Discontinuous low-velocity zones in southern Tibet question
the viability of the channel flow model
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Abstract: Low-velocity zones (‘bright spots’) imaged by the INDEPTH seismic experiment in
southern Tibet are extensively interpreted as widespread partial melt within the crust, which has
given a strong support for the channel flow model. These suggest that a continuous seismic low-
velocity zone underlies Tibet on the large scale. Here we take advantage of the Hi-CLIMB
seismic experiment which includes a dense south—north profile and a lateral 2D seismic
network to assess the vertical and the horizontal extension of low-velocity zones in southern
Tibet. Several approaches including migration, amplitude analysis and waveform inversion of
receiver functions are performed to detect crustal low-velocity zones using this new seismological
dataset. Our results reveal localized and discontinuous low-velocity zones in Tibet. They indicate
that the vertical extension of the low-velocity zones is about 10 km, and their maximum horizontal
length appears to be c. 50 km. Our study suggests a partial correlation between the location of these
low-velocity zones and the spatial distribution of Tibetan grabens. These results, especially the
non-continuity of low-velocity zones, together with the observed regular value of mean crustal
Vp/Vs ratio, question the existence of widespread partial melt of the southern Tibetan crust

and, therefore, the viability of the channel flow model.

The Tibetan Plateau and the Himalayas are the
results of the well-known ongoing convergence
between the Indian and Eurasian plates (e.g.
Molnar et al. 1973; Molnar & Tapponnier 1975;
Patriat & Achache 1984; Molnar & Stock 2009).
However, the accommodation of this convergence,
especially the localization of the deformation
within the Tibetan Plateau is still a matter of
debate. Two end-member models are commonly
proposed. On the one hand most of the deformation
occurs along the active faults that bound the major
rigid Tibetan blocks (e.g. Avouac & Tapponnier
1993). On the other hand the convergence rate is
mostly accommodated by internal deformation
within the blocks related to the viscous behaviour
of the continental lithosphere (e.g. Houseman &
England 1993; England & Molnar 1997). Global
Positioning System measurements are key data to
discuss these two models. However, as previously
mentioned by Thatcher (2007), due to the non-
homogeneous GPS data coverage (e.g. Zhang
et al. 2004), the distinction between block and
continuum models depends upon the scale of the

study area. A complementary approach is the use
of heat flow data to constrain the rheological behav-
iour of the crust according to its thermal structure.
These measurements give a high Tibetan heat flow
(between 61-319 mW m~2 in southern Tibet),
which favours viscous behaviour and thus may
support the continuum model. However, heat flow
data are only available at a few locations on the
plateau (Fig. 1), and only a few of them are con-
sidered to be of good quality (e.g. Pollack et al.
1993; Fig. 1). Thus the analysis of heat flow gives
only spatially limited constraints on the rheological
behaviour of the Tibetan crust.

A major contribution to our knowledge of the
physical properties of the plateau in southern Tibet
comes from the passive and active seismological
experiments, like the INDEPTH projects (Inter-
national Deep Profiling of Tibet and the Himalayas;
Zhao et al. 1993; Nelson et al. 1996; Haines et al.
2003). Active seismic surveys conducted during
INDEPTH II in the Yadong-Gulu rift (Fig. 1)
show unusually large negative amplitudes in near
vertical reflections (i.e. larger than 10 dB above
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Fig. 1. Topographic map of southern Tibet, with an overlay of the original map from Armijo et al. (1986, 13 864, Fig. 28) in black: their map shows Quaternary normal fault
traces (solid lines) bounding grabens, the associated depressions (horizontally striped areas), and lakes (horizontally striped areas with white background). Geo-referencing of the
maps was performed using river and lake shapes in the central area. Roman numerals point to seven main rift systems discussed in Armijo et al. (1986), number VI being the
Yadong-Gulu rift. Blue circles and diamonds mark broadband seismological stations from the Hi-CLIMB experiment (phase 2), from the main array and from the lateral deployment,
respectively. Yellow line shows the location of the migrated profile on Figure 2. Heat flow data and quality (squares) are from Pollack e al. (1993). YTS, Yarlung-Tsangpo Suture.
MBT, Main Boundary Thrust. The location of Figures 2 and 5 are shown for reference. Inset shows the location of this map in Asia.
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Fig. 2. Map of main array stations and projected profile, with Quaternary normal fault traces, depressions and lakes
in red (see Fig. 1 for symbol explanation and location of this map). Note that the map has been rotated hence north is to
the right. The profile of migrated P-to-S receiver functions (projected on to the north—south-trending yellow line at
85°E) is from the Hi-CLIMB main array (Hetényi 2007; Nabélek et al. 2009; Hetényi et al. 2010). The profile shows
localized blue-over-yellow (positive-over-negative) regions that are interpreted as low-velocity zones in the upper crust
(highlighted by dashed green ellipses). The blue (negative) zone beneath them is the trace of the Main Himalayan
detachment (see references above). Note that the graben at station H108 (Tak Kyel Co graben) as well as the one around
31.7°N (Dawa Co graben) are located above a low-velocity zone.

