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a b s t r a c t
The Tibetan Plateau is undergoing north–south shortening accompanied by west–east extension, as evidenced
by the widespread development of north–south trending normal faults, grabens and rifts. While the mode of
the north–south shortening has been the main focus of most international studies, knowledge of the deep structure beneath South Tibet is required for understanding the mechanism of the west–east extension. The onset
of the north–south trending normal faulting is commonly taken as an indicator that the Tibetan Plateau was
uplifted to a near-maximum elevation before entering a collapsing stage. Here we report on the receiver functions of a seismological experiment across the northern segment of the Yadong-Gulu Rift (YGR), one of the
youngest rifts in South Tibet. The migrated receiver function images reveal that the YGR is a high-angle normal
fault characterized by a 5-km Moho rise from its western to eastern ﬂank, together with distinct differences in
the crustal structure and intracrustal seismic conversion patterns between the two ﬂanks. This highly asymmetric lithospheric structure suggests whole-crustal extension controlled by a simple/general shear rifting mechanism. This simple/general shear rifting in the YGR is attributed to an eastward (horizontal) shear at the base of
the upper crust, as evidenced by the observed Tibetan GPS velocity ﬁeld and our observation of shear wave splitting discrepancy among the upper crust, lower crust and lithospheric mantle. We propose that in the YGR, simple
shear rifting accommodates the northward injection of the Indian lithosphere, which may suggest that the onset
of the north–south normal faulting does not indicate gravitational collapse of the Tibetan lithosphere.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The formation of the Tibetan Plateau is commonly accepted to have
resulted from convergence and collision between the Indian and
Eurasian plates, beginning 50 Ma ago (Yin and Harrison, 2000). During
the Indo-Asian collision, India penetrated more than 1500 km northward, and there is a considerable debate about how such a great
amount of crustal shortening has been accommodated. Different
geodynamic processes such as crustal thickening, tectonic escaping,
lower crustal ﬂow, normal faulting and others have been proposed,
with constraints from tectonic, surface geology, physical and numerical
modeling studies. A crustal thickening model suggests that the collision
of India into Asia has been accommodated by the distributed north–
south shortening (Dewey and Burke, 1973). The lateral extrusion
hypothesis emphasizes the role of large-scale strike-slip faults in
transporting relatively undeformed continental blocks eastwards,
away from the Indo-Asian convergent front (Peltzer and Tapponnier,
1988). Normal faulting (Yin and Harrison, 2000) has absorbed the
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north–south shortening by tens of kilometers. The onset of the north–
south trending rifts has also been considered to indicate that the
plateau, with an average altitude of >4000 m, reached its maximum
elevation and entered into lithospheric collapse (e.g., Armijo et al.,
1986). It would be useful to clarify the deep structure of the normal
faulting in order to understand the mechanisms at work during the continental collision.
The widespread development of the north–south trending rifts
(roughly perpendicular to the India-Eurasia convergence direction)
is commonly attributed to the east–west extension of southern
Tibet (Larson et al., 1999). Several mechanisms have been proposed
for these rifts to explain the mode of the west–east extension. These
include: (1) orogenic collapse (Kapp et al., 2008; Liu and Yang,
2003), (2) middle/lower crustal ﬂow (Royden et al., 2008; Shapiro
et al., 2004); (3) shearing from a series of west–east trending shear
faults (Ratschbacher et al., 2011; Taylor et al., 2003); (4) lithospheric
delamination (Houseman and England, 1996); (5) magmatism (Kapp
et al., 2005) or (6) lower crustal underplating (Vergne et al., 2008).
These models differ in terms of whether the west–east extension is
at the crustal or the lithospheric scale, and can be divided into two
categories. One type of model supports the Tibetan Plateau attaining
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its maximum elevation as part of a gravitational collapse model (Molnar
and Tapponnier, 1978; Tapponnier et al., 1981), while others hold that
the east–west extension has been accompanied by the north–south
shortening, and does not require the plateau to reach a maximum
elevation. The second category includes the oblique convergence of
the Indian subduction (Kapp and Guynn, 2004; McCaffrey and Nabelek,
1998), shearing from a series of west–east trending shear faults
(Ratschbacher et al., 2011; Taylor et al., 2003); lithospheric fragmentation
under a particular regional boundary condition throughout East Asia
(Yin, 2000), triggering by magmatism (Harrison, 2006), and deformation
facilitated by mantle lithospheric delamination (Houseman and England,
1996; Ren and Shen, 2008). In order to evaluate the tectonic models for
the north–south trending faulting (or rifting) in central Tibet, we obtained
passive-source seismic observations for one year along a proﬁle across
the Yadong-Gulu Rift (Fig. 1) and imaged the structure of the crust and
upper mantle using the widely used receiver function method (Yuan et
al., 1997). The resulting information on the crustal and upper mantle
structure across the YGR provides new insights into the origin of the
north–south trending rifts.
2. Tectonic setting of the study area
The main Cenozoic structures in southern Tibet include the north–
south trending rifts and WNW-trending right slip faults (Fig. 1b)
(Armijo et al., 1986, 1989). From west to east in the Lhasa Terrane, the
north–south trending normal faults (also called rifts) become younger
to the east, with rifting ages of 24 Ma for Tangra Yum Tso, about
23 Ma for Rongqingxiubu Tso, 14 Ma for Shenza and 8 Ma for the
Yadong-Gulu Rift (Chung et al., 2005). Information on the rifting ages
for the Tibetan Plateau indicates that the YGR is the most signiﬁcant
and the youngest rift, with its central segment having been initiated
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about 5 to 8 Ma ago (Harrison et al., 1995; Maheo et al., 2007). It has
been estimated that YGR has accommodated >20 km of east–west extension (Harrison et al., 1995). It is therefore an excellent natural laboratory for studying the deep process of the north–south trending
normal faulting or rifting at the same time as the north–south shortening and convergence between the Indian and Eurasian plates.
The YGR extends nearly north-southwards in its southern part and
then to the NNE in its northern part (Fig. 1). As an asymmetrical normal fault system with a width of about 30–40 km, the YGR displays a
generally steeper and higher topography on its western than its eastern ﬂank. Many geophysical experiments, such as the ﬁrst wide-angle
seismic proﬁling in the 1970s by the Chinese Academy of Sciences
(Teng et al., 1981), the INDEPTH deep seismic reﬂection program
(Zhao et al., 1993) and the GEDEPTH wideband passive source seismic
proﬁling (Kind et al., 2002; Yuan et al., 1997) have been carried out
along the YGR in the last 40 years (Zhang et al., 2011). Crustal and
lithospheric-scale geophysical experiments along the YGR (Hirn et
al., 1984; Nelson et al., 1996; Owens and Zandt, 1997; Teng et al.,
1981; Zhao et al., 1993) have helped our understanding of the deep
processes operating at the convergence of the Indian and Eurasian
plates along the rift. Our west–east proﬁle across the YGR provides complimentary constraints to help understand the west–east extension
and the development of the YGR during this north–south continent–
continent convergence and collision.
3. Brief description of seismic data acquisition and receiver function
The passive seismic observation experiment described herein was
carried out along a proﬁle across the northern segment of the YadongGulu Rift in the northern Lhasa Terrane (Fig. 1) between September
2009 and November 2010. In this experiment, 11 seismographs were
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deployed. Stations D01–D04 were located in the eastern ﬂank of the
YGR, D05–D07 were located at the rift with a station interval of
~5 km, and stations D08–D11 were located on the western ﬂank of
the rift.
During the 14-month period of operation, 200 earthquakes with
magnitude greater than Ms 5.5 were recorded in the distance range
between 30 and 90° (see Fig. 1). We visually selected records with a
high signal-to-noise (S/N) ratio for each station and calculated receiver functions using a time-domain iterative deconvolution with vertical and radial seismograms (Kind et al., 2012; Ligorria and Ammon,
1999). Fig. 2a displays the raw P-receiver function grouped for each

