
(GPS) geodetic data sets in the Himalaya and 
immediate surroundings to evaluate the arc-par-
allel and arc-normal components of the velocity 
fi eld in the Himalaya. We then use these results 
and structural observations from the geologic 
literature on the Himalaya and south Tibet to 
evaluate the more prominent models for modern 
Himalayan deformation.

ACTIVE STRUCTURES OF THE 
HIMALAYA AND SOUTH TIBET

Both the Himalaya and south Tibet show 
widespread active extensional and strike-slip 
faulting, though there are differences in defor-
mational style. Active deformation in central 
Tibet consists of approximately east-west 
extension accommodated within the Lhasa 
and Qiangtang blocks via north-south–striking  
rifts (Armijo et al., 1986, 1989; Yin et al., 
1999a) (Figs. 1 and 2). Near the Bangong-
Nujiang  suture zone, the rifts link with con-
jugate northwest-striking dextral faults and 
northeast-striking sinistral faults that merge 
with the  Bangong-Nujiang suture zone (Armijo 
et al., 1989), which accommodates north-south 
shortening and potentially more rapid east-west 
extension and eastward advection of central 
Tibetan lithosphere (Taylor et al., 2003; Taylor 
and Peltzer, 2006). In the central Lhasa block, 
several of the major rifts cut southward through 
the IYS into the Himalayan arc (Yin, 2000). 
From east to west (Fig. 2), these include the 
Yadong-Gulu rift (Cogan et al., 1998), the Pum 
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Qu–Xainza rift (Hager et al., 2006) (which may 
link to the south with the Nyönno Ri detachment 
bounding the Ama Drime Massif; Jessup et al., 
2008; Kali et al., 2010), the Tangra Yum Co–
Tingri rift (Dewane et al., 2006; Taylor and Yin, 
2009), the Kung Co rift (Mahéo et al., 2007; Lee 
et al., 2011), and the Lopukangri rift (Murphy 
et al., 2010). Active rifting in the Lhasa block 
is not documented in western Tibet north of the 
KF, nor does this area display seismicity indica-
tive of extension (Fig. 1).

Active deformation in the Himalaya involves 
both extension and strike-slip faulting (Figs. 1 
and 2), though the orientation of the strain fi eld 
is much more variable than in Tibet (Gan et al., 
2007). The dominant active structures within 
the Himalaya (north of the Main Frontal thrust) 
are those accommodating arc-parallel extension 
(although studies have suggested recent activity 
of the Main Central thrust; e.g., Hodges et al., 
2004). Major active structures in the northwest 
Himalaya include the Leo Pargil core complex 
in northwest India, which is bound in the north 
by the KF and has accommodated some tens of 
kilometers of extension (Thiede et al., 2006), 
and the Gurla Mandhata core complex, which 
has been interpreted to be a releasing bend in 
the right-lateral Karakoram-Humla fault system 
(Murphy and Copeland, 2005), and has accom-
modated 24–60 km extension, depending on the 
geometry of the core complex’s major detach-
ment at depth. The central Himalaya contains 
rifts cutting the range, such as the southern 
reaches of the south Tibetan rifts mentioned 
here, and the Thakkhola graben (Hurtado et al., 
2001). With the exception of the Ama Drime 
Massif (Jessup et al., 2008), with a provisional 

extension estimate of 18–36 km on the western 
range-bounding Ama Drime detachment and 
15–30 km on the eastern Nyönno Ri detach-
ment, these rifts do not generally show the high 
magnitudes of extension of the western systems; 
estimates are often ~10 km (Mahéo et al., 2007; 
Wu et al., 1998).

Active strike-slip faulting has been described 
throughout much of the Himalaya. In northwest-
ern India, northwest-striking right-slip faults are 
associated with and often linked to east- and 
west-dipping normal faults (Steck et al., 1998; 
Clark, 2005; Epard and Steck, 2008), including 
the Leo Pargil core complex (Thiede et al., 2006) 
and arc-parallel dextral shear zones (Vannay  
and Steck, 1995; Epard and Steck, 2004). Far-
ther to the southeast, dextral arc-parallel strike-
slip faulting has been observed in a zone from 
Gurla Mandhata southeast into the Hima layan 
foothills in central Nepal. In Murphy  and Cope-
land (2005), a right-slip fault was mapped, 
named the Humla fault, extending east from the 
southern margin of Gurla Mandhata  (Fig. 2). 
The Gurla  Mandhata–Humla fault system has 
been interpreted to transfer slip along the KF 
into the Himalaya (Murphy and Copeland, 
2005; Murphy  and Burgess, 2006). The Humla 
fault may then feed slip into an en echelon  
system of active dextral faults, including the 
Tibrikot, Dhaulagiri Southwest, and Bari 
Gad faults (Nakata, 1989; Styron et al., 2009; 
Murphy et al., 2010).

The KF is the longest and most studied of the 
arc-parallel dextral faults in the western Hima-
laya region. The KF forms the boundary between 
the actively extending northwest Himalaya and 
the relatively rigid southwest Tibet. Estimates of 

geologic offsets along the KF vary greatly. Ini-
tial estimates based on early mapping and tenta-
tive correlations of large-scale features such as 
batholiths (e.g., ~1000 km; Peltzer and Tappon-
nier, 1988) are signifi cantly higher than more 
recent estimates, but even the recent estimates 
have signifi cant variability. Although some 
of these are incompatible, as they are based 
on correlations of one offset feature on one 
side of the fault with different features on the 
opposite side of the fault (e.g., Lacassin et al., 
2004; cf. Searle, 1991), the lower set of slip 
estimates, which typically involve correlat-
ing narrower and more unique offset features 
(e.g., Murphy et al., 2000; Robinson, 2009), 
may be reconciled by the recognition that slip 
may not be consistent along strike due to inter-
nal deformation of the crust to either side of 
the fault. Robinson (2009) compiled estimates 
of geologic offsets from locations distributed 
along much of the KF. These offsets are based 
on separation of a variety of features, including 
sedimentary and igneous rock bodies, fault and 
suture zones, and the course of the Indus River 
(Murphy and Copeland, 2005; Murphy et al., 
2000, 2002; Searle, 1996; Searle et al., 1998; 
Phillips et al., 2004; Robinson, 2009). These 
offsets are plotted with respect to distance along 
strike of the arc in Figure 3. If these offset esti-
mates are accurate, the Himalaya has undergone 
signifi cant (>100 km) extension where bounded 
by the KF. Although it has often been suggested 
that slip along the KF feeds into the IYS, it was 
found (Murphy et al., 2010) that the northern 
margin of the IYS is cut and offset 15 km by 
the Lopukangri rift system. This westernmost 
disruption of the IYS by north-trending rifts in 
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Figure 1. Active structures 
(orange lines) and suture zones 
(dashed blue lines) of the Hima-
layan-Tibetan orogen (after 
Styron et al., 2010). Focal mech-
anisms are from the Global 
Centroid Moment Tensor cata-
log (www.globalcmt.org), 1976–
2008. Topography is from the 
Shuttle Radar Topography Mis-
sion. MFT—Main Frontal thrust; 
WHS—western Himalayan syn-
taxis; EHS—eastern Himalayan 
syntaxis; IYS—Indus-Yarlung 
suture; KF—Karakoram fault; 
BNS—Bangong-Nujiang suture; 
ATF—Altyn Tagh fault; S—
global positioning system site 
STAKSHA; KLF—Kunlun fault.
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addition to the central Himalayan examples of 
rifting of the IYS cited here strongly suggest 
that the IYS has hosted no signifi cant strike-slip 
motion since the Middle Miocene, and that KF 
slip is transferred to the south into the Himalaya 
along the Gurla  Mandhata–Humla fault system.