background) (Brown et al. 1996), and strong P-to-S
converted amplitudes in three-component wide-
angle reflections (Makovsky et al. 1996). The con-
verters that generate these unusually strong signals
have been named ‘bright spots’. Moreover, their
location fits with the top of mid-crustal low-velocity
layers deduced from the analysis of receiver func-
tions (RF) at broad-band stations installed along
the same profile (Kind et al. 1996). The tops of
these low-velocity zones (LVZ) are usually mod-
elled as a solid-fluid interface at c¢. 15 km depth
(Makovsky et al. 1996). The nature of the crustal
fluids is mostly given to be a granitic magma (e.g.
Brown et al. 1996), while some suspect the presence
of free aqueous fluids as well (Makovsky & Klem-
perer 1999). Magnetotelluric studies, performed
during the INDEPTH II experiment (Chen et al.
1996) and during other measurements elsewhere
on the plateau (Wei et al. 2001; Unsworth et al.
2005), indicate the existence of an electrically con-
ductive zone in the southern Tibetan crust that
also suggests the presence of an interconnected
fluid phase. However, despite some attempts to

quantitatively describe these conductive features
(e.g. Li et al. 2003), there is no consensus on their
origin (zones of partial melt or of aqueous fluid
accumulation), nor on their thickness. In summary,
geophysical observations show that in southern
Tibet there exist zones with significant seismic
P-wave velocity decrease in the upper crust (at
¢. 15 km depth) that coincide with the top of an elec-
trically conductive zone.

The ‘classical’ and most extensively held
interpretation of these geophysical observations is
that a thick and widespread partially melted layer
exists in the southern Tibetan crust (e.g. Nelson
et al. 1996; Brown et al. 1996; Kind et al. 1996;
Wei et al. 2001; Li et al. 2003; Unsworth et al.
2005). The view that this layer behaves as a fluid
on the scale of Himalayan deformation gives
strong support to a model in which the deformation
of Tibet is driven by a channel-like viscous flow
within the crust. This model is supported by argu-
ments from field observations (e.g. rift flank
topography in Masek et al. 1994) and numerical
models (e.g. Royden 1996) and, since then, it
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became a popular mechanism to explain the evol-
ution of deformation of the plateau (e.g. Clark &
Royden 2000; Beaumont et al. 2001; Shen et al.
2001; Jamieson et al. 2004; Clark et al. 2005). A
typical set of characteristics of a channel flow
model is a viscosity reduced to the 10''—=10'° Pa s
range, a channel thickness of 15km, and an
average flow speed of 80 mma ' (Clark er al.
2005). Therefore, the expected seismic signature of
such a feature can well be a continuous LVZ
beneath the plateau with a pronounced velocity
decrease on its top, as suggested by Nelson et al.
(1996) and modelled by Hyndman & Shearer (1989).