station. In order to enhance signal/noise ratio of seismic conversions,
move-out corrected receiver functions for each station (e.g. Zandt and
Ammon, 1995) are stacked as shown in Fig. 2b where the stacks are
implemented in 21 windows of PS conversion with window size of
25 km and overlapping 5 km (detail can be seen in Fig. S1). The Ps
phases from the Moho can clearly be seen in the receiver-functions
from beneath the western and the eastern ﬂanks of the rift, but
are much less clear beneath the rift itself. The arrival time of
the Ps-converted phases is about 8.5 s under the eastern ﬂank
and about 9 s beneath the western ﬂank of the rift (Fig. 2a and b). Distinctive intra-crustal Ps-converted phases beneath the two ﬂanks of
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Fig. 2. (a) Raw P-receiver functions for all 11 stations along the proﬁle, grouped by station, sorted by back azimuth and plotted at equal spacing. Red and blue colors are used to
indicate the positive and negative amplitudes, respectively. The traces are move-out corrected for each station. The Ps conversion phase of the Moho is also indicated. (b) Stacked
P-receiver functions (the summed trace of the move-out corrected receiver function) are for all 11 stations along the proﬁle.
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the YGR are apparent. Beneath the YGR and its eastern ﬂank the Moho
conversion is stronger and intra-crustal phases are more developed
than beneath the western ﬂank. The change in the Moho Ps time and
the westward slipping conversion events above the Moho offset beneath the YGR (under stations 6–9) suggests a seismic structural asymmetry of the crust and lithospheric mantle over the axis of the YGR.
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with each phase (e.g. Zandt and Ammon, 1995) by measuring the
time moveout of the direct converted and reverberated receiver function phases (assuming a locally ﬂat layered structure). We estimated
the average crustal Vp/Vs ratio using the H-K stacking method at each
station by stacking the receiver function amplitudes at the predicted
direct converted phase (Ps) times and reverberated phase (PpPs
and PpSs + PsPs) times for several receiver functions over a range
of H and Vp/Vs ratio in the H-K domain (Zhu and Kanamori, 2000).
The details of the H-K stacking under 11 stations are given in Fig.
S3. The result and the trade-off between the Moho depth and the
crustal Vp/Vs ratio can be seen in Fig. 4.
Fig. 4 shows the very low Vp/Vs ratio of the crust (about 1.70)
along the central segment of the proﬁle, in addition to the lateral variation in the depth of the Moho (about 75 km beneath the rift and
western ﬂank and about 70 km beneath the eastern ﬂank). These results suggest that the crustal composition is more felsic than the global average (Christensen and Mooney, 1995). This low average crustal
Vp/Vs value is consistent with the crustal Vp/Vs ratio for different tectonic blocks in the Tibetan Plateau, as summarized by Mechie et al.
(2012).

