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The Tibetan Plateau is the largest orogenic system on Earth, and has been influential in our

understanding of how the continental lithosphere deforms. Beneath the plateau are some of the

deepest (� 100 km) earthquakes observed within the continental lithosphere, which have been pivotal

in ongoing debates about the rheology and behaviour of the continents. We present new observations

material at temperatures of t600 1C. Thermal modelling, combined with experimentally derived flow

laws, suggests that if the Indian lower crust is anhydrous it will remain strong beneath the entire

southern half of the Tibetan plateau, as is also suggested by dynamic models. In northwest Tibet, the

strong underthrust Indian lower crust abuts the rigid Tarim Basin, and may be responsible for both

the clockwise rotation of Tarim relative to stable Eurasia and the gradient of shortening along the

Tien Shan.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The distribution of earthquakes provides an important insight
into the rheology of continental regions. Rare earthquakes at
depths up to � 100 km beneath Tibet have been used to support
contrasting views about the vertical distribution of strength
within the continental lithosphere (Chen and Molnar, 1983;
Chen and Yang, 2004; Monsalve et al., 2006; Priestley et al.,
2008). This topic is controversial and important, as it has
implications for our understanding of rheology, deformation and
topography in continental regions worldwide.

Early views on the connection between seismicity and rheol-
ogy treated the crust as a homogenous medium, in which the
seismic–aseismic transition occurred at 350 1C everywhere (Chen
and Molnar, 1983). More recently, the importance of trace
amounts of water within crystal lattices has been recognised as
affecting the depth of the seismic–aseismic transition in crustal
materials. This realisation has led to a revised view of seismicity
in the crust, in which the seismic–aseismic transition is thought
to be at � 350 1C in hydrous rocks, and up to � 600 1C in
anhydrous rocks (Jackson et al., 2008). The proposed � 600 1C
temperature limit in anhydrous continental crust is similar to
current estimates for the temperature cut-off of earthquakes in
the oceanic mantle (McKenzie et al., 2005). However, debate
continues about the existence and significance of continental
mantle seismicity, and the relation between the seismic–aseismic
All rights reserved.

.ac.uk (T.J. Craig).
transition and the distribution of lithospheric strength (Chen
and Yang, 2004; Monsalve et al., 2006; Priestley et al., 2008;
Burov, 2010).

In slowly deforming areas, the thermal structure is close to
steady-state, and easily comparable to the distribution of earth-
quakes (e.g., Sloan et al., 2011). However, in these relatively
undeforming regions it is difficult to probe the rheology of the
lithosphere, which requires knowledge of the distribution of
strain-rates. We therefore focus on the Tibetan Plateau, which is
rapidly deforming, and is far from thermal steady state. The
purpose of this paper is to show that the distribution of earth-
quakes beneath the Tibetan Plateau can be linked, through simple
calculations, to the evolution of temperature and rheology within
the India–Asia collision zone, and hence integrated into our
understanding of continental rheology and dynamics.

We first present new results for earthquake depths across the
Tibetan plateau. We then describe the results of thermal models
that can provide insights into this observed earthquake distribu-
tion, and how it relates to the rheological structure of the India–
Asia collision zone. Finally, we discuss the implications of our
results for the tectonics of Central Asia, north of the Tibetan
Plateau.
2. Earthquake locations

By using array-stacking techniques and coherency analyses
(Heyburn and Bowers, 2008) for small-aperture seismic arrays at
teleseismic distances (30–901), we have observed and identified
the direct arrival (P) and subsequent depth phases (pP, sP) for
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smaller earthquakes in the region of the Tibetan Plateau than
have previously been analysed using teleseismic data.

For seven arrays in North America, Europe and Australia, the
expected back-azimuth and slowness for a given event were
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array were then timeshifted, based on the assumption that the
wavefront travels as a plane-wave across the array at a uniform
velocity (slowness) and from a single direction (back-azimuth),
and linearly stacked. Data were also bandpassed in an attempt to
isolate the signal of the earthquake and remove unrelated noise.
To assist in the correct identification of seismic phases, we used
the coherency analyses of Heyburn and Bowers (2008), calculat-
ing the F-statistic (defined as the power of the beam divided
by the average of the power of the difference between the beam
and the single-station seismograms from within the array).
An example, for a MW 4:7 earthquake beneath northwestern Tibet,
is shown in Fig. 1.

