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ies are sensitive to the partial melts that should be present in the Himalayan
orogen if low-viscosity channel flow is active at the present day. We analyzed regional earthquakes in the
western Himalaya and Tibet recorded on 16 broadband seismometers deployed across the NW Indian
Himalaya, from the Indian platform to the Karakoram Range. We used a multiple filter technique to calculate
the group velocity dispersion of fundamental-mode Rayleigh waves, and then inverted the dispersion records
to obtain separate one-dimensional shear-wave velocity models for five geologic provinces: the Tibetan
plateau, Ladakh arc complex, Indus Tsangpo suture zone, Tethyan Himalaya, and Himalayan thrust belt. Our
velocity models show a low-velocity layer (LVL) with 7–17% velocity reduction centered at ~30 km depth and
apparently continuous from the Tethyan Himalaya to the Tibetan plateau. This LVL shows good spatial
correspondence with observations of low resistivity from magnetotelluric studies along the same profile. Of
the possible explanations for low velocity and low resistivity in the mid-crust, only the presence of melts or
aqueous fluids (or both) satisfactorily explains both sets of observations. Elevated heat flow observed in the
NW Himalaya implies that if aqueous fluids are present in the mid-crust, then the mid-crust is well above its
solidus. Comparison of our results with laboratory measurements and theoretical models suggests 3–7% melt
is present in a channel in the upper-middle crust of the NW Himalaya at the present day, and the physical
conditions to enable active channel flow may be present.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Geologic setting

The Tibetan plateau consists of a series of accreted terranes
separated by sutures (e.g. Yin and Harrison, 2000) (Fig.1a). Inwestern
Tibet, the southernmost terrane is the Ladakh arc complex, amagmatic
arc formed at 70–50 Ma above the subduction zone consuming the
Neo-Tethys Ocean (Weinberg and Dunlap, 2000). The Ladakh arc
complex is separated from crust originating on the Indian plate by the
Indus Tsangpo suture zone (ITSZ), a complex composed of oceanic
crust andmantle thatwas emplaced on the passive continentalmargin
of India. South of the ITSZ lies the Tethyan Himalaya, a fold-and-thrust
belt of metasedimentary rocks originally deposited on the Tethyan
continental margin of India. South of the Tethyan Himalaya are high-
grade crystalline rocks of the Greater Himalayan Sequence (GHS). The
GHS is separated from the Tethyan Himalaya by the South Tibetan
Detachment (STD), a shear zone most recently exhibiting normal
movement, and from the Lesser Himalayan Sequence (LHS) to the
south by the Main Central Thrust (MCT), a shear zone most recently
ll).
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exhibiting thrust movement. South of the LHS are the Main Boundary
Thrust, Subhimalaya,Main Frontal Thrust, and the Indianplatform (e.g.
Yin and Harrison, 2000; Jain et al., 2003).

1.2. Tectonic models for the Himalaya and Tibet

Two end-member models exist to explain the large-scale short-
ening and deformation of the Himalaya: a traditional thrust belt
model (e.g. Srivastava and Mitra, 1994; DeCelles et al., 2001), in which
deformation is accommodated by brittle faulting and folding in the
upper crust and localized ductile shear zones in the lower crust, and a
channel-flowmodel (Grujic et al., 1996; Nelson et al., 1996; Beaumont
et al., 2001), in which underthrust material from the subducting
Indian plate undergoes partial melting and returns to the surface via
mid-crustal flow towards the thinner, lower-elevation crust of the
foreland. In the channel flow model, focused erosion along the
southern slopes of the Himalaya from the Indian monsoon leads to
rapid exhumation, promoting advection in the channel and a resulting
southward flow of material (Beaumont et al., 2001). This material is
exhumed as the high-grade crystalline rock of the GHS. In the field, the
GHS is bordered by two shear zones with opposite sense of move-
ment: in the north by the north-dipping, top-to-the-north STD, and in
the south by the north-dipping, top-to-the-south MCT. Because the
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Fig. 1. (a) Station locations and regional geology, based on Goscombe et al. (2006). (b) Source–receiver ray paths and regional seismicity during station deployment. Color scheme
and dashed/solid lines indicate the different regions used to group themodels. The groups sample, from north to south, the Tibetan plateau (green; arrivals from the north and east at
eight northern stations grouped together), Ladakh arc complex (blue and purple shades, four groups separately measured at TKS, TGR, KDG and LEH), Indus Tsangpo suture zone
(ITSZ) (orange and red shades, three groups separately measured at HMS, RTS, and combining arrivals from the northwest to MTH and HNL), Tethyan Himalaya (dashed orange,
combining arrivals from the south and west to MTH and HNL) and Himalayan thrust belt (GHS, LHS and Subhimalaya) (yellow; results at seven southern stations grouped together).
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STD and MCT were coeval over extended geologic time (e.g. Godin et
al., 2006), and because the GHS contains high-grade and pervasively
sheared rocks, it has been interpreted as the surface manifestation of
a viscous channel flowing southward through the mid-crust (Grujic
et al., 1996). This ductile channel is also thought to contain and
localize partial melts that are molten during flow and that crystallize
as the High Himalayan leucogranites (e.g. Klemperer, 2006).

