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ABSTRACT

V-shaped conjugate strike-slip faults occur 
widely on Earth, Venus, and Mars in the 
solar system. They commonly lie at 60°–75° in 
map view from the maximum compressive 
stress (s1) direction. This fault pattern can-
not be explained directly by the Coulomb 
fracture criterion, which predicts the forma-
tion of X-shaped shear fractures at 30° from 
the s1 direction. Possible explanations of this 
odd fault geometry include rotation of early 
formed Coulomb fractures or reactivation 
of preexisting weakness. Here, we show that 
none of these mechanisms is feasible for the 
formation of a late Cenozoic conjugate strike-
slip fault system in central Tibet. Instead, its 
initiation can be best explained by distributed 
deformation during the formation of two 
parallel and adjoining shear zones that have 
opposing senses of shear. Our suggestion is 
based on the current global positioning sys-
tem (GPS) velocity field in Tibet, which can 
be divided into two east-trending shear zones: 
a northern left-slip zone consisting of active 
ENE-striking left-slip faults, and a southern 
right-slip zone consisting of active WNW-
striking right-slip faults. The correlation 
between the GPS strain field and the fault 
pattern suggests that the central Tibet conju-
gate faults may have initiated as two sets of 
Riedel shears in the two parallel but separate 
shear zones. Because the two east-trending 
shear zones also experience north-south 
contraction, we refer to this mechanism of 
conjugate-fault formation as paired general-
shear (PGS) deformation. Assuming a Newto-
nian fluid, the observed Tibetan GPS velocity 
field requires the paired shear zones to have 
formed either by gravitational spreading of 

the Tibetan lithosphere or a horizontal shear 
at the base of the upper crust or mantle litho-
sphere. We demonstrate the feasibility of the 
two inferred mechanisms for the formation of 
V-shaped conjugate faults using simple sand-
box experiments. Our paired general-shear 
(PGS) model implies that the combined effect 
of the state of strain and the state of stress 
favors only one set (i.e., Riedel shear) of Cou-
lomb conjugate shear fractures under general 
shear flow. It also requires continuum defor-
mation rather than discrete extrusion tecton-
ics as the most dominant mode of deforma-
tion during the late Cenozoic development of 
the central Tibetan Plateau.

INTRODUCTION

The Coulomb fracture criterion predicts the 
formation of X-shaped conjugate faults oriented 
at ~30° from the maximum compressive stress 
(s

1
) direction (Fig. 1A). Early workers such as 

Anderson (1942), Freund (1970), and Sylves-
ter (1988) all noted that such a fault pattern is 
not stable during finite-strain deformation. At 
a scale of hundreds to thousands of kilometers, 
conjugate strike-slip faults hosted by continen-
tal lithosphere rarely exhibit X-shaped geom-
etry; rather, they commonly display V-shaped 
configurations in map view (Fig. 1A) (Taylor 
and Yin, 2009; Yin, 2010). V-shaped conjugate 
strike-slip faults are particularly well developed 
in collisional orogens on Earth, including those 
in the eastern Alps (Ratschbacher et al., 1991a, 
1991b), western Turkey (Sengor and Kidd, 
1979; Jackson and McKenzie, 1984; Dhont et 
al., 2006), northern Afghanistan (Tapponnier et 
al., 1981; Brookfield and Hashmat, 2001), cen-
tral Tibet (Yin et al., 1999; Yin, 2000; Taylor et 
al., 2003; Taylor and Yin, 2009), northern Iran 

(Alavi, 1994; Allen et al., 2004; Copley and 
Jackson, 2006; Guest et al., 2006), central Mon-
golia (e.g., Calais et al., 2003; Cunningham, 
2005; Walker et al., 2007; Yin, 2010), Indochina 
(Leloup et al., 1995), and the Gulf of Thailand 
(Morley, 2001; Morley et al., 2001; Kornsawan 
and Morley, 2002) (Fig. 1B). Besides collisional 
orogens, V-shaped conjugate strike-slip faults 
are also documented in arc systems such as in 
the Venezuela Andes (e.g., Backé et al., 2006; 
Escalona and Mann, 2006). On Venus, several 
sets of V-shaped conjugate strike-slip shear 
zones occur around the edges of Lakshmi Pla-
num in the Ishtar Terra (e.g., Ivanov and Head, 
2008). On Mars, a possible pair of V-shaped 
conjugate faults occurs in the southeastern Thar-
sis rise, comprising the right-slip Clarita Fossae 
fault zone and the left-slip Valles Marineris fault 
zone (Montgomery et al., 2009).

V-shaped conjugate strike-slip faults as exem-
plified by the central Tibet conjugate fault zone 
(Taylor et al., 2003) have the following charac-
teristics: (1) They lie at 60°–75° from the maxi-
mum compressive stress (s

1
) direction; (2) All 

V’s defined by fault mergers are aligned parallel 
to each other and open in the downslope direction 
of regional topography (i.e., the thinning direc-
tion of the crust, assuming it is in Airy isostasy); 
(3) Conjugate faults terminate at their merging 
points (i.e., the tips of the V’s) where strike-slip 
motion vanishes; (4) Two sets of conjugate faults 
were initiated at about the same time.

For an ideal situation, the two sets of conju-
gate faults should also have comparable slip over 
their entire history. In reality, the total slip mag-
nitude of each fault set may vary considerably 
due to differential slip histories on individual 
faults. For example, after initiation of a V-shaped 
conjugate strike-slip fault  system, the two fault 
sets could have experienced regional rotation 
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Figure 1. (A) Conjugate fault orientations predicted by the Coulomb fracture criterion (left) versus observed fault orientations and the maximum principal stress 
direction (s1) across the Alpine-Himalaya-Tibet collision zone (right). (B) Distribution of major V-shaped conjugate strike-slip faults in the Alpine-Himalaya-Tibet 
collision zone, slightly modified from Yin (2010). (C) Major strike-slip faults in the simple-shear–dominated San Andreas transform system in southern California, 
redrawn from Powell (1993). (D) Results of an analogue experiment showing X-shaped conjugate strike-slip faults generated by indentation of a rigid block into a 
thin layer of sand, redrawn from Peltzer (1988).
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that was accommodated by further slip of differ-
ent amounts on each fault (Mandl and Fernandez 
Luque, 1970; Mandl, 1987, 1988). Alternatively, 
one set of the conjugate faults may be weaker 
and thus moves more rapidly, resulting in a 
greater total slip when compared to the other set 
of the conjugate faults with a higher mechani-
cal strength. The discussion in this paper focuses 
mainly on how V-shaped conjugate faults were 
initiated mechanically rather than how they may 
have developed kinematically.

Although the classic San Andreas system and 
nearby antithetic left-slip faults such as the Gar-
lock fault form apparent V-shaped fault geometry, 
we do not consider them as V-shaped conjugate 
fault systems because they were initiated at very 
different times and their initiation may have been 
driven by different mechanisms. That is, the San 
Andreas system started before 20 Ma related to 
relative plate motion, while the Garlock fault 
began to be active after ca. 10 Ma related to dif-
ferential Basin-Range extension (Fig. 1C) (e.g., 
Davis and Burchfiel, 1973; Powell, 1993; McGill 
and Sieh, 1991, 1993; Guest et al., 2003).

Despite their wide occurrence on terrestrial 
planets, the mechanical origin of V-shaped conju-
gate strike-slip faults has never been investigated. 
Existing work concerns mainly their kinematic 
roles in accommodating lateral extrusion of con-
tinental lithosphere (e.g., Tapponnier et al., 1986; 
Ratschbacher et al., 1991a; Leloup et al., 1995). 
These extrusion models have been successful in 
explaining regional tectonic histories, but they are 
unable to reproduce the observed fault orientations 
using analogue models (Fig. 1D) (Tapponnier et 
al., 1982; Davy and Cobbold, 1988; Peltzer and 
Tapponnier, 1988; Peltzer, 1988; Ratschbacher 
et al., 1991b; Fournier et al., 2004). In this paper, 
we address the reasons that conjugate strike-slip 
faults form at exceptionally high angles to the 
maximum compressive stress direction by pre-
senting a new mechanism that we term the paired 
 general-shear (PGS) model. The main thesis of 
our new model is that V-shaped conjugate strike-
slip faults were initiated by the development of 
two sets of Riedel shears during the evolution of 
two parallel and adjoining shear zones that have 
opposite senses of shear. Our model implies that 
the combined effect of the state of strain and the 
state of stress dictates the selection of Coulomb 
conjugate fractures (i.e., one set becomes active 
while the other set remains inactive during finite-
strain deformation). Our mechanical analysis also 
indicates that the central Tibetan Plateau, hosting 
discrete V-shaped conjugate fault systems (a few 
kilometers wide and hundreds of kilometers long 
for individual faults), must have deformed in a 
continuum fashion in the late Cenozoic, a conclu-
sion consistent with the thin-viscous sheet model 
of England and Houseman (1986).

Here, we first review the existing models 
(Fig. 2) that may explain the formation and 
development of the central Tibet conjugate fault 
zone (Figs. 3, 4, and 5). This is followed by an 
analysis of the Tibetan GPS velocity field and its 
relationship to the active central Tibet conjugate 
fault zone. Using spatial correlation between the 
Tibetan GPS velocity field and fault patterns, we 
show that paired general-shear deformation can 
lead to the development of V-shaped conjugate 
faults. Finally, we discuss the general implica-
tions of our model for the formation of low-angle 
normal faults and high-angle reverse faults.