To confirm that the identified arrivals are from a seismic event
at the expected point of origin, we performed a sweep through
azimuth and slowness ranges, and discarded phases where the
peak in both radiated energy and in coherence occurred at a
significantly different origin point from that expected based on
the catalogue location. Given the small array aperture required
to resolve the relatively high frequency content of such small
earthquakes, the spatial resolution is typically quite poor, parti-
cularly in slowness (see Fig. 1f–i). Whilst consideration of the
signal coherence improves on the resolution of the simple linear
stack (Fig. 1g,i), discrimination between origin points separated
by o151 or o1:5�2 1=s is rarely possible. However, we were able
to confirm that the signals we analysed were generated by the
events we have selected in the region of the Tibetan Plateau, and
were not from events elsewhere in the world at similar times.

Once multiple depth phases had been identified, forward
modeling of the waveforms was then used to constrain the focal
depths. We used velocity structures based on the S-wave velocity
models of Acton et al. (2010) for the India–Asia region, with
P-wavespeeds calculated using Vp/Vs ratios based on those deter-
mined by Monsalve et al. (2008) for a transect across the Hima-
layas from peninsular India into Tibet. Outside the Tibetan Plateau,
we used Vp/Vs¼1.74. Within the Plateau, we use Vp/Vs¼1.65 at
o40 km depth, and Vp/Vs¼1.74 at 440 km depth. Synthetic
seismograms were calculated using the WKBJ algorithm (Chapman
et al., 1988), assuming the CMT mechanism if available, or one
consistent with the relative amplitudes of the observed phases.
This technique yielded a total of 69 new earthquake depths
(Table S1). Uncertainties arose principally from the accuracy in
phase identification, and the accuracy of the velocity model. For
phase identification, which is non-systematic, we estimate this
uncertainty to be 73 km, based on the ability to pick phase
arrivals to within half the typical duration of the pulse width.
Errors from the velocity model will be systematic to the dataset,
and depth dependent. Based on a 10% perturbation in the velocities
used, we estimate these to range from 71 km at shallow depths,
to 79 km at � 100 km, leading to an overall error estimate
between 74 km at shallow depth and 712 km at around 100 km.

In addition, 25 other new larger-magnitude earthquakes
(MW Z5:5) were modelled using the body-waveform inversion
techniques described in detail in Sloan et al. (2011) (Table S2).
This method inverts P and SH waveform shape and amplitude for
the depth, mechanism and magnitude of larger earthquakes.
Numerous previous studies have also determined accurate earth-
quake depths within the India–Asia collision zone, which are
plotted along with our results in Fig. 2. The studies from which
these earthquakes were taken are detailed in the supplementary
material. Our new well-located earthquakes provide insights into
the seismicity of the Tibetan Plateau. Previously described iso-
lated deep earthquakes (e.g., Chen and Yang, 2004; Priestley et al.,
2008) can now be seen to form part of seismogenic layers conti-
nuous in the direction of the overall convergence in the deep
interior of the range, and the numbers of events observed make
the distribution patterns robust.
While earthquakes at shallow (o20 km) depths are observed
across the whole of Tibet and the surrounding active regions,
earthquakes deeper than 40 km are observed only in restricted
areas. Earthquakes up to 300 km deep are observed in the Hindu
Kush Deep Seismic Zone and the Burmese Arc (enclosed by
dashed black lines, Fig. 2a), and occur in recognisable steeply
inclined slab-like zones, which are not considered further here.
Deep earthquakes outside these areas in Fig. 2a occur only within
the Tibetan Plateau, and are restricted to patches in NW Tibet
(73–78 1E) and the eastern Himalayas (85–93 1E). A similar
picture of the earthquake depth distribution for restricted areas
emerges from sparse local seismic surveys (e.g., Langin et al.,
2003; Monsalve et al., 2006; Liang et al., 2008).

