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S U M M A R Y
Geophysical and geological data suggest that Tibetan middle crust is a partially molten,
mechanically weak layer, but it is debated whether this low-viscosity layer is present beneath
the entire plateau, what its properties are, how it deforms, and what role it has played in the
plateau’s evolution. Broad-band seismic surface waves yield resolution in the entire depth range
of the Tibetan crust and can be used to constrain its shear-wave velocity structure (indicative
of crustal composition, temperature and partial melting) and radial anisotropy (indicative of
the patterns of deformation). We measured Love- and Rayleigh-wave phase-velocity curves in
broad period ranges (up to 7–200 s) for a few tens of pairs and groups of stations across Tibet,
combining, in each case, hundreds of interstation measurements, made with cross-correlation
and waveform-inversion methods. Shear-velocity profiles were then determined by extensive
series of non-linear inversions of the data, designed to constrain the depth-dependent ranges
of isotropic-average shear speeds and radial anisotropy. Shear wave speeds within the Tibetan
middle crust are anomalously low and, also, show strong lateral variations across the plateau.
The lowest mid-crustal shear speeds are found in the north and west of the plateau (∼3.1–
3.2 km s−1), within a pronounced low-velocity zone. In southeastern Tibet, crustal shear wave
speeds increase gradually towards southeast, whereas in the north, the change across the
Kunlun Fault is relatively sharp. The lateral variations of shear speeds within the crust are
indicative of those in temperature. A mid-crustal temperature of 800 ◦C, reported previously,
can account for the low shear velocities across Lhasa. In the north, the temperature is higher
and exceeds the solidus, resulting in partial melting that we estimate at 3–6 per cent. Strong
radial anisotropy is required by the data in western-central Tibet (>5 per cent) but not in
northeastern Tibet. The amplitude of radial anisotropy in the crust does not correlate with
isotropic-average shear speed (and, by inference, with crustal rock viscosity) or with surface
elevation. Instead, radial anisotropy is related to the deformation pattern and is the strongest in
regions experiencing extension (crustal flattening), as noted previously. The growth of Tibet by
the addition of Indian crustal rocks into its crust from the south is reflected in the higher crustal
seismic velocities (and, thus, lower temperatures) in the southern compared to northern parts
of the plateau (more recently added rocks having had less time to undergo radioactive heating
within the thickened Tibetan crust). Gravity-driven flattening—the basic cause of extension
and normal faulting in the southern, western and central Tibet—is evidenced by pervasive
radial anisotropy in the middle crust beneath the regions undergoing extension; the overall
eastward flow of the crust is directed by the boundaries and motions of the lithospheric blocks
that surround Tibet.
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1 I N T RO D U C T I O N

Tibet is the world’s largest and highest plateau, rising between
the northward-moving India to the south and the relatively stable

∗ Now at: Dipartiment tal-Fiżika, Fakultà tax-Xjenza, L-Università ta’ Malta,
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Eurasia to the north (e.g. Molnar & Tapponnier 1975; Fielding et al.
1994; Hatzfeld & Molnar 2010). Regional-scale variations in the
style of deformation across the plateau (from normal faulting in
its central part to strike-slip and thrust faulting towards the periph-
ery) indicate heterogeneity in deformation processes within it (e.g.
Armijo et al. 1986; Yin & Harrison 2000; Taylor & Yin 2009; Elliott
et al. 2010). The relatively smooth topography (Fig. 1), however,
can be interpreted as evidence for relatively homogeneous rheology
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Figure 1. Seismic stations used in the surface wave measurements. Different symbols correspond to different networks deployed across the Tibetan Plateau.
Black lines indicate sutures and faults: YZS (Yarlung-Zangbo Suture), BNS (Bangong-Nujiang Suture), JRS (Jinsha River Suture), KF (Kunlun Fault) and ATF
(Altyn Tagh Fault), which divide Tibet into major terranes. White shade highlights high elevation. Inset, top right: location of the map region within Asia.

of the deep crust (e.g. Bird 1991; Clark & Royden 2000; Royden
et al. 2008).

Geophysical and geological observations suggest that the middle
crust beneath at least parts of Tibet is partially molten and, thus,
mechanically weak (e.g. Nelson et al. 1996; Wang et al. 2012b).
Whether a low-viscosity layer is present beneath the entire plateau
or only its portions is debated, as are the causes for and character-
istics of this layer (e.g. Klemperer 2006; Rippe & Unsworth 2010;
Searle et al. 2011). Seismic-velocity models reveal strong lateral
variations in the properties of the middle crust across the plateau
(e.g. Yang et al. 2012), with radial anisotropy indicating different
internal deformation patterns beneath its different parts (Shapiro
et al. 2004). The relationships between the crustal structure and
thickness, its temperature, composition, surface elevation and de-
formation must be understood in order for the dynamics of Tibetan
crust to be determined. The continuous northward push of India and
the on-going addition of new, India-derived material to the Tibetan
crust play a key role in the dynamics and evolution of the plateau
(e.g. Replumaz et al. 2010). Yet, how the addition of new crust is
accommodated within Tibet is still debated (e.g. Kapp & Guynn
2004; Royden et al. 2008).

Seismic-wave velocities are commonly used to infer the temper-
ature and composition of the rocks at depth (e.g. Christensen 1996;
Kern et al. 2001; Mechie et al. 2004; Caldwell et al. 2009; Fullea
et al. 2012; Yang et al. 2012). Estimates of the melt fraction and
viscosity can also be derived (e.g. Watanabe 1993; Rosenberg &
Handy 2005; Caldwell et al. 2009). An intracrustal low velocity
zone (LVZ; defined here as a layer with shear velocity lower than
that in the layers above and below) has been detected in Tibet us-
ing intermediate- and short-period surface wave data, inverted for
1-D crustal models (e.g. Chun & Yoshii 1977; Romanowicz 1982;
Kind et al. 1996; Cotte et al. 1999; Rapine et al. 2003) and regional
tomographic maps (e.g. Guo et al. 2009; Yang et al. 2012; Karplus
et al. 2013; Li et al. 2013, 2014). The LVZ and the low resistivity
zone at the same depth detected in magnetotelluric (MT) studies
(e.g. Chen et al. 1996; Wei et al. 2001; Arora et al. 2007) have

been interpreted as evidence for the existence of the weak, partially
molten layer within Tibetan mid-lower crust, prone to viscous flow
(Nelson et al. 1996). Uncertainty remains, however, over how rep-
resentative the various seismic and MT models are for the whole of
Tibet, and to what extent they may be affected by anisotropy.

Tibet’s crust is characterized by strong seismic anisotropy, both
radial (Shapiro et al. 2004; Xie et al. 2013) and azimuthal (Huang
et al. 2004; Su et al. 2008). Most published shear-speed models
have been computed from Rayleigh-wave dispersion and, thus, rep-
resent vertically polarized shear waves only (VSV). Hence, it is often
uncertain whether the reported shear velocity decrease within the
Tibetan mid-lower crust indicates a decrease in the isotropic-average
seismic velocity—which depends on composition, temperature and
the fraction of partial melt (if any) and which can be related to
viscosity—or whether, instead, the low VSV velocities are a result
of strong radial anisotropy, reflecting alignment of anisotropic min-
erals by finite strain. Low S velocities due to high temperature and
partial melting would decrease both VSV and VSH (horizontally po-
larized shear-wave speed), whereas radial anisotropy would result
in divergence of the VSV and VSH values (e.g. Fullea et al. 2012).

Some of the published radially anisotropic S-velocity models,
constrained by Love- and Rayleigh-wave data, do not display a LVZ
for either VSV or VSH (Shapiro et al. 2004; Xie et al. 2013). 1-D
models by Duret et al. (2010), averaging over long paths across
much of Tibet, show only a small decrease in VSV and an increase in
VSH from the upper-middle to the lower-middle crust. In contrast, the
recent tomography of Yang et al. (2012), performed using ambient-
noise, cross-correlation measurements for numerous interstation
paths across Tibet, shows a very pronounced LVZ in VSV, laterally
continuous across large parts of the plateau, and with no obvious
correlation to terrane boundaries within the high plateau. Tighter
constraints on the shear-velocity and radial-anisotropy distributions
within the Tibetan crust are needed to better our understanding of
the structure and dynamics of the orogen.

In this study, we determine robust profiles of shear wave speed
and radial anisotropy beneath different parts of Tibet. Using
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non-linear inversions of new, broad-band (up to 7–200 s) Love and
Rayleigh surface wave phase velocity measurements and consider-
ing ensembles of best-fitting models, we constrain shear-velocity
structure from the upper crust down to the upper mantle. Assuming
laboratory-based geophysical relationships, we then evaluate lat-
eral variations of temperature and partial melt fraction within the
crust. Finally, interpreting these results together with our new mod-
els of radial anisotropy and other available data on the structure and
deformation of the plateau, we examine their implications for the
dynamics of the Tibetan crust.

2 DATA A N D M E A S U R E M E N T S

The advantage of interstation measurements of surface wave phase
velocities over source-station measurements typically used in large-
scale tomography (Priestley et al. 2006; Lebedev & van der Hilst
2008; Schaeffer & Lebedev 2013) is that they can be made in
broader period ranges (Meier et al. 2004; Lebedev et al. 2006;
Agius & Lebedev 2013). Combining short and long period data is
important in order to resolve trade-offs between model parameters
from the upper crust down to the mantle. Furthermore, the use
of local measurements brings the advantage of their simple, clear
relationship to the local Earth structure. The small size of the inverse
problem relating interstation dispersion curves to 1-D shear-velocity
models enables us to constrain ranges of shear velocity and radial
anisotropy beneath different parts of Tibet by means of targeted
series of non-linear inversions.

2.1 Phase-velocity measurements

We measured broad-band, interstation, phase-velocity curves of
Love and Rayleigh surface waves within west-central, central and
eastern Tibet and surrounding regions. The pairs of stations were
selected such that a large number of earthquake recordings suitable
for the measurements were available. In total, 34 station pairs were
selected. The broad-band stations belonged to various temporary
networks [PASSCAL (91/92) (Owens et al. 1993), INDEPTH II
and III (Nelson et al. 1996; Huang et al. 2000), HI-CLIMB
(Nábělek et al. 2005), PASSCAL (Lehigh) (Sol et al. 2007),
PASSCAL (MIT) (Lev et al. 2006)] and the permanent China Digi-
tal Seismic Network (Fig. 1). The seismograms were retrieved from
the Incorporated Research Institutions for Seismology (IRIS) data
centre. Automatic quality control on the data was performed to
check for clipped and incomplete seismograms. The seismograms
were then response-corrected to displacement, and the horizontal
components were rotated to obtain the transverse component.