1.3. Previous geophysical work

Numerous geophysical studies of the Tibetan plateau (mostly
focused from 85 to 95°E) support the existence of a hot and silica-rich
mid- or lower crust that undergoes ductile flow on geologic time
scales (e.g. Klemperer, 2006). However, significant controversy
remains regarding the Indian Himalaya and western Tibet, where
both geological and geophysical evidence has been used to argue for
the channel flow model (Unsworth et al., 2005; Hodges, 2006) and
against it (Kohn, 2008; Oreshin et al., 2008).

Magnetotelluric (MT) studies in the NW Himalaya reveal a low-
resistivity layer in the mid-crust, which can be explained by partial
melts, aqueous fluids or graphite (Gokarn et al., 2002; Harinarayana
et al., 2004, 2005; Arora et al., 2007). These results have been regionally
attributed tofluids andused to argue forductile channelflow(Unsworth
et al., 2005), but Leech (2008) argues that the resistivity is not low
enough to indicate sufficient melt to reduce viscosity to levels that
permit modern channel flow. Alternatively, at least locally, the low
resistivities above 20 km depth have been attributed to serpentinite or
graphitic zones (Arora et al., 2007).MTdata cannot distinguish between
fluids (aqueous or magmatic), which would cause low-viscosity, and
graphite-, serpentinite- or sulphide-rich zones, such as are commonly
seen in other suture zones (e.g. Korja and Hjelt,1999; Jones et al., 2005),
and which do not imply low-viscosity (although graphite and
serpentinite do cause low yield strength). In contrast, seismic observa-
tions can directly image reflections from fluid-rich zones (e.g. in eastern
Tibet: Makovsky and Klemperer, 1999) or indirectly recognize small
concentrations offluids from lowS-wave velocities (e.g. in easternTibet:
Cotte et al., 1999). Although many changes in seismic velocity can
reasonably be attributed to compositional changes (Christensen, 1996),
large reductions in S-wave velocity almost certainly imply the presence
of fluids (Hyndman and Shearer, 1989).

2. Methods

In this paper, we test for the presence of fluids and hence for a low-
viscosity zone, in the mid-crust of the NW Indian Himalaya using
velocity modeling based on dispersion of fundamental-mode Rayleigh
waves.

We have measured the dispersion of surface waves (specifically,
fundamental mode Rayleigh waves) and inverted these data to obtain
one-dimensional models of shear-wave velocity structure. Surface
wave dispersion is the result of long-period waves sampling deeper
(and thus typically higher velocity) structures, causing velocity to vary
with period: the longer-period components of a signal generally travel
faster and arrive at a recording station sooner. This information can be



Fig. 2. (a) Dispersion curves for the 140 source–receiver pairs used in this study, after
discarding any dispersion curves more than two standard deviations from the regional
mean at any depth. Color scheme and dashed/solid lines follow Fig. 1b. (b) Mean
dispersion curve for each region.
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used to reveal velocity structure at depth (e.g. Oliver, 1962). Because
shear-wave velocity is particularly sensitive to the presence of fluids,
any significant fluids or partial melts present in the mid-crust should
be observable as a low-velocity layer (LVL).

2.1. Data

Our data consisted of 12months (2002–2003) of three-component
broadband earthquake recordings from an array in NW India (Fig. 1;
Rai et al., 2006). The array was deployed along the HIMPROBE
transect, part of an Indian national project to create a geological and
geophysical transect across the Himalaya (Jain et al., 2003). The Indian
National Geophysical Research Institute (NGRI) operated the majority
of the array, with one station (HNL) operated by Cambridge
University. Sixteen stations (a mix of Guralp 3T and Guralp 3ESP
seismometers) comprised the array, which ran approximately north–
south for 500 kmwith an average station spacing of 35 km. The array
traversed the Himalaya roughly orthogonal to the orogen, extending
from the foreland basin to the Karakoram Range. Four stations lay
north of the ITSZ, four were within or near the ITSZ, and eight were
south of the ITSZ. The four ITSZ stations were laterally separated along
the suture zone, and bracketed the Tso Morari north Himalayan gneiss
dome and Puga valley geothermal field (Harinarayana et al., 2004,
2005).