Significant effort was put into investigating possible deep
earthquakes between the two observed patches, beneath south-
central Tibet (region A in Fig. 2a). Routine catalogues (e.g., NEIC,
EHB) report earthquakes in this region at depths exceeding the
20 km typically seen in Tibet, but lack the accuracy in depth
required for our purposes. However, despite analysing all reported
earthquakes at depths 420 km, with MW 44:5, since 2005, all
events in this region either occurred at shallow depth, or failed to
yield a depth that was robust and reliable. We are therefore unable
to confirm the presence of any deep seismicity in this region.

Fig. 2d shows earthquake depths within India and the Tibetan
Plateau as a function of distance from the Himalayan front (solid
black line, Fig 2a.), projected along the India–Asia convergence
vector. Although care must be taken when interpreting events
significantly off the line of projection, some clear patterns emerge.
Peninsular India has earthquakes throughout the thickness of the
crust, as is most visible around the Shillong Plateau and the 2001
Bhuj earthquake (S and B in Fig. 2a), and a small number of
earthquakes extend to depths of 4875 km, potentially into the
top of the upper mantle. Beneath the Himalayas, earthquakes also
occur throughout the crust and possibly into the uppermost 10–
15 km of the mantle (Monsalve et al., 2006). Beneath Tibet, beyond
� 200 km north of the Himalayan front, the earthquake distribu-
tion is more complex. Shallow earthquakes occur across the whole
plateau at depths o20 km, and beneath this the mid-crust is
generally aseismic (with the exception of two small events labeled
K in Fig. 2d, in northwest Tibet, discussed later). Beneath Tibet,
deep earthquakes are also present in a 10–30 km thick band close
to the Moho, but only in the two patches described above, which
are within � 500 km of the Himalayan front.
3. Temperature structure

We now consider how the thermal structure in the region relates
to the earthquake distribution. Evidence from surface-wave tomo-
graphy and from mantle xenoliths indicates that the lithosphere
under peninsular India is � 150�200 km thick, and that the upper-
most � 10 km of the mantle is likely to be colder than 600 1C
(Priestley et al., 2008). The distribution of earthquakes in India is
therefore easily explained, provided the lower crust is largely
anhydrous and thereby capable of producing earthquakes at tem-
peratures up to approximately 600 1C (Mackwell, 1998; Jackson
et al., 2008).

Previous thermal models for the India–Asia collision have pre-
dominantly focused on the fine-scale thermal structure of the
Himalayas, to analyse thermochronological and thermobarometric
data (e.g., Bollinger et al., 2006; Herman et al., 2010). However, these
models have not focused on the deeper thermal structure in the
lower crust and uppermost mantle beneath Tibet, as is required to
investigate the relationship between temperature and the deep
earthquakes beneath the plateau. Although Priestley et al. (2008)
conducted a one-dimensional diffusion calculation for the Indian



Fig. 2. Seismicity and deformation across the India–Asia collision. (a) Map of earthquakes with accurately constrained depths, from this study (Tables S1 and S2) and

others (see supplementary material). Depths are indicated by colour, and earthquakes deeper than 20 km are scaled by magnitude. Black arrow indicates the India–Asia

convergence vector. The dashed blue line (A) outlines the area in central southern Tibet where there is no deep seismicity. B: 2001 Bhuj earthquake. S: Shillong Plateau. K:

mid-crustal earthquakes beneath NW Tibet (Huang et al., 2011). (b) Normal (purple) and strike-slip (green) focal mechanisms across the Tibetan Plateau from the GCMT

catalogue (depth r40 km, MW Z5:5, only well constrained mechanisms with a % double couple Z70%). Y indicates the 2008 Yutian earthquake. (c) GPS velocities in

southern Tibet, relative to India (Banerjee et al., 2008). (d) Earthquake cross section, with earthquakes within the white box in (a) reprojected as a function of distance from

the Himalayan front, along the India–Asia convergence vector. Earthquakes in the Hindu Kush Deep Seismic Zone and the Burmese Arc (dashed black lines in (a)) are

excluded. The green band encompasses published receiver function estimates for the Moho from within the white box in (a) (green triangles; see supplementary material).