4. Migrated receiver function image across the YGR
Fig. 3 presents the migrated PS receiver function section to a depth
of 150 km along the proﬁle, using the method of Kind et al. (2002)
and the IASP91 model (Kennett and Engdahl, 1991). Fig. 3 shows a remarkable PS conversion event from the Moho discontinuity, at a
depth of about 70 km, which is consistent with previous deep seismic
soundings (Hirn et al., 1984; Mechie et al., 2012; Min and Wu, 1987;
Teng et al., 1981; Zhang and Klemperer, 2005; Zhang et al., 2011) and
receiver function results (Kind et al., 2002; Yuan et al., 1997). The
structure of the crust and upper mantle can be further supported
using a comparison among the migrated Ps, PpPs and PpSs receiver
functions (Kind et al., 2002; Fig. S2).
Beneath the eastern ﬂank of the YGR, there is one positive conversion phase at the Moho depth of about 70 km (Fig. 3a). In contrast,
beneath the rift and western ﬂank, two strong positive phases are
present, which were previously interpreted as a duplex Moho (Kind
et al., 2002; Li et al., 2011; Nabelek et al., 2009; Vergne et al., 2002).
The shallower one, at a depth of about 75 km, is consistent with the
Sino-French west–east proﬁle in the northern Lhasa terrane (Hirn et
al., 1984; Min and Wu, 1987; Zhang and Klemperer, 2005), the deeper
one occurs at a depth of about 90 km.