PREVIOUS HYPOTHESES

Vertical-Axis Rotation (VAR) Models

V-shaped conjugate strike-slip faults could 
have been initiated at ~30° from the s

1
 direc-

tion and then rotated about vertical axes to their 
current orientations (Figs. 2A–2D) (Freund, 
1970; Ron et al., 1984; McKenzie and Jack-
son, 1986; Dewey et al., 1989). Fault rotation 
might have been accommodated by (1) book-
shelf faulting (Fig. 2A) (Mandl, 1987; Cobbold 
and Davy, 1988; England and Molnar, 1990),  
(2) pure-shear deformation (Fig. 2B) (Dewey et 
al., 1989), (3) unidirectional extension (Fig. 2C), 
and/or (4) unidirectional contraction (Fig. 2D). 
In the bookshelf-faulting model, the magnitude 
of fault slip (d) is proportional to the magnitude 
of vertical-axis rotation (j) and fault spacing (W) 
(Fig. 2A). In central Tibet, the average fault spac-
ing is 120–150 km (Taylor et al., 2003). Thus, a 
40° rotation of Coulomb faults to their current 
orientations would require a fault slip of >90 km. 
This predicted fault slip far exceeds the observed 
12–20 km of fault slip from central Tibet (Taylor 
et al., 2003) (Fig. 5). Fault rotation by pure-shear 
deformation (Fig. 2B) would require -65% and 
65% contractional and extensional strain, after 
the initiation of the conjugate faults. Finally, fault 
rotations by unidirectional extension (Fig. 2C) or 
contraction (Fig. 2D) require 375% of extension 
or -79% of contraction.

To place the distributed deformation mod-
els in the context of Tibetan geology, we con-
sider three end-member situations: (1) closely 
spaced east-trending thrusts and folds coeval 
with conjugate faulting (Fig. 6A), (2) closely 
spaced northwest-trending right-slip faults and 
northeast-trending left-slip faults (Fig. 6B), and 
(3) closely spaced north-trending normal faults 
(Fig. 6C). For the first possibility, thrusts and 
folds coeval with V-shaped conjugate faults 
should be present within fault-bounded wedges 
that open to the east in central Tibet (Fig. 3). 
However, geologic mapping in the past decade 
from central Tibet indicates that early Tertiary 

east-trending thrusts and folds are cut by active 
left-slip faults in the Qiangtang terrane (Yin et 
al., 1999; Taylor et al., 2003; Kapp et al., 2000, 
2003a, 2005a) and by active right-slip faults 
in the Lhasa terrane (Taylor et al., 2003). The 
second possibility is also unlikely because dis-
tributed strike-slip deformation is lacking across 
central Tibet (Taylor et al., 2003; Kapp et al., 
2005a). Although there are minor north- trending 
normal faults present in the fault-bounded 
wedges in central Tibet (Fig. 4A), their magni-
tude of slip must be less than 5 km, assuming 
the normal faults dip at 60°. This is because 
Jurassic strata with a maximum thickness of 
~4 km (Xizang BGMR, 1993) are present on 
both sides of the rift-bounding faults (Fig. 5A). 
Sparse presence of minor normal faults and the 
small (<5 km) magnitude of slip are incapable 
of accommodating the large amount of strain 
required for fault rotation models.

Although significant vertical-axis rotation is 
unlikely in central Tibet based on these struc-
tural tests, we do not rule out large rotation 
occurring elsewhere in the Indo-Asian collision 
zone, as anticipated in the model of Cobbold 
and Davy (1988). In fact, paleomagnetic stud-
ies and palinspastic reconstructions indicate up 
to 40° of vertical-axis rotation across Central 
Asia (Cobbold et al., 1989; Thomas et al., 1993, 
1994, 1996; Bourgeois et al., 1997).

Preexisting Weakness

Preexisting weakness may impose anisotropy 
and thus produce non-Coulomb fault geometry 
(e.g., Donath, 1961; Sibson et al., 1988; Yin and 
Ranalli, 1992). This mechanism cannot apply 
to the Lhasa terrane in southern Tibet (Fig. 3), 
because it was dominated by pre-Cenozoic east-
trending structures, sedimentary facies, and 
plutonic belts (e.g., Yin et al., 1994; Murphy et 
al., 1997; Yin and Harrison, 2000; Kapp et al., 
2003b). All of these features are cut obliquely 
by the late Cenozoic strike-slip faults (Fig. 5A) 
(Taylor et al., 2003).

The Qiangtang terrane in northern Tibet 
(Fig. 3) is dominated by ENE-striking active 
left-slip faults that cut the older east-plunging 
Qiangtang anticlinorium, the most dominant 
structure in that area (Kapp et al., 2000, 2003a, 
2005a). Early east-striking Paleogene thrusts 
are also cut by the active ENE-striking left-slip 
faults (Fig. 5B) (Taylor et al., 2003).

Sequential Deformation

Although an orthogonal switch in the s
1
 

direction could have occurred and caused 
reactivation and slip reversal of early formed 
 Coulomb-type faults (Fig. 2E), we are not aware 
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of any geologic observations that support such a 
Cenozoic tectonic history in Tibet.

The lateral extrusion model predicts sequential 
northward activation of eastward-extruding blocks 
across Tibet (Tapponnier et al., 1982; Peltzer and 
Tapponnier, 1988). In this model, first eastward 
extrusion of the Lhasa block could have produced 
left-slip shear and ENE-trending left-slip Riedel 
fractures in the Qiangtang terrane (Fig. 2F). The 
subsequent extrusion of the Qiangtang terrane 
could have produced right-slip shear and WNW-
trending right-slip Riedel fractures (Fig. 2F). This 
model requires left-slip faults in the Qiangtang 
terrane to be currently inactive (Armijo et al., 
1986, 1989), which is inconsistent with geophysi-
cal and geologic observations (Molnar and Lyon-
Caen, 1989; Taylor et al., 2003).

In simulating collisional tectonics, several 
workers show that early Coulomb-type strike-
slip faults in front of an indenter could evolve 
into oblique strike-slip faults with obtuse inter-
section angles facing the maximum compres-
sive stress directions (Cobbold and Davy, 1988; 
Richard and Cobbold, 1990; Jolivet et al., 1990; 
Ratschbacher et al., 1991b; Casas et al., 2001). 
For the conjugate strike-slip faults we studied in 
central Tibet, we found no evidence for such a 
transition in fault kinematics. In fact, motion on 
most of the late Cenozoic strike-slip faults has a 
small component of fault-perpendicular exten-
sion (Taylor et al., 2003).

Initiation of Conjugate Strike-Slip Faults at 
Obtuse Angles

When the three principal stresses are neither 
horizontal nor vertical, the induced conjugate 
strike-slip fault planes are not vertical, and thus 
their intersections with Earth’s surface may 
exhibit an apparent obtuse angle in the com-
pressive quadrants (Fig. 2G). This possibility 
was raised by Kapp and Guynn (2004). How-
ever, our field observations suggest that active 
strike-slip faults all have nearly vertical orienta-
tions, as indicated by their straight traces in map 
view and high-angle geometry in cross sections 
(Figs. 4A and 5). Offset of morphologic features 
(Taylor et al., 2003) and direct observations 
of fault striations (Fig. 4B) also suggest that 
motion on V-shaped conjugate faults in central 
Tibet is nearly pure strike slip.

PAIRED GENERAL SHEAR  
(PGS) MODEL

Fault formation depends not only on the state 
of stress, but also on the commonly neglected 
state of strain. For example, classically disposed 
conjugate faults may be initiated under the Cou-
lomb fracture mechanism when the strain state 
is coaxial (Fig. 7A). In contrast, more compli-
cated shear fracture patterns, though also con-
trolled by the Coulomb fracture mechanism, 

σ2

α′ >30oG

Figure 2 (Continued). Kinematic models illustrating the formation of non-Coulomb–type 
conjugate strike-slip faults. (A) Fault rotation via bookshelf-style faulting. (B) Fault rotation 
via distributed pure-shear deformation by combined contractional and extensional defor-
mation. (C) Fault rotation by distributed unidirectional extension. (D) Fault rotation by 
distributed unidirectional contraction. (E) Formation of non-Coulomb–type faults by an 
orthogonal switch of principal stresses. (F) Sequential extrusion model predicting eastward 
extrusion of the Lhasa terrane first, followed by eastward extrusion of the Qiangtang ter-
rane to the north. (G) Three-dimensional effect of Coulomb conjugate faults intersecting 
the ground surface.

may be initiated when the strain state is nonco-
axial (i.e., P, R, and R′ shears) (Tchalenko, 1970; 
Wilcox et al., 1973) (Fig. 7B). Naylor et al. 
(1986) expanded the simple-shear experiments 
of Tchalenko (1970) and Wilcox et al. (1973) 
and showed that Riedel shears (R) can also 
form under the condition of general shear that 
combines simple-shear and pure-shear strains 
(e.g., Simpson and DePoar, 1993). To evalu-
ate whether coaxial or noncoaxial progressive 
deformation is responsible for the development 
of a particular type of fault system, we need to 
establish displacement or velocity fields at the 
time of fault formation. This may be accom-
plished for an active fault system that was ini-
tiated recently and has undergone steady-state 
deformation. This rationale led us to examine 
the relationship between the current GPS veloc-
ity field and the fault orientations of late Ceno-
zoic conjugate strike-slip faults in central Tibet. 
This information, as illustrated next, provides 
a key insight into the formation mechanism of 
V-shaped conjugate strike-slip faults.

Tibetan GPS Velocity Field and its  
Physical Interpretation

Wang et al. (2001), Zhang et al. (2004), and 
Gan et al. (2007) documented uniform north-
south shortening across Tibet based on GPS sur-
veys (Fig. 8). The uniform shortening strain is 
expressed by a linear decrease in the magnitude 
of northward velocity relative to the fixed Eur-
asia (Fig. 8). Zhang et al. (2004) and Gan et al. 
(2007) noted that the Qiangtang terrane is under-
going east-trending left-slip shear, whereas the 
Lhasa terrane is undergoing east-trending right-
slip shear (Fig. 8C). The boundary between the 
east-trending right-slip and left-slip shear zones 
lies along the central axis of the Tibetan conju-
gate strike-slip fault zone and coincides approx-
imately with the Bangong-Nujiang suture zone 
(Figs. 3 and 8A). The GPS data also show that 
the maximum eastward velocity along the axis 
of the conjugate fault zone increases from about 
-4 mm/yr in the west to ~17 mm/yr in the east 
relative to fixed Eurasia as a result of east-west 
extension (Fig. 8C).