(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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plate, the importance of thermal advection in Tibet requires a more
complex model. We have therefore constructed our own thermal
model to investigate how the temperature structure relates to the
pattern of earthquakes beneath Tibet.

We model the plateau in two dimensions using the finite-
difference method, taking into account horizontal and vertical
diffusion of heat, the horizontal and vertical advection of material
associated with the relative motion between India and Tibet, and
radiogenic heat production. Conductivities, heat capacities and
densities are determined as a function of temperature using the
expressions given in McKenzie et al. (2005) and Nabelek et al.
(2010). Several parameters in such thermal models are poorly
constrained, particularly the rates of radiogenic heating at depth
and the model kinematics. However, by making reasonable
assumptions based on available observations and insights from
previous models (e.g. Henry et al., 1997; Bollinger et al., 2006;
Herman et al., 2010), we can estimate the major characteristics of
the thermal structure beneath Tibet (Figs. 3 and S1).

The geometry and kinematics of our model are summarised in
Fig. 3a. India, in initial thermal steady state, starts horizontal
across the model. The orogenic front marking the leading edge of
Tibetan crust starts at the north end of the model, and moves
gradually southwards through time, overriding the Indian crust
and mantle. The overthrusting material has a thickness of 45 km,
which tapers over a distance of 200 km to zero at the leading
edge. The frame of reference is fixed to India. Models are run for
50 Myrs (the approximate age of the collision). Velocities in our
model are constant through time, and imposed based on values
consistent with high-end estimates for late Cenozoic deformation
(convergence at 22 mm yr�1, with 4 mm yr�1 of overthrusting;
Henry et al., 1997; Lavé and Avouac, 2000).

We model a scenario in which India is underthrust beneath Tibet
in a ramp-and-flat geometry, reflecting a combination of the south-
wards-relative flow of Tibetan material over India, and the north-
wards-relative underthrusting of India. Previous studies have focused
on the effect of accretion of Indian material onto the southern edge of
Tibet by transmission across the plate interface, determining rela-
tively low accretion rates (� 60 km2 Myr�1; Bollinger et al., 2006).
We have therefore included in our model 5 km of accretion from the
top of the Indian crust into the Himalayas as our preferred model
(Fig. 3a). Changing the degree of accretion to be zero or double the
amount shown in Fig. 3 has little effect on the part of our model
where the deep earthquakes are detected. Tests to demonstrate the
effects of varying the accretion are shown in Fig. S2.

For India, we use an initial steady-state geotherm, based on a
crustal thickness of 40 km (see Fig. 2d) and a lithospheric thickness
of 175 km, constrained by xenolith data from southern India and
surface-wave derived estimates of temperatures (Priestley et al.,
2008). The surface is maintained at 0 1C, and the base of the
lithosphere is maintained at a mantle potential temperature of



Fig. 3. Thermal modeling of India underthrusting Tibet. (a) Structure of the two-dimensional thermal model. (b) Calculated temperatures for the top section of our

preferred model, presented in full in supplementary material. Contours are at 50 1C intervals. Green lines represent boundaries between Tibetan crust, Indian crust, and

mantle. (c) Temperature (blue) and viscosity (brown) estimates for the Indian crust (grey region, (a)). For both temperature and viscosity, the thick dark line indicates the

average, with the lighter shaded area indicating the range. Viscosities are calculated using a dry anorthite flow-law (Rybacki and Dresen, 2000) at a strain rate of

3�10�9 yr�1 and using a grain size of 1 mm. Deep earthquakes are shown as a function of distance from the front, coloured as in Fig. 2. The blue arrow indicates the

distance at which temperatures fall below those expected to cut of seismicity. The brown arrow indicates the distance at which viscosities fall below the criterion required

to explain surface extension. The southern extent of the topographic low of the Tarim basin is indicated by the black arrow. (For interpretation of the references to color in

this figure caption, the reader is referred to the web version of this article.)
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1315 1C. Observed surface heat-flow measurements across northern
India have average values in the range 45–70 mW m�2 (after Roy
and Rao, 2000), which constrains the total crustal heat production
and mantle heat flux. The input model used here has a surface
heat flux of 61 mW m�2. For radiogenic heating, we use two
crustal layers in India, with values of 2:0 mW m�3 (upper crust)
and 0:4 mW m�3 (lower crust), consistent with a slightly enriched
gneissic upper crust (Roy and Rao, 2003) overlying a depleted
granulitic lower crust (Jaupart and Mareschal, 1999; Roy and Rao,
2003), with an interface at 20 km.