The limitations of the INDEPTH II results and
therefore of the viability of the channel flow
model come from the data coverage itself. Due to
the practical difficulties to perform geophysical
measurements in Tibet most INDEPTH II data
were collected along the Yadong-Gulu rift, which
may have specific lithospheric properties. A major
drawback coming from the generalization of local
INDEPTH 1II observations is therefore that it is
uncertain whether partial melt is restricted to rift-
systems, such as the Yadong-Gulu rift (Fig. 1), or
occurs beneath all Tibet (Yin 2005).

This study aims to assess whether regions of
seismic wave velocity reduction are truly wide-
spread across the southern Tibetan Plateau, or
simply restricted to rift systems as the one where
INDEPTH II data were collected. We take advan-
tage of the Hi-CLIMB seismic experiment which
includes a dense south—north profile and a lateral
2D seismic network in southern Tibet composed
of stations located both in and away from individual
grabens forming the rift-systems (see Fig. 1 for
location and definition). First we apply passive
seismic methods to assess the vertical and the hori-
zontal extension of the LVZs in southern Tibet.
Next, we compare our results to previous studies
concerning the distribution and continuity of LVZs.
Finally, we discuss the potential physical causes of
LVZs, the relation of these to the rift systems, as
well as the implications on the channel flow model
and on the behaviour of the Tibetan crust.

Data processing

Seismological data used in this study have been
acquired in the frame of project Hi-CLIMB. Details
concerning the Hi-CLIMB experiment, including
deployment and data, can be found in Hetényi
(2007), Nabélek er al. (2009) and Hetényi et al.
(2010). This broad-band seismology experiment
was carried out to study the continental lithosphere
and mountain building in the Himalaya—Tibet
region. Here we focus on the second phase of the
experiment, during which 113 stations were
deployed for 15 months in southern and central
Tibet (Fig. 1). The south—north-trending linear

profile near 85°E has a station spacing of c. 8-
10 km, which allowed us not only to image the
lower part of lithosphere at high resolution, but
also to have sufficient ray-path crossings at
shallow depth to study the upper crust in one con-
tinuous image. The lateral deployment covers the
region between this array and the former location
of INDEPTH stations in the Yadong-Gulu rift
(Fig. 1). Here the station spacing is sparser
(c. 35km in average), but the spatial distribution
of the stations is better than in INDEPTH, leading
to a potentially better resolution of the lateral
extent of the structures at depth. Also, having
some of the stations in grabens and some of them
away allows the examination of the effect of
grabens on the Tibetan crustal structure.

To study the structure of the crust below these
stations we used receiver function analysis, a
passive source method that detects waves from
distant, teleseismic earthquakes that were converted
from P- to S-wave on interfaces beneath the observ-
ing stations (Langston 1977). The converted waves
arrive with a delay compared to the direct P-wave,
and this delay is proportional to the depth of the
interface where the conversion occurs, as well as
to the velocity structure between the interface and
the surface. The polarity of the converted P-to-S
wave is positive when the impedance (product of
seismic velocity and bulk density) increases with
depth across the interface, and is negative when
the impedance decreases. The amplitude of the con-
verted P-to-S wave is proportional to the impedance
change across the interface. Receiver functions are
more suitable for detecting an eventual LVZ than
active source seismology, since the illumination of
structures is from below instead of above. Further-
more, the lower frequency content of RFs (typically
0.05 to c. 1 -2 Hz) allows detection of the bottom of
the LVZ as well, even when this is more likely to be
a gradient than an interface. However, because of
their lower frequency content, the vertical spatial
resolution of the RFs will be relatively poorer.

To detect and image LVZs within the crust we
apply three different methods including: migration;
amplitude analysis; and waveform inversion of
receiver functions.

Migration

This method is suitable when neighbouring stations
are close enough to have incoming rays crossing at
the depth of interest. This depth is about twice the
spacing of the stations, so we apply this method
to the dense linear array of stations only. The
migration itself is a process that relocates the ampli-
tude of conversions in the receiver function from
time to space, and hence draws a continuous
image of velocity contrasts along a profile beneath
the stations. Here we use the common conversion
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point method (e.g. Dueker & Sheehan 1997) and
processing as detailed in Nabélek er al. (2009)
with RFs filtered to 1 Hz maximum frequency.
The resulting image is shown on Figure 2 and dis-
cussed in the next section.