In order to understand how the current strain 
rate is distributed across Tibet, Allmendinger et 
al. (2007) calculated the average strain-rate tensor 
across a series of discrete domains using a spatial 
filter constant of 150 km. Their relatively coarse 
grid smeared some important kinematic features 
of active Tibetan deformation. For example, 
the division of the east-trending right-slip and 
left-slip shear zones recognized by Zhang et al. 
(2004) was completely filtered out in their strain 
calculations. Using much finer grids and denser 
GPS networks, Gan et al. (2007) also determined 
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Figure 3. (A) Map of late Cenozoic conjugate strike-slip faults in central Tibet and age distribution of rift initiation across the region. Rift ages are from the following 
sources: (1) Jolivet et al. (2003), (2) Blisniuk et al. (2001), (3) Hager et al. (2007), (4) Harrison et al. (1995) and Kapp et al. (2005b), (6) Coleman and Hodges (1995), (7) 
Garzione et al. (2000) and Maheo et al. (2007), (8) Murphy et al. (2002), and (9) Lacassin et al. (2004). In general, rift initiation ages are oldest in the north, south, and 
west and become younger toward the interior and eastern part of central Tibet. Abbreviations for major rift systems are as follows: YGR—Yadong-Gulu rift; PXR—
Pumqu-Xianza rift; TYR—Tangra Yum Co rift; XKR—Xiakangjian rift; LGR—Lunggar rift; YRR—Yari rift; PKR—Purong Kangri rift; ZSR—Zangser Kangir rift; 
PRR—Purang rift; TKR—Thakkola rift. Suture zones: JS—Jinsha suture; BNS—Bangong-Nujiang suture; ITS—Indus-Tsangpo suture. (B) (Inset map) Relationship 
between the orientations of conjugate faults in central Tibet and the direction of the maximum compressive stress inferred from the trends of major rifts.
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the strain-rate and rotation-rate distributions 
across Tibet. They revealed the presence of two 
parallel east-trending shear zones with opposing 
senses of shear in central Tibet. Gan et al. (2007) 
attributed this finding to glacial-like flow driven 
by gravitational spreading of the Tibetan litho-
sphere. A similar conclusion was also reached by 
Copley and McKenzie (2007) in their dynamic 
modeling of Tibetan deformation.

The presence of two parallel shear zones with 
opposing senses of shear provides a key clue to 
the formation mechanism of the V-shaped con-
jugate faults in central Tibet. If shear deforma-
tion as depicted from the Tibetan GPS velocity 
field has persisted since the time when the con-
jugate fault zone was initiated in the late Ceno-
zoic (i.e., 15–5 Ma; see summary in Fig. 3), 
then the odd fault geometry may be explained 
by the development of two sets of Riedel shears 
in two parallel and adjoining shear zones that 
have opposite senses of shear (Fig. 7D). Specifi-
cally, the formation of the east-trending left-slip 
shear zone in the Qiangtang terrane could have 
produced ENE-striking, left-slip faults, while 
the formation of the east-trending right-slip 
shear zone in the Lhasa terrane could have pro-
duced WNW-striking, right-slip faults (Fig. 3; 
cf. Fig. 7D). Because central Tibet is currently 
experiencing north-south contraction, the right-
slip and left-slip shear zones in the Lhasa and 
Qiangtang terranes are general-shear zones 
rather than simple-shear zones (e.g., Simpson 
and DePoar, 1993).

An obvious question with this interpretation is 
why conjugate Riedel (R′) and primary shears (P) 
did not develop across central Tibet. It has long 
been known that R′ and P shears are present only 
in experiments using wet clay (e.g., Tchalenko, 
1970; Wilcox et al., 1973) and are generally 
absent in dry sand under simple-shear or gen-
eral-shear conditions (e.g., Naylor et al., 1986; 
Adam et al., 2005). Eisenstadt and Sims (2005) 
attributed this difference to the excessively high 
cohesive strength of wet clays. We think that this 
interpretation may be appropriate for the lack of 
P shears in simple-shear sandbox experiments, 
but an additional explanation is needed for the 
less favorable development of R′ shears under 
simple-shear deformation of dry sand. First, we 
assume that the initial R and R′ shear zones have 
finite widths. To initiate a discrete shear zone 
during finite-strain deformation, particles in the 
shear zone must experience rotation due to the 
concentration of shear stress along the potential 
shear fractures (i.e., a local velocity boundary 
condition). However, in the same region where 
the shear zones are to be created, there is also a 
rotational field imposed by the overall noncoax-
ial flow field (i.e., regional boundary condition) 
(Figs. 7E and 7F). Thus, whether a shear zone 
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Photo 
shown 
below

A

B

A

B
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Subvertical
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SE
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Figure 4. (A) Subvertical left-slip fault in the Qiangtang terrane juxtaposing Cretaceous 
red beds against Permian sandstone. See Figure 3 for location. (B) Subhorizontal stria-
tions on shear fractures in the same fault zone in Cretaceous strata.
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develops or not depends on the competition of the 
two rotational processes. For pure-shear defor-
mation, this competition does not exist because 
vorticity is zero everywhere. Thus, the local 
boundary condition across the potential shear 
zones decides the direction and rate of rotation.

The situation for simple-shear deformation 
is quite different. Although the sense of shear 
across Riedel shear zones is the same as the 
rotational direction imposed by the regional 

simple-shear flow field (Fig. 7F), the sense of 
shear in the R′ fracture zones is opposite to the 
regional rotation. The opposing sense of rota-
tion from the gross strain field makes R′ shear 
formation less favorable. This analysis explains 
why sandbox experiments tend to generate only 
R shears. It also highlights the importance of the 
strain state in governing which set of Coulomb 
fractures may actually develop under finite-
strain deformation.

Driving Mechanisms for PGS Deformation

Our understanding of conjugate faults 
formed under coaxial deformation and R, R′, 
and P shears formed under noncoaxial defor-
mation was largely derived from analogue 
experiments. Thus, it is natural to test whether 
paired general-shear deformation and V-shaped 
conjugate faults can also be simulated by ana-
logue experiments. A key parameter in setting 
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zone compiled from Pan et al. (2004) and Taylor et al. (2003). (B) Geologic map of central Qiangtang terrane 
showing the relationships between left-slip faults and preexisting structures, simplified from Taylor et al. (2003) 
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up the experiments is the appropriate boundary 
condition. Next, we analyze the Tibetan GPS 
velocity field using a continuum mechanics 
approach. This allows us to establish the stress 
boundary conditions using the Navier-Stokes 
equations for the current deformation in cen-
tral Tibet.

Continuum Approximation of the Tibetan 
GPS Velocity Field

A fundamental mechanism for crystal-plastic 
deformation is dislocation of crystal lattices. 
Although this process is not continuous, the 
bulk deformation of the material under this 
mechanism is best described by continuum 
mechanics. This observation may also apply to 
the active deformation of central Tibet, where 
individual fault zones at a horizontal dimen-
sion of 10 km or less may be treated as discrete 

structures, while the overall deformation field 
at a scale of the whole conjugate fault zone 
(1000–2000 km in width and length) may be 
best described by continuum mechanics. This 
approximation implies that whether a region of 
continental lithosphere deforms in a discrete or 
continuum fashion depends on the scale we are 
considering.

Using a local frame of reference (i.e., a fixed 
Tibet) (Figs. 8A and 8B), we express the veloc-
ity component u in the N110°E (x) direction 
and the velocity component v in the N20°E (y) 
direction across central Tibet by the following 
functional forms

 u = Ax(h2 – 4y2) + B, (1a)

 v = –Cy. (1b)

The resulting strain-rate field is

	
xx

 = 2Ah, (2a)

 
yy

 = –C, (2b)

 
xy

 = –4Axy, (2c)

and the rotation-rate field is

 
xy

 = –4Axy. (2d)

In these equations, A, B, and C are constants 
related to the boundary conditions. The y-axis 
divides the northern left-slip zone from the 
southern right-slip zone coinciding with the axis 
of the Tibetan conjugate fault zone (Fig. 8A).
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A B C

Figure 6. Three possible ways of accommodating vertical-axis rotation via distributed deformation. (A) Distributed thrusting. (B) Distrib-
uted conjugate strike-slip faulting. (C) Distributed normal faulting.
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Figure 8. (A) Global positioning system (GPS) 
velocity field across Tibetan Plateau. Data 
are mainly from Zhang et al. (2004). Shaded 
area covers the central Tibet conjugate fault 
zone. (B) Frame of reference used in this 
study. Also shown are velocity boundary con-
ditions implied by the GPS data across cen-
tral Tibet. See text for detailed discussion and 
derivation. L—east-west length of the central 
Tibet deformation zone; h—north-south 
width of central Tibet deformation zone; u 
and v—eastward and northward velocity 
components; U0 and V0—eastward velocity 
and northward components applied on the 
northern and southern edge of the deforma-
tion zone. (C) Distribution of northward GPS 
velocity component across Tibet from Zhang 
et al. (2004). (D) Distribution of eastward 
GPS velocity component across Tibet from 
Zhang et al. (2004). (E) Distribution of maxi-
mum shear stress and direction of maximum 
and minimum compressive stress directions 
derived from GPS velocity field assuming 
central Tibetan lithosphere is deforming as a 
Newtonian fluid with a uniform viscosity µ. 
The magnitude of the maximum shear stress 
is scaled by µ × 10–8 Pa.
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Equation 1 requires the following velocity 
conditions at the northern (y = h/2) and southern 
(y = –h/2) margins of Tibet (Fig. 8B); for the 
northward velocity,

 
 2
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( 0Vh
yv −== , (4a)
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and for the eastward velocity component,
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 u(x = 0) = U

0
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Equations 4a and 4b represent the velocity 
boundary conditions for two approaching chan-
nel walls, while Equations 5a and 5b represent 
the eastward velocity on the northern and south-
ern margins of the deforming region in central 
Tibet (i.e., the shear rates across the northern 
left-slip and southern right-slip shear zones 
in the Qiangtang and Lhasa terranes). Finally, 
Equation 5c represents the velocity at the west-
ern edge of the deforming domain in central 
Tibet. An additional kinematic property implied 
in Equation 1 is the eastward velocity (i.e., east-
west stretching rate) along the x axis at the east-
ern end of the deformation zone:

 S = u(y = 0, x = L), (6)

where L is the east-west length of the Tibetan 
deformation zone covered by the GPS surveys 
(Fig. 8).