6. Discussion and conclusions
6.1. Asymmetry in intracrustal conversion and Vp/Vs ratio across the YGR
Figs. 3 and 4 show three remarkable asymmetrical characteristics of
crustal properties across the YGR: (1) shallowing of the Moho and lowering of the average crustal Vp/Vs ratio from the western to the eastern
ﬂank of the YGR; (2) stronger crustal conversions beneath the eastern
than the western ﬂank of the YGR and (3) one positive Moho conversion phase (Fig. 3) beneath the eastern ﬂank of the YGR, and a duplex
Moho with two strong positive phases occurring beneath the rift and
western ﬂank. Moho duplex is also observed in the north–south seismic
sections (in Hi-climb, INDEPTH and GEDEPTH programs) (Kind et al.,
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NW
6000

Elv (m)

TL
ft
Ri
YG

Na

NQ

m

ut

so

La

ke

In addition, it is possible to estimate the local depth and average
Vp/Vs ratio between the surface and the discontinuity associated

SN

5000
4000
3000
90.5

90.7

90.9

91.1

91.3

91.5

Longitude (deg)

Ps/P amplitude

Depth (km)

0

-50

70 km
-100

0.01
0.00
-0.01
-0.02

-150
0

50

100

150

Distance (km)
Fig. 3. Migrated Ps wave receiver function images along the proﬁle. Reddish colors indicate positive (velocity increasing downwards) and bluish negative (velocity decreasing
downwards) signals.

TL

YG

A'

4500

01

D

07

D

11

A

SE

D

Elv (m)

5500

NQ

La
o
ts
Na
m

NW

Ri
ft

Z. Zhang et al. / Tectonophysics 606 (2013) 178–186

ke

182

3500

H (km)

65

(a)

70
75
80

Vp / Vs

1.8

(b)

1.75
1.7
1.65

Rfs Num

200

(c)

100
0
9 0 .5

91

9 1 .5

Longitude (deg)
Fig. 4. Crustal thickness and average Vp/Vs ratio along the proﬁle across the Yadong-Gulu Rift.

2002; Nabelek et al., 2009; Vergne et al., 2002) and the deeper Moho is
interpreted to represent the bottom of the injected Indian lower crust
(Vergne et al., 2002). The 15-km-thick layer between the duplex Moho
in the southern Lhasa Block is interpreted to represent the eclogitized
or underplated lower crust of India (Nabelek et al., 2009). Klemperer
(1987) observed a close relationship between the crustal temperature
ﬁeld and the development of intracrustal reﬂection. We suggest that
this relationship should also be valid in the interpretation of PS conversion in the crust and upper mantle. The difference in the crustal conversion phases across the YGR can be explained by the temperature
variation.
Analysis of global deep seismic reﬂection proﬁles has shown that
the seismic reﬂectivity is generally stronger in a higher-temperature
crust (Klemperer, 1987). Here, we infer that the asymmetry in the
intracrustal conversion pattern and the Vp/Vs ratio of the crust is
the result of lateral variation in the geothermal ﬁeld beneath the
YGR. The temperature in the crust of the western ﬂank should be
lower than beneath the eastern ﬂank. In the YGR, the few existing
geothermal measurements (Wei and Deng, 1989) indicate that
along our proﬁle, the temperature distribution of the crust and lithospheric mantle shows a clear lateral increase in heat ﬂow from
140 mW/m 2 beneath the western ﬂank to 181 mW/m2 beneath the
Yangbajin (Teng et al., 2004), which is consistent with the low electrical resistance beneath the eastern margin of the rift found in two MT
proﬁles in South Tibet (Wei et al., 2010).
The lateral crustal temperature variation (indicated by the geothermal ﬁeld and the electric resistance distribution), is consistent with our