Surface wave dispersion measurements are made using a combi-
nation of two different, independent techniques: cross-correlation
of seismograms from a pair of stations (Meier et al. 2004) and the
derivation of interstation phase velocities from source-station mea-
surements, performed using automated, multimode waveform fitting
(Lebedev et al. 2005). In the first method, two vertical-component
(for Rayleigh waves) or transverse-component (for Love waves)
seismograms with recordings of the same earthquake at the two
stations of a pair are cross-correlated. The cross-correlation func-
tion is filtered with a frequency-dependent bandpass filter. In order
to enhance the signal-to-noise ratio and to down-weight side lobes
resulting from correlations of the fundamental mode with scattered
waves or higher modes, a frequency-dependent time window is
applied. The fundamental-mode, phase velocity is then calculated
from the phase of the cross-correlation function and the difference

of the distances between the source and each of the stations (Meier
et al. 2004). The strength of this technique is that it can measure
accurate phase velocities at both short (down to ∼5 s) and long
(>200 s) periods.

In the second method, we use the Automated Multimode Inver-
sion (AMI) of surface and S-wave forms (Lebedev et al. 2005)
to simultaneously fit S, multiple S and surface waves, using syn-
thetic seismograms generated by mode summation. From the wave-
form fits of the seismograms recording the same earthquake at the
two stations, we extract the fundamental-mode phase velocities and
then calculate the interstation phase-velocity curves (Lebedev et al.
2006) as (�2 − �1)/(�2/c2 − �1/c1), where �1, �2 and c1, c2 are
the distances and average phase velocities between the source and
each of the two stations. AMI’s key strength, for the purposes of in-
terstation dispersion analysis, is in its ability to determine phase ve-
locities of long-period surface waves even when they interfere with
energetic body waves. For the short and intermediate period surface
waves with sensitivity primarily to the crust (periods below ∼60 s,
in the case of the thick Tibetan crust), we have obtained many more
cross-correlation than waveform-inversion measurements (Fig. 2).
The latter are still important, however, serving as a benchmark for
the former and confirming that they are not biased by the interfer-
ence of the fundamental and higher modes.

We restrict the selection of earthquakes to those approximately on
the same great circle path with the two stations (station-earthquake
backazimuths within less than 10◦ from the station-station azimuth).
We select earthquakes listed in the Centroid Moment Tensor cata-
logue (e.g. Dziewonski et al. 1994), with moment magnitudes larger
than about 4.8, and epicentral distances to the stations from 860 to
16 400 km. In an interactive selection, the smoothest portions of
the fundamental-mode Rayleigh- and Love-wave dispersion curves
are selected. Kinks or roughness in the curves are usually caused
by diffraction of the fundamental mode or its interference with
higher modes or with modes of the other type (Love for Rayleigh or
Rayleigh for Love); rough portions of the curves are not accepted.
Obvious outlier curves, away from the average, are also removed.
We also looked for any systematic differences in phase-velocity
measurements depending on the direction of the wave propagation
between the two stations; these would be indicative of incorrect
station timing or instrument response or a measurement bias due to
diffraction, for waves coming from at least one of the directions. For
the station pairs selected, no direction-dependent biases were de-
tected. Averaging over a large number of one-event measurements,
made using recordings of earthquakes in different source regions,
in different directions from the station pair, results in robust mea-
surements in broad period ranges.

Fig. 2 shows examples of Rayleigh- and Love-wave dispersion
measurements. HI-CLIMB station pairs H0810–H1421 and H1050–
H1350 are on nearly the same great-circle paths (Figs 2b and c) and
thus have almost the same set of earthquakes used in the measure-
ments (Figs 2f and g). Their close proximity also means that the
surface waves sample nearly the same structure, resulting in very
similar dispersion curves (Figs 2j–k and n–o). Note the numerous,
superimposed, mutually consistent measurements from the different
methods and opposite wave-propagation directions (Figs 2r and s).
Many of the phase-velocity measurements include short periods
(<10 s), sampling primarily the shallow, upper-crustal structure.
Between 10 and 40 s periods, phase velocities are very low com-
pared to global averages, due to the very thick crust beneath
Tibet and low shear velocities within it. Between 40 and 60 s,
phase velocities increase rapidly with period, approaching the ref-
erence values computed for the 1-D global reference model AK135
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Figure 2. Phase-velocity measurements for station pairs and for region averages. The two columns in the middle illustrate interstation measurements for
individual station pairs. The columns on the left-hand side and on the right-hand side show examples of region-average phase-velocity measurements, using
all the data from all interstation pairs within the regions. Top row (a–d): the location of the station pairs (red triangles), and the interstation paths (black
lines). Global maps (e–h): earthquakes (dark blue dots) and source-station great circle paths corresponding to Love-wave (brown) and Rayleigh-wave (cyan)
measurements. The measured Love- and Rayleigh-wave dispersion curves are shown in (i–l) and (m–p), respectively. Different colours indicate the method
and the direction each measurement corresponds to. AMI: measurements from the Automated Multimode Inversion technique (Lebedev et al. 2005). x-corr:
measurements from the cross-correlation technique (Meier et al. 2004). Dashed grey curves show the phase velocities computed for the AK135 reference model
(Kennett et al. 1995). Count graphs (q–t) show the total number of measurements at each period for Love and Rayleigh waves (red and blue, respectively);
the lines in different colours show the counts from different methods. The bottom frame shows the resulting average dispersion curves for Love and Rayleigh
waves and their standard deviations (black curves) (u–x); pink lines show the most robust portions of the curves selected to be used for the inversions.
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VS structure and dynamics of Tibetan crust 1399

Figure 3. Phase-velocity curves measured in regions across the Tibetan Plateau. Left-hand panel: map showing inter-station paths within the nine colour-
coded regions. Different symbols indicate stations of different networks, as in Fig. 1. Centre panel: the 9 Love-wave and 9 Rayleigh-wave, region-average,
phase-velocity curves. Right-hand panel: comparison of region-average dispersion curves within the high-elevation part of the plateau (pink shade) and those
from outside the high plateau. Dashed grey lines: dispersion curves computed for the AK135 reference model (Kennett et al. 1995).

(Kennett et al. 1995). For each path, the average phase velocity and
the standard deviation are calculated at each period (Figs 2v and
w). Dispersion-curve differences between the two paths (Figs 2j–k
and n–o) are mostly at periods <20 s, likely due to shallow, upper
crustal heterogeneity.

Although the average dispersion curves derived from our mea-
surements are very smooth, and mostly with small standard de-
viations, there may be undetected biases remaining in the mea-
surements. The sensitivity areas of interstation measurements can
generally extend beyond the station-station corridor (de Vos et al.
2013), and phase velocities can be azimuthally dependent. In this
paper, we base our inferences and conclusions only on robust, per-
sistent patterns that are present in the data measured along multiple
interstation paths. Regarding azimuthal anisotropy in particular, its
amplitude within Tibetan crust, according to a number of recent
surface wave studies (Yao et al. 2010; Yang et al. 2010; Agius &
Lebedev 2014), is a few percent, smaller than the very large vari-
ations in radial anisotropy that we observe between different re-
gions within Tibet. Therefore, even though the amplitude of radial
anisotropy we report may be affected by the neglected azimuthal
anisotropy, the main patterns and inferences we present are not.

2.2 Region-average measurements

Nearby station pairs are often located entirely within the same tec-
tonic units and exhibit similar phase-velocity curves (Figs 2b and
c). Thus, station pairs with similar dispersion curves can be grouped
together, with the measurements combined so as to characterize the
entire region. Figs 2(l) and (p) show the combined Love- and
Rayleigh-wave measurements from the two station pairs in West
Lhasa (Figs 2b and c). Combining dispersion curves together yields
more robust, broad-band measurements, averaged from many hun-
dreds of Love- and Rayleigh-wave curves. The region-average,
phase-velocity curve and the corresponding standard deviation are
calculated by averaging over all the measurements from all the pairs
within the region at each period (Fig. 2x). Only the smoothest part
of the curve is then selected, to be used in inversions (pink curve in
the bottom frame).

In another example, Fig. 2(a) shows a group of differently aligned
station pairs in the Songpan-Ganzi Terrane. Unlike in West Lhasa,
the earthquakes used for the measurements at these pairs are dis-
tributed more widely across the globe since the interstation paths
have different azimuths (Figs 2a and e). The dispersion curves from
the individual station pairs are very similar, even though the pairs
cover a region a few hundred kilometres across. The similarity of
the dispersion curves indicates relatively homogeneous structure
across this entire subregion.

We identify, empirically, nine subregions with weak phase-
velocity variability within each: West Lhasa, Central Lhasa, West
Qiangtang, East-central Qiangtang, Southeast Qiangtang, Songpan-
Ganzi, North Yunnan, South Yunnan and Qinling-Qilian. Fig. 3
shows the interstation pairs within each region and also a compar-
ison of the dispersion curves from different regions. All the nine
regions show very low Love- and Rayleigh-wave phase velocities
for periods less than 50 s, when compared to phase velocities com-
puted for the global reference model AK135 (Kennett et al. 1995).
Regions at highest elevations within Tibet display the lowest phase
velocities (Fig. 3, regions 1–6). Between 10 and 20 s, Rayleigh- and
Love-wave phase-velocity variations within the 9 regions are less
than 0.2 km s−1; at the shortest periods they are likely to be due to
sedimentary-layer and other upper-crustal heterogeneity.

Rayleigh-wave dispersion curve from West Qiangtang shows a
dip (a minimum) at ∼20 s. Between 30- and 40-s period, all six
regions in the central, high-elevation part of the plateau are char-
acterized by remarkably similar Rayleigh-wave phase velocities,
suggesting a largely homogeneous structure within the deep crust.
At periods longer than 40 s, phase velocities in West Lhasa in-
crease rapidly with period, to exceed the global reference at 60-s
period. This is due to presence of mantle lithosphere with very high
seismic velocities beneath West Lhasa, interpreted previously to be
the cold, cratonic lithosphere of India (Agius & Lebedev 2013).
Phase velocities in other high-elevation parts of Tibet increase with
period more gently, reflecting lower seismic velocities within the
uppermost mantle beneath them.

The dispersion curves from Qinling-Qilian and South Yunnan,
at the margins of the plateau where the crust is thinner than
in Tibet proper, show relatively high phase velocities between
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Figure 4. Depth sensitivity kernels for phase velocities of the fundamental-
mode Rayleigh and Love waves. The curves for different periods are scaled
independently. These kernels are computed for a 1-D shear velocity profile
of West Lhasa, with a four-layer crust and a Moho discontinuity at 74 km
depth.

20- and 50-s periods. The dispersion curves are very similar overall,
indicating similar crustal structure and thickness at the northeastern
and southeastern margins of the plateau. Dispersion measurements
from North Yunnan display intermediate phase velocities, higher
than in the central but lower than in the outermost parts of the
plateau, indicating gradual changes in the crustal thickness and
shear-velocity structure from the central towards the southeastern
part of Tibet (Yao et al. 2008; Fig. 3).