Equation 1a has an apparently similar form 
to that for a Poiseuille flow in an infinitively 
long channel that has a half-channel width of h 
in map view. For a Newtonian fluid, this can be 
expressed as (White, 1986, see p. 323)

 
)4(

8

1 22 yh
dx

dp
u −−=

µ
, (7) 

where m is viscosity, and dp/dx is a constant 
pressure gradient in the x direction. During Poi-
seuille flow, the channel walls are fixed, which 
does not apply to the GPS velocity field across 
Tibet; there the “channel walls” are moving 
at a velocity of ±V

o
 toward the channel axis. 

Another difference between Poiseuille flow and 
the Tibetan GPS velocity field is that the north-
south velocity distributions for the latter vary 
along the x axis from west to east rather than 

being constant as in the Poiseuille flow. Finally, 
as shown later in Equation 21a, the pressure 
gradient that drives the GPS-determined veloc-
ity field in central Tibet varies linearly with the x 
coordinate rather than being constant as in Poi-
seuille flow. The moving channel boundaries, 
the flow profiles that vary with the x coordinate, 
and nonconstant pressure gradient all indicate 
that the Tibetan GPS velocity field cannot be 
split into two Couette (i.e., simple-shear) flows 
with opposite sense of shear.

Using Equations 4, 5, and 6, we can obtain 
constants A, B, and C in Equations 1 and 2 as
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We now rewrite Equations 1 and 2 as

 
 0

22
2

0 )4( Uyhx
Lh

US
u +−

−
= , (9a)

 
y

h

V
v 0−= . (9b)

The corresponding strain-rate field is
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where 
xx

 and 
yy

 are extension rates in the x and 
y direction, and 

xy
 is the shear strain rate. For 

a Newtonian fluid with a uniform viscosity (m), 
the corresponding deviatoric-stress components 
from the previous equations are:
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Using Equations 10d, 10e, and 10f, we can cal-
culate the maximum horizontal compressive-
stress direction by
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and the maximum shear stress by
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where q is the angle between the maximum 
compressive stress and the x axis.

The GPS data of Zhang et al. (2004) imply 
that the maximum east-west stretching rate 
along the x axis in Equation 6 is ~24 mm/yr 
(Fig. 8C); that is, S relative to fixed Eurasia is 
~19 mm/yr at x = L and about -5 mm/yr at x = 
0 (Fig. 8). The left-slip and right-slip shear rate 
(U

0
) relative to fixed Eurasia is about -5 mm/yr 

(Fig. 8C). The southward and northward veloc-
ity toward the east-trending axis of the central 
Tibet conjugate fault zone (V

0
) is ~20 mm/yr. 

The north-south width of the combined left-slip 
and right-slip shear zones (h) is ~1800 km, and 
the east-west length of the paired left-slip and 
right-slip shear zones (L) is ~2000 km. These 
parameters enable us to simulate the distribu-
tion of eastward velocity across central Tibet 
along the four swaths of GPS velocity data con-
structed by Zhang et al. (2004). Note that our 
modeled curves (Fig. 8C) match best for data 
from swath B, moderately well for swaths C 
and D, and not so well for swath A. The main 
problem with swath D is the lack of GPS data in 
southern Tibet and across the eastern Himalaya. 
Also, the presence of active structures bounding 
the Shillong Plateau in the northeastern Indian 
continent further complicates the distribution 
of GPS velocities along swath D. Assuming a 
plane-strain condition for the current deforma-
tion pattern in central Tibet that may be modeled 
by a Newtonian fluid with a uniform viscosity 
m, we obtain the trajectories of maximum and 
minimum compressive stress directions and the 
distribution of the maximum shear stress. The 
results (shown in Fig. 8E) assume L = 2000 km, 
h = 1800 km, V

0
 = 20 mm/yr, U

0
 = -5 mm/yr, 

and S = 19 mm/yr and indicate the presence of 
two 300-km-wide zones north and south of the 
symmetry line where the maximum compres-
sive stress is deflected 32°–44° from the north 
direction. The results also show that the maxi-
mum shear stress increases to the northeast and   
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southeast directions from the origin and reaches 
maximum values at the northeastern and 
southeastern corners of the modeled deform-
ing region. The distribution of the maximum 
compressive stress directions predicts that rifts 
formed in the Qiangtang and Lhasa terranes 
should be oriented in the northwest-trending and 
northeast-trending orientations, respectively, 
away from the ~300-km-wide, east-trending 
right-slip and left-slip shear zones (shaded area 
in Fig. 8E); the deflection angle of the predicted 
rifts from the north direction for the orienta-
tion of pure dip-slip rifts increases from west 
at N25°E/N25°W to the east at N38°E/N38°W 
(Fig. 8E). This prediction is generally consis-
tent with NNE-trending rifts in the Lhasa ter-
rane (e.g., Kapp and Guynn, 2004) and explains 
particularly well the long considered odd NE 
orientation of the Nyainqentanglha rift in south-
east Tibet (Fig. 3). Although some rifts in the 
Qiangtang terrane are NNW-trending, broadly 
consistent with the model predictions (Fig. 5B), 
most rifts in the region are north- or northeast-
trending. At least for some of the well-studied 
Tibetan rifts in the Qiangtang terrane, north-
trending rifts tend to occur locally as pull-apart 
basins linking northeast-striking left-slip faults 
(Taylor et al., 2003; Fig. 5B). The transition 
from conjugate strike-slip faulting in the center 
to rifting to the north and south of central Tibet 
may have been caused by a switch in the ori-
entation of the intermediate compressive stress; 
that is, it changes from a vertical orientation in 
the conjugate strike-slip fault zone to a horizon-
tal orientation outward in the rift zones to the 
north and south (Fig. 3).

A logical extension of the plain-strain 
assumption mentioned previously is that the 
GPS velocity components u and v do not 
change with depth. This allows us to determine 
the vertical velocity component w using the 
continuity equation (i.e., conservation of mass) 
as shown here:
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where 
zz
 is the extension rate in the vertical 

direction. Integrating Equation 11 yields
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where f(x, y) is an arbitrary function. We deter-
mine f(x, y) in Equation 12 using the stress equi-
librium equation in the vertical direction as
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Assuming a Newtonian fluid leads to the fol-
lowing relations zxzx 2µ=  and zyzx 2µ= , 
which can be inserted into Equation 13, where µ 
is viscosity. Noting that the vertical normal-stress 
component is lithostatic (i.e., s

zz
 = rgz), the above 

operation leads to the following relationship:
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The general polynomial solution for the equa-
tion is

 fexydycxbyxb
Lh
US

yxf +++++−
−

= 22
2
0 )8(),( ,

 
 (15)

where b, c, d, e, and f are arbitrary constants. 
Inserting Equation 15 into Equation 12, we obtain
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Because w is unconstrained from the available 
GPS data, we cannot determine constants b, c, 
d, e, and f. However, if the distribution of the 
vertical velocity across central Tibet has been in 
a steady state since the initiation of the conju-
gate fault zone and correlates positively with the 
topography in central Tibet, then we can make 
the following simplification for Equation 16. 
First, the topography in central Tibet is approxi-
mately symmetric with respect to the Bangong-
Nujiang suture zone in the north-south direction 
(e.g., Fielding et al., 1994; Taylor et al., 2003) 
(Fig. 8). That is, E(x, y, z) = E(x, –y, z), where E(x, 
y, z) and E(x, –y, z) are the elevation distributions 
of the Tibetan Plateau surface north and south 
of the Bangong-Nujiang suture zone, respec-
tively. If the topographic symmetry was caused 
by steady-state uplift, we may assume that the 
vertical velocity component also has the same 
symmetry as the topography across the Ban-
gong-Nujiang suture in the form of w(x, y, z) =  
w(x, –y, z). This symmetry requires constants d 
and e in Equation 16 to be zero. For the remain-
ing constants, the vertical uplift rate would 
decrease eastward if c and (8[U

0
 – S]/Lh2 – b)  

are both negative. Because U
0
 = -5 mm/yr and S 

= 19 mm/yr (Fig. 7C), (U
0
 – S)/Lh2 must be neg-

ative. Thus, the value of b in (8[U
0
 – S]/Lh2 – b)  

under the condition of (8[U
0
 – S]/Lh2 – b) < 0 

can be either positive or negative, which would 
imply different boundary conditions as dis-
cussed later herein.
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y (north)

z (up)

H(x)

     Topograpraphic 
   depression
along BNS

w

u
v

Symmetric topography and 
symmetric uplift rate across BNS
E(x, y, z) = E (x, −y, z) 
w (x, y, z) = w(x, y, z)