We used records of 36 earthquakes, choosing only events near to
the array (~300–900 km source–receiver distance) in order to mini-
mize the effects of path averaging. A dispersion curve represents
average velocities over the length of the source–receiver path, so short
paths provide greater spatial resolution than long paths. However,
these paths were still long enough to be representative of the regional
crust, so the criticism (e.g. Harrison, 2006) that geophysical studies in
southern Tibet providing evidence in support of channel flow were
located in anomalous rift valleys does not apply here. The seismicity of
the region was not evenly spatially distributed: during the deploy-
ment, a large concentration of events occurred northwest of the array
near the Nanga Parbat syntaxis (Fig. 1b).

2.2. Dispersion curve calculation

We picked several hundred group velocity dispersion curves from
these events using a multiple filter technique (MFT) (Dziewonski et
al., 1969). MFT consists of bandpass filtering each seismogram around
a set of frequencies, calculating the envelope function for each of the
filtered signals, and manually picking the time of maximum energy
arrival for each frequency. Time and velocity are equivalent (because
the source–receiver distance is fixed), so this process reveals var-
iations in amplitude as a function of period and velocity, and hence,
dispersion. We use the MFT technique as implemented by Herrmann
and Ammon (2002). Before applying the MFT, we removed the mean,
trend, and instrument response of the seismograms and applied a
taper (Dziewonski et al., 1969). The majority of the dispersion curves
could be picked between 2 and 50 s, roughly corresponding to sen-
sitivity between 3 and 75 km depth. After picking, we discarded
unreliable or noisy records based on visual inspection of the bandpass-
filtered seismograms.

2.3. Regional sorting

In order to investigate north–south variation, we isolated 192 dis-
persion curves with ray paths approximately parallel to the orogen, and
divided them into ten sets corresponding to separate regions (Fig. 1b).
Within each regional set, we discarded any dispersion curves that
deviated fromthemeanof the setbymore than two standarddeviations,
thus removing potentially spurious data (the necessarily subjective
nature of manually picking dispersion curves is likely to result in some
inaccuracies). This process removed 52 outlying curves, leaving 140
consistent dispersion curves. The number of accepted curves per set
varied between11and20. The140dispersion curves are shown in Fig. 2a
(each colored according to its region in Fig.1b).Within each set we took
the mean group velocity at each period for which there were three or
more data points, yielding an average dispersion curve for the set
(Fig. 2b), and hence for the corresponding region (Fig. 1b).

2.4. Inversion

We inverted the average dispersion curve of each region to obtain
one-dimensional shear-wave velocity profiles, also using an imple-
mentation of Herrmann and Ammon (2002). The earth model was
parameterized with layer thicknesses of 1 km in the upper 6 km, 2 km
from 6 to 50 km depth, and 5 km from 50 to 100 km depth. The
inversion ran to a depth of 100 km, and although we lack resolution at
that depth, doing so avoided forcing structure to artificially shallow
depths. The majority of the dispersion curves could be picked to 50 s,
so we interpreted only the upper 75 km of the inversion results. This
corresponds to the approximate crustal thickness at the northern
eight stations (Rai et al., 2006); for this reason we did not force a
velocity jump at a Moho discontinuity in any of our inversions.

As with most geophysical data, the inversion is non-unique, so in
order to fully characterize the range of possible solutions, we performed
numerous inversions for a range of startingmodels and damping factors
(the two parameters that most strongly influenced the inversion
results) and analyzed the resulting suite of best-fitting models.

For each of our ten subsets of data, we ran 110 inversions in a grid
search, representing all combinations of 5 damping factors and 22
starting models. To select the 5 damping factors, we plotted model fit
vs. damping factor (an L-curve) in a standard tradeoff analysis to
determine the smallest damping factor that did not significantly
reduce the quality of fit—the “corner” of the L-curve (e.g. Aster et al.,
2005). We then selected 5 damping factors that included and
bracketed this corner point. Our 22 starting models bound and evenly
spanned the range of velocities seen in the inverted models. The
starting models had one of three velocity gradients (0.01 km/s/km,
0.005 km/s/km, or constant velocity), and ranged from 2.8–4 km/s at
the surface and 3.2–4.6 km/s at 100 km depth.