The upper (Tibetan) crustal material input into the model at
the northern edge has the northern Tibet geotherm derived from
crustal xenoliths (Hacker et al., 2000). For Tibetan material, we do
not have accurate constraints on the distribution of radiogenic
heat production with depth. Surface measurements of heat
production from the Himalayas are usually high (41 mW m�3),
but the source of such values is complicated by the inclusion of
Indian derived material into the wedge. The origin of material
sourced from the northern side of the collision is complex,
comprising a series of accreted terranes and island arcs, and the
distribution of radiogenic heat production is unlikely to be as
uniform as in ancient continental crust. Given the lack of precise
constraint, we assume a single average value for all Tibetan
material, in this case taken to be 1:5 mW m�3. Tests varying this
value indicate that it predominantly affects the temperature
evolution in Tibetan material and at the top of the underthrust
Indian crust, and hence the initial point of inversion in the vertical
temperature gradients (Fig. 3b), whilst its influence on the
temperatures near the Indian Moho, which is the focus of this
study, is minor when compared to other factors.

In our model (Figs. 3b,c and S1), as India is underthrust
beneath southern Tibet, it heats up because of the emplacement
of hot and radiogenic heat-producing Tibetan crust above it. The
Indian lower crust heats up slowly during underthrusting, and the
calculations show that by � 20 Myrs it is the coolest part of the
Indian crust, indicating why the lower crust remains seismic,
whilst the mid-crust above it is aseismic within Tibet. Our models
show that the 600 1C isotherm in the Indian lower crust can
extend horizontally for � 450�500 km beneath the Tibetan
Plateau. Changing the model parameters, particularly advective
velocities, within reasonable ranges can move the extent of the
600 1C isotherm by up to � 150 km, but the essential shape of the
isotherms remains similar. Variations in accretion rates and the
radiogenic heating in Tibet influence the distance to the initial
point of inversion of the vertical thermal gradient, but have a
lesser effect on the on the deeper structure within the plate (see
Fig. S2). The model shown in Figs. 3 and S1 demonstrates that,
with reasonable assumptions for poorly constrained parameters,
the observed seismicity is consistent with an understanding of
continental rheology in which seismicity can persist to � 600 1C
in anhydrous lower crust or in mantle material (Jackson et al.,
2008). Deep earthquakes beneath Tibet are thus reasonably
explained by the cold Indian lowermost crust and uppermost
mantle, displaced downwards by underthrusting beneath Tibet,
heating up slowly enough to remain seismogenic long after the
overlying material has been heated beyond the seismic–aseismic
transition.
4. Relationship to surface tectonics

The style of active tectonics at the surface of Tibet is likely to
be governed by the rheology of India at depth (Copley et al.,
2011). Earthquake focal mechanisms at shallow depth within the
plateau (Fig. 2b) show a clear division between southern Tibet,
where the dominant faulting is east-west extension on north-
south striking normal faults, and northern Tibet, where con-
jugate strike-slip faulting accommodates north-south shortening
and east-west extension. There are some exceptions to this
pattern, but these are likely to be the result of local kinematic
effects, such as the Yutian normal fault system, labelled Y in
Fig. 2b, which is linked to the change in strike of the Altyn–Tagh
strike-slip fault (Furuya and Yasuda, 2011). The same pattern
can be seen in GPS data (Fig. 2c; Gan et al., 2007; Banerjee et al.,
2008), which is interpreted in southern Tibet to show east-west
extension and transient elastic strain accumulation around the
Himalayan thrust faults, and in northern Tibet to show perma-
nent north-south shortening and east-west extension. The tran-
sition between the two tectonic regimes occurs 6007100 km
north of the Himalayan front, slightly beyond the northernmost
deep earthquakes.