Basal Shear
Using Equations 9a, 9b, 16, and 17, we 

obtain the shear-strain rate components in the 
z direction as
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These equations indicate that the base of the 
Tibetan lithosphere (or upper crust, depending 
on whether and how the crust and mantle are 
coupled; see further discussion) is experiencing 
horizontal basal shear that can be decomposed 
into a top-to-the-west shear and a top-to-the-
south shear (or top-to-the-north shear, depend-
ing on the sign of constant b) (Fig. 9). Since 
the basal shear in the north-south direction is 
most likely induced by northward subduction 
of Indian continental lithosphere, the sense of 

Figure 9. Schematic diagram showing east-
ward variation of lithospheric thickness 
(H), shear and shear sense at the base of 
the lithosphere, and east-trending topo-
graphic depression along the Bangong-
Nujiang suture (BNS) across central Tibet.  
E(x, y, z) represents elevation distribution 
across the Bangong-Nujiang suture zone, 
and w(x, y, z) represents the inferred distri-
bution of the vertical global positioning sys-
tem (GPS) velocity component.
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shear is most likely top-south, and thus constant 
b has a negative sign. If central Tibet is only 
under basal shear in the east direction, then b = 
0 in Equation 18, and the eastward basal shear 
stress becomes

 
])16[(

2
0 cx
Lh

SU
xz +

−
= µ . (19)

 
If basal shear stress is zero at the western edge 
of Tibet, then constant c = 0. Equation 19 shows 
that the absolute value of the basal shear stress 
increases linearly eastward with x. It is also 
proportional to viscosity µ and the slip rate U

0
 

along the northern and southern margins of 
Tibet. Finally, the basal shear stress is inversely 
proportional to the length (L) and width (h) of 
the Tibetan deformation field. This situation was 
simulated in our sandbox experiments presented 
later herein. For L = 2000 km, h = 1800 km,  
U

0
 = -5 mm/yr, and S = 19 mm/yr, we find that 

the maximum basal shear traction derived from 
Equation 19 varies from 5.6 Pa to 3.7 Pa for the 
average Tibetan viscosity varying from 1019 Pa s 
to 1.5 × 1020 Pa s (Fig. 10A).

Gravitational Spreading
We may also use the analytical functions 

describing the Tibetan GPS velocity field to 
explore the role of gravity in driving current 
Tibetan deformation. Assuming again a simple 
Newtonian rheology, we can use the following 
Navier-Stokes equations,
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to derive the following relationships:
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In these equations, g is the gravitational acceler-
ation, and P is the pressure. Because the values 

Li
th

os
ph

er
ic

 th
ic

kn
es

s 
(k

m
)

75.50

75.00

74.50

73.50

72.50

74.00

73.00

B Distance from west to east (km)

500 1000 1500 20000

µ1 = 1.0E21 Pa s

µ
2 = 1.0E22 Pa s

µ
3 = 1.0E23 Pa s

Distance from west to east (km)

E
as

tw
ar

d 
ba

sa
l s

he
ar

 tr
ac

tio
n 

(P
a)

A

-6

-5

-4

-3

-2

-1

0

500 1000 1500 20000

µ
2 = 1.0E20 Pa sµ

3 = 1.5E20 Pa s

µ
1 = 1.0E10 Pa s

Figure 10. (A) Variation of basal traction in the east-west direction as a function of viscos-
ity. See text for detailed discussion. (B) Variation of Tibetan lithospheric thickness in the 
east-west direction as a function of average lithospheric viscosity of Tibet. See text for 
detailed discussion.
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of 
xx

 and 
yy

 are both independent of x, 
xx

 and  

yy
 should also be independent of x. This leads to 

the following relationship
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At the base of the Tibetan lithosphere, Equation 
22 combined with Equation 2 can be written as
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Rearranging Equation 23a, we obtain
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where H

L
 is the thickness of the Tibetan litho-

sphere. Assuming that the mantle lithosphere 
thickness is constant in the east-west direction 
below central Tibet, and only the crustal thick-
ness H

C
 varies eastward in central Tibet, we can 

rewrite Equation 23b as
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Integrating the above equation yields the follow-
ing relationship:
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where H

0
 is the crustal thickness at x = 0 (i.e., at 

the western edge of the Tibetan Plateau). Using 
the parameters obtained from the GPS data (i.e., 
L = 2000 km, h = 1800 km, S = 19 mm/yr, and  
U

0
 = -5 mm/yr) and assuming the average density 

of the Tibetan lithosphere of r = 2950 kg/m3 and 
H

0 
= 75 km, we obtain the east-west distribution 

of Tibetan lithospheric thickness as a function of 
the average viscosity of the Tibetan lithosphere 
(Fig. 10B). For a lower viscosity (1021 Pa s),  
the thickness variation is negligible, while for a 
higher viscosity (1023 Pa s), the thickness varia-
tion is greater (Fig. 10B). A weaker lithosphere 
tends to spread laterally and thus keeps its base 
relatively flat, while a strong lithosphere can 
support topography and thus maintains a steep 

gradient of crustal-thickness variation. Even 
for a viscosity of 1023 Pa s for the Tibetan litho-
sphere, the required crustal-thickness variation 
is only ~2 km from the eastern to the western 
end of the Tibetan Plateau (Fig. 10B). Neverthe-
less, this relationship reveals that such a varia-
tion of crustal thickness could drive the forma-
tion of a paired general-shear zone in central 
Tibet. We illustrate this mechanism by using a 
simple sandbox experiment.

Simulations of PGS Deformation and 
V-Shaped Conjugate Systems by  
Analogue Models

Basal Shear Experiments
We used a simple sandbox experiment to 

demonstrate the role of basal shear in generating 
V-shaped conjugate faults. In these experiments, 
we laid a thin layer (~2 cm thick) of fine-grained 
dry sand over a narrow sliding plate and varied 
the width of the sliding channel from 1 cm to 
5 cm (Fig. 11A). This experiment was capable 
of generating two sets of Riedel shears with 
opposing senses of shear in the two adjoining 
simple-shear zones. It also created a displace-
ment field remarkably similar to the parabolic 
distribution of the eastward GPS velocity com-
ponent observed in central Tibet (Fig. 11B). In 
detail, our sandbox experiments show the fol-
lowing results: (1) No deformation occurs above 
the sliding plate if the underlying channel is too 
narrow (i.e., <1.5 cm); (2) Individual Riedel 
shears form first across the channel margins and 
then propagate inward. The two sets of Riedel 
shears eventually merge along the middle line 
of the channel and form conjugate fault systems. 
The conjugate faults tend to be linked at their 
merging points by small normal faults facing 
the leading edge of the sliding channel; (3) Slip 
magnitude is greatest on the Riedel shear clos-
est to the leading edge of the sliding plate and 
decreases systematically to the trailing edge;  
(4) Each conjugate system develops first near 
the leading edge of the channel and then propa-
gates backward to the trailing edge; (5) The 
early formed Riedel shears near the leading 
edge are rotated the most in an outward sense; 
this sense of rotation is opposite to the predicted 
rotation direction for vertical-axis rotation 
(VAR) models; (6) The distribution of displace-
ment is parabolic in the basal sliding direction, 
with the maximum magnitude of displacement 
increasing in the sliding direction.

In several ways, the predictions by our simple 
sandbox model are consistent with the observa-
tions from central Tibet. First, the parabolic dis-
tribution of displacement is consistent with the 
north-south parabolic distribution of the east-

ward GPS velocity component (Fig. 8C). Spe-
cifically, the maximum magnitude of eastward 
GPS velocity and experimentally determined 
displacement both increase toward the opening 
direction of V-shaped conjugate fault systems. 
Second, the orientations of the simulated Riedel 
shears are consistent with the observed orienta-
tions of the conjugate strike-slip faults in central 
Tibet. Third, the predicted inward propagation 
of conjugate faults is consistent with the age 
distribution of rift initiation across Tibet, which 
indicates older ages along the margins of the 
central Tibet deformation zone and younger 
ages concentrated in the interior of the deforma-
tion zone (Fig. 3).

Gravitational Spreading Experiments
Our second experiment was inspired by the 

vice model of Cruden et al. (2006). We first 
placed silicon putty with a viscosity of ~5 × 
10-2 Pa s (e.g., Weijermars, 1986) in a channel 
(~10 mm deep and 50 mm wide) bounded by two 
rigid wood boards (Fig. 12A). The silicon putty 
strip extended only to ~5 mm from the left and 
~9 mm from the right end of the channel before 
the sand layer was placed on top of the channel. 
This initial condition creates a slight asymmetric 
boundary condition and affects the final results. 
The thin sand layer of fine-grained, dry sand had 
an average thickness of ~8 mm over the silicon 
putty channel and sloped over the edges of the 
two rigid wood boards. The width of the overlap-
ping zone between the overlying sand and edges 
of the wood board was ~5–8 mm.

After the sand layer was added, we fixed the 
north wall (i.e., the wood board in the upper 
part of Fig. 12A) and moved the south wall (the 
wood board in the lower part of the diagram) to 
the north for a total of 15 mm over about 5 min. 
This process created two thrust systems with 
straight traces across the margins of the chan-
nel in the overlying sand (Fig. 12B). The sense 
of thrusting was outward, moving the sand piles 
over the wood boards. A broad anticline over the 
viscous channel also developed as the result of 
contraction, which caused uplift of the silicon 
putty and raised its top surface above the height 
of the wood boards. Because the north wall was 
fixed while the south wall was moving, more 
silicon putty materials were forced to spread 
over the south-wall surface. Contraction per-
pendicular to the channel also caused spreading 
of the silicon putty laterally parallel to the chan-
nel, which moved the lateral ends of the silicon 
putty strip closer to the two outlets of the chan-
nel bounded by the rigid walls.