Amplitude analysis

Here we take advantage of the proportionality
between the amplitude of a converted wave on the
RF and the impedance change across the interface
that causes the conversion. Searching for LVZs,
we look for the minimum amplitude of each individ-
ual RF between 1.0-2.5 s after the P-wave arrival.
In case of an ordinary velocity-structure of the
upper crust [Vp= 5.8 km s7l Vg=336kms™!
in the iasp91 velocity-model (Kennett & Engdahl
1991)], this time range corresponds to conversions
originating from interfaces between c¢. 8 and
20 km depth. Even with an eventual sedimentary
cover or deviation in mean velocity that may
further delay waves, we consider that this time
frame is suitable to detect conversions from the
upper crust. An example for a negative amplitude
peak on a RF is shown on Figure 3b (left curve).
This method is applied to the 2D lateral deployment,
where the station spacing is too sparse to perform
migration. Data selection is detailed in Appendix A.

Waveform inversion

The inversion of receiver functions aims to find a
velocity—depth model that generates the synthetic
RF closest in shape to the observed one in the
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L2-norm sense. Inversion requires good quality
data and, depending on the method, considerable
computation time. Here we apply two inversion ap-
proaches: a semi-linearized approach that is more
likely to find local minima; and a more robust non-
linear method (for details on methods and proces-
sing, see Appendix B). The semi-linear inversion
was applied to all stations on data selected as
described above. At stations with the more stable
results, the more time consuming non-linear inversion
was also performed. Two examples of RF waveforms
and inversion results, showing one station with, and
one without, evidence for an upper crustal LVZ
(that is, a decrease and then an increase of velocity
with depth) are shown on Figure 3.

The velocity—depth curves obtained by inver-
sion are used first qualitatively and then quantitat-
ively. The reasons for this are that the quality of
the instruments and deployment sites in the lateral
array was not as good as in the main array, and
that the semi-linearized inversion method is not
very robust. Thus we visually determine whether
a LVZ in the upper crust is present or not in the
velocity—depth curve obtained by inversion at
each station, and identify bright spots when a Vg
decrease of at least 0.5kms ' is apparent. The
results of this selection are used together with the
amplitude analysis, and are reported on Figure 4.

Spatial extent of low-velocity zones

The obtained migrated profile of receiver functions
across the Lhasa Block is shown on Figure 2. A few
localized, strongly negative anomalies dominate the
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Fig. 3. Observation of low-velocity zones by receiver functions (RF) in waveforms (b) and velocity—depth profiles
obtained by inversion (a, ¢). Subfigures (a) and (c) show the best model obtained by semi-linearized (green) and
non-linear (NA) (blue) inversions. Grey curves show the best 100 (best 1% of all tested) models from the non-linear
inversion, and red the average of these. The examples depict one station (a, H108) with (red arrow) and one station (c,
H159) without an underlying low-velocity zone (see Fig. 1 for their locations, and Fig. 2 for the location of station H108
on the migrated profile). See text for more discussion and Appendix B for more details on inversion.
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upper crust, which we identify as the seismic bright
spots since: (1) they represent a significant drop in
seismic velocity (we assume similar behaviour in
Vs as in Vp); (2) they exhibit a velocity decrease
with depth (negative amplitude); and (3) they are
imaged in the same depth range as the bright spots
seen by the INDEPTH experiment (i.e. c. 15km
deep). The negative anomalies are often underlain
by a positive anomaly, usually of lower amplitude,
and hence represent a gentler positive velocity-
gradient with depth. These features form the top and
bottom of LVZs. Horizontally the LVZs have a
maximum length of c¢. 50 km, which might be an
apparent length as the LVZs may extend beyond the
aperture of the imaging rays perpendicular to the
profile. One can observe that LVZs lie close to
north—south grabens (Fig. 2), especially between
29.5°N and 30°N (Tak Kyel Co graben) and around
31.7°N (Dawa Co graben). There are also one or
more LVZs between c¢. 30.6—31.2°N, which are not
related to a graben. Other zones, for example
between 30-30.6°N, have no significant velocity
variations within the upper crust. The thickness deter-
mined for these three LVZs does not exceed 10 km.