Signifi cant right-lateral arc-parallel strike-slip 
faulting in the Himalaya has not been described 
east of the Bari Gad fault (Fig. 2). Rather, strike-
slip faulting becomes left lateral east of central 
Nepal. Strike-slip motion is taken up both by 
discrete arc-parallel sinistral structures (Li and 
Yin, 2008) and transtensional faults such as seg-
ments of the Yadong-Gulu rift (Armijo et al., 
1986; Kapp and Guynn, 2004) (Figs. 1 and 2). 
Focal mechanisms suggest steeply dipping, arc-
parallel left-lateral faulting in Bhutan (Drukpa 
et al., 2006). These sinistral faults are somewhat 
less organized than the dextral faults of the west-
ern Himalaya and probably have accommodated 
signifi cantly smaller amounts of translation (Li 
and Yin, 2008).

Timing of Initiation of Extension

Figure 2 shows published age estimates that 
bracket the time initiation of syncollisional 
extension and strike-slip faulting. Studies of 
the Ama Drime Massif utilizing 40Ar/39Ar dat-
ing of micas and (U-Th)/He dating of apatite 

suggest the inception of arc-parallel extension 
at 13–12 Ma, immediately following the local 
cessation of activity on the Main Central thrust 
and South Tibetan detachment (Jessup et al., 
2008; Kali et al., 2010). Thermochronologic 
analysis of the Kung Co granite in the footwall 
of the Kung Co fault by Lee et al. (2011) led to 
an interpretation involving initiation of normal 
faulting at 13–12 Ma and acceleration of fault-
assisted exhumation at 10 Ma. The Thakkhola 
graben is the most physiographically promi-
nent graben in the Himalaya. Geologic map-
ping since the 1970s by Bordet et al. (1971) and 

Colchen  et al. (1986) showed that it is bounded 
on the west by a major east-dipping normal fault 
referred to as the Dangardzang fault (DF). Little 
is known about the thermal history of its foot-
wall, but investigations of its basin fi ll (Tetang 
and overlying Thakkhola Formations) preserved 
in its hanging wall show that it is syndeforma-
tional. The older Tetang Formation is between 
11 and 9.6 Ma (Garzione et al., 2003), imply-
ing that slip along the Dangardzang fault was 
active at this time, and that it initiated some 
time before 11 Ma. At its southern end, the Dan-
gardzang fault cuts the Dhaulagiri-Annapurna 

Figure 2. Active structures 
(orange lines) and sutures 
(dashed blue lines) (after Styron  
et al., 2010; Thiede et al., 2006; 
Jessup et al., 2008). LP—
Leo Pargil dome; GM—Gurla 
Mandhata dome; HF—Humla 
fault; KF—Karakoram fault; 
BGF—Bari Gad fault; DSF—
Dhaulagiri Southwest fault; 
TF—Tribrikot fault; TG—
Thakkhola graben; KC—Kung 
Co rift; AD—Ama Drime 
Massif; IYS—Indus-Yarlung 
suture; LK—Lopukangri rift; 
LS—Lunggar Shan rift; TY—
Tangra-Yumco rift; PX—Pum 
Qu-Xainza rift; YG—Yadong-
Gulu rift; BNS—Bangong-
Nujiang suture. Numbers in 
purple indicate initiation ages 
(Ma). Numbers in reddish-
brown indicate fault heave (km). Sources are given in italics. 1—Phillips et al. (2004); 2—Thiede et al. (2006); 3—Murphy et al. (2002); 4—
Langille et al. (2010); 5—Garzione et al. (2003); 6—Murphy et al. (2010); 7—Lee et al. (2011); 8—Williams et al. (2001); 9—Dewane et al. 
(2006); 10—Searle (1996); 11—Murphy et al., 2000); 12—Murphy and Copeland (2005); 13—Kali et al. (2010). Arrows indicate mean azi-
muth of fault heave, relative to the footwall in the case of nonvertical faults. Fault slip data sources: KF—Murphy et al. (2009); LP—Thiede 
et al. (2006); GM—Murphy et al. (2002); LS—Sundell et al. (2010); LK—Murphy et al. (2010); TF—Styron et al. (2009); TG—Baltz and 
Murphy (2009); KC—Lee et al. (2011); AD—Jessup et al. (2008), Kali et al. (2010). Topography is from Shuttle Radar Topography Mission.
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Figure 3. Offset estimates of 
geologic features along the 
Karakoram–Humla fault sys-
tem plotted by their distance 
along strike of the Himalayan 
arc from global positioning sys-
tem site STAKSHA (34.82°N, 
77.52°E; Fig. 1), as compiled in 
Robinson (2009). Errors on the 
x axis correspond to the along-
strike distance spanned by the 
offset features. Errors on the y 
axis indicate the error associated with the estimated offset. a—Aghil limestone; b—Baltoro 
granite; s—Shyok suture; i—Indus River; k—South Kailas thrust; g—Gurla Mandhata 
detachment; h—Humla fault. See text for sources.
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detachments  (the local segments of the South 
Tibetan detachment). In the Annapurna and 
Dhaulagiri ranges, structural, metamorphic, and 
intrusive histories of rocks exposed on either 
side of the South Tibetan detachment indicate 
that it was moving between 22 and 16 Ma 
(Hodges et al., 1996; Godin et al., 2001; Searle 
and Godin, 2003; Searle, 2010), thereby placing 
an upper age constraint on the timing of exten-
sion within the Thakkhola graben.