Dynamic models suggest that the presence of pure east-west
extension in southern Tibet indicates that the surface is mechani-
cally coupled to the underthrust Indian lithosphere, which must
have a high enough viscosity (Z5� 1023 Pa s) to act as a rigid
base to the flow of the overlying crust (Copley et al., 2011). Using
our thermal model and experimentally derived mineral flow-
laws, we can estimate the viscosity of the Indian crust beneath
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Tibet. Fig. 3c shows estimated viscosities in the underthrust
Indian lower crust, calculated using a dry anorthite flow-law
(Rybacki and Dresen, 2000), a grainsize of 1 mm, and a strain-rate
of 3�10�9 yr�1 (an order of magnitude less than the observed
strain-rate at the surface). With this dry anorthite flow-law, our
calculated viscosities fall below 5�1023 Pa s slightly (� 100 km)
north of the limit of deep earthquakes, in agreement with the
transition between tectonic regimes at the surface (Fig. 3c). Other
flow-laws would obviously produce different results. However,
we can conclude that our thermal model is consistent with the
observed tectonics of Tibet if the Indian lower crust is anhydrous
and contains significant plagioclase, in line with previous sugges-
tions of an anhydrous granulite rheology (Cattin et al., 2001;
Priestley et al., 2008), and with our conclusions regarding the
thermal control on the deep seismicity.

Our proposed rheological model, in which a rigid, strong India
persists to significant distances beneath the plateau, is consistent
with measured seismic anistropy beneath Tibet. The significant
anisotropy observed in north and northeastern Tibet contrasts with
the isotropic or weakly anisotropic fabric of peninsular India and
southern and western Tibet (Zhao et al., 2010). This transition may
reflect where the underlying Indian material becomes hot and weak
enough to deform significantly, and develop an anisotropic fabric.
5. Central southern Tibet

A striking feature of Fig. 2a is the lack of earthquakes deeper
than 20 km beneath central-southern Tibet (region A). Both
A - Laterally continuous India

C - Model Geometry

Fig. 4. Dynamic models relating surface deformation to lower crustal rheology. (a) The

entire southern half of the plateau (south of the southernmost dashed line; see (c) for

strain-rate tensor, with isolated blue bars representing horizontal extension, isolated red

equivalent to strike-slip deformation. Note the pure east-west extension in the souther

crust corresponding to region A in Fig. 2a has been weakened relative to the other un

dashed line. Note the combination of east-west extension and north-south shortening i

rigid, with imposed velocities. The lighter region deforms by viscous flow in response to

(For interpretation of the references to color in this figure caption, the reader is referr
surface- and body-wave tomography indicate that all of southern
Tibet is underlain by high velocity Indian material, with no
resolvable along-strike variation (Priestley et al., 2008; Li et al.,
2008; Hung et al., 2011). One possible explanation for the lack of
deep earthquakes might be that the Indian crust in this region is
too hot to deform in earthquakes (for example, due to higher
radiogenic heating). However, allowing the parameters in our
thermal models to vary within reasonable ranges only moves the
isotherms (and hence the expected extent of seismicity) south-
wards, and cannot heat the entire Indian lower crust in this region
to temperatures above 600 1C. Similarly, influences on the ther-
mal structure from deeper in the mantle would again simply push
the cutoff of seismicity southwards, and would not be expected to
heat the entire region above the seismogenic limit.

Alternatively, the absence of deep seismicity in region A might be
related to a lower crust of different composition (e.g. more hydrated
or quartz-rich), deforming by ductile flow rather than failure in
earthquakes. However, we can use numerical experiments to
suggest that a lateral variation in mineral composition, and hence
strength, would be mirrored by a change in the surface tectonics.