2.3 Surface wave depth sensitivity

Rayleigh and Love waves sample the Earth differently and are sen-
sitive to different depth ranges at the same period. Fig. 4 shows
Fréchet derivatives of the fundamental-mode Rayleigh and Love
phase velocities with respect to shear velocity at depth, for four
different periods at all of which the waves sample the thick Tibetan
crust. The normalized sensitivity kernels are computed for a 1-D
shear-velocity model of West Lhasa. At a 10 s period, the peak sen-
sitivity of Rayleigh waves is at about 10 km depth; the maximum
sensitivity depth and the depth span of sensitivity increases with
period. Love waves are sensitive to shallower depths at the same pe-
riods. Joint inversion of broad-band, Love and Rayleigh dispersion
curves can put tight constraints on isotropic-average shear speeds
and radial anisotropy within the entire crust.

3 I N V E R S I O N O F P H A S E - V E L O C I T Y
C U RV E S F O R S H E A R - V E L O C I T Y
P RO F I L E S

Shear velocities are sensitive to temperature and composition of
the rocks at depth. We invert Rayleigh- and Love-wave disper-
sion curves simultaneously for an isotropic average shear speed
profile [VS(avg) = (VSV + VSH)/2] and a radial anisotropy profile
[(VSV−VSH)/2] (Lebedev et al. 2006; Endrun et al. 2008), where
VSV and VSH are the vertically and horizontally polarized shear
speeds, respectively. The phase-velocity curves used for the inver-
sion are resampled at a logarithmic sample spacing to balance the
structural sensitivity along the broad-band curves.

3.1 Inversion set-up

The inversion is a non-linear, least square, Levenberg-Marquardt
gradient search, run from MATLAB R©. For each perturbation in the
shear-speed profile, the Love- and Rayleigh-wave synthetic phase
velocities are computed directly from the VSH and VSV models,
respectively, using a suitably fast version of the MINEOS modes
code (Masters, http://geodynamics.org/cig/software/mineos).
(Errors due to the neglect of anisotropy in these calculations are
around one tenth of per cent, have very weak frequency depen-
dence, and are similar and with the same sign for the Rayleigh
and Love phase velocity (Visser et al. 2008), with their effect thus
negligible). The non-linear inversion algorithm, minimizing the
data-synthetic misfit, converges to the true best-fitting solution, in
the sense that no linearization is performed.

Surface wave phase velocities depend not only on VSV and VSH

but also (although to a lesser extent) on the vertically and horizon-
tally polarized compressional-wave velocity (VPV and VPH) and η

(Anderson & Dziewonski 1982). These extra three parameters can-
not be constrained independently from VSV and VSH by surface
wave data alone, and controlled-source seismic experiments that
could provide relevant VP data are available only from a few pro-
files within the plateau. We have thus taken into account the non-
negligible influence of the isotropic compressional-wave velocity
[VP(iso)] on the Rayleigh-wave dispersion by varying VP(iso) so that
its ratio to the isotropic-average shear speed [VS(avg)] is constant
(fixed at the value from Crust 2.0). Neglecting P-wave anisotropy
may have an effect on the amplitude of S-wave anisotropy in our
models. Our inferences and conclusions discussed below, however,
are based on very large variations of anisotropy between regions
within the plateau and thus would not be affected.

The inversion is parametrized using boxcar and triangular basis
functions, each used for two independent parameters, one for the
isotropic average VS perturbation and the other for radial anisotropy.
In most inversions, with the exception of those performed to test
the parametrization itself (Fig. 5), the depth of the Mohorovičić
discontinuity (Moho) and three intracrustal discontinuities are also
inversion parameters. With 15–20 depth basis functions spanning
the crust and upper mantle and mild norm damping, the inver-
sions can fit the data closely (i.e. the numbers of parameters are
sufficiently large so that the choice of a particular number does not
affect the misfit) with relatively smooth, 1-D shear-velocity models.

3.2 Parametrization of the crust

The shapes of the dispersion curves at short and intermediate pe-
riods reflect the layering of shear velocity within the crust. How
many parameters are necessary to capture the crustal structure? In
order to determine what general structure is required by the data,
we first perform an ‘overparametrized’ test inversion, with no in-
tracrustal discontinuities but with numerous parameters for radial
shear-velocity variations. Ten triangular basis functions within the
crustal depth range provide ample freedom for the VSH and VSV

models to vary so as to fit the short period data closely (Fig. 5a).
Another 10 triangular basis functions are defined to parametrize
the upper mantle down to the transition zone, in order to fit any
anomalies required by the longer period data. The depth of the
crust–mantle discontinuity is also included in the parametrization.

Fig. 5(a) shows the overparametrized test inversion for
East-central Qiangtang, with the VSV (blue), VSH (red) and the Voigt
isotropic average shear speed [VS(iso) = (2VSV + VSH)/3] (orange)
profiles plotted in the middle frame. The conspicuous reduction
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Figure 5. Three test inversions using different crustal parametrization for East-central Qiangtang. (a) An overparametrized test inversion. Left-hand side: Ten
triangular basis functions parametrize the crust. Moho depth is also an inversion parameter. Centre: The best-fitting radially anisotropic S-velocity model,
comprising the profiles of VSV (blue), VSH (red) and the Voigt isotropic average VS(iso) [(2VSV+VSH)/3, orange]. The model does not include any intracrustal
discontinuities. Right-hand side, upper frame: synthetic Rayleigh- and Love-wave dispersion curves. Dark grey curve: measured dispersion curves (hidden
behind the synthetic curves). Thin black lines show the standard deviations of the data. Dashed grey curves: dispersion curves computed for AK135 (Kennett
et al. 1995). Right-hand side, lower frame: the data-synthetic misfit for Love waves (thick pale red) and Rayleigh waves (thick pale blue). (b) Test inversion with a
four-layer crust. Left-hand side: four boxcar basis functions parametrize VS perturbations and radial anisotropy in the crust; four discontinuity parameters allow
for depth changes of three intracrustal discontinuities and the Moho. Center: best-fitting S-velocity model, depicted as in (a). Right-hand side: corresponding
synthetic phase velocities and data-synthetic misfit (thick pale curves) and the misfit relative to the synthetic dispersion curves from (a) (thin bright-coloured
curves). (c) Test inversion with a three-layer crust. Lef-hand side: three boxcar basis functions parametrize the crust; three discontinuity parameters allow for
depth changes of two intracrustal discontinuities and the Moho. Centre: best-fitting S-velocity model, shown as in (a) and (b). Right-hand side: dispersion
curves and misfits, shown as in (b). All the inversions have upper mantle parametrization sufficient to fit the long period data.

in VS between 20 and 40 km depths is required by the Rayleigh-
wave phase-velocity curve, which shows a substantial decrease in
its slope from 20–30 to 12–20 s (Fig. 5a, phase-velocity frame,
dark grey curve behind the synthetic dispersion curve). The misfit
between the synthetic dispersion curves and the data is very low for
both Rayleigh and Love waves, well below ±0.5 per cent [Fig. 5a,
misfit frame, Love (pale red) and Rayleigh (pale blue)]. The remain-
ing data-synthetic misfit is larger for Love waves and is due to noise

in the measurements. The VS(iso) (and VSV) model in Fig. 5(a) has
structure similar to that of the published VSV models for northwest
Himalaya (Caldwell et al. 2009), although somewhat faster.

The results of the overparametrized inversion show that four
layers within the crust are required to fit the data: a 7–10-km thick
upper crust with relatively low velocities in it, a higher-velocity
upper-middle crust (around 10–20 km), a lower-middle crust with
very low velocities in it (around 20–40 km), and a higher-velocity
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lower crust. A test inversion for a four-layer crustal model, with four
boxcar basis functions for the crust, fits the data almost as well as
the overparametrized model (Fig. 5b). The four basis functions are
used to parametrize the VS perturbations and the amount of radial
anisotropy within each boxcars depth range. The depth of crustal
discontinuities, including the crust-mantle boundary (Moho), are
also free to vary. The data-synthetic fit of the four-layer model
is nearly identical to that given by the overparametrized inversion
(Fig. 5b, misfit frame, pale colours), with the difference in the misfit
given by the two inversions very small (Fig. 5b, misfit frame, bold
colours).

A three-layer crust test inversion, in contrast, shows a substan-
tially worse data-synthetic fit for 10–20-s periods (Fig. 5c). This
demonstrates that a minimum of four crustal layers are necessary to
describe the Tibetan crust.

The difference between VSH and VSV profiles for the same models
equals radial anisotropy. Anisotropy is present in the middle and
lower crust of all the three models in Fig. 5, predominantly in
the mid-lower crust in the 20–45 km depth range. Joint inversion of
Love- and Rayleigh-wave data allows us to determine the anisotropy
and, thus, obtain the isotropic average shear speed profiles, that are
directly related to temperature and composition at depth, unlike the
previously published VSV models which also depend on anisotropy
(e.g. Caldwell et al. 2009; Acton et al. 2010; Yang et al. 2012; Li
et al. 2014). The depth range of the radial anisotropy is similar to
1-D profiles presented by Shapiro et al. (2004), Duret et al. (2010)
and Xie et al. (2013).

All our models are parametrized from the surface (0 km depth)
down to the uppermost lower mantle. Topography is taken into ac-
count in the phase-velocity calculations. The reference model for
each of the nine regions is determined from a two-step inversion.
First, an overparametrized inversion is performed using a starting
model composed of an average crustal VS from Crust 2.0 (Bassin
et al. 2000) and an AK135 mantle (Kennett et al. 1995). In the
second inversion that follows, the best-fitting models are computed
by perturbing an improved reference model with crustal discontinu-
ities, Moho depth, and the average crustal VS as determined in the
first inversion, and with the mantle profile set, again, to the AK135
reference model.

3.3 Investigation of parameter ranges

The shear-velocity models yielded by the inversions are non-unique:
many different models can fit the data almost equally well. Small
variations in the thickness and S velocity of a layer can be com-
pensated by changes in the velocities within and thicknesses of the
layers above and below. For example, the Moho depth from the in-
versions of East-central Qiangtang trades off with the lower-crustal
shear velocity, shallower for a low VS and deeper for a high velocity,
with little effect on the misfit for periods >40 s (Figs 5b and c).