West of Thakkhola, the two most prominent, 
large-scale active extensional fault systems, the 
Gurla Mandhata–Humla fault system and the 
Leo Pargil shear zone, were geochronologi-
cally and thermochronologically investigated. 
Th-Pb monazite dating of mylonitic leuco-
granite dikes within the Gurla  Mandhata–
Humla system bracket the timing of ductile 
extension between 15 and 7 Ma (Murphy and 
Copeland, 2005). The 40Ar/39Ar analyses of 
white mica and biotite from rocks in the foot-
wall of the Leo Pargil shear zone are inter-
preted to refl ect the onset of fault-facilitated 
exhumation ca. 15 Ma (Thiede et al., 2006). 
The KF borders both of these extensional sys-
tems to the north and is kinematically linked, 
at least in the case of the Gurla Mandhata–
Humla system (Murphy  et al., 2002). Near 
Banggong Co, U-Pb zircon dating of synde-
formational granite bodies brackets the time 
of initiation between 15.68 ± 0.52 and 13.73 ± 
0.28 Ma (Phillips et al., 2004). Lacassin et al. 
(2004) and Valli et al. (2007) estimated much 
older ages for the timing of initiation along the 
KF (23–34 Ma). Zhang et al. (2010) showed 
through geologic mapping that rocks and struc-
tures (Great Counter thrust) they associate with 
the KF are part of an older structural system 
referred to as the Ayi Shan detachment.

These data together indicate a common 
Middle  Miocene initiation of arc-parallel exten-
sion and translation throughout the central and 
northwestern Himalaya.

Tibrikot Fault

Nakata (1989) recognized the presence of 
active right-lateral strike-slip faulting in the 
western Nepalese Himalaya, and documented 
the Tibrikot, Dhaulagiri Southwest, and Bari 
Gad faults through remote sensing and fi eld 
observations (Fig. 2). Preliminary fi eld obser-
vations of the arc-parallel Tibrikot fault (Styron 
et al., 2009) indicate late Quaternary dextral 
slip on a steeply dipping arc-parallel fault near 
the base of the Main Central thrust zone. Both 
bedrock and fl uvial geomorphic features are 
clearly offset in a right-lateral sense, as shown in 
Corona satellite imagery (Fig. 4). The fault zone 
is narrow, and shows brittle deformation, in 

contrast to the ductilely deformed rocks it cuts. 
Though net slip on the Tibrikot is unknown, the 
short length of the fault suggests that displace-
ment is lower than on other arc-parallel strike-
slip faults in the Himalaya, such as the KF, and 
likely younger.

The Tibrikot fault geometry, kinematics, and 
location in a zone of right-lateral shear strongly 
suggest that the fault represents the propagation 
of KF slip from the IYS region through the High 
Himalaya via the Gurla Mandhata–Humla sys-
tem and into the frontal Himalaya. Though dis-
placement is likely relatively small, the Tibrikot 
appears to be a signifi cant structure as it and 
adjacent dextral faults appear to represent the 
propagation of KF slip through the Himalaya 
instead of along the IYS, which has implica-
tions for the validity of models of Himalayan 
and south Tibetan deformation outlined in the 
following.

MODELS FOR HIMALAYAN 
AND SOUTH TIBETAN ACTIVE 
DEFORMATION

The recent decades of research in the Indo-
Asian collision zone have produced several 
models to explain the multifaceted deformation 
in the region. Several of the most common mod-
els are briefl y discussed here, along with specifi c 
predictions that may be tested with the observa-
tions and analysis presented in this work. It is 

important to note that these predictions may or 
may not have been explicitly discussed by any 
of the researchers who published the models; 
however, we feel that these predictions come 
directly out of the models.

Lateral Extrusion

The lateral extrusion model of Indo-Asian 
tectonics was one of the fi rst models put forth to 
explain the fi rst-order structural features of the 
Tibetan Plateau and its surrounding areas visible 
in early satellite images (e.g., Tapponnier et al., 
1982). Essentially, this model describes Tibet as 
undergoing tectonic escape and translating east-
ward relative to stable Eurasia and India as India 
indents into Asia. The lateral extrusion of Tibet 
is accommodated along the left-lateral Altyn 
Tagh and Kunlun faults in the north (Fig. 1) and 
the right-lateral KF and right slip along the IYS 
in the south (Tapponnier et al., 1982; Lacassin 
et al., 2004; Schill et al., 2004; Valli et al., 2007, 
2008). While this model was not initially pro-
posed to explicitly explain deformation in the 
Himalaya, it implies high magnitudes of slip 
and slip rate along the KF continue as dextral 
shear into the IYS (Fig. 5A).

Oroclinal Bending

The oroclinal bending model describing the 
curvature of the Himalayan arc involves rota-
tional bending of an initially linear belt. The 
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Figure 4. Corona satellite imagery of the Tibrikot fault, Dolpo region, Nepal. Blue arrows indi-
cate the trace of the fault. Red arrows indicate consistent right-lateral offsets of stream drain-
ages crossing the fault. Note the sharpness of the fault trace, which suggests its recent activity.
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primary lines of evidence for this process are 
clockwise paleomagnetic rotations in the north-
west Himalaya (e.g., Klootwijk et al., 1985; 
Schill et al., 2001, 2002) and right-lateral arc-
parallel faulting in the western Himalaya and 
adjacent Tibet mirrored by left-lateral faulting 
in the eastern Himalaya and southern Tibet 
(e.g., Ratschbacher et al., 1994; Li and Yin, 
2008). The predictions for this model vary 
based on the locations of the hinge lines around 
which the range rotates, and the mechanism by 
which this folding occurs, i.e., neutral surface 
folding or fl exural slip. Flexural fl ow may be 
a viable mechanism for oroclinal bending at 

depth, but the upper crust is not expected to 
shear ductilely; therefore, the brittle upper crust 
would deform by faulting localizing the dis-
tributed shear below, replicating the effects of 
fl exural slip. Other models (Schill et al., 2001, 
2002; Li and Yin, 2008) have the Himalayan 
arc bending around its central part such that 
the Himalayan syntaxes approach each other 
and the arc becomes more folded in map view. 
The kinematic predictions that arise for neutral 
surface folding are (1) there will be east-west 
contraction across southern Tibet, and poten-
tially (2) arc-parallel extension in the outer 
(India-facing) Himalaya decreasing to a region 

of no extension or contraction along the center 
of the orocline (analogous to extension in the 
outer part of a fold’s hinge and contraction in 
the inner part). For fl exural slip, the prediction 
is (3) arc-parallel strike-slip faulting along pre-
existing structural discontinuities such as the 
IYS or the faults in the Himalaya, such as those 
in the Main Central thrust or South Tibetan 
detachment zones, analogous to fl exural slip in 
folded sedimentary layers. Given the geometry 
of the orogen, the arc-parallel strike-slip faults 
west of the central Himalaya would be sinistral 
and the faults east of the hinge zone would be 
dextral (Fig. 5B).
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Figure 5. Models for Himalayan and south Tibetan deformation. (A) Lateral extrusion model, where the Tibetan Plateau translates to the 
east (gray arrows) along right-lateral structures along its southern margin and left-lateral structures along its northern margin. KF—
Karakoram fault. (B) Oroclinal bending model, where the Himalayan orogen bends such that the Eastern Himalayan syntaxis (EHS) and 
the Western Himalayan syntaxis (WHS) move toward each other, resulting in a decrease in the radius of curvature of the Himalayan arc. 
This causes extension of the outer (India facing) Himalaya and contraction of the interior of the orogen (gray arrows), and strike-slip fault-
ing analogous to fl exural slip. (C) Radial spreading model, where Tibet expands radially to the south (gray arrows), causing arc-parallel 
extension of the Himalaya. (D) Oblique convergence model, where India’s motion relative to Eurasia (black arrows) has an arc-normal 
component (white arrows) and arc-parallel component (gray arrows), causing arc-parallel extension and translation of the Himalaya. The 
dark gray arrow represents the eastward motion of central Tibetan lithosphere independent of oblique convergence.