To increase the spatial coverage of our study, we
look at the lateral stations, where the minimum
amplitudes are combined with the analysis of the
inversion results (Fig. 4): an LVZ-observation is
represented in darker grey. This combination
shows a good correlation between the presence of
LVZs and the most strongly negative amplitude
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anomalies. It allows the data to be split into two
distinct groups (Fig. 4b). Although there is an
overlap in the range of minimum amplitudes
between the two sets, they form two distinct distri-
butions. Stations where an LVZ is present possess
a statistical peak at —0.050, and those where an
LVZ is absent possess a peak at —0.015 (Fig. 4b).

Finally, to investigate whether the observed
LVZs are laterally continuous or not, the results
are reported in map-view (Fig. 5). The main and
most striking observation is that there is no continu-
ous pattern in the distribution of LVZs. Thus inde-
pendently from their physical cause, they do not
form a coherent sheet or continuum beneath
southern Tibet.

By comparing the distribution of LVZs with that
of extensional grabens, it can be argued that the loci
of grabens are partly controlled by the presence of
LVZs. A majority but not all (7 out of 9) stations
located in individual grabens see an underlying
LVZ. However, 3 out of 5 stations lying in the
axis of main rift-systems but outside of mapped
grabens (outlined in Armijo et al. 1986) are not
underlain by an LVZ, showing that LVZs do not
form a continuous feature along-strike of the rift-
systems. There are LVZ observations outside of rift-
systems (see next section), but 8 out of 13 stations
located here have a regular velocity structure
beneath them with no underlying LVZ.

These observations can be interpreted together
with the INDEPTH experiment: (1) stations located
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Fig. 4. Distribution of minimum amplitudes of receiver functions from lateral stations (see blue diamonds on Fig. 1
for locations) within the 1.0-2.5 s delay time range. This time window after the P-wave arrival is expected to detect
upper-crustal velocity variations. LVZs seen by RF inversions are reported in colour code: observation of LVZ in dark
grey shows correlation with more negative amplitudes, and their absence in light grey shows correlation with the less
negative amplitudes. Numbers corresponding to stations with usable three-component data are reported one after
another (a). The histogram (b) shows that the distribution of these amplitudes is non Gaussian, and corresponds to one
group of stations without and one group with observed upper crustal LVZs.
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Fig. 5. Low-velocity zone observations in southern Tibet. Earlier observations based on INDEPTH II data are shown
in orange: lines (Makovsky et al. 1999), squares (Yuan et al. 1997), and circles (Mitra et al. 2005). Stations from
the lateral deployment of the Hi-CLIMB experiment (diamonds) are reported with a colour code indicating whether
an LVZ is observed or not. Rift systems, grabens and associated depressions, as well as lakes are from Armijo et al.
(1986) (see Fig. 1 for symbol definition). See text for discussion and interpretation. Stations in grabens: 1, 4, 15, 23,
31, 32, 35, 36, 37. Stations in rift-systems but outside grabens: 14, 25, 26, 28, 38. Stations outside of rift-systems: 2, 8,

9, 10, 11, 13, 16, 18, 19, 20, 21, 27, 34.

in grabens are likely to detect underlying LVZs; (2)
the additional spatial coverage given by the
Hi-CLIMB lateral stations shows that LVZs are
localized; and (3) at the scale of the study area,
400 x 200 kmz, LVZs do not form a continuous
crustal feature. Therefore it is more plausible that
there is no generalized physical process in the
crust, such as widespread partial melt. This is also
supported by the observation that the average
crustal Vp/ Vg ratio throughout the sampled area in
Tibet (Hetényi 2007; Nabélek et al. 2009; Hetényi
et al. 2010) shows values close to the worldwide
average for continental areas (Zandt & Ammon
1995), and not high values expected for large
amounts of partial melt (Watanabe 1993).

Potential nature of the fluids and the
viability of channel flow

The question of what causes the LVZs observed in
Tibet and what are the respective amounts and
roles of magmatic and aqueous fluids has been
broadly discussed in the literature (e.g. Makovsky
& Klemperer 1999; Li et al. 2003).