Rather than inverting dispersion curves for a single, best-fitting
S-velocity profile, we thus perform a series of gradient-search in-
versions, comprising multiple grid searches within specially se-
lected parameter subspaces [similar to the model-space mapping of
Bartzsch et al. (2011)]. These inversions are targeted to determine
ranges of VS and radial anisotropy within specific crustal depth
ranges and are designed to answer questions such as: how low or
how high can the shear velocity within the middle crust be, or what
is the strength of the radial anisotropy within a depth range? The
inversions are parametrized in a way that the property under inves-
tigation is fixed within the depth range in question, while all the

other parameters remain free to vary. Hence, the inversion takes
all parameter trade-offs into account. For example, an inversion is
set with a fixed VS between 20 and 45 km depths while the other
parameters, such as the VS of the other crustal layers, Moho and
the upper crustal discontinuity, as well as the anisotropy within all
the layers are free to change. For each new inversion the VS in the
background model is incremented by a small step of 0.025 km s−1.
The data-synthetic misfits achieved in each inversion indicate which
models are most consistent with the data.

This approach is different from the grid search applied by
Caldwell et al. (2009), who performed a series of inversions by
varying the VS gradient from the surface down to 100 km depth
in their different starting models, with no Moho discontinuity. Our
approach also differs from Monte Carlo methods (e.g. Shapiro et al.
2004; Endrun et al. 2008; Yao et al. 2008, 2010; Duret et al. 2010;
Huang et al. 2010; Yang et al. 2012; Xie et al. 2013), although, like
them, it produces a suit of best-fitting models. The main advantage
of our approach is that it explores the complete ranges of the param-
eters that we target, generally with no a priori assumptions on how
broad these ranges may be (the few exceptions where we had to put
prior bounds on parameter ranges are pointed out below), and that it
is well suited to answer specific questions we formulate, for exam-
ple regarding the range of VS or anisotropy values within a specific
depth interval. (We note that it should be possible to formulate a
Monte Carlo scheme that would yield similar results.)

Fig. 6 shows the results of three test inversion series, set up
to delimit: the range of shear-velocity values consistent with the
data within the 20–45 km depth interval; the range of the ra-
dial anisotropy average over the same depth interval; and the
range of radial anisotropy average over the entire crustal thick-
ness. For each test we plot the Voigt isotropic average shear speed
[VS(iso) = (2VSV + VSH)/3], radial anisotropy [VSH − VSV/VS(iso)],
the corresponding Love- and Rayleigh-wave synthetic dispersion
curves, and the data-synthetic misfits. The tests for the mid-crustal
shear-velocity range (left) show the expected trade-offs between
shear velocities in neighbouring layers and, also, between the
isotropic profile and radial anisotropy. When the S velocity be-
tween 20 and 45 km depth is set high, both the upper and lower
crustal velocities decrease in the models produced by the gradient-
search inversions, whilst the radial anisotropy becomes stronger so
that the synthetic Rayleigh-wave phase velocity is lower, fitting the
data (Fig. 6, Songpan-Ganzi). Similarly, a very low VS within the
mid-crust is compensated, to a large extent, by higher VS in the adja-
cent upper and lower crustal layers and decreased radial anisotropy.
The best-fitting S-velocity profile from the test series, shown in
red, shows an intermediate VS in the mid-crustal depth range and
the adjacent layers. The difference between the synthetic dispersion
curves corresponding to the different test models is the largest at
20–40 s periods, most sensitive to the LVZ depth range, especially
for Rayleigh waves. Grey shade in the 1-D profiles shows the range
of the tested values that turned out to be consistent with the data.
The same approach is used to determine the ranges for mid-crustal
radial anisotropy and crustal-average radial anisotropy.

The data-synthetic misfit given by the best-fitting model (Fig. 6,
red curve in the misfit frame) is small, much less than 0.5 per cent
at all periods. The remaining misfit is due to noise in the data.

The best-fitting models determined by the gradient-search inver-
sions minimize the data-synthetic misfit over the entire length of the
dispersion curves. While comparing the crustal structure of differ-
ent models, we now compute the rms misfit over the length of the
Love- and Rayleigh-wave curves up to the 60-s period only, so as to
remove the contribution of the misfit at long periods, where the data
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Figure 6. Grid-search test inversions performed to delimit the ranges of VS (left-hand side) and radial anisotropy (middle) in the 20–45 km depth range, and
the range for crustal-average radial anisotropy, between 10 km depth and the Moho (right-hand side). Next to the frames with the isotropic-average models
[VS(iso) = (2VSV+VSH)/3] are the frames with the radial anisotropy profiles [(VSH−VSV)/VS(iso)]. Grey shade in the models shows the range of the tested values
that turned out to be consistent with the data. Synthetic dispersion curves for each of the VS models are plotted in the frames below. The colour scale indicates
the data-synthetic rms misfit over the combined Rayleigh- and Love-wave dispersion curves, for periods up to 60 s. Black curves provide data-synthetic fits
below a rms threshold. Red lines: the best-fitting models from the test series (top) and the corresponding dispersion and misfits (bottom). Thin black curves
show the standard deviation of the data. The profiles are coloured in depth ranges where they are reliably constrained by the data. Left-hand side: the VS range
at 20–45 km depths beneath Songpan-Ganzi. Centre: the range for radial anisotropy at 20–45 km depths beneath West Lhasa. Right-hand side: crustal-average
radial anisotropy, between 10 km depth and the Moho, West Lhasa.

are sensitive primarily to the mantle structure but often show the
strongest noise, dominating the misfit functions. Parameter ranges
determined in the tests are such that all the models with the param-
eter in question (e.g. lower-middle-crustal S velocity) within the
range yield a misfit smaller than the global-minimum misfit plus a
constant (2.5 m s−1). The colour scale used for plotting the profiles
and the corresponding dispersion curves reflects the rms misfits,
with darker colours indicating smaller misfits (Fig. 6).

The shear-velocity tests for the mid-crustal LVZ of Songpan-
Ganzi, 20–45 km depths, yield the lower and upper S velocity lim-
its of 3.08 and 3.43 km s−1, respectively, with a best-fitting VS of
3.18 km s−1 (Fig. 6 and Table 1, Songpan-Ganzi). In this and fol-
lowing figures, VS and radial anisotropy profiles are plotted in pale
grey where the structure cannot be reliably resolved by the Rayleigh
and Love data in the period range of the measurements.

In contrast to the Songpan-Ganzi VS profile, the profiles for
West Lhasa has no strong LVZ in isotropic-average S velocities but
features, instead, strong mid-crustal radial anisotropy of ∼10 per
cent (Fig. 6, West Lhasa). Estimates of the radial anisotropy within

20–45 km depth were derived from test inversions with anisotropy
fixed in this layer in the various reference models (all with
VSH > VSV) and with the adjacent layers allowed to have between
0 and +3 per cent anisotropy. Thus determined mid-crustal radial
anisotropy in West Lhasa has a lower and upper limits of 8.5 and
13.8 per cent, respectively. In an alternative inversion for crustal
anisotropy, we did not single out the middle-crustal layer but, in-
stead, targeted the crustal-average radial anisotropy (depth span
between 10 km depth and the Moho), obtaining, for West Lhasa, a
range of 5.5–8.6 per cent (Fig. 6).

The tests illustrated in Fig. 6 have been performed for all of
our regions within Tibet. In an effort to identify parameter ranges
that are most consistent with the data, the rms threshold factor for
the crustal-average radial anisotropy tests is set to 2 m s−1 (above
the global minimum misfit) and reduced further to 1 m s−1 for the
mid-crustal radial anisotropy ranges. Anisotropy shows a strong
trade-off with the crustal thickness, so that much of the signal of
anisotropy in the data can be compensated (absorbed) by variations
in crustal thickness and other parameters, in particular when the
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Table 1. Shear velocity and radial anisotropy estimates for different regions within Tibet. The single values of the mid-crustal S velocities are from the
best-fitting profiles. The ranges of S velocity and radial anisotropy (below) are from grid searches as illustrated in Fig. 6; all values within the ranges fit the
surface wave data closely. Estimates of the radial anisotropy ranges for the middle crust (20–45 km depths) were derived from test inversions with anisotropy
in the adjacent upper- and lower-crustal layers allowed to have between 0 and +3 per cent anisotropy only (VSH > VSV being positive).

Depth West West Central S.E. E.C. Songpan North South Qinling
(km) Lhasa Qiangtang Lhasa Qiangtang Qiangtang Ganzi Yunnan Yunnan Qilian

Region 1 2 3 4 5 6 7 8 9
Middle crust 20–45 3.37 3.14 3.44 3.43 3.33 3.18 3.34 3.50 3.59
VS (km s−1) 3.21–3.41 3.02–3.36 3.31–3.49 3.27–3.49 3.25–3.44 3.08–3.43 3.23–3.52 3.32–3.61 3.38–3.63
Middle crust radial 20–45 9–14 5–9 4–8 0–1 0–8 0–5 0–10 0–9 1–8

anisotropy (per cent)
Crustal average radial 10–M 6–9 5–8 3–5 0–2 2–4 0–5 3–6 4–7 2–5

anisotropy (per cent)

crust is relatively thin. For regions with a thinner crust (North and
South Yunnan, Qinling-Qilian), we thus set the rms threshold to
1 m s−1 for both anisotropic tests. The selection of the rms threshold
is subjective, but the reduction of the threshold value in anisotropy
tests is dictated by the reduced sensitivity of the data to anisotropy in
a given depth range compared to isotropic profiles, if all parameter
trade-offs are taken into account: the application of the same misfit
threshold in both isotropic and anisotropic tests would produce very
broad anisotropic ranges for anisotropy.

A separate series of tests was performed to determine shear-
velocity ranges for the lower crust. These tests were unsuccessful,
due to the strong trade-offs between deep-crustal shear velocities
and the Moho depth and uppermost mantle velocities. In an effort
to resolve this, information on the regional Moho depth was incor-
porated into the inversions. The lower crustal velocities were kept
below 4.0 km s−1 and the Moho depths were not allowed to be shal-
lower than published depths: 70 km for Lhasa (e.g. Schulte-Pelkum
et al. 2005; Priestley et al. 2008; Nábelek et al. 2009), 60 km for
Qiangtang and Songpan-Ganzi (e.g. Zhao et al. 2001; Kind et al.
2002; Kumar et al. 2006; Nábelek et al. 2009; Tseng et al. 2009; Yue
et al. 2012; Gao et al. 2013), 50 km in Qinling-Qilian (e.g. Liu et al.
2006; Shi et al. 2009; Karplus et al. 2011) and 50 km and 40 km
in North and South Yunnan, respectively (e.g. Kan et al. 1986; Li
et al. 2006; Xu et al. 2007). Nonetheless, equally well-fitting models
could be obtained for lower-crustal VS values in ranges too broad to
be useful.