 on April 4, 2011geosphere.gsapubs.orgDownloaded from 

http://geosphere.gsapubs.org/


Himalayan oblique convergence

 Geosphere, April 2011 587

Radial Spreading

The Tibetan Plateau’s extremely hot, thick 
crust may be capable of lateral fl ow at geodeti-
cally observable velocities (Bird, 1991; Beau-
mont et al., 2004). Consequently, Tibet has 
been proposed to be fl owing toward its margins 
to reduce the gravitational potential energy 
excess caused by the ~5 km elevation differ-
ence between the plateau and its surroundings 
(e.g., England and Houseman, 1988; Copley 
and McKenzie, 2007; Copley, 2008; Cook and 
Royden, 2008). In the radial spreading model 
of Himalayan deformation, this applies to the 
Himalayan margin as well as the eastern margin 
of the plateau. As Tibet spreads out southward 
over India, it causes radial as well as circum-
ferential expansion (Jade et al., 2004; Murphy 
and Copeland, 2005; Copley and McKenzie, 
2007; Copley, 2008). The following predic-
tions may be made from this model. (1) As 
Tibet expands toward India, the circumfer-
ence of the Himalayan arc will expand, caus-
ing arc-parallel extension. (2) South-directed 
radial spreading of the Tibetan Plateau will 
result in approximately north-south extension, 
so the Himalaya will move south with respect 
to both stable Eurasia and to the central Tibetan 
Plateau. Some researchers have modifi ed this 
model to allow for a presumably more viscous 
northwest Himalaya to act as a gate or barrier, 
allowing the less viscous interior of Tibet to 
pour out past the Himalaya along the KF, so that 
(3) right-lateral, arc-parallel strike-slip fault-
ing between the northwest Himalaya and Tibet 
occurs (Murphy  et al., 2002, 2009; Murphy and 
Copeland, 2005), though this prediction is not 
necessarily a part of the radial spreading model, 
especially as en visaged with a rheologically 
homogeneous Tibet and Himalaya (e.g., Copley 
and McKenzie , 2007) (Fig. 5C).

Oblique Convergence

The model for Himalayan deformation 
caused by the variation in convergence obliquity  
is based on two observations: (1) there is a 
smooth variation in the strike of the Himalayan 
arc from the eastern to the western syntaxes, 
between which the arc may be approximated 
by a small circle, as judged by several criteria 
(Bendick and Bilham, 2001); and (2) India-
Asia convergence vectors (relative to Asia) are 
generally parallel, and are normal to the strike 
of the Himalaya only in the Everest region of 
Nepal. Therefore, there is an increasing arc-
parallel component to the convergence vectors 
away from the central Himalaya, which causes 
arc-parallel extension. Arc-parallel extension is 
most rapid where the along-strike rate of change 

of the arc-parallel velocities is highest. In the 
northwestern (and potentially eastern) regions 
of the Himalaya, the arc is translating along the 
Himalaya-Tibet boundary, approximated by 
the KF zone (McCaffrey and Nábelek, 1998; 
Seeber and Pêcher, 1998). This requires the 
net slip and slip rate along the KF to increase 
to the northwest, analogous to a translating and 
extending forearc sliver such as that observed in 
Sumatra (McCaffrey, 1992). This model is very 
commonly applied at subduction zones world-
wide (e.g., McCaffrey, 1992; Avé Lallemant and 
Oldow, 2000), which are almost always convex 
toward the underthrusting plate, as observed 
in the Himalaya. Seeber and Pêcher (1998) 
referred to the pattern of earthquake slip vectors 
along the Himalaya as refl ecting “radial thrust-
ing.” Despite the similarity of the terminology, 
this is distinct from the radial spreading model 
discussed here; radial thrusting simply refers 
to the radial orientation of thrust slip vectors, 
which are normal to the strike of the arc. It does 
not imply that the radius of the arc grows during 
thrusting, only that the divergence in slip vec-
tors causes circumferential or arc-parallel exten-
sion along the range. This is complemented by 
contraction at the syntaxes, and accommodated 
by right-lateral slip along the KF, which strikes 
roughly normal to the thrust events along the 
northwestern range front, consistent with slip 
partitioning. Unlike the oroclinal bending and 
radial spreading models, the oblique conver-
gence model does not propose to explain the 
curvature of the Himalayan arc; this model only 
shows the consequences of the regular varia-
tion of Indo-Himalayan convergence obliquity 
along the arc. The oblique convergence model 
makes the following testable predictions: (1) the 
gradient observed in arc-parallel geodetic 
velocities away from the region of pure normal 
Indo-Himalayan convergence in eastern Nepal 
is correlated with the degree of convergence 
obliquity; (2) there is signifi cant arc-parallel 
extension in the Himalaya; and (3) arc-parallel 
extension in the northwest Himalaya is accom-
modated by arc-parallel strike-slip faults and 
arc-perpendicular normal faults (Fig. 5D).

GEODETIC ANALYSIS

The most spatially and temporally compre-
hensive geodetic data set for the Himalayan-
Tibetan system yet published is that of Gan et al. 
(2007), a compilation of the data sets of Zhang 
et al. (2004), Paul et al. (2001), Wang et al. 
(2001), and Banerjee and Bürgmann (2002). 
This set of ~1300 GPS vectors in and around 
China is given in both a Eurasia-fi xed reference 
frame in the International Terrestrial Reference 
Frame 2000 (ITRF2000), and a Tibet-fi xed ref-

erence frame. GPS vectors from the Eurasia-
fi xed data set in and around the Himalaya were 
selected. Several other data sets were compiled 
to increase data coverage and density. Jade 
et al. (2004) presented a network of GPS vec-
tors in Ladakh and far western Xizang, relative 
to ITRF97. These data were transformed into 
ITRF2000 using the National Geodetic Sur-
vey’s Horizontal Time Dependent Positioning 
tool (http://www.ngs.noaa.gov/TOOLS/Htdp/
Htdp.shtml). Additional GPS data from Bet-
tinelli et al. (2006) and Banerjee et al. (2008) 
were included. These three data sets were then 
transformed into a Eurasia-fi xed reference 
frame by using the ITRF2000-Eurasia Euler 
pole at 57.965 ± 1.211°N, –99.374 ± 2.71°E of 
Altamimi et al. (2002).