Makovsky & Klemperer (1999) demonstrated
that the observed INDEPTH II bright spot reflec-
tions are likely to be generated by 10% volume of
free aqueous fluids in the Tibetan middle crust.
One can infer that these free aqueous fluids may

come from metamorphic dehydration reactions at
depth. A regional contribution from below the
LVZs may be derived from underplating of the
Indian lower crust and its eclogitization liberating
fluids at depth around the Yarlung-Tsangpo suture
and further north beneath the Lhasa block
(Hetényi et al. 2007). If the free fluids are not all
driven away by the overlying Main Himalayan
thrust, they can migrate upwards toward the LVZs.
Free aqueous fluids may also come from above, as
infiltrations of meteoric waters along graben-
bounding normal faults. Whatever the scenario,
these aqueous fluids do not preclude the existence
of magmatic fluids and may even help to initiate
or to further enhance localized melting. However,
for most authors, this process is a trivial addition
to models dominated by the presence of magmatic
fluids (e.g. Nelson et al. 1996). Although it has not
been unequivocally demonstrated, the presence of
magma bodies within the Tibetan crust coinciding
with the LVZs is suggested, given the locally high
heat flow and young volcanism at surface (e.g.
Brown et al. 1996). In this study, we argue against
thick and widespread partial melt; in the meantime,
given the thickness of the crust (c. 80 km) and the
thickness of the LVZs (c. 10 km), the possibility
of having thin layers of molten rock in the crust
with high Vp/ Vg ratio cannot be ruled out. A quan-
titative characterization of the LVZs seems feasible
by joint application of P-to-S and S-to-P receiver
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functions (Wittlinger et al. 2009) yielding an inde-
pendent estimate for Vp/Vg ratio of the LVZs that
would be characteristic of either aqueous or mag-
matic fluids (Watanabe 1993). This method at
present implies potentially large errors due to the
thinness of the LVZs, and is not in the scope of
our study.

The origin of aqueous fluids that enhance or
initiate local partial melt within the crust can be
speculated from our results and Figure 5. There
are 4 stations in 4 grabens that do not detect an
underlying LVZ (stations 14, 25, 36, 37), but in all
of these grabens there is another station beneath
which an LVZ can be observed (respectively
stations 1, 28, 31, 32). This distribution is non-
conclusive: it can either mean localized melting at
depth followed by rifting initiation and rapid propa-
gation away at surface, or a tectonic event followed
by fluid circulation and localized partial melting.
However, there are 5 stations in areas where no
grabens have been previously mapped that detect
an underlying LVZ (stations 2, 16, 20, 21 and 34):
this favours a thermally driven rifting in southern
Tibet.

Summarizing our results from the channel flow
perspective, our images show seismic LVZs that
are of comparable thickness that channels in
crustal flow models (c. 10 km scale). The cause of
these LVZs can still be both aqueous fluids and
partial melt: a 10-km thick layer with a few
percent partial melt embedded in an 80-km thick
crust does not significantly raise the average Vp/
Vg-ratio. In the meantime, what is clearly shown
by the spatial distribution of LVZ observations is
that a continuous sheet of partial melt beneath
Tibet is highly implausible. Therefore the mechan-
ical viability of the channel flow model as a govern-
ing force of the plateau’s general deformation is
strongly questioned. Instead, both LVZs and
rifting appear to be localized zones of weakness
that help to maintain Tibet’s deformation broad on
the crustal scale, and potentially contribute to the
difficulty in distinguishing between block and conti-
nuum deformation models on the large scale.

Conclusions

We have focused on the spatial distribution of LVZs
in southern Tibet using new seismological data and
various analyses of receiver functions. Our study
has shown that these LVZs are limited to 10 km in
thickness, and that they do not form a continuous
layer beneath the plateau. Indeed, these LVZs
occur mostly in and also away from extensional
grabens, without any evident and common connec-
tivity pattern. These results, as well as normal
average crustal Vp/Vg-ratios, question the thick

and widespread partial melt scenario that was
suggested to characterize the southern Tibetan
crust, and which is the major pillar of channel
flow models.