Plotted together, the results of all the inversions for each region
characterize both the uncertainty of the shear-speed and radial-
anisotropy profiles and the robust features within them. Fig. 7
shows examples of the bundles of isotropic VS and anisotropy pro-
files, as well as the corresponding dispersion curves and frequency-
dependent misfits, all colour-coded according to misfit. The well-
fitting (dark coloured) VS(iso) models for East-central Qiangtang
have mid-crustal shear speeds between 3.2 and 3.5 km s−1, with ra-
dial anisotropy in a 0–8 per cent range. The synthetic dispersion
curves and data-synthetic misfits show how narrow the range of
best-fitting phase-velocity curves is. Southeast Qiangtang displays
mid-crustal velocities similar to East-central Qiangtang, but with
probably shallower radial anisotropy. The broad ranges of lower-
crustal shear speeds and the Moho depths are due to the Moho-VS

trade-off.
The formal standard errors of the measurements are much smaller

than the standard deviations (plotted in our figures) and would be
similar to the line thickness on the plots. This is because the formal
standard errors decrease with the increasing number of measure-
ments, under the assumption of the randomness of measurement
errors, and the number of measurements that go into our phase
velocity curves is very large. The (unknown) actual errors, how-

Figure 7. Bundles of radially anisotropic S-velocity profiles compiled from
all the test inversions for East-central Qiangtang and Southeast Qiangtang.
For each profile, the corresponding synthetic Rayleigh- and Love-wave dis-
persion curves and the data-synthetic misfits are plotted in the frames below,
as in Fig. 6. The colour of each profile reflects the misfit. The profiles are
coloured in depth ranges where they are reliably constrained by the data. All
the profiles fit the data well within the standard deviation (thin black lines)
at all periods. The standard errors of the measurements are much smaller
than the standard deviations and would be similar to the line thickness on the
plots; actual errors normally exceed standard errors because of systematic
errors in the data.

ever, will normally be somewhat larger than the formal standard
errors, due to the presence of systematic errors in the data.

4 R E S U LT S

The suites of 1-D radially anisotropic shear-velocity models for
nine regions across the Tibetan Plateau are plotted in Fig. 8. For
each region we show the isotropic shear-speed profiles and radial
anisotropy profiles from all the test inversions. The profiles are
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Figure 8. Bundles of radially anisotropic, S-velocity profiles compiled from all the test inversions. The models represent the average structure over the regions
shown on the map (encircled brown contours; see also Fig. 3). Each individual model (each profile) is colour coded according to the data-synthetic misfit that
it yields: darker colours indicate better fit. The profiles are coloured in depth ranges where they are reliably constrained by the data and are drawn light grey
elsewhere.

colour-coded according to misfit, dark being the best-fitting models.
The contours on the map enclose the different regions that the
profiles correspond to (Fig. 3).

The plateau is characterized by low mid-crustal shear veloci-
ties (≤3.5 km s−1) across vast areas from western to southeastern
Tibet, even though in Yunnan the crust thins significantly. Within
the plateau, strong shear-velocity contrasts occur between different
regions. Mid-crustal shear velocities decrease towards the north
of the plateau: from West Lhasa (3.37 km s−1) to West Qiang-
tang (3.14 km s−1), and along the corridor from Central Lhasa to
Songpan-Ganzi, from 3.44 to 3.18 km s−1, respectively (Fig. 8 and
Table 1). West Qiangtang, Southeast Qiangtang and Songpan-Ganzi
all show a pronounced LVZ at the middle crust depths (20–45 km),
with robust patterns of a decrease in shear velocity with depth be-

tween 10 and 30 km depth (Fig. 8, regions 2, 4 and 6). The contrast
between the apparently monotonic velocity increase with depth in
Central Lhasa and the LVZ across Songpan-Ganzi (regions 3 and
6) has been noted previously by Yang et al. (2012). In the case of
West Lhasa, which also has no isotropic-average LVZ in the best-
fitting profile (Figs 6 and 8, region 1), the strong radial anisotropy in
the same depth range results in a large-amplitude LVZ in VSV—as
observed in previous studies (e.g. Rapine et al. 2003). The crustal
structure and shear velocities beneath northern Yunnan are overall
similar to those beneath central Tibet, including the presence of a
mid-crustal LVZ, despite this region having a shallower Moho.

At the northern and southeastern margins of the plateau the
crustal structure differs from that beneath the central parts of
Tibet. In the north, VS increases across the Kunlun Fault from
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Songpan-Ganzi south of it (with 3.2 km s−1 in the middle crust)
to Qinling-Qilian north of it (3.6 km s−1), with the LVZ thus dis-
appearing (regions 6 and 9). Similarly, in southern Yunnan, which
shows dispersion curves very similar to those in Qinling-Qilian
(Fig. 3, regions 8 and 9), the mid-crustal LVZ is absent.

Radial anisotropy within the Tibetan crust also shows strong lat-
eral variations. The best-fitting models for West Lhasa and West
Qiangtang have the strongest mid-crustal radial anisotropy, proba-
bly exceeding 9 and 5 per cent, respectively (Fig. 8, Table 1, regions
1 and 2). Radial anisotropy at the same depths but with a smaller
amplitude is required by the data in Central Lhasa, East-central
Qiangtang, North and South Yunnan, and Qinling-Qilian. The dis-
persion curves for Songpan-Ganzi and southeast Qiangtang do not
require radial anisotropy in the middle and lower crust, with stronger
anisotropy within shallower crust (depth less than 20 km) instead
(Figs 6–8, Table 1, regions 4 and 6). The pronounced contrast in ra-
dial anisotropy between West Lhasa and Songpan-Ganzi can be seen
directly in the phase velocities data (Fig. 2u and x). The Rayleigh-
and Love-wave dispersion curves for West Lhasa, when compared
to those for Songpan-Ganzi, diverge conspicuously between 20 and
30 s periods, sensitive to the middle crust.

In our test series, we did not target the crustal thickness specif-
ically, keeping in mind the strong trade-off of the lower crustal
shear velocities with the Moho depth, in particular for the Moho
as deep as beneath Tibet (Lebedev et al. 2013). The Moho depth,
however, was a parameter in our inversions, and we note that the
crustal-thickness ranges shown by the bundles of the well-fitting
profiles show meaningful variations from region to region, consis-
tent with published Moho-depth values. The crustal thickness in the
profiles is 70–80 km in southern Tibet (regions 1 and 3), 60–70 km
in northern Tibet (regions 2, 4–6), 50–60 km in Qinling-Qilian (re-
gion 9), and down to about 40–50 km depth in the southeast (regions
7 and 8). These values agree with published Moho depths: a deep
Moho beneath the southern Tibet (e.g. Schulte-Pelkum et al. 2005;
Priestley et al. 2008; Nábelek et al. 2009), a shallower Moho across
northern Tibet (e.g. Zhao et al. 2001; Kind et al. 2002; Kumar et al.
2006; Nábelek et al. 2009; Tseng et al. 2009; Yue et al. 2012; Gao
et al. 2013), a sharp decrease in the crustal thickness northwards
across the Kunlun Fault (Liu et al. 2006; Shi et al. 2009; Karplus
et al. 2011), and a gradually rising Moho in southeast Tibet (Kan
et al. 1986; Li et al. 2006; Xu et al. 2007).

5 D I S C U S S I O N

Our models of shear wave velocity and radial anisotropy distribu-
tions within Tibetan crust yield new insight into the crustal structure,
temperature, partial-melt fraction and rheology. They also prompt
inferences on the mechanisms of deformation and the dynamics of
the plateau.

5.1 Shear velocities within the Tibetan middle crust

Isotropic-average shear speeds within Tibetan middle crust show
a systematic decrease from the south towards the north, from
∼3.4 km s−1 in Lhasa to as low as ∼3.1–3.2 km s−1 in West
Qiangtang and eastern Songpan-Ganzi. In southeastern Tibet, where
the surface elevation decreases gradually south–southeastwards,
shear speeds also change gradually, increasing towards south–
southeast to ∼3.5 km s−1. In the northeast, our data are consistent
with a sharp wave speed increase across the Kunlun Fault (Fig. 3,
Table 1, Fig. 9).

Fig. 9 compares mid-crustal shear velocities constrained by our
data with those from other recent models (Yao et al. 2008, 2010;
Acton et al. 2010; Huang et al. 2010; Yang et al. 2012), along
three north–south profiles (AA′, BB′ and CC′) across Tibet. We find
that the lateral shear-velocity variations reported in the different
studies can be reconciled once anisotropy is taken into account.
The isotropic VS is notably higher than VSV beneath regions with
strong mid-crustal radial anisotropy such as West Lhasa and West
Qiangtang. Interestingly, West Qiangtang and Songpan-Ganzi show
similar, very low isotropic-average shear speeds, but the former
displays strong radial anisotropy (VSH>VSV, 5 per cent minimum)
and the latter does not.

Profiles AA′ and BB′ clearly show strong seismic-velocity varia-
tions between the different terranes (see also Table 1 and Fig. 8 for
the VS ranges, rather than values from single best-fitting models,
most consistent with the data). Along profile BB′ radial anisotropy
decreases from south to north, with VS and VSV values thus con-
verging beneath Songpan-Ganzi. Further north along profile BB′,
across the Kunlun Fault, VS increases substantially resulting in the
disappearance of the mid-crustal LVZ beneath the Qinling-Qilian
Orogen. Shear velocities inferred from recent controlled-source ex-
periments both south and north of the Kunlun Fault are significantly
higher and are not plotted (Mechie et al. 2012); surface wave data,
however, do require the very low velocities beneath the Songpan-
Ganzi terrane, as confirmed by the close agreement of the results of
different recent studies.

Shear velocities in the middle crust are low everywhere beneath
the high plateau. An intracrustal LVZ, however—wave speeds in
which are lower than both above and below—is required by the
data only in the northern part of Tibet. Estimates for the LVZ
amplitude from the VS decrease between 15 and 30 km depth
[(VS(15) − VS(30))/VS(15)], indicate that LVZ amplitudes vary substan-
tially across the plateau: strongly pronounced in West Qiangtang
and Songpan-Ganzi (>9 per cent VS reduction), weaker in central
and eastern Qiangtang (<3 per cent), and not required by the data
across Lhasa (Fig. 11b, red shaded regions). The regional distri-
bution of the LVZ inferred from our data broadly agrees with that
displayed by the tomographic model of Yang et al. (2012), which
shows large LVZ amplitudes (>9 per cent, VSV) in northern Tibet,
particularly in western Qiangtang and Songpan-Ganzi terranes. In
the southern and central Tibet, the model of Yang et al. (2012) shows
some areas with a LVZ but also large areas without it. We note that
any small-scale LVZ features (Hetényi et al. 2011) would be aver-
aged out in our profiles that are representative of lateral averages
over a few hundred kilometres.

In a recent tomographic study using a large surface wave data set
sampling eastern Tibet and surroundings, Xie et al. (2013) found
mid-crustal shear speeds for the northeastern regions close to the
upper limit of our VS range. In an update of the model of Yang et al.
(2012) by Hacker et al. (2014), the region-average shear speeds
across West and Central Lhasa are similar to those in our best-
fitting profiles. All the recent models display VS decreasing towards
the north for both western and eastern parts of Tibet, consistent with
our results.