Convergence between India and Eurasia was 
described by Jade et al. (2007) by a rotation of 
0.341° ± 0.005° m.y.–1 around a pole at 26.5 ± 
3.4°N, 13.9 ± 7.8°E. These rotation parameters 
were used to generate convergence vectors 
between India and Eurasia in a Eurasia-fi xed 
reference frame at every GPS site; these are 
referred to as the plate motion vectors.

The observed geodetic and predicted plate 
motion vectors are shown in Figure 6. A com-
parison of the geodetic and plate motion vectors 
illustrates the degree and spatial extent to which 
the overriding plate is moving with underthrust-
ing India. Along the Himalayan front, the vec-
tors are very similar. Farther inboard of the thrust 
front, the velocity of the geodetic vectors lessens 
as strain is accumulated across the arc, though 
the vectors generally remain parallel to each 
other and to the Indo-Asian plate motion vec-
tors. Previous studies can explain the observed 
velocities with elastic strain accumulation along 
the Main Himalayan thrust with a locking depth 
of ~20 km (e.g., Jouanne et al., 1999; Larson 
et al., 1999; Lavé and Avouac, 2000; Chen et al., 
2004a, 2004b). It is also clear that the geodetic 
vectors are oriented purely normal to the Hima-
layan arc only in eastern Nepal; convergence 
is progressively more oblique along strike in 
either direction. The largest divergence between 
the geodetic and plate motion vectors is near 
the eastern Himalayan syntaxis, where there 
appears to be signifi cant clockwise vertical-axis 
rotation, also consistent with previous studies 
(Shen et al., 2005; Allmendinger et al., 2007). 
Some of this divergence may also be explained 
by the absorption of a fraction of the total Indo-
Asian convergence within the Shillong Plateau 
(e.g., Banerjee et al., 2008; Clark and Bilham, 
2008; cf. Jade et al., 2007).

The consequence of the observed variation 
in convergence obliquity is that the arc-normal 
and arc-parallel components to Indo-Himalayan  
relative motion vary systematically along the 
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arc. Though the amount of Indo-Himalayan 
convergence obliquity varies signifi cantly 
along strike, the seismic events along the 
Himalayan front have slip vectors dominantly 
oriented perpendicular to the strike of the arc 
(Seeber and Pêcher, 1998; Bendick et al., 2007; 
Fig. 1), not oblique and in the direction of plate 
convergence and elastic strain accumulation. 
The few focal mechanisms along the KF or the 
arc-parallel strike-slip faults in Nepal are also 
strike slip, not oblique slip. From a geologic 
perspective, the presence of a large thrust or 
system of thrust faults (the Main Frontal and 
Main Boundary thrusts) in the frontal Hima-
laya and arc-parallel strike-slip faults (the KF, 
Humla, Tibrikot, and Bari Gad faults) farther 
inboard, as well as normal faults striking per-
pendicular to the arc, all suggest that strain in 
the Himalayan arc is partitioned into fairly pure 
arc-normal shortening and arc-parallel exten-
sion and translation along discrete fault sys-
tems. Therefore, in a region where convergence 
between the Indian plate and the Himalaya is 
oblique, a thrust event along the Main Frontal 
thrust will only relieve the arc-normal compo-
nent of the elastic strain fi eld; the arc-parallel 
component will only be relieved by an event on 
a strike-slip fault such as the KF.

In order to assess this quantitatively, each geo-
detic vector is decomposed into its arc-parallel 
and arc-normal components, using the defi ni-

tion of the arc as a small circle with a pole at 
91.6°E, 42.4°N of Bendick and Bilham (2001) 
for the western and central segments of the arc, 
a pole at 89.5°E, 37°N for sites between 88°E 
to 91.5°E, and a pole at 90.7°E, 35°N for sites 
west of 91.5°E. The latter two poles are nec-
essary because the radius of curvature for the 
Himalayan arc decreases east of Sikkim and a 
small circle about the fi rst pole does not fi t the 
observed arc geometry, and were fi t visually. The 
arc-normal vector is the component of the geo-
detic velocity in the direction of the pole, and the 
arc-parallel vector is the velocity component tan-
gential to the small circle at that point. The GPS 
velocities are available in Supplemental Table 11. 
The arc-parallel vectors are shown in Figure 
7A. Figure 7B shows the arc-parallel velocities 
within the Himalayan arc (between the KF-IYS 
and the Main Frontal thrust) plotted with respect 
to their distance along strike (where the position 
of each is projected onto a small circle approxi-
mating the Himalayan arc of radius 1696 km 
around the pole of Bendick and Bilham  (2001). 
Although the full two-dimensional velocity error 
ellipses are shown in the maps, the one-dimen-
sional error bars shown in the plots are calcu-

lated as the diameters of the 1 σ error ellipses in 
the direction of the velocity vectors.

The arc-parallel velocities suggest that the 
Himalayan arc is stretching at ~3 cm/yr between 
the India-Pakistan border and the western  
border  of Bhutan. This is ~1500 km along strike, 
leading to an extension rate of 20 nstrain yr–1. 
The extension rate is not completely uniform 
along strike; the sites in the northwesternmost 
400 km of the arc have similar arc-parallel 
velocities, ~20 mm yr–1. However, from near 
~78°E to ~89°E (400 km to 1400 km along-
strike distance from GPS site STAKSHA), the 
velocity gradient is fairly uniform, representing 
~35 nstrain yr–1 of extension (Fig. 7B). The ~10 
mm yr–1 extension rates from the Humla fault 
region northwest through the end of the study 
area broadly agree with >100 km arc-parallel 
extension of this region (based on the KF dis-
placement gradient) given a Middle Miocene 
age for the onset of extension.