After moving 15 mm of the south wall rela-
tive to the north wall, we fixed the positions of 
the two wood boards and left the silicon putty 
in the channel to flow over 24 h under gravity 
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Figure 11. (A) Experimental apparatus to simulate paired shear zones by basal shear. (B) One experi-
ment run under the following condition: 5 cm for the total basal slide and 2 cm for the width of the basal 
sliding channel. The grooves were originally straight lines deformed into parabolic curves, mimicking 
the eastward global positioning system (GPS) velocity distribution. The shear-zone width and maximum 
displacement decrease toward the trailing edge of the channel, and displacement gradient requires chan-
nel-parallel extension. Angles between channel margins and simulated Riedel shears generally decrease 
toward the trailing edge. (C) Interpreted line drawings of the experimental result. (D) Line drawing of 
the relationship between Riedel shears and underlying sliding channel.
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Because of the differences in the initial positions 
of the lateral ends of the silicon putty strip, the 
left end of the silicon putty strip traveled farther 
outside the outlet of the channel than the right 
end of the silicon putty strip. As a result, the 
fault patterns on the left and right sides of the 
deformed sand layer are also slightly different 
(Fig. 12D). First, although both sides exhibit 
parabolic distributions of lateral displacements, 
the maximum displacement is greater on the left 
side than on the right side of the deforming sand 
layer. Second, more channel-parallel thrusts are 
developed on the left side than on the right side.

Although it is less prominent on the right side 
of the deformed sand layer, the angle between the 
Riedel shears and the channel margins decreases 
systematically from the interior outward to the 
outlets of the channel. On the left side, the angle 
decreases from 37° to 17°, while on the right side, 
the angle decreases from 21° to 8° (Fig. 12D). The 
direction of decrease in the angle between Riedel 
shears and the channel is opposite to that created 
by the basal shear experiments (cf. Fig. 11B), in 
which the angle increases toward the outlet of the 
channel (i.e., the leading edge of the sliding chan-
nel). This difference is created by the different 
sequence of deformation. For the gravitational 
spreading experiments, faults formed sequen-
tially from the trailing edge to the leading edge 
of the basal sliding channel, opposite to those 
developed in the basal shear experiments. The 
difference in the sequence of fault development 
along the flow channel may be used as a crite-
rion to determine which of the two mechanisms 
operated across central Tibet. The currently avail-
able age data from Tibet appears to suggest that 
the strike-slip faults along the westernmost edge 
of the central Tibetan deformation zone formed 
first; that is, they formed at ca. 16 Ma near the 
western tip of the Kunlun fault and at ca. 20 Ma 
along the Karakorum fault (Jolivet et al., 2003; 
Lacassin et al., 2004) (Fig. 3). In the east, the 
strike-slip faults linking rifts were initiated at 
about 8 Ma (Harrison et al., 1995). If this age pat-
tern holds up to future scrutiny, it implies that the 
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top of the channel and 
margins of rigid boards

Silicon putty in the channel 
bounded by two rigid walls

Sand to be placed on 
top of the channel and 
margins of rigid boards

5 cm

A

B

C

A

B

Stage 1:
Thrusting
and arching by 
contraction

Stage 1:
Thrusting
and arching by 
contraction

C

Stage 2: Lateral 
spreading creates
Riedel shears

Stage 2: Lateral 
spreading creates
Riedel shears

Channel 
wallsD

Stage 2: Lateral spreading 
(with interpreted structures)

14°

21°

8°

27°

17°

33° 37°

Indenter

EE

Figure 12. Two-layer sandbox experi-
ment for simulating paired general-shear 
deformation. (A) Silicon putty first filled 
channel before laying a sand layer on top.  
(B)  Channel-perpendicular compression 
creates two thrust systems on the channel 
margins and a broad arch over the channel.  
(C) Fault pattern and displacement field 
caused by lateral spreading of the silicon 
putty. (D) Line drawing of the experimental 
result. (E) Classic indentation experiments 
(Davy and Cobbold, 1988) for comparison.

current deformation field across central Tibet is 
mainly driven by basal shearing rather than gravi-
tational spreading.

We note that thrusts continued to develop 
after termination of channel-perpendicular con-
traction (Fig. 12D; cf. Fig. 12B). This may have 
resulted from northward and southward spread-
ing of the silicon putty layer over the surfaces of 
the bounding plates. Of particular interest is the 
development of an arc-shaped thrust belt in the 
south over the southern wood board, which had 
moved relative to the northern wood board dur-
ing the first stage of deformation in our experi-
ment. This geometry is similar to the observed 
Himalayan arc, which has not been successfully 
simulated by analogue experiments (Davy and 
Cobbold, 1988; Peltzer, 1988). Specifically, the 
indentation experiments used vertical fronts for 
the indenter and thus always generated curved 
thrust belts arching away, rather than toward 
the indenters as observed in Tibet (Fig. 12E; cf. 
Fig. 1B). Alternatively, Macedo and Marshak 
(1999) and Marshak (2004) suggested that arc-
shaped thrust belts could be controlled by the 
three-dimensional shape of the indenter such as 
an inclined frontal surface.

Problems with Scaling and Comparisons with 
Early Analogue Experiments

None of the experiments presented here con-
sidered scaling (density, viscosity, strain rate, 
and dimension) (e.g., Hubbert, 1937; Davy 
and Cobbold, 1991; Cruden et al., 2006). Also, 
the boundary conditions we used may not cor-
respond exactly to those applied around the 
Tibetan Plateau in the late Cenozoic. How-
ever, we are encouraged by the similarities 
between the simulated and observed geometry 
of V-shaped conjugate faults and the GPS-based 
parabolic velocity field and our simulated para-
bolic displacement distribution. They suggest 
that our simple analogue models provide a use-
ful, if not rigorous, guide for deciphering the 
mechanics of V-shaped conjugate faults.

We also note significant differences between 
our experimental results and those obtained by 
Ratschbacher et al. (1991b) in their classic work 
dealing with a similar problem of simulating 
distributed extrusion tectonics during indenta-
tion of a rigid continental block. Although the 
analogue experiments of Ratschbacher et al. 
(1991b) are approximately scaled, there are sev-
eral important factors appropriate to the Ceno-
zoic development of the Tibetan Plateau that are 
not considered in their work: (1) time-varying 
velocity boundary conditions, (2) time-varying 
viscosity structures in collisional orogens, and 
(3) the role of basal shear imposed by flow in 
the lower crust or asthenosphere. Consider-
ation of constant viscosity by Ratschbacher et 

(Fig. 12C). The flow was mainly driven by the 
change in the thickness of the silicon putty strip 
at its two ends. The resulting surface displace-
ment field and distribution of faults could be 
detected by a series of originally straight refer-
ence lines on the top of the sand layer (Fig. 12D). 
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al. (1991a) excludes the possibility of viscos-
ity reduction in the later stages of collisional 
tectonics and enhanced lateral spreading. A 
decrease in the average viscosity of the Tibetan 
lithosphere is expressed by the widespread late 
Cenozoic volcanism across the plateau, which 
occurred either coeval with or slightly older 
than the initiation of the central Tibet conju-
gate fault zone (e.g., Ding et al., 2003; Chung 
et al., 2005). The mechanical effect of viscos-
ity reduction can be seen clearly from Equation 
21a, in which the pressure gradient driving the 
observed paired shear-zone flow in central Tibet 
is proportional to the average viscosity of the 
Tibetan lithosphere. As its viscosity decreases, 
the required pressure gradient also decreases, 
making it easier to drive the eastward flow and 
thus the formation of the conjugate fault zone. 
The second factor that distinguishes our experi-
ments from those performed by Ratschbacher et 
al. (1991b) is the basal boundary conditions. In 
both experiments performed in our study, this 
boundary condition is either directly imposed 
by a sliding plate (Fig. 11) or indirectly imposed 
by viscous flow of a ductile layer below a dry 
sand layer (Fig. 12). Such a boundary condi-
tion was not considered in the experiments per-
formed by Ratschbacher et al. (1991b). Finally, 
our two-layer experiment shown in Figure 12 
implies that contraction across central Tibet 
was negligible in the past 14–8 m.y. during the 
development of the conjugate strike-slip faults 
in central Tibet, which is possibly related to 
reduction of convergence rates with time across 
the Himalayan front. Such a time-varying veloc-
ity boundary condition was also not considered 
in Ratschbacher et al.’s (1991b) experiments. 
We are currently developing a new experimental 
apparatus incorporating proper scaling of time-
varying viscosity structures, strain rates, dimen-
sions, and time-varying velocity boundary con-
ditions to address these issues more rigorously.

DISCUSSION

Based on geologic observations, we show 
that late Cenozoic V-shaped conjugate strike-
slip faults in central Tibet cannot be explained 
by a combination of the Coulomb fracturing 
process and vertical-axis rotation. The observa-
tions are also incompatible with formation of 
the conjugate faults by reactivation of preexist-
ing zones of weakness. Instead, we show that 
the current deformation field in central Tibet 
as constrained by GPS data is best described 
by the presence of two parallel and adjoining  
general-shear zones that are east-trending and 
have opposing senses of shear. Because the 
development of the two shear zones is capa-
ble of creating two sets of Riedel shears that 

match the current orientations of the observed 
V-shaped conjugate faults, we conclude that 
the conjugate faults were initiated during the 
formation of the two parallel shear zones. This 
interpretation indicates that the GPS-based 
deformation field has existed in central Tibet 
since at least 16–8 Ma when the strike-slip 
faults and linked rifts were first initiated.

Our analysis of the GPS data and the assump-
tion that central Tibet deforms as a homoge-
neous Newtonian fluid lead to the conclusion 
that the paired general-shear deformation field 
was generated by horizontal shear at the base 
of the Tibetan lithosphere and/or gravitational 
spreading. We verified the viability of the two 
mechanisms using simple analogue experi-
ments. Next, we discuss the main implications 
of our proposed paired general-shear model 
for fault formation, the corresponding mode 
of continental deformation, and the relation-
ship between Tibetan crust and the underlying 
mantle lithosphere.