The crustal structure and shear velocities beneath North Yunnan
are similar to those beneath central Tibet, including the mid-crustal
LVZ. No LVZ is seen in South Yunnan, as in Qinling-Qilian. Along
profile CC′ in Fig. 9 tomography indicates strong local heterogeneity
(Yao et al. 2008, 2010; Huang et al. 2010). Our profiles would aver-
age out much of any small-scale shear-velocity anomalies (Huang
et al. 2010; Xie et al. 2013). The VS structure that we determine for
Yunnan agrees well with 1-D models from receiver functions for the
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Figure 9. The middle crust beneath Tibet: shear speeds, radial anisotropy, partial melt estimates, and regions with high-conductivity areas from published
magnetotelluric (MT) studies. The map shows the locations of different MT experiments (dark thin lines), the location of three cross-sections presented (thick
grey lines), and the subregions sampled in this study (dashed grey lines, as in Fig. 8). Highlighted portions of the MT-profile lines indicate the regions of
mid-crustal high conductivity (Chen et al. 1996; Spratt et al. 2005; Unsworth et al. 2005; Bai et al. 2010; Rippe & Unsworth 2010; Le Pape et al. 2012).
For each cross-section, the elevation is shown along with mid-crustal average S velocities and partial melt estimates (20–45 km depth range). Our best-fitting,
isotropic-average shear speeds (VS, thick grey lines) are plotted together with shear-velocity values from other studies [coloured lines, VSV: Yao et al. (2008,
2010); Acton et al. (2010); Yang et al. (2012) and VS: Huang et al. (2010)]. The differences between velocities can be explained, in part, by mid-crustal radial
anisotropy (VSH > VSV) as measured in this study, indicated in the elevation frame.

north (Xu et al. 2007) and south (Sun et al. 2014) but disagrees with
tomographic models that have a three-layer crustal parametrization
(Yao et al. 2008, 2010; Huang et al. 2010; Chen et al. 2014). These
latter models either lack a distinctive LVZ or have a LVZ just above
the Moho. The disagreement is probably due to the difference in the
crustal configuration; a three layer crust might not have sufficient
parametrization to fit the surface wave data (Fig. 5).

5.2 Temperature within the Tibetan crust

Variations in temperature and composition have a first order influ-
ence on the shear velocity of crustal rocks. Here we compare and
reconcile the shear velocities we have determined with published
temperature estimates for the Tibetan crust (based on seismic obser-
vations and xenoliths), using pressure-VS-temperature relationships
derived from laboratory experiments. The variations in the mid-
crustal VS are indicative of variations in thermal gradients across
the plateau.

Temperature estimates at specific locations and depths beneath
Tibet have been determined from the α to β quartz transition in
quartz bearing rocks (Mechie et al. 2004). The transition gives rise
to a discontinuity with a measurable seismic signature, and its de-
tection yields a temperature estimate at a specific depth. Beneath
north-central Lhasa the transition occurs at 32 km depth (0.85 GPa)
and has a corresponding temperature of 800 ◦C (Mechie et al. 2004).
We relate this to shear velocity at this depth and temperature using
laboratory measurements and relationships. Similarly to Caldwell
et al. (2009) and Yang et al. (2012), we use the laboratory measure-
ments of Christensen (1996) performed on a variety of dry rocks
at room temperature (r.t.) and at 1000 MPa (representative of pres-
sures at 30 km depth). We select metamorphic rocks with the lowest
shear velocities: metagraywacke, phyllite, granite gneiss, biotite
(tonalite) gneiss, mica quartz schist and paragranulite—all in the
range of 3.51–3.66 km s−1, with an average of 3.62 km s−1. Velocity
reductions due to high temperatures are estimated by applying the
VS-temperature relationship of 2×10−4 km s−1 per degree Celsius
determined from temperature-pressure experiments on a variety of
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gneisses (Kern et al. 2001). Thus at 800 ◦C the expected VS is
3.46 km s−1, close to the VS that we have obtained for Central Lhasa
(3.44 km s−1) and Southeast Qiangtang (3.43 km s−1), the regions
beneath the INDEPTH III profile. Plutonic rocks such as granite-
granodiorite have a high VS which, at this depth and temperature,
would not match the VS for Central Lhasa.

In Qiangtang and Songpan-Ganzi, along the INDEPTH III and
IV profiles, the α − β transition occurs at a shallower depth of
18 km (0.48 GPa), with a corresponding temperature of ∼700 ◦C
(Mechie et al. 2004, 2012). Other temperature estimates based on
xenoliths from central Tibet indicate that temperatures reach 800–
1000 ◦C at a depth of 30–50 km (0.8–1.3 GPa; Hacker et al. 2000).
At these temperatures the calculated shear velocity for hot solid
rocks, including pelitic rocks (Hacker et al. 2000), is still above
3.4 km s−1 (Hacker et al. 2014), much higher than the VS across
west and central Qiangtang and Songpan-Ganzi.

Laboratory experiments show that following the α − β transi-
tion, further increase in temperature continues to decrease S ve-
locities at a higher rate, followed by a rapid decrease at the onset
of partial melting (e.g. Mueller & Massonne 2001). The melting
temperatures of muscovite-rich rocks are in the range of 750–950
◦C at 1.0–1.6 GPa (e.g. Clemens & Vielzeuf 1987; Patiño Douce &
Harris 1998; Patiño Douce & McCarthy 1998; Litvinovsky et al.
2000; Holyoke & Rushmer 2002). Assuming the composition of
mica-bearing crustal rocks and temperatures of >800 ◦C, partial
melting is thus likely to occur, reducing shear velocities substan-
tially (Hacker et al. 2014).

Mid-crustal temperatures of about ∼800 ◦C can account for the
low shear velocities in Central Lhasa, Southeast Qiangtang and
South Yunnan. In regions with the lowest mid-crustal velocities, in
particular in northern Tibet (West Qiangtang and Songpan-Ganzi),
temperatures are higher and probably exceed melting temperatures,
with the partial melting required to account for the very low VS.

5.3 Partial melting in the Tibetan crust

5.3.1 Partial melt estimates from shear wave speeds

Shear wave velocities in western and northern Tibet are lower than
those expected for hot solid rocks. This is consistent with previously
published estimates of temperature, exceeding the solidus, and adds
to the convincing evidence for partial melting in Tibetan crust. Melts
can be either dry or wet; in the former rocks are molten due to high
temperature exceeding the ‘dry solidus’, and in the latter rocks
contain small amounts of water that lower the melting temperature
(‘wet solidus’). Note that shear velocities alone cannot distinguish
between a dry or wet partially molten rock, nonetheless the partial-
melt estimates yield useful information regarding the rheology of
the rocks (e.g. Rosenberg & Handy 2005).

Here we derive two estimates for the amount of partial melt
beneath different parts of Tibet. One is based on the assumption
that the V 0

S of solid crustal rocks equals the velocity in the upper-
middle crust just above the LVZ (similar to the approach adopted
by Caldwell et al. 2009). The other estimate is based on how much
lower VS in the LVZ is compared to the reference V 0

S of 3.4 km s−1—
a velocity well below the expected VS of hot dry solid rocks at 30 km
depth (a conservative approach also applied by Yang et al. 2012).
Mid-crustal VS/V 0

S ratios are converted into the melt fraction using
an analytical relationship between small fluid fractions of silicate
melts and seismic-velocity reductions (Watanabe 1993, Fig. 10).
These relationships are similar to those yielded by other VS-melt

Figure 10. Mid-crustal partial melt estimates for different regions across
the plateau. Estimates are based on the analytical shear velocity relationship
of VS/V 0

S and rock fluid fractions by Watanabe (1993) (light grey curve). VS

is the velocity within the mid-crustal (30 km depth), according to the best-
fitting, region-average profile. Black squares: Partial melt estimates using a
reference S velocity of crustal rocks on the onset of melting at 30 km depth,
V 0

S = 3.4 km s−1 (see text for details). Grey circles: Partial melt estimates
based on the decrease in velocity compared to that in the layer above the LVZ
(V 0

S ). The symbols are plotted only for the regions beneath which partial
melting is required, according to the criterion.

experiments (Takei 2000) and theoretical calculations (Taylor &
Singh 2002), as also illustrated by Caldwell et al. (2009).

Our estimates for mid-crustal partial melt fractions are com-
pletely dependent on shear velocities and hence have a distribution
similar to that of low S velocities. Percentages of melt derived
from best-fitting profiles show that West Qiangtang and Songpan-
Ganzi have melt fractions between 3 and 6 per cent, whereas North
Yunnan, eastern Qiangtang and West Lhasa have melts less than
3, 2 and 1 per cent, respectively (Fig. 10). Central Lhasa, South
Yunnan and Qinling-Qilian are unlikely to have any significant
volume of melt. The two different definitions we adopt for melt
estimates yield similar distributions of partial melting and show
a correlation between the melt percentage and the LVZ amplitude
(Fig. 11b).

Our partial melt values for eastern Qiangtang are consistent with
the ≤2 per cent melt estimated by Hacker et al. (2014). Our values
for West Qiangtang and Songpan-Ganzi are within the range of melt
estimates for northwest Himalaya from 1-D VSV seismic models
(2.5–7 per cent, Caldwell et al. 2009). Finally, our estimates for
North Yunnan are consistent with the ≤4 per cent suggested by Xu
et al. (2007).

The very low (or nil) partial melt fractions suggested by our
data across southcentral Tibet are also consistent with other pub-
lished geophysical observations. Unlike southernmost Tibet, along
INDEPTH I and II profiles where a thin layer of aqueous fluids has
been inferred from magnetotelluric studies (Li et al. 2003) and seis-
mic ‘bright spots’ (Makovsky & Klemperer 1999), central Lhasa
and south-central Qiangtang terranes, along the INDEPTH III pro-
file, show high resistivity (INDEPTH 500 line, Rippe & Unsworth
2010) and no seismic ‘bright spots’ (Haines et al. 2003).