It is interesting to study how these veloci-
ties change across the arc rather than along it. 
Therefore the arc is divided into seven regions 
along strike (Fig. 7A), and the arc-normal and 
arc-parallel  components of the GPS site veloci-
ties in each region are binned and plotted with 
respect to their distance from the pole of Ben-
dick and Bilham (2001) (Fig. 8). For each 
region, the mean arc-parallel and arc-normal 
velocities for several sites in the Himalayan 

Figure 6. Observed global posi-
tioning system (GPS) velocities 
(black) relative to stable Eur-
asia in the ITRF2000 reference 
frame and predicted India-
Eurasia plate motion vectors 
(pink) relative to stable Eurasia 
in ITRF2000 at each GPS sta-
tion using the India-Eurasia 
pole of rotation from Jade et al. 
(2007). All velocities are plotted 
using the same scale. Where 
the GPS and plate motion 
vectors are similar, the upper 
crust moves with the Indian 
plate (locked Main Himalayan 
thrust). Where the GPS vectors 
are smaller (slower) than the 
plate motion vectors but still 
parallel (such as the interior 
of Tibet), strain accumulation 
of the upper plate between the 
Main Frontal thrust and the 
GPS site takes place at a rate 
equal to the difference of the 
vector magnitudes at that site. The signifi cant divergence in the azimuths of the GPS and plate motion vectors in south Tibet indicates 
vertical-axis rotation around the Eastern Himalayan syntaxis.
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1Supplemental Table 1. Excel fi le of GPS veloci-
ties. If you are viewing the PDF of this paper or read-
ing it offl ine, please visit http://dx.doi.org/10.1130/
GES00606.S1 or the full-text article on www.gsapubs
.org to view Supplemental Table 1.
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Figure 7. (A) Arc-parallel component of global positioning system (GPS) velocities. Gray boxes outline regions that defi ne velocity bins: 
L—Ladakh; H—Himachal; G—Gurla Mandhata; T—Thakkhola; E—Everest; B—Bhutan; A—Arunachal; S—GPS site STAKSHA. 
(B) Arc-parallel component of GPS velocities from within the Himalayan arc (i.e., between the Main Frontal thrust and Karakoram fault–
Indus-Yarlung suture zone) plotted as a function of distance along strike from GPS site STAKSHA. Clockwise velocities are defi ned as 
positive. The uniform velocity gradient between 400 and 1400 km along strike indicates that arc-parallel extension is uniformly distributed 
throughout much of the Himalaya.
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foreland are subtracted from the mean velocities 
of several sites in the interior of Tibet. This gives 
estimates of the amount of shear strain (positive 
values are right lateral) and convergence across 
the arc, and highlights potential along strike-
velocity gradients. These results are presented in 
Table 1. In general, the estimates of shear strain 
accumulation across the arc decrease from the 
northwestern Himalaya toward the center of 
the range, and appear to increase again in the 
east. The estimates of arc-normal convergence 
are remarkably consistent across the northwest-
ern and central portions of the arc, though there 
is an increase in these rates in the eastern Hima-
laya. However, this area seems to be undergo-
ing clockwise vertical-axis rotation about the 
eastern syntaxis with little internal strain (All-
mendinger et al., 2007). Therefore, the rates cal-
culated for the eastern two regions may simply 
refl ect the effects of vector projections of this 
rotational velocity fi eld, and not shear strain 

or shortening across the range; for this reason, 
the results from these regions are not taken into 
account when evaluating deformational models, 
though they are given for completeness.

The transects across the arc (Fig. 8; Table 1) 
show that arc-parallel shear is dextral through-
out the arc and statistically different than zero 
at the 68% confi dence level only in the north-
western Himalaya. The rates of shear strain 

accumulation, ~6.5 ± 4.5 mm yr–1 (1 σ) for 
the Ladakh and Himachal regions, are similar 
to the rates of longer-term Quaternary slip along 
the KF from offset Quaternary glacial moraines 
and debris fl ows (Brown et al., 2002; Chevalier 
et al., 2005). However, it is interesting to note 
that this shear strain accumulation does not 
appear to be localized on the KF (Jade et al., 
2004). The Gurla Mandhata and Everest regions 
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Figure 8. Arc-normal profi les 
of arc-parallel and arc-normal 
components of global positioning 
system (GPS) velocities for the 
western and central Himalayan 
regions shown in Figures 5 and 8. 
Velocities are plotted by the dis-
tance from the pole to the Hima-
layan arc of Bendick and Bilham 
(2001) at 41.4°N, 91.6°E. Positive 
arc-parallel velocities indicate 
clockwise (west- or northwest-
directed) motion; increasing 
velocities with increasing radial 
distances indicate dextral shear 
across the arc. Positive arc-
normal velocities indicate motion 
toward the pole; increasing veloc-
ities with increasing radial dis-
tances indicate shortening across 
the arc. Gray rectangles indicate 
the GPS sites used in the calcula-
tions of arc-normal convergence 
and arc-parallel shear discussed 
in the text. The heights of the 
rectangles correspond to their 
associated error, with the mean 
value in the center of the rect-
angle. Regions: L—Ladakh; H—
Himachal; G—Gurla Mandhata; 
T—Thakkhola; E—Everest. 
KF—Karakoram fault; IYS—
Indus-Yarlung suture zone; 
MFT—Main Frontal thrust; 
HF—Humla fault; TF—Tibrikot 
fault; DS—Dhaulagiri Southwest 
fault; BG—Bari Gad fault.

TABLE 1. ARC-PARALLEL SHEAR AND ARC-NORMAL SHORTENING RATES 
FOR THE GEODETIC REGIONS ALONG THE HIMALAYAN ARC

Region
Arc-parallel shear 

(mm yr–1)
Error 

(1 σ, mm yr–1)
Arc-normal shortening 

(mm yr–1)
Error

(1 σ, mm yr–1)
Ladakh
Himachal

6.0
8.0

4.4 13.7 5.6
4.5 13.6 5.5

Gurla Mandhata 3.2 5.4 11.9 5.4
Thakkhola 8.1 8.9 11.7 8.0
Everest 3.1 7.5 12.5 6.9

1.61.612.79.7natuhB
Arunachal 6.8 5.4 24.1 4.1

Note: Rates calculated from the velocity profiles shown in Figure 8.
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show about half the arc-parallel shear strain 
accumulation in comparison to the northwest 
regions, albeit with signifi cantly larger errors. 
The Thakkhola region has the highest rate of 
shear strain accumulation, though that rate is 
still less than the 1 σ uncertainty; this error 
is primarily due to the large uncertainty in the 
velocities at remote sites in the interior of Tibet.