State of Strain, Fault Formation, and 
Nature of Continental Deformation

The most important feature of its paired gen-
eral-shear model is the requirement of nonco-
axial deformation in controlling the formation 
of V-shaped conjugate strike-slip faults (Fig. 7). 
The main departure of this model from the tra-
ditional Anderson fault model (e.g., Anderson, 
1942) is that the state of strain is as important as 
the state of stress in determining the orientations 
of fault initiation. Specifically, the state of strain 
controls the selection of Coulomb shear-fracture 
development in the following manners:

(1) formation of X-shaped classic Coulomb 
conjugate faults under pure-shear deformation 
corresponding to the situation of no shear strain 
(i.e., de

xy
/dt = 0 in the coordinate system shown 

in Fig. 7A);
(2) formation of conjugate Riedel shears not 

favored under simple-shear or general-shear 
deformation corresponding to the situation that 
shear strain rate is constant (de

xy
/dt = constant) 

(Figs. 7B and 7C); and
(3) formation of V-shaped conjugate faults 

under paired general-shear deformation corre-
sponding to the situation that shear strain rate 
is a linear function of the spatial coordinate 
perpendicular to the parabolic flow direction  
(de

xy
/dt = ay) (Fig. 7D).

In these relationships, de
xy

/dt is the shear-
strain rate applied on planes parallel and per-
pendicular to the x axis (Fig. 7), and a is an 
arbitrary constant. Our generalization of the 
orientations of fault initiation as a function 
of strain-rate state indicates that formation of 
X-shaped Coulomb shear fractures is a special 

case of general-shear deformation. That is, they 
form when vorticity vanishes (i.e., case 2 in 
Fig. 7C).

Our proposed correlation between the style 
of fault initiation and the corresponding state 
of strain has important dynamic implications 
for the nonuniqueness of inferred state of 
stress from the orientation of faults. Specially, 
if the fault orientation correlates uniquely with 
a strain state, it does not guarantee the same 
correlation between the fault orientation and 
the corresponding stress state, because stress 
depends on the rheology of the deforming 
materials when the strain rate is known (see 
discussion in England and Houseman, 1986). 
This important implication leads directly to 
the central issue of the nature of continen-
tal deformation: is it fluid-like (continuum 
deformation) or plate-like (discrete deforma-
tion)? Correlation between the state of strain 
and the formation of V-shaped conjugate 
faults suggests that where this special class 
of faults formed, the corresponding mode of 
lithospheric deformation is best approximated 
by continuum deformation under general-
shear flow. Despite the general consisten-
cies between our results and the England and 
Houseman model (1986), one should note 
that the only geologic feature their model was 
capable of predicting was the final topography 
of the Tibetan Plateau, aided by assumed con-
vective removal of parts of the mantle litho-
sphere below Tibet (England and Houseman, 
1989). One should also note that the simulated 
Tibetan Plateau in their model was created 
based on an assumption that its average eleva-
tion was at ~500 m above sea level at the onset 
of the India-Asia collision, which is incon-
sistent with the known geologic history of 
the region (Murphy et al., 1997). Our model, 
though similar in nature to the England and 
Houseman model (1986), uses GPS- velocity 
observations as input, and thus the resulting 
stress distributions can be compared directly 
with the observed fault orientations and fault 
kinematics, a feature that was lacking in the 
England and Houseman model (1986).

Paired General-Shear Zone  
Deformation and Generalization of  
Non-Andersonian Faults

Our proposed paired general-shear zone 
model may also explain other commonly 
observed non-Andersonian faults, namely, high-
angle reverse faults (e.g., Sibson et al., 1988) 
and low-angle normal faults (Wernicke, 1992; 
Lister and Davis, 1989; Yin, 1989) (Fig. 13). 
The most favorable condition for development 
of these faults is the presence of a weak zone 
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capable of ductile flow sandwiched between 
two relatively rigid blocks moving toward each 
other (Fig. 13). Using this model, low-angle 
normal faults may be explained as having initi-
ated in viscous-plastic deformation zones in the 
middle crust as proposed by Lister and Davis 
(1989), where rocks are capable of flow and 
at the same time can develop discrete Riedel 
shear fractures (Fig. 12A). The required weak 
crust of the North America Cordillera during 
the widespread mid-Tertiary development of 
detachment faults is consistent with the thermal 
and mechanical state as inferred by Coney and 
Harms (1984). That is, the thickened Cordillera 
crust created by the earlier Laramide orogeny 
was weakened and thus spread laterally due to 
heating by widespread mantle melting induced 
by slab rollback of the subducting Farallon 
plate. Similarly, we suggest that high-angle 
reverse faults could have formed where a verti-
cal flow channel was present (Fig. 13B). Finally, 
V-shaped, conjugate strike-slip faults are devel-
oped when a paired general-shear zone is devel-
oped in map view between two strong regions 
(Fig. 13C). In central Tibet, the two rigid blocks 
correspond to the Indian craton in the south and 
the Kunlun Batholith, Tarim Basin, and Qaidam 
Basin in the north (Fig. 3).

Depth of Tibetan Conjugate Faults and 
Flow in the Mantle

In our mechanical analysis, we reach the 
conclusion that the current velocity field pro-
ducing paired general-shear deformation could 
be induced by horizontal basal shear and/or 
gravitational spreading. In Tibet, we would like 
to know (1) whether the horizontal shear was 
applied at the base of the upper crust due to 
lower-crustal flow or at the base of the mantle 
lithosphere due to flow in the asthenosphere, 
and (2) whether gravitational spreading involves 
only the crust or the whole lithosphere of Tibet. 
The spatial correlation between the Tibetan GPS 
velocity field and the V-shaped conjugate faults 
in central Tibet suggests that the conjugate faults 
can be used as a proxy for finite-strain deforma-
tion under paired general-shear condition. Thus, 
determining the depth of Tibetan conjugate 
faults can directly answer these questions.

Simulations of rift-shoulder morphology 
using an elastic plate model led Masek et al. 
(1994) to suggest that Tibetan rifting involves 
only the upper crust. This inference appears 
to be consistent with shallow seismicity above 
10–15 km across most of the Tibetan Plateau 
(e.g., Molnar and Lyon-Caen, 1989), shal-
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Figure 13. Development of low-angle normal faults (A), high-angle reverse faults (B), 
and V-shaped conjugate strike-slip faults (C) under paired general-shear deformation.

low locking depths of active strike-slip faults  
(< 20 km; Taylor and Peltzer, 2006), and the 
presence of bright spots (i.e., local vertical veloc-
ity inversion) in the middle crust of Tibet along 
the INDEPTH seismic reflection lines, which 
was interpreted to indicate widespread partial 
melting in the Tibetan middle crust (Nelson et 
al., 1996; also see review by Klemperer, 2006). 
This interpretation has led to the suggestion that 
Tibetan middle crust is weak and highly mobile 
(Nelson et al., 1996), which in turn stimulated 
the hypothesis that the Tibetan middle crust is 
capable of flowing laterally in a channel with-
out inducing significant upper-crustal defor-
mation (Royden, 1996; Royden et al., 1997; 
Clark and Royden, 2000). As basal shearing is a 
possible mechanism to induce V-shaped conju-
gate strike-slip faults in central Tibet, eastward 
middle-crustal flow with the flow axis along 
the Bangong-Nujiang suture zone could be the 
cause for the required basal shear. The correla-
tion between middle-crustal flow and surface 
deformation would imply strong mechanical 
coupling between the upper and middle crust in 
Tibet, which is not consistent with the extreme 
version of the channel-flow model requiring no 
shear traction at the base of the brittle upper 
crust (Clark and Royden, 2000).

Several lines of evidence suggest that the 
Tibetan crust deforms coherently with the 
underlying mantle lithosphere in the vertical 
section. First, lithospheric-scale faulting across 
Tibet has long been suggested by the offset 
of the Moho below major strike-slip faults as 
observed from wide-angle reflection profiles 
(Hirn et al., 1984). Second, the spatial correla-
tion between active fault traces and fast polar-
ization directions of shear-wave splitting in the 
upper mantle indicates that the upper crust and 
the mantle lithosphere are deformed in a coher-
ent fashion (Hirn et al., 1995; Huang et al., 
2000; Herquel and Tapponnier, 2005). Third, the 
involvement of mantle lithosphere (or a strong 
lower crust, depending on where one places the 
Moho) in Tibetan deformation is also indicated 
by the presence of deep earthquakes at depths 
of 70–90 km in southern Tibet and the Hima-
laya (e.g., Chen and Kao, 1996; Chen and Yang, 
2004; Jackson, 2002; Jackson et al., 2004). 
Fourth, the wide spacing of major rifts across 
Tibet also indicates that the rift-bounding faults 
and their linked conjugate strike-slip faults are 
lithospheric-scale features (Yin, 2000). Fifth, 
helium in hot springs from Tibetan rift zones is 
partially derived from the upper mantle (Hoke 
et al., 2000), suggesting that the rift-bounding 
faults cut the whole lithosphere and form a 
conduit for upward transport of mantle helium. 
Finally, the compatibility between the finite-
strain field inferred from shear-wave anisotropy 
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in the mantle lithosphere and the instantaneous 
strain-rate field obtained from GPS data further 
supports vertically coherent deformation in 
central Tibet (Flesch et al., 2005). The appar-
ent low viscosity of Tibetan middle and lower 
crust and vertically coherent deformation of 
the lithosphere can be rationalized in a model 
developed by Bendick and Flesch (2007), who 
demonstrated the mechanical plausibility of 
crust-mantle coupling below Tibet during the 
India-Asia collision. As pointed out by Yin and 
Harrison (2000), the INDEPTH profiles imag-
ing bright spots were all surveyed along major 
active rifts (Nelson et al., 1996), where the pres-
ence of hot and potentially weak middle crust 
is expected due to rift-induced magma injection 
(Yin, 2000; Kapp et al., 2005b). However, this 
local observation should not be extrapolated 
across the entire Tibetan Plateau.