5.3.2 Partial melt estimates from electrical resistivity

Magnetotelluric studies of Tibet’s crust have detected a drop in
electrical resistivity at about 20 km depth in a number of locations.
The resistivity (or its inverse, the electrical conductivity) of the rocks
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Figure 11. Summary maps of mid-crustal shear velocities, low-velocity zones and estimated partial melt. (a) Best-fitting, isotropic-average S velocities (bold)
and VS ranges for the middle crust in the 20–45 km depth range (in parentheses) (Table 1). Background colour also corresponds to mid-crustal VS, from the
lowest (dark red) to the highest (blue). (b) Estimates of mid-crustal partial melt based on the analytical relationship of VS/V 0

S and rock fluid fractions by
Watanabe (1993) (Fig. 10). Values in bold font: Partial-melt estimates from best fitting shear velocity and a reference S velocity of 3.4 km s−1 for hot solid
rocks. Values in light font: Partial-melt estimates from the decrease in VS from the layer above the LVZ. Red shaded regions indicate areas where a mid-crustal
LVZ is required by the data.

can be influenced by high temperatures, melts, hydrous minerals or
a combination of all. Mid-crustal conductivity is not the same across
the entire plateau and varies even within the same terranes (Fig. 9).
Between 20 and 45 km depths, very high conductivity is mapped
just north of the Himalayas and in southern Lhasa (Chen et al. 1996;
Spratt et al. 2005; Unsworth et al. 2005), with sparser observations
in Central Lhasa (Chen et al. 1996; Rippe & Unsworth 2010). High
conductivity has also been reported beneath northern Qiangtang
(Rippe & Unsworth 2010), beneath Songpan-Ganzi up to the Kunlun
Fault (Bai et al. 2010; Le Pape et al. 2012), and in southeastern Tibet
(Bai et al. 2010). The distribution of conductivity broadly agrees
with that of low mid-crustal shear velocities not only in terms of
depth, but also with the north–south pattern of decreasing VS and
increasing conductivity, from Central Lhasa towards northern Tibet
up to the Kunlun Fault. East-central Qiangtang, Songpan-Ganzi
and North Yunnan are all characterized by high conductivity, low
VS, a LVZ, and, therefore, high likelihood of substantial partial
melt. In contrast, regions with relatively high VS, no LVZ, and,
thus, with no melt required by seismic data, have intermittent or
no high-conductivity zones; these include West and Central Lhasa,
Southeast Qiangtang, Qinling-Qilian and South Yunnan. [The latter
region appears to display high conductivity at a greater depth, below
40 km depth (Bai et al. 2010).]

Estimates of fluid content from electrical conductivity cover a
broad range. MT studies typically estimate the conductance of a
layer, with a strong trade-off between conductivity within and the
thickness of the partially molten layer (Li et al. 2003). In addi-
tion, aqueous fluids could produce the same conductance with a
lower fluid fraction and/or a lesser layer thickness. Li et al. (2003)
proposes that a layer of 10–15 per cent aqueous fluid a few hun-
dred metres thick overlying a thick layer of partial melt gives the
most consistent explanation to both the MT and seismic data for
the Himalayas and southern Lhasa. Melt estimates based on MT
observations include 2–4 per cent melt for the Himalaya and 5–14
per cent for southern Lhasa (Unsworth et al. 2005), 2–6 per cent
for northern Tibet (Unsworth et al. 2004) and 5–20 per cent across
southeast Tibet (Bai et al. 2010). Melt estimates based on shear ve-
locities are normally at the lower end of the ranges based on MT. A

joint analysis of shear velocities and conductivity for melt estimates
remains desirable.

5.3.3 Variations in partial melting across Tibet

In summary, a variety of geophysical observations indicate partial
melting within Tibetan crust, with a melt fraction that varies across
the plateau. Fluids within the crust can be either partial melt or aque-
ous (e.g. saline fluids). Across the Himalayas, partial melt is inferred
from bright spots in seismic reflection data (Brown et al. 1996;
Makovsky et al. 1996) and high conductivity (Pham et al. 1986;
Unsworth et al. 2005), possibly with a thin layer of aqueous fluid on
top (Makovsky & Klemperer 1999; Li et al. 2003). Wet melts here
can be a result of dehydration associated with eclogitization reaction
in the lower crust (Hetényi et al. 2007). Wide-spread fluids are un-
likely across Central Lhasa and south-central Qiangtang terranes, as
evident from the lack of seismic ‘bright spots’ (Haines et al. 2003),
high resistivity (Rippe & Unsworth 2010), low-to-normal Poisson’s
ratio (Owens & Zandt 1997) and moderately low shear velocities
(this study). In northern Tibet, partial melting is likely to be with
a relatively large melt fraction but dry, as has been inferred from
the absence of the seismic bright spots (Haines et al. 2003), high
temperature and absence of hydrous minerals (Hacker et al. 2000),
high conductivity (e.g. Unsworth et al. 2004; Le Pape et al. 2012),
low S velocities (this study, Yang et al. 2012) and high Poisson’s
ratio (Owens & Zandt 1997). [The Poisson ratio for Songpan-Ganzi
using our S velocity and a VP of 6.25 km s−1 (Karplus et al. 2011)
is 0.33 or, VP/VS of 1.96.] Crustal radiogenic heating (McKenzie &
Priestley 2008) and heating from the asthenosphere below a warm,
thin mantle lithosphere (e.g. Barron & Priestley 2009; Ceylan et al.
2012; Agius & Lebedev 2013; Nunn et al. 2013) are likely to be the
main causes for the elevated temperature, low VS and melts in the
crust of northern Tibet.

The very low seismic velocities in the middle crust beneath
Tibet indicate that it is mechanically weak and prone to ductile
flow. In northern Tibet, the occurrence of mid-crustal seismic LVZ
suggests that the middle crust is a particularly weak layer there.

 at D
IA

S on O
ctober 8, 2014

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


1410 M. R. Agius and S. Lebedev

Laboratory experiments by Rosenberg & Handy (2005) show that
as little as 5 per cent of melt can drop viscosity by an order of magni-
tude. This could facilitate channel flow beneath the Tibetan Plateau
as simulated by numerical models (e.g. Royden 1997; Clark &
Royden 2000). Similar models have been used to explain high-grade
metamorphic rocks exhumed at the Greater Himalayan Sequence
(Beaumont et al. 2001; Jamieson et al. 2004). A viscosity drop at
mid-crustal depths has been proposed based on partial melt esti-
mates from seismic (Caldwell et al. 2009) and MT (Unsworth et al.
2005) studies. Estimates for viscosity and flow rate by Rippe &
Unsworth (2010) suggest that eastern Tibet has a lower viscosity
than northern Lhasa and Qiangtang (central Tibet). This is consis-
tent with the distributions of low shear velocities and partial melt
that we have obtained from our surface wave data (Fig. 11).

5.4 Radial anisotropy

Radial seismic anisotropy (the difference of the speeds of vertically
and horizontally polarized seismic waves) indicates preferred align-
ment of anisotropic minerals within the Earth, created by large finite
strains. In the top ∼5 km of the crust, anisotropy can also be caused
by aligned microcracks opened by tectonic stress (e.g. Adam &
Lebedev 2012), but at the greater depths that we focus on here the
cracks close and anisotropy is primarily due to the anisotropic fab-
ric, created in the last major episode of crustal deformation. Given
the pervasive active deformation of Tibet, anisotropy in its duc-
tile middle crust can be interpreted with confidence as a proxy for
current and recent deformation. Strong radial anisotropy has been
detected in Tibetan crust in a number of previous studies (Shapiro
et al. 2004; Chen et al. 2009; Duret et al. 2010; Guo et al. 2012; Xie
et al. 2013). One of the targets of our inversions was to constrain
the amplitude of radial anisotropy in different parts of the plateau.

We constrained the ranges of crustal radial anisotropy consistent
with surface wave data in two series of inversions, one targeting
the average anisotropy from 20 to 45 km depth and the other from
10 km depth to the Moho (Fig. 6). Beneath Lhasa, West Qiang-
tang and Qingling-Qilian radial anisotropy is clearly the strongest
in the middle crust (20–45 km depth; Fig. 8). Among the regions
sampled by our data, mid-crustal radial anisotropy is the strongest
in West Lhasa (9–14 per cent, VSH > VSV). In other regions, East-
central Qiangtang and Yunnan, radial anisotropy is either less pro-
nounced or harder to constrain within the mid-crust only. Hence,
tests for crustal-average radial anisotropy were introduced. These
give tighter ranges of values (Figs 6 and 12c, Table 1).

The regional variations of radial anisotropy that we map
(Figs 8 and 12) are overall consistent with those given by the regional
tomography of Shapiro et al. (2004), including the weak (or ab-
sent) radial anisotropy in northeastern Tibet. The recent tomography
model of Xie et al. (2013) also shows a decrease in radial anisotropy
from west to east, although with stronger positive anisotropy in east-
ern Tibet, close to the upper limit of our anisotropy ranges. Strong
radial anisotropy variations from west to east Tibet are also seen
in the update of the model of Yang et al. (2012), by Hacker et al.
(2014). The 1-D models of Duret et al. (2010), for paths cross-
ing the entire plateau from west to east, confirm the occurrence of
substantial anisotropy and probably show averages of very strong
radial anisotropy in western Tibet and weaker anisotropy in eastern
Tibet.

Shapiro et al. (2004) pointed out an important relationship be-
tween the distributions of radial anisotropy in the deep crust and
the style of deformation seen at the surface. Anisotropy is strong

beneath western and central Tibet, characterized by normal faulting
and, thus, crustal thinning, and weak (or absent) in the east and
northeast where the deformation is primarily strike-slip, with no
overall crustal thinning. Shapiro et al. (2004) inferred that as much
as 30 per cent of vertical thinning of the middle-to-lower crust
was required to account for the anisotropy (probably caused by a
horizontal alignment of mica crystals) in western-central Tibet.

Lateral variations of radial anisotropy constrained by our data
confirm the relationship between anisotropy and the style of defor-
mation identified by Shapiro et al. (2004). In Fig. 12 we compare
the distribution of radial anisotropy to surface elevation, faults of
different types (predominantly normal faults in the western-central
part of Tibet; strike-slip faults in eastern and northeastern Tibet, and
thrust faults at the periphery), and earthquake source mechanisms
(confirming the regional variations of the deformation style).

Strong radial anisotropy correlates neither with highest surface
elevation, nor with low shear velocities (and, by inference, par-
tial melting and low viscosity regions; Fig. 11). For example,
West Lhasa and West Qiangtang regions both show strong ra-
dial anisotropy but mid-crustal shear velocities are quite different.
Central Lhasa and North Yunnan regions display significant radial
anisotropy but different elevations. Instead, the radial anisotropy
shows a relationship with the surface deformation, shown by the
different fault types across the plateau and the focal mechanism
of upper crustal earthquakes (Figs 12a–c). Strong radial anisotropy
is observed in regions experiencing crustal extension (flattening)
in west-central Tibet and southeast Tibet, whereas regions experi-
encing strike-slip deformation display no (or much weaker) radial
anisotropy (Fig. 12d). Radial anisotropy is also detected in the north-
ern margins of the plateau, beneath regions experiencing crustal
thickening (e.g. Yuan et al. 2013).