Though the extant geodetic sites are not 
positioned so that a good estimate of slip rate 
along the Tibrikot fault can be made (Fig. 9), 
the site DLP0 is located ~2 km south of the fault 
(between the Tibrikot and Dhaulagiri South-
west faults) and has an arc-parallel velocity 
of 5.71 ± 2.25 mm yr–1, and the site JML0 is 
located ~10 km south of the Humla fault (the 
along-strike continuation of the Tibrikot fault) 
~70 km west, and has an arc-parallel velocity 
of 10.50 ± 2.05 mm yr–1. The next site to the 
south-southwest  (directly toward the foreland), 
of DLP0 is MUL0, ~90 km away, with an arc-
parallel velocity of 11.99 ± 2.05 mm yr–1. While 
these data are certainly not suffi cient to effec-

tively bracket slip rates on the Tibrikot fault, if 
this velocity gradient represents half of the strain 
accumulation across the fault (e.g., Savage and 
Burford, 1973) it suggests that the Humla-
Tibrikot system accumulates shear strain at sev-
eral millimeters per year, similar to rates on the 
KF. The across-arc, arc-parallel velocity profi les 
in Figure 8 also suggest that all of the arc-paral-
lel shear strain in that sector of the Himalaya is 
accumulating on the Humla, Tibrikot, Dhalagiri 
Southwest, and Bari Gad faults. This is a good 
indication that KF slip is transferred into the 
Himalaya instead of continuing along the IYS.

The arc-normal velocities vary along the 
Himalayan arc from ~10 to ~35 mm yr–1 (Figs. 
8 and 10). The highest velocities are where con-
vergence between India and the Himalaya is arc 
normal. However, despite the threefold varia-
tion in the velocities, the rates of convergence 
between geodetic sites in the Himalayan fore-
land and south Tibet remain remarkably con-
sistent at ~12 mm yr–1 in the northwestern and 
central Himalaya (Fig. 8). This estimate is lower 

than many estimates from geology (e.g., Lavé 
and Avouac, 2000) and early geodesy (e.g., 
Larson et al., 1999), but similar to some more 
recent geodetic studies (e.g., Chen et al., 2004b; 
cf. Bettinelli et al., 2006). The along-strike con-
sistency of the arc-normal convergence rate may 
indicate a dynamic equilibrium between short-
ening and crustal thickening in the Himalaya 
and extension and translation within the Tibetan 
Plateau.

DISCUSSION

Evaluation of Deformational Models

We use our geodetic results and geologic 
observations from the literature to evaluate 
models of Himalayan and south Tibetan defor-
mation by addressing the specifi c predictions 
for each model mentioned here.

The lateral extrusion model as applied to 
Tibet predicts that there will be high rates and 
magnitudes of slip along the KF, which contin-
ues along the IYS accommodating the eastward 
escape of Tibet. Previous geologic observations 
(Searle, 1991; Searle et al., 1998; Murphy et al., 
2000; Phillips et al., 2004; Robinson, 2009) show 
a decrease in displacement magnitude along the 
KF to the southeast. Furthermore, in Murphy 
and Copeland (2005), Murphy et al. (2010), and 
this study, it is suggested that the majority of slip 
along the KF is transferred south into the Hima-
laya via the Gurla  Mandhata–Humla fault sys-
tem and continues southeast along the Tibrikot 
fault. Exactly how slip is transferred to the 
southeast from the Tibrikot fault is unknown. 
One possibility is that the Tibrikot fault links up 
with either the faults bounding the Thakkhola 
graben or the Dhaulagiri Southwest and Bari 
Gad faults. Our geodetic analysis shows that 
slip rates along the KF are much less than early 
estimates of several centimeters per year, and 
are not statistically different from zero along 
the IYS, though the errors in the dextral shear 
accumulation rates across the central Himalaya 
are large enough to allow for low (<1 cm yr–1) 
slip along the IYS. However, the lack of seis-
micity indicative of right-slip faulting on the 
IYS and the uninterrupted rifting across 
the IYS into the central Himalaya (Murphy 
et al., 2010) strongly suggest that the IYS is not 
currently an active right-slip shear zone, and 
has not been at least since the inception of rift-
ing in the region. The observations of an east-
ward increase in clockwise rotation observed in 
paleomagnetic data of Schill et al. (2004) in the 
hanging wall of the South Tibetan detachment 
in the north-central Himalaya may be related 
to faulting on of the South Tibetan detach-
ment, as the timing constraints on those data 
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are insuffi cient  to bracket them as post–South 
Tibetan detachment faulting. Furthermore, 
the eastward increase of clockwise rotation 
suggested by these data is inconsistent with 
through-going dextral shear on the IYS, which 
would produce a consistent amount of rotation 
along the structure. Therefore, the compiled 
observations do not favor it as a major active 
structure in regional kinematics .

The oroclinal bending model predicts that 
rotation of the Himalayan orocline will result 
in (1) east-west contraction in Tibet, (2) outer 

arc-parallel extension (i.e., in the frontal Hima-
laya), which decreases to zero along the midline 
of the orocline, and contraction in the interior, 
and possibly (3) sinistral arc-parallel strike-
slip faulting in the western orogen and dextral 
arc-parallel strike-slip faulting in the eastern 
orogen. Prediction 1 is not supported by either 
geodetic or geologic observations, which clearly 
show active and well-developed east-west rift-
ing in the Lhasa block, which in the central 
part of the range propagates into the Hima-
layan arc. Prediction 2 is partially met, as there 

is ample evidence for arc-parallel extension in 
the range; however, a switch to a contractional 
regime in the inner arc similar to that observed 
in the hinge zone of folds is not observed. Pre-
diction 3 is also not supported by geologic or 
geodetic evidence, which indicates arc-parallel 
strike-slip faulting with slip sense opposite of 
that predicted. Therefore the oroclinal bending 
model is not supported by this study. The clock-
wise paleomagnetic rotations in the northwest-
ern Indian Himalaya must be explained through 
other models.
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Figure 10. (A) Arc-normal component of global positioning system (GPS) velocities. Gray boxes outline regions 
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pole of Bendick and Bilham (2001) are defi ned as positive.
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The radial spreading model as applied to the 
Himalaya predicts that (1) the Himalayan arc 
will undergo arc-parallel extension, (2) the arc 
will move south with respect to stable Eurasia 
and the interior of Tibet, and (3) arc-parallel 
strike-slip faulting is possible. We see that pre-
diction 1 is confi rmed by both geologic and 
geodetic observations. Prediction 2, however, 
is not supported by either geologic or geodetic 
observations; in fact, the opposite is observed: 
the Himalayan arc is moving north with respect 
to both Eurasia and the interior of Tibet. This is 
not immediately apparent in the geodetic stud-
ies that utilized an India-fi xed reference frame, 
because they either do not extend far enough 
north so that the north-south contraction across 
Tibet is observable (Jade et al., 2007; Banerjee 
et al., 2008), or the data are too sparse for this 
to be apparent (Jade et al., 2004). However, the 
northward velocities observed near the Bangong-
Nujiang suture zone (Fig. 6) are too far north of 
the Main Himalayan thrust to be signifi cantly 
infl uenced by elastic effects due to locking on 
the Main Himalayan thrust (Bettinelli et al., 
2006; cf. Feldl and Bilham, 2006). Furthermore, 
shortening in the direction of Indo-Eurasian rela-
tive motion continues throughout the entirety of 
the plateau, between the Himalaya and the rigid 
basins to the north, at signifi cant (>10 mm yr–1) 
rates (Zhang et al., 2004). This cannot be coeval 
with the radial, southwest- to southeast-directed 
extension required by the radial spreading model 
(Copley and McKenzie, 2007). The only geo-
logic observations that could support prediction 
2 are those describing the South Tibetan detach-
ment system, an Early Miocene structure whose 
recent activity has been suggested (e.g., Hurtado 
et al., 2001), but active slip on this system would 
be inconsistent with the geodetic strain fi eld. 
Prediction 3, which is not a fi rm requirement 
of the model but a modifi cation made to incor-
porate geologic observations, is not inconsistent 
with this analysis. The geologic evidence sup-
porting radial spreading is primarily arc-parallel 
extension and strike-slip faulting within the 
Himalaya (Murphy et al., 2002, 2009). There-
fore, this study does not support radial spreading 
as a viable mechanism for modern Himalayan 
deformation.