Fig. 4a shows the results of a calculation by Copley et al. (2011),
who constructed a model of the deformation of a plateau subjected
to compression between bounding plates and gravity-driven flow.
They suggested that for pure east-west extension to occur in
southern Tibet, rigid Indian lower crust must underlie the entire
southern half of the plateau. To directly investigate if an along-
strike variation in lower crustal rheology would be revealed in the
surface tectonics, we have performed additional calculations to test
if the aseismic region in central southern Tibet could have a
B - Weak India in south-central Tibet

calculation shown in Copley et al. (2011), in which rigid lower crust underlies the

model geometry). The coloured bars represent the principal axes of the horizontal

bars representing horizontal compression, and coupled red and blue crosses being

n plateau (inset). (b) Calculation identical to (a), except that the part of the lower

derthrust material. Again, the lower crust is only rigid south of the southernmost

n the southern plateau (inset). (c) Cartoon of the model geometry. Dark regions are

the applied India–Tarim convergence, and gravitational potential energy contrasts.

ed to the web version of this article.)
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different rheology to the seismogenic material to the east and west,
and yet still produce a pattern of surface deformation consistent
with the observations. The results of such a calculation are shown
in Fig. 4b, in which the lower crust in the part of the model
corresponding to region A has been weakened relative to the rest of
the underthrusting lower crust. In this situation, the predicted
surface tectonics in the southern part of the model plateau is a mix
of east-west extension and north-south compression, at odds with
the observed faulting in southern Tibet (Fig. 2b,c and Section 4).
Given the dominance of normal faulting across southern Tibet, it
therefore appears that the aseismic region A is not likely to be
significantly weaker than the seismically active parts of under-
thrusting India to the east and west.

We therefore conclude that the reason for the rarity of deep
earthquakes, and for their absence in south-central Tibet during our
observation period, is likely to be that the Indian lower crust is too
strong to break in response to the forces being exerted on it, or that
the strain rates are so low that earthquake repeat times are
extremely long. In this context, it is regions where earthquakes
have been observed that may be anomalous, possibly due to a
spatially limited influx of fluids (Lund et al., 2004), or local structural
heterogeneities or triggering (analogous, perhaps, to the uneven
concentrations of events within peninsular India around the Shillong
Plateau and in the vicinity of the Bhuj earthquake).
6. Implications for regional tectonics

Our results have implications for the kinematics of deforma-
tion in central Asia. In northwest Tibet, seismogenic Indian litho-
sphere underthrusts far enough north to be in contact with the
lithosphere of the western Tarim Basin, which is in turn under-
thrust beneath the northern edge of Tibet, and whose limit is
observed as a sharp step in the Moho (Fig. 2d; Wittlinger et al.,
2004). Collision between the rigid Indian and Tarim lithospheres
at depth beneath the northwestern Tibetan Plateau will impart a
northwards push to the western end of the Tarim Basin. In doing
so, it will provide a force to drive the observed clockwise rotation
of the Tarim Basin relative to stable Eurasia and the westwards-
increasing convergence taken up across the Tien Shan (Chen et al.,
1991; Avouac et al., 1993; Zubovich et al., 2010). The unusually
large number of earthquakes at 80–100 km beneath NW Tibet,
Fig. 5. Schematic sketch of the tectonics and structure of the India–Asia collision zo

represent velocities with respect to peninsular India. Grey double arrows within Tibet

transition. Blue lines indicate the extent of the rigid behaviour of India at depth (solid)

Eurasia, and westwards increasing compression across the Tien Shan, may be driven by t

northwest Tibet. (For interpretation of the references to color in this figure caption, th
accompanied by some minor earthquakes at mid-crustal levels
(Huang et al., 2011; labelled K in Fig. 2a,d), may then be explained
by stress concentrations and high strain-rates near the India–
Tarim contact, combined with the cooling effect on the overlying
crust resulting from the proximity of both cold Tarim and cold
Indian lithospheres.