observation of strong and well developed crustal convertors beneath
the rift and its eastern ﬂank (Figs. 2a, b, 3 and 4). The relatively lower
temperature beneath the western ﬂank helps to increase the density
of the thickened lower crust, and eclogitized the part between the duplex Moho. Here we suggest that the Moho duplex-conﬁned layer is
the felsic granulite layer transformed from eclogite. Beneath the eastern
ﬂank, no duplex Moho is observed, which can be explained by the
eclogitized lower crust being delaminated (Ren and Shen, 2008) or by
the lower crust not being eclogitized. This distinctive difference in the
Moho conversion pattern between the western and the eastern ﬂanks
of the YGR may provide unique information for understanding the
transition conditions (including temperature) for the lower crustal
eclogitization or delamination.
We observe negative phases in the crust, which indicates a
marked variation in the spatial distribution of low velocity layers
across the YGR. Beneath the rift and its eastern ﬂank we observe an
easterly dipping low velocity channel at a depth of 20–30 km bounded by negative and positive converters. This low velocity zone has
also been observed in the INDEPTH proﬁle (Kind et al., 1996; Yuan
et al., 1997), and possibly involves ﬂuids and/or partial melting
(Makovsky et al., 1996; Nelson et al., 1996). The zone could have
resulted from intrusion of magma through the approximately 5-km
Moho offset (Fig. 3) beneath the rift and supports the observation of
a two-peak geochemical anomaly, with corresponding heat resources
from crust and mantle (Ding et al., 2005, 2007). The existence of a
lower velocity layer beneath the rift and its eastern ﬂank would attenuate seismic reﬂection, and can provide an excellent explanation
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for the lack of signal beneath the middle crust in the controlled source
seismic data of the INDEPTH-II program (Makovsky et al., 1996;
Nelson et al., 1996). Beneath the western ﬂank of the rift, there are
only a few scattered negative phases. The spatial distribution of
the lower velocity layer suggests a complicated magma migration
resulting from partial melting generated by simple shear extension
beneath the narrow YGR with slip >30°, and a lack of partial melting
being generated by the fault with slip b 30° (Buck et al., 1988).
6.2. Flesic granulite lower crust and its attributes to asymmetrical
structure of the YGR
Even though the lower crust has a high P wave velocity of 7.2–
7.5 km/s (Zhang and Klemperer, 2005), our observation of a low
crustal Vp/Vs ratio beneath the YGR differs from that for other continental rifts. Most continental rifts have higher values of Vp, Vs and
Vp/Vs ratio, indicating alteration of the lower crust. This is the case
in most rifting regions, for example the East African Rift (Dugda et
al., 2005), Iceland Rift (Darbyshire et al., 2000) and Rio Grande Rift
(Mooney et al., 1983; Wilson et al., 2005) (Fig. S4a, b). The high Vp
and low Vp/Vs ratio, such as in Kachchh Rift (Mandal, 2011), Baikal
Rift (Nielsen and Thybo, 2009) and Rhine Graben (Geissler et al.,
2008; Gutscher, 1995), may suggest that felsic granulite, which is
rich in quartz (Christensen and Mooney, 1995), may make up most
of the lower crust beneath the YGR. The felsic granulitic composition
of the lower continental crust beneath the YGR contrasts with the
more maﬁc lower crustal composition estimated in other rifting regions. This suggests a non-underplated crust (Vergne et al., 2008)
with regard to the non-linear relationship between crustal thickness
and average crustal Vp/Vs ratio (Fig. 4), but is more likely to have
resulted from a phase transition in the lower crust (Richardson and
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91˚