The variably oblique convergence model for 
Himalayan deformation predicts (1) an increas-
ing arc-parallel velocity gradient away from 
the region of purely normal Indo-Himalayan 
convergence in eastern Nepal, (2) arc-parallel 
extension of the Himalaya, and (3) increasing 
rates and magnitudes of Himalayan arc-parallel 
translation away from the central range along 
arc-parallel strike-slip faults. This study con-
fi rms prediction 1; arc-parallel velocities are 
near zero near Everest, and velocities increase 

toward the syntaxes. To the west, this velocity 
gradient is geologically expressed as exten-
sion of the Himalayan arc from the Thakkhola 
graben region to the northwest, bounded to the 
north by the KF; net slip estimates across the 
Karakoram (Robinson, 2009), Humla (Murphy 
and Copeland, 2005), and likely the Tibrikot 
faults increase to the northwest. This results 
in the observation of prediction 2, arc-parallel 
extension distributed throughout the Himalaya. 
Prediction 3 is also confi rmed by this study and 
many others. Rates of dextral shear accumula-
tion across the arc increase to the northwest as 
well, though the uncertainties are large enough 
that all values may be equal at the 68% confi -
dence level. Therefore, the results of this study 
support the oblique convergence model for 
Himalayan deformation over the other models 
considered. These results only apply for the 
present deformational phase (to which all of 
the data discussed here apply), characterized 
by arc-parallel extension and translation of the 
Himalayan arc, which seems to have begun in 
the Middle Miocene, as discussed herein. In 
the next section we discuss the implications of 
variably oblique convergence as applied to the 
Himalaya.

Oblique Convergence and 
Himalayan Deformation

As the Indian plate underthrusts Tibet, it 
exerts a shear stress on the base of the Hima-
layan orogenic wedge. The orientation of this 
shear stress with respect to the strike of the 
wedge changes along strike, so that there is an 
increasing component of traction parallel to the 
wedge away from the region of normal conver-
gence in eastern Nepal. This causes extension of 
the Himalayan arc. Where this convergence is 
oblique to the strike of the arc, the arc-parallel 
component induces translation of the Himalaya 
relative to south Tibet. In the northwest Hima-
laya, the extending Himalayan arc translates 
differentially along the KF against a relatively 
unextended western Lhasa block, so that the slip 
rates and magnitudes along the KF increase to 
the northwest. Slip on the KF steps to the south 
at Gurla Mandhata, which is interpreted to be a 
releasing bend having undergone several tens of 
kilometers of extension (Murphy et al., 2002), 
and continues as dextral slip along a series of en 
echelon faults (including the Humla, Tibrikot, 
and Bari Gad faults) cutting across the Nepalese 
Himalaya. Net slip on the Humla is estimated 
as 25–30 km (Murphy and Copeland, 2005). 
The faults to the southeast likely have less dis-
placement (Murphy et al., 2010). The initiation 
of strike-slip faulting seems to be diachronous; 
Phillips et al. (2004) described the central KF as 

being active at 15 Ma, while to the southeast, the 
KF cannot have begun cutting the South Kailas 
thrust until thrusting ceased after 13 Ma (Yin 
et al., 1999b; Murphy et al., 2000). The Humla 
fault, which cuts the South Tibetan detach-
ment system, also must have initiated after the 
latter’s  cessation (Murphy and Copeland, 2005). 
The Tibrikot fault must have begun cutting the 
Main Central thrust zone rocks after thrusting 
ceased, as late as 4 Ma (Harrison et al., 1997). 
This southeastward propagation of dextral fault-
ing may be related to a shear stress gradient 
along this zone (highest in the northwest), as 
well as the successive southward propagation 
of the Himalayan active thrust front as material 
is accreted to the front and base of the Hima-
layan wedge. In the central Himalaya, both the 
range and the Tibetan Plateau are extending in 
the same general direction, and many of the rifts 
that accommodate this extension are common 
to both domains and are apparently continu-
ous across the IYS. The rates of extension are 
similar to the north and to the south of the IYS 
zone, thus a transfer zone along the IYS is not 
necessary. Farther east, arc-parallel and subpar-
allel sinistral faulting occurs, but this faulting 
is not as developed as in the west (Li and Yin, 
2008). This transitions into clockwise rotation 
around the eastern Himalayan syntaxis (All-
mendinger et al., 2007; Shen et al., 2005) as the 
Main Himalayan thrust meets the dextral, north-
striking Sagaing fault, which is the boundary 
between the Indian and Sunda plates (Liu and 
Bird, 2008).

Though the Himalaya and Tibet are both 
actively extending, the differences in the ori-
entation and location of the extension direction 
suggest that the style of extension throughout 
the orogen arises from two different mecha-
nisms: (1) variably oblique convergence 
causes Himalayan arc-parallel extension, while 
(2) extension in the Tibetan Plateau likely 
results from a combination of excess of gravi-
tational potential energy in Tibet (e.g., England 
and Houseman, 1988; Copley, 2008), compres-
sion applied to the southern Eurasia plate by the 
Indian plate (e.g., Vergnolle et al., 2007), and 
possibly widespread basal tractions (Taylor 
and Yin, 2009).

CONCLUSIONS

Analysis of GPS velocities in the Himalaya 
and southern Tibet shows that the central and 
northwestern Himalaya is undergoing arc-
parallel  extension. This extension is bound by 
dextral shear in the northwest, which may be 
accommodated on the KF. Shortening across the 
central and northwestern Himalaya is very con-
sistent at ~12 mm yr–1. The northward movement  
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of the Himalaya with respect to central Tibet 
and stable Eurasia, the arc-parallel extension of 
the Himalaya, and the lack of signifi cant dextral 
slip along the IYS all suggest that arc-parallel 
extension and translation in the Himalaya result 
from variably oblique convergence between 
India and the Himalaya.
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