Our study has pointed out the importance of
denser spatial sampling of geophysical data. At the
present stage of data coverage in Tibet, acquiring
new heat-flow data, both in and away from
grabens, would be of invaluable help to build a com-
prehensive picture of the thermal state of the litho-
sphere, and therefore of the geodynamics and
growth of Tibet.
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Tool (Wessel & Smith 1991). Feedback from several
people following an ETH-seminar and a 2009 EGU-talk
helped to focus the conclusions. This work was supported
by Swiss National Science Foundation grant 200020-
107889.

Appendix A

Data selection for RF amplitude analysis
and inversion

Receiver functions were calculated as indicated in Nabélek
et al. (2009) but with 2 Hz maximum frequency content.
First an automatic, then a visual selection process was
applied to keep the best quality traces at each station.
The criteria included: (1) selection of M > 6.4 events in
the epicentral distance range of 30-95°; (2) exclusion of
numerous small aftershocks closely following large mag-
nitude events; (3) exclusion of traces based on signal-
to-noise ratio of the original three-component data;
and (4) automatic examination of the receiver function
shape based on the time of its peak amplitude. As a
result, 123 traces (between 1 and 16 at each station) were
kept at the 27 lateral stations, and stacked for amplitude
analysis. Further 10 stations of the lateral deployment
did not produce good quality data in the analysed fre-
quency band.

Appendix B
Inversion methods and details

Semi-linearized inversion (Ammon er al. 1990) tries a
limited number of velocity models by modifying one or
more initial models, the choice of which is crucial to the
success of the inversion. The depth range to be modelled
is divided into depth-slices of fixed thickness and constant
velocity. The Vp/ Vg ratio is fixed, which is a simplifying
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assumption, but effectively reduces the number of par-
ameters to invert, and hence calculation costs. Thus the
only parameter to recover is the shear-wave velocity in
each layer.

In order to stabilize the semi-linear inversions, a step-
like resolution procedure was followed, starting from low
frequencies (0.05 Hz) and thick layers (10km), and
ending with high frequencies (0.5 Hz) and thin layers
(2.5 km). At each step, either the frequency was increased
or the thickness was decreased. Finally, the highest
frequency solution was low-pass filtered and compared
to the RF filtered similarly, which allowed an estimate of
the robustness of the procedure. The final high-frequency
results are step-like velocity—depth curves, such as the
ones in green on Figure 3. The drawback of this method
is (1) the use of constant Vp/ Vs ratio, which could imply
an error on the shape of the velocity-structure, and (2)
the strong dependency on the initially assumed model.
However, as the average crustal Vp/Vg-ratio is in the
regular range (Hetényi 2007, Nabélek er al. 2009;
Hetényi et al. 2010) this error is considered to be minor.

For the non-linear (stochastic) inversion scheme, the
Neighbourhood Algorithm (NA) was applied (Sambridge
1999). This technique has the advantage of: (1) varying
both Vp and Vg, as well as the thickness of the layers;
and (2) performing a more complete search in the par-
ameter space, that in general helps to avoid falling in
local minima. The number of layers has to be fixed in
advance, and the range of variation for each parameter to
invert has to be bound as well. It also allows the presence
of velocity-gradients. The cost for these advantages is
increased computation time compared to the semi-
linearized approach.

In our study, the initial model was taken from the semi-
linear inversion result, and the Vp/V ratio was allowed to
vary between 1.70—1.90. The inversions have been run
using 100 iterations with 100 velocity-models in each (a
total of 10 000 models) to reproduce traces filtered up to
0.5 Hz. In the final results, the best 100 (best 1% of all
tested) velocity-models (in grey), their average (red), and
the best model (blue) are shown (Fig. 3).

The velocity-models resulting from the inversions
were not always similar between low and high frequencies,
and/or between the semi-linearized scheme and the
NA. Only at least partially coherent results were used for
the interpretation concerning the velocity-structure, and
hence the presence of low-velocity zones.
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