183

England, 1979). In this phase transition process, the early stages of
mountain building cause a relatively colder geotherm than would
be the case in a thickened crust resulting from the injection of the Indian lower crust (Kind et al., 2002; Nabelek et al., 2009; Owens and
Zandt, 1997; Vergne et al., 2002; Zhao et al., 2010). This thermal regime favors the eclogitization of the base of the crust. If, as proposed
for the Norwegian Caledonides (Andersen et al., 1991; Dewey et al.,
1993), the orogen is immediately followed by a major extensional
event, large volumes of crustal eclogites can be brought back to the
surface. However, if the crust stays in its thickened state for several
tens of millions of years, the temperature increases (with magma intrusion from the asthenosphere through the LAB offset) and the rocks
re-equilibrate within the granulite facies in the lower crust as the
thickened crust equilibrates thermally (Richardson and England,
1979). This phase transition (eclogite to granulite) at the bottom of
the lower crust, which is evidenced by our inferred felsic granulitic
composition in the lower crust, led to increased crustal buoyancy,
which rapidly uplifted the surface to form the asymmetrical YGR, as
observed within the Variscan granulites of the French Massif Central
(Mercier et al., 1987; Pin and Vielzeuf, 1983). Our result of a lower average crustal Vp/Vs ratio beneath the YGR excludes the possibility
that lithosphere-scale rifts and extension are formed by lower crustal
underplating (Nabelek et al., 2009).
6.3. Evaluation of the tectonic mechanism of the normal faulting in South
Tibet
A number of mechanisms have been proposed as the cause of the
normal faulting. These are: (1) orogenic gravitational collapse (Kapp
and Guynn, 2004; Liu and Yang, 2003); (2) middle/lower crustal ﬂow
(Royden et al., 2008); (3) shearing from a series of west–east trending
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supports to the transpression mechanism (Ratschbacher et al., 2011;
Yin and Taylor, 2011), and the eastward escape model (Klemperer,
2006; Tapponnier et al., 1981; Zhang and Klemperer, 2005) for the
lower crust of Lhasa terrane or even whole lithosphere of south Tibet.
In principle, SKS splitting results from strain-induced lattice preferred orientations of anisotropic minerals (such as olivine) in the
upper mantle, and represents the orientation of strain or ﬂow in the
uppermost mantle. Analysis of Moho converted P to S waves, which
sample the crust, provides well-constrained orientations for nearsurface and middle crustal anisotropy. To assess the inference made
above, we conducted analyses of shear wave splitting, which included
SKS splitting analyses and Moho conversions using the same scheme
as Chen et al. (2013). Shear wave splitting was analyzed in the upper
crust with the direct shear wave (of the local earthquake events)
within shear wave window (Gao et al., 2010). Polarization direction
of the fast-splitting shear wave and delay times between the fastand slow-splitting shear waves (green: upper crust; red: whole
crust from PmS analyses; yellow: SKS) are shown in Fig. 5. Our results
show that the predominant deformation direction from SKS splitting
analyses, is consistent in the direction of north–east, which are consistent with the deformation direction from GPS measurements
(Gan et al., 2007). A similarity in Surface GPS and SKS shear wave
splitting data in South Tibet was also observed in the previous studies
(Flesch et al., 2005; Wang et al., 2008). This similarity suggests that
the upper crust and upper mantle can exhibit similar horizontal velocity ﬁelds, in a coherent deformation as proposed by Flesch et al.
(2005). However, our polarization directions from Moho PmS shear