We note that the distribution of the shear-
wave splitting time, as summarized in Huang et 
al. (2000), across Tibet in the north-south direc-
tion is approximately parabolic (Fig. 14). That 
is, the splitting time can be expressed in the fol-
lowing form:

 

2 2max
m2

m

( 4 )
t

t h y
h

= − , (25)

where t is the splitting time, t
max

 is the maxi-
mum splitting time at y = 0, and h

m
 is the north-

south width of the deformation zone in the 
mantle detected by the shear-wave anisotropy. 
From the splitting-time data in Figure 13, we 
find t

max
 is between 1.4 s and 2.2 s, and h

m
 is  

~900 ± 300 km. It appears that the north-south 
width of the deformation zone in the mantle is 
only about one half of that for surface defor-
mation derived from the GPS data (i.e., h = 
1800 km). If the shear-wave-splitting time mea-
sures the magnitude of the east-west stretch-
ing strain, Equation 25 indicates that the shear 
strain varies with y in a parabolic fashion. This 
functional form is compatible with the distribu-
tion of east-west extension strain rate shown 
in Equation 10a derived from the current GPS 
velocity field. This reconfirms the conclusion 
reached by Flesch et al. (2005) that Tibetan lith-
osphere deforms in a vertically coherent fash-
ion. Because of the large shear-wave- splitting 
time, it is generally believed that the shear-wave 
anisotropy originates mostly in the upper man-
tle (Owens and Zandt, 1997; Davis et al., 1997; 
Huang et al., 2000; Meissner et al., 2004). How-
ever, it remains unclear if the anisotropy was 
preserved in the Tibetan mantle lithosphere or 
in the asthenosphere farther below.

We note that the location of the maximum 
splitting time (i.e., the axis of the parabolic 
curves approximating the distribution of split-
ting time) is offset ~150 km north of the 
 Bangong-Nujiang suture zone, where the axis 
of the central Tibetan conjugate fault zone is 
located (Fig. 14). There are at least three pos-
sible explanations for this offset. First, if the 
anisotropy was created entirely in the Cenozoic 
and is located in the mantle lithosphere, the dis-
tribution of finite strain recorded in the seismic 
data could be different from that of instanta-
neous strain that is recorded in the GPS velocity 
field and expressed by active conjugate faulting. 
Second, the anisotropy in the mantle lithosphere 
could be a combined effect of Cenozoic and 
pre-Cenozoic deformation. In this case, there 
should be no correlation between the instanta-
neous strain field and the finite-strain field in 
the Tibetan lithosphere. Finally, the Cenozoic 
anisotropy may be recorded as finite strain in the 
asthenosphere, with its eastward-flow axis being 
constantly pushed northward due to low-angle 
northward subduction of the Indian continental 
lithosphere. The presence of an east-trending 
asthenospheric channel below central Tibet 
sandwiched between the cold Indian and Asian 
lithosphere has been revealed by numerous   
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seismologic studies (e.g., Owens and Zandt, 
1997; Kind et al., 2002; Tilmann et al., 2003). 
Owens and Zandt (1997) and Huang et al. (2000) 
suggested that it is within this low-velocity zone 
in the upper mantle that the seismic anisotropy 
originated. The presence of a low-velocity zone 
in the upper mantle below central Tibet is also 
consistent with significantly lower Pn velocities 
in this region than those in the surrounding areas 
of the Tibetan Plateau (i.e., India, Tarim, and 
Sichuan Basin) (Liang et al., 2004). Although 
we cannot rule out the possibility that options 
1 and 2 may contribute to the overall distribu-
tion of mantle anisotropy across central Tibet, 
we consider the third option to be the dominant 
mechanism in creating mantle anisotropy below 
central Tibet. This is because of the overwhelm-
ing evidence favoring the vertically coherent 
deformation of lithosphere in central Tibet.

A possible model for the relationship between 
flow in the mantle and late Cenozoic deforma-
tion in the upper crust across central Tibet is 
shown in Figure 15. In this model, eastward 
flow of the asthenosphere exerting basal shear 
together with eastward spreading of the thick-
ened Tibetan lithosphere created paired general-
shear deformation in the upper crust of central 

Tibet. This deformation field caused the devel-
opment of north-trending rifts in the northern 
and southern parts of central Tibet and V-shaped 
conjugate faults in the central part of central 
Tibet. Underthrusting of the Indian and Asian 
mantle lithosphere may have caused north-south 
contraction of the hot and softer asthenospheric 
channel, which in turn has flowed eastward, 
inducing basal shear at the base of the Tibetan 
lithosphere.

Dimension of the PGS Deformation Zone 
and Distribution of Conjugate Faults

The north-south width of the paired general-
shear deformation zone as detected by the GPS 
data is ~1800 km across the Tibetan Plateau and 
the Himalayan orogen (Fig. 8A). However, the 
north-south width of the central Tibetan conju-
gate fault zone is only ~600–700 km, restricted 
mostly between the Indus-Tsangpo suture 
in the south and the Kunlun fault in the north 
(Fig. 3). This discrepancy raises the question of 
why the conjugate faults did not extend across 
most of the Himalayan range in the south and 
the Qaidam Basin and the Qilian Shan in the 
north. We attribute this to the spatial variation 
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of mechanical strength mostly controlled by 
the current thermal state in the lithosphere and 
a rapid decrease in shear strain rate across the 
northern and southern parts of the Himalayan 
orogen. First, the thinner lithosphere below cen-
tral Tibet as revealed by seismic studies (e.g., 
Owens and Zandt, 1997; Kind et al., 2002; 
Tilmann et al., 2003) favors flow-like deforma-
tion and thus strike-slip faulting. In contrast, 
the presence of cold and thick mantle litho-
sphere below Qaidam Basin and the Himalaya 
(e.g., Liang et al., 2004) may prevent flow-like 
deformation and thus the development of Rie-
del shears. Second, the lack of strike-slip fault-
ing in the northern and southern parts of the 
Himalayan-Tibetan orogen can be correlated 
with a decrease in the east-trending shear strain 
rate in the two regions. This is most obvious in 
profiles A and B of Zhang et al.’s (2004) GPS 
data, which cover the most complete sections 
of the Himalayan-Tibetan orogen. For profile 
A, shear strain decreases markedly north of the 
Kunlun fault, which is indicated by a decrease 
in the northward gradient of the eastward veloc-
ity component (Fig. 8C). Similarly, for profile 
B, the shear strain rate also decreases markedly 
immediately south of the Indus-Tsangpo suture 
zone, with nearly undetectable amounts of shear 
strain when considering the large uncertainties 
of the GPS measurements (Fig. 8C).

Future Tests of the PGS Model

The work presented in this paper represents 
the first step in understanding the widespread 
occurrence of V-shaped conjugate strike-slip 
fault zones in continent-continent collision 
zones. Further tests are required to confirm 
or reject the paired general-shear model we 
propose here. First, we believe that an appro-
priately scaled analogue model that expands 
to deal with the formation of non-Anderson 
dip-slip faults will provide a more complete 
understanding of strain state versus stress state 
in controlling the orientations of fault initiation. 
Second, better GPS coverage is required across 
central and western Tibet where V-shaped con-
jugate faults are well developed. As shown in 
our analysis, the surface distribution of the ver-
tical velocity component has important impli-
cations for determining the driving mechanism 
of the current Tibetan deformation field. Third, 
precise determination of the vertical distribu-
tion of mantle anisotropy below central Tibet 
will help to resolve whether the shear traction 
was applied at the base of the upper crust or 
at the base of the lithosphere. Determination of 
shear-wave anisotropy along more north-south 
traverses across all of Tibet will help determine 
if the strain magnitude varies systematically in 
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the east-west direction as predicted by the ana-
lytical expressions of the paired general-shear 
model derived from the GPS data. If our model 
is correct (i.e., Eq. 9a), then east-west exten-
sional strain should be constant from west to 
east across central Tibet. Finally, paleomag-
netic studies on vertical-axis rotation of late 
Cenozoic Tibetan conjugate faults will provide 
an ultimate test of our PGS model.

CONCLUSIONS

In this study, we show that the formation of 
the central Tibet conjugate strike-slip fault zone 
cannot be explained by vertical-axis rotation or 
reactivation of preexisting weaknesses. Instead, 
its formation can be explained by the develop-
ment of an east-trending left-slip shear zone 
across the Qiangtang terrane in the north and 
the development of an east-trending right-slip 
shear zone in the Lhasa terrane in the south. The 
formation of the two adjoining shear zones cre-
ated two sets of Riedel shears: one is oriented in 
the ENE direction with a left-slip sense of shear 
and another is oriented in the WNW direction 
with a right-slip sense of shear. The predicted 
shear sense and fault orientations match the 
observed V-shaped conjugate strike-slip faults 
across central Tibet well. Because the two par-
allel shear zones also experience synchronous 
north-south contraction, we term the mecha-
nism for the formation of V-shaped conjugate 
strike-slip faults the paired general-shear (PGS) 
model. A detailed analysis of the existing GPS 
data also suggests that horizontal shear applied 
at the base of Tibetan mantle lithosphere or lat-
eral spreading of thickened Tibetan lithosphere 
may have driven late Cenozoic deformation 
of central Tibet. We verified the mechanical 
feasibility of the basal-shear and gravitational-
spreading mechanisms via simple analogue 
experiments. Our proposed paired general-
shear model implies that the combined effect of 
the state of strain and the state of stress dictates 
the style and orientation of fault initiation. Our 
model also requires that continental lithosphere 
at a horizontal scale of 1000 km in central Tibet 
must have deformed in a fluid-like fashion in 
the late Cenozoic, creating discrete V-shaped 
conjugate faults over a horizontal scale of a few 
tens of kilometers.
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