Strong mid-crustal radial anisotropy would be consistent with
deformation of a mechanically weak layer that flows as if confined
to a channel (e.g. Bird 1991; Royden 1997; Clark & Royden 2000).
The middle-to-lower crust could probably flow to escape from be-
neath western-central Tibet. Just as anisotropic crystals can become
nearly horizontally oriented as a result of ongoing vertical thin-
ning in western-central Tibet, strike-slip-style flow may align micas
in a vertical or steeply dipping plane, resulting in weaker radial
anisotropy—as observed across Songpan-Ganzi.

5.5 Deformation and dynamics of the Tibetan crust

Our observations provide new constraints on the structure and tem-
perature of Tibetan crust, on the distribution of partial melt within it
and on the patterns of its deformation. These results prompt useful
inferences on the basic mechanisms of the plateau’s dynamics.

The main direct cause of the deformation of the Tibetan crust is
gravity—the gravitational spreading of the very thick crust. Com-
pression and addition of new crustal material from the south, over
tens of millions of years, are the underlying cause, as they are the rea-
son for the crustal thickening. The evolution of topography, crustal
thickness, and crustal deformation must also have been affected by
flow within the crust and by the dynamics of mantle lithosphere,
although the nature of the flow within both the crust and upper
mantle beneath Tibet is debated (e.g. England & Houseman 1989;
Clark & Royden 2000; Hatzfeld & Molnar 2010; Clark 2012; Wang
et al. 2012a; Agius & Lebedev 2014).

Geodetic measurements map the kinematics at the surface in de-
tail and show overall eastward movement of Tibetan crust away
from the western-central Tibet (Zhang et al. 2004; Gan et al. 2007),
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Figure 12. Deformation and radial anisotropy in the Tibetan crust. (a) Different fault systems colour-coded according to their type (normal, thrust, and strike-
slip) from Taylor & Yin (2009). Orange shade highlights regions of elevation higher than 5 km (using ETOPO1 elevation data set, re-sampled at 5 km × 5 km grid
by GMT, Wessel & Smith 1998). Thick grey lines indicate sutures, dashed grey loops indicate regions. (b) Focal mechanism of shallow earthquakes (<50 km
depth) with moment magnitude ≥5.5. The focal mechanisms are well-constrained double couple CMT solutions (http://www.globalcmt.org), colour-coded
according to their type (extension, compression, and strike-slip). (c) Ranges of crustal-average radial anisotropy [(VSH−VSV)/VS(iso)], between 10 km depth
and the Moho (bold, black numbers), and ranges of radial anisotropy in the 20–45 km depth range (light, black numbers in parentheses). (d) The relationship
of the deformation regime and radial anisotropy within Tibetan crust.

where the elevation is the highest. The boundary conditions include
the presence of nearly rigid lithospheric blocks of surrounding cra-
tons, the main ones being India in the south, Tarim in the northwest,
and Yangtze in the east. Mountain ranges form at the boundaries
of Tibet and these cratonic blocks, but the flow of crustal material
is blocked at the craton boundaries. Instead, Tibetan crust escapes
into areas with mechanically weak lithosphere, most notably in the
southeast (Yunnan).

Insights into the nature of the movements within the deep crust
can be gained from seismic structure and anisotropy. The flow may,
first, depend on the viscosity of crustal rocks (characterizing their
response to pressure gradients). Very low shear speeds generally
indicate low viscosity of rocks within the crust. The lowest shear
velocities are found in the middle crust beneath northern and west-
ern Tibet, as noted previously by Yang et al. (2012) and confirmed

in this study. Crustal temperature varies laterally across the plateau,
increasing from the south to the north. In northern Tibet, crustal
radiogenic heating (McKenzie & Priestley 2008) as well as heating
from the asthenosphere below the thin, warm lithosphere are prob-
ably the causes for the high temperature and low shear velocities. In
the south, Lhasa is also expected to have crustal radiogenic sources,
but, in contrast to northern Tibet, the cold Indian lithosphere un-
derthrust beneath it (e.g. Ni & Barazangi 1984; Agius & Lebedev
2013) insulates the crust, to some extent, from heating from be-
low. Furthermore, the likely presence of recently added, cold Indian
crustal rocks may also contribute to the lower temperature (and,
thus, higher S velocity) in southern compared to northern Tibet. We
note that in the west of the plateau the zone of lowest S velocity
is relatively close to the Himalaya, closer than the central parts of
Tibet underlain by higher VS middle crust. We speculate that the
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northeastward flow in the deep crust, similar to that mapped by
geodetic measurements at the surface, may be moving the colder
crustal rocks from southern to central and eastern Tibet. At the
same time, the hotter rocks in the northwest of the plateau remain
roughly where they are, continue to be heated radiogenically and
are not cooled by recently added Indian crustal rocks. Clearly, the
patterns of flow within Tibetan crust may have a major influence on
the distribution of its temperature; they remain a first-order, open
question.

The lateral variations in crustal shear wave speeds and radial
anisotropy show no correlation (Figs 11 and 12). This suggests that
the variations in viscosity across the plateau do not determine the
patterns of flow. The western-central part of the plateau that shows
extension at the surface and strong radial anisotropy in the middle
crust comprises a western portion with very low shear speeds (and,
probably, very low viscosity) and an eastern portion with moderately
low shear speeds (and, thus, higher viscosity).

Our results also provide evidence for smooth variations in the
crustal structure across broad regions within Tibet. The dispersion
curves measured at different station pairs within the same regions
are remarkably similar, indicating relatively homogeneous structure
across them (e.g. Songpan-Ganzi; Fig. 2).

5.6 Layered versus vertically coherent deformation

The distributions of radial anisotropy within the crust and the up-
per mantle beneath Tibet do not correlate. Anisotropy in the man-
tle, measured recently using broad-band surface wave data (Agius
& Lebedev 2013), is stronger beneath Songpan-Ganzi (3–9 per
cent) than beneath Qiangtang, in contrast to the pattern in the crust
(Fig. 12). The upper-mantle radial anisotropy measurements (Ag-
ius & Lebedev 2013) are probably dominated by the fabric in the
asthenosphere, which, therefore, deforms differently from the litho-
sphere. Shear wave splitting, often used as a source of constraints
on deformation at depth (e.g. Flesch et al. 2005; Wang et al. 2008),
is thus likely to occur in multiple layers with different deformation
and anisotropy within each (Agius 2013; Agius & Lebedev 2014).

6 C O N C LU S I O N S

The Tibetan middle crust is characterized by anomalously low shear
wave speeds. The wave speeds also show substantial lateral varia-
tions across the plateau. In the central Lhasa Terrane, shear speeds
in the middle crust (20–45 km depth range) are around 3.4 km s−1.
The lowest mid-crustal shear speeds are found in the north and
west of the plateau, down to as low as 3.1–3.2 km s−1 in West
Qiangtang and eastern Songpan-Ganzi. In these regions, a pro-
nounced mid-crustal LVZ (with shear speeds in the middle crust
lower than those in the upper crust above it) is required by the data.
In southeastern Tibet, crustal shear wave speeds increase gradu-
ally towards southeast (from 3.3 to 3.5 km s−1). In the northeast,
crustal wave speeds are markedly higher to the north of Kunlun
Fault (around 3.6 km s−1) than to the south of it (around 3.2 km s−1;
Fig. 11(a).

The lateral variations of shear speeds within the crust are indica-
tive of those in temperature. Across Lhasa, at mid-crustal depth, a
temperature of 800 ◦C (Mechie et al. 2004) is sufficient to explain
the shear speeds there (about 3.4 km s−1). Regions with S veloc-
ities similar to or higher than these (Southeast Qiangtang, South
Yunnan) probably have similar or lower mid-crustal temperatures.
Farther north, across West Qiangtang and Songpan-Ganzi, the ther-

mal gradient is steeper than in the south and the temperature at
mid-crustal depths exceeds the solidus, resulting in partial melting
that lowers the shear speed further (e.g. Hacker et al. 2014).

Our conservative partial melt estimates yield between 3 and 6
per cent melt fractions for West Qiangtang and Songpan-Ganzi,
respectively, and melt fractions less than 3, 2 and 1 per cent for North
Yunnan, eastern Qiangtang and West Lhasa, respectively (Fig. 11b).
In South Yunnan, significant melting is unlikely. Beneath Tibet’s
margins, the crust is thinner and shear speeds within it are higher,
reflecting its lower temperature.

The top of the low shear velocity zone within the Tibetan crust
(∼20 km depth) coincides with the top of a high conductivity layer,
detected in magnetotelluric studies. Northern Tibet is characterized
by a pronounced LVZ and high conductivity. In contrast, in southern
Tibet (across Lhasa), a LVZ is not required by the data, and electrical
conductivity is low or laterally varying. Melt estimates based on
VS are at the lower end of melt estimates inferred in published
magnetotelluric studies.

Strong radial anisotropy is required by the data in western-central
Tibet (>5 per cent) but not in northeastern Tibet (Fig. 12c). The
amplitude of radial anisotropy in the crust does not correlate with
how low isotropic-average shear speeds are (and, thus, with partial
melt fractions and low viscosities) or with surface elevation. In-
stead, radial anisotropy is related to the deformation pattern and is
the strongest in regions experiencing extension (crustal flattening;
Fig. 12). Crustal thinning causes the radial anisotropy probably by
aligning mica crystals in the horizontal plane (Shapiro et al. 2004).
Strike-slip type of deformation may, instead, align micas in a verti-
cal or steeply dipping plane, resulting in weaker radial anisotropy,
as observed in eastern Songpan-Ganzi, a region experiencing strike-
slip earthquakes and no overall extension. Interestingly, the strength
of radial anisotropy within the crust and the upper mantle beneath
Tibet (Agius & Lebedev 2013) do not correlate, with the anisotropy
in the mantle stronger in northeastern than in west-central Tibet, in
contrast to the pattern in the crust. This suggests that the deforma-
tion in the crust and the upper ∼100 km of the mantle is significantly
different.

The close similarity of dispersion curves at neighbouring station
pairs suggests that the crust is largely uniform beneath broad regions
within Tibet (hundreds of kilometres wide). Thus, deformation and
flow in the middle crust are likely to be diffuse and distributed
smoothly over broad areas, consistent with the low topographic
gradients within Tibet (Clark & Royden 2000).

The growth of Tibet by the addition of Indian crustal rocks into
its crust from the south is reflected in the higher crustal seismic
velocities (and, thus, lower temperatures) in the southern compared
to northern parts of the plateau. This is because more recently added
rocks have had less time to undergo radioactive heating within the
thickened Tibetan crust. Gravity-driven flattening is the basic cause
of extension and normal faulting in the southern, western and central
Tibet, as evidenced by pervasive radial anisotropy in the middle
crust beneath the regions undergoing extension. The overall flow of
the crust is directed towards the east by the boundaries and by the
motions of the lithospheric blocks that surround Tibet.
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