shear faults (Ratschbacher et al., 2011; Taylor et al., 2003); (4) lithospheric delamination (Houseman and England, 1996); (5) magmatism
(Kapp et al., 2005) and (6) lower crustal underplating (Vergne et al.,
2008). The orogenic gravitational collapse model is unable to account
for the asymmetry of the crustal PS conversion and the low average
crustal Vp/Vs ratio. Several characteristics, including asymmetries of topography and heat ﬂow data, suggest that simple shear extension
(Buck et al., 1988; Lister et al., 1986; Wernicke, 1981, 1985) is controlling
the development of the YGR and lithospheric extension in South Tibet. A
simple shear mechanism is an excellent explanation for this asymmetry
in the crustal structure.
The asymmetry in the crustal conversion pattern and the low average crustal Vp/Vs ratio leads us to suggest that, in the YGR, simple
shear rifting is produced by the eastward ﬂow of the lower crust
and mantle lid accommodating the northward injection of Indian lithosphere (Yin and Taylor, 2011). This may suggest that the onset of the
north–south normal faulting does not indicate gravitational collapse
of the Tibetan lithosphere. Our results don't provide solid evidences
to support the gravitational collapse model (Ratschbacher et al.,
2011; Taylor et al., 2003). Our present inference about the collapse
is that it should be at the early stage if it signatures the gravitational
collapse (Buck et al., 1988) as we don't observe remarkable thinning
of crust and lithosphere, but only offset of the Moho beneath the
YGR. Our crustal structure and the shallow/deep deformation
decoupling with inconsistency between shallow (evidenced by PmS
shear wave splitting analyses) and deep (evidenced by SKS shear
wave splitting measurements) (Fig. 5) across the YGR may provide
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Fig. 6. Cartoon map of the formation of the YGR during north–south shortening between the Indian and Eurasian plates.
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wave splitting analyses of the whole crust and direct shear wave
splitting study of upper crust, are in the direction of the northwest–
southeast (Fig. 5). As delay times between the fast and slow splitting
shear waves in the top 10 km of the crust (local earthquake depths of
8–10 km) are less than 0.025 s, much less than the delay time in the
whole crust estimated from PmS splitting analyses. Anisotropy is then
mainly attributed to the middle/lower crust, and the deformation direction in the lower crust should be in the NW–SE. In this way, there
is an obvious inconsistence of deformation direction between the
lower crust and lithospheric mantle. This inconsistency leads us to
infer that the upper crust and lithospheric mantle are mechanically
decoupled by an intermediate weak lower crust or mantle lid, as
indicated by a 3-D multilayer modeling of the continental collision
(Lechmann et al., 2011) and lithospheric rheology study (Zhang
et al., 2013). With the north–south underthrusting of the Indian
plate beneath Tibet, lithospheric thickening, and eastward ﬂow in
the lower crust and mantle lid to accommodate the north–south
shortening (Fig. 6), the viscosity in the lower crust and mantle
wedge decreases dramatically with the increase in temperature and
ﬂuid inclusion from the subducting slab. This eastward ﬂow as a horizontal shear at the base of upper crust triggers normal faulting by
simple shear. Here, we propose that this simple/general shear rifting
in the YGR is produced by eastward (horizontal) shear at the base of
the upper crust, as evidenced by the observed Tibetan GPS velocity
ﬁeld (Yin and Taylor, 2011), and our observation of the discrepancies
in shear wave splitting among the upper crust, lower crust and lithospheric mantle.
In summary, the simple shear model can explain the rapid uplift of
the YGR through small-scale convection (Buck et al., 1988) induced in
the mantle beneath a rift due to the lateral temperature gradients
there. This convection increases the amount of heat transported vertically into the rift and laterally out of it. The mantle ﬂow results in
thinning of the adjacent lithosphere causing ﬂanking uplift as well
as slowing of the subsidence of the middle of the rift (Fig. 6). The
magnitude of the uplift is dependent on the geometry of the rift and
the importance of stress-dependence in the rheology of the mantle
(Buck et al., 1988). For viscosity parameters which are consistent
with the pre-rift temperature structure small-scale convection can
produce uplift at least twice as great as would be produced by lateral
conduction alone. Lithosphere extension is also probably the manifestation of late stage transpression jointly caused by the Indian plate
sliding obliquely beneath Tibet along a gently dipping, arcuate plate
boundary (Avouac and Tapponnier, 1993; Dewey, 1988; England
and Molnar, 1997; Peltzer and Tapponnier, 1988; Ratschbacher et
al., 2011; Taylor et al., 2003; Yin, 2000) or acts as a signature of the
west–east extension resulting from a triple junction conﬁned by the
BNS fault at its north and Nyainqentanghla-Jiali fault at its south even
though our experiment cannot resolve an apparent doming with the
high seismic velocity across the YGR. The wide-spread lower velocity
layer in the middle crust (Mechie et al., 2012; Zhang et al., 2011) and
high geothermal data (Teng et al., 2004) suggest the contribution of
magmatism to enhance the north–south rifting (Harrison, 2006).
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.tecto.2013.03.019.
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