The timing of events within the India–Asia collision remains, to
some extent, controversial. However, simple calculations based on
the rates of plate convergence between India and Asia (Copley et al.,
2010), paleomagnetic estimates for the shortening accommodated
within the Tibetan Plateau itself (Tan et al., 2010; Sun et al., 2012),
and the present-day separation of the Tarim basin from the
Himalayan Front, indicate that the collision at depth between the
Indian and Tarim lithospheres is expected to have occurred some-
time in the range 20–40 Ma (see Fig. S3). Notably, this timing
coincides with the initiation of compression north of the Tarim
basin in the Tien Shan (30–25 Ma; Glorie et al., 2011) and the Altai
(25–20 Ma; Yuan et al., 2006), and the start of significant sedimen-
tation in the Tarim and Junggar basins (Miocene onwards; Métivier
and Gaudemer, 1997). We are not able to state definitively if this
agreement in timing is causative rather than coincidence, but we
can conclude that the dates of initiation of mountain building in
central Asia are consistent with our suggestions regarding the
forces exerted upon Tarim by India.

The present-day convergence between western India and Asia
is accommodated by a combination of shortening between India
and Tarim, and convergence distributed across the Tien Shan and
further north. The different surface velocities measured by GPS in
India and Tarim indicate that the two cannot be completely
mechanically coupled where they meet at depth beneath NW
Tibet. However, it is likely that the high strain-rates associated
with their contact will permit the transmission of large compres-
sive stresses between them. Some of the convergence between
India and Tarim is likely to be occurring by the loss of material
from the leading end of India, as it heats up and is expelled out of
the collision between the two otherwise rigid bodies.
7. Conclusion

In conclusion, our view of the seismicity, rheology and tectonics
of Tibet is summarised in Fig. 5. The underthrusting beneath Tibet
ne. Black arrows indicate velocities with respect to stable Eurasia. Grey arrows

are indicative of the local strain field. The red line indicates the seismic-aseismic

and its projection to the surface (dashed). Rotation of the Tarim basin relative to

he collision between the rigid extent of India and the Tarim basin at depth beneath
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of cold, rigid and seismogenic Indian lower crust, which heats up
slowly as it is overridden by hot Tibetan material, results in
seismicity extending beneath the plateau at the base of the Indian
crust and possibly the top of the Indian mantle. This cold Indian
material retains a sufficiently high viscosity to act as a rigid base to
the flowing Tibetan crust, resulting in east-west extension at the
surface in southern Tibet. The collision beneath northwestern Tibet
of rigid Indian lower crust with Tarim may drive the rotation of
Tarim with respect to Asia, and contribute to the westwards-
increasing shortening taken up by the Tien Shan.
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Foster, D., Pêcher, A., Stüwe, K., Henry, P., 2010. Exhumation, crustal deforma-
tion, and thermal structure of the Nepal Himalaya derived from the inversion
of thermochronological and thermobarometric data and modeling of the
topography. J. Geophys. Res. 115 , http://dx.doi.org/10.1029/2008JB006126.

Heyburn, R., Bowers, D., 2008. Earthquake depth estimation using the F trace and
associated probability. Bull. Seismolog. Soc. Am. 98, 18–35, http://dx.doi.org/
10.1785/0120070008.

Huang, G.-C.D., Roecker, S.W., Levin, V., 2011. Lower-crustal earthquakes in
the West Kunlun range. Geophys. Res. Lett. 38 , http://dx.doi.org/10.1029/
2010GL045893.

Hung, S.-H., Chen, W.-P., Chiao, L.-Y., 2011. A data-adaptive, multiscale approach of
finite-frequency, traveltime tomography with special reference to P and S
wave data from central Tibet. J. Geophys. Res. 116 , http://dx.doi.org/10.1029/
2010JB008190.

Jackson, J., McKenzie, D., Priestley, K., Emmerson, B., 2008. New views on
the structure and rheology of the lithosphere. J. Geolog. Soc., London 165,
453–465, http://dx.doi.org/10.1144/0016-76492007-109.

Jaupart, C., Mareschal, J.C., 1999. The thermal structure and thickness of con-
tinental roots. Lithos 48, 93–114.

Kennett, B.L.N., Engdahl, E.R., Buland, R., 1995. Constraints on seismic velocities in
the Earth from travel times. Geophys. J. Int. 122, 108–124.

Langin, W.R., Brown, L.D., Sandvol, E.A., 2003. Seismicity of Central Tibet
from Project INDEPTH III seismic recordings. Bull. Seismoglog. Soc. Am. 93,
2146–2159.
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