This grid search process resulted in 110 shear-wave velocity
profiles for each region. Within each region we averaged the profiles
using a weighted mean with weighting w=1/σ2, where σ was the



Fig. 3. Shear-wave velocity models obtained for each region. Color scheme and dashed/solid lines follow Fig. 1b. For each region, the bold line is the mean of the suite of models
generated by a range of inversion parameters (see section 2.4). The mean is weighted by eachmodel's fit to the observed dispersion data. Thinner lines show±2σweighted standard
deviation.

Fig. 4. Comparison of synthetic earth models (bold lines) with the corresponding
inverted models (thin lines; obtained by forward calculating dispersion for each
synthetic and inverting to obtain a velocity model). Gray line is the starting model for
each inversion. For any observed velocity profile, a non-unique set of earth models
(such as A and B in the figure) are all valid interpretations, and depend on the assumed
actual thickness of the low-velocity layer (LVL). In these synthetics, the earth velocity in
the LVL is always lower than the minimum velocity in the inversion.
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standard error between the observed dispersion and the forward-
calculated dispersion for each model. Fig. 3 shows the average model
for each region with ±2 weighted standard deviations. These bounds
constrain the range of likely models and constitute our solutions for
the shear-wave velocity in the NW Himalaya.

Statistically analyzing a range of possible models removes the bias,
and the largest source of uncertainty, that would otherwise result
from inverting with a single starting model and single damping factor.
Other sources of uncertainty include the possibility that poor quality
or unrepresentative seismogramsmay have been included, thoughwe
lessen this potential error by discarding outlying dispersion curves.
The time, and hence the velocity, identified at each period by the MFT
program has an inherent uncertainty, and picking errors may occur.
These factors were not incorporated into the reported uncertainty
bounds, though one test we conducted indicated that uncertainty in
calculating the mean dispersion curve contributes an uncertainty of
±0.05 km/s to the inverted models.

2.5. Synthetic tests

We also analyzed the resolution of our inversions by calculating
synthetic dispersion curves from known earth models, performing a
single (non-grid search) inversion, and comparing the inverted
models to the known models (Fig. 4). These tests illustrate the non-
uniqueness of the inversion: trading off thickness and velocity of an
LVL (A and B in Fig. 4) can generate the same inverted model within
our uncertainties. Additionally, the smoothing employed means that
our inversions cannot accurately reproduce abrupt velocity changes—
a smoothly varying velocity profile does not necessarily indicate
smoothing varying velocities in the earth. Thus, we cannot constrain
the geometry of an LVL from our results alone, and lacking constraints
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on geometry from other data, we cannot infer a sharply-bounded
layer, nor can we distinguish between a low-velocity thick layer and a
very-low-velocity thin layer (e.g. models A and B in Fig. 4). However,
we can distinguish between the presence and absence of an LVL: when
the synthetic model does not contain an LVL (C in Fig. 4), no LVL is
observed in the inverted model.

3. Results

3.1. Shear-wave velocity models

The velocity models (Figs. 3 and 5) all show a pronounced intra-
crustal LVL. The velocities decrease starting at depths of 10–15 km
(although our synthetic tests shown in Fig. 4 suggest that for a
sharply-bounded channel, the actual top of the LVL could be ~10 km
below this point) and reach a minimum at 28–35 km depth. The
minimum velocities in each model range from 2.9 to 3.3 km/s, with
the lowest velocities occurring in the vicinity of the ITSZ. The
exception is the southernmost region, the Himalayan thrust belt,
which has a less-pronounced LVL that reaches a minimum at 20 km
depth and then increases with depth. We lack sufficient earthquake
paths in this region (see Fig. 1b) to identify the location of the
southern limit of the LVL, but it must extend well south of the ITSZ.

In order to interpret the nature of the LVL, we estimated the degree
of velocity reduction with respect to estimates of unmodified crust.
Using a constant velocity beneath the upper-crustal velocity peak as
an estimate of the velocity of unperturbed crust (Vs

0; vertical dashed
line in Fig. 5, and equivalents calculated separately for each velocity
profile, with the exception of the Himalayan thrust belt), the
minimum velocities in each region show a Vs reduction (ΔVs) of
between 7% (Tibetan plateau) and 17% (Tethyan Himalaya).

As described in section 2.5, the smoothing incorporated in this
inversion limits our ability to infer the geometry of the LVL from these
results. Our reported 2σ bounds (Fig. 3) constraining the likely range
of actual velocities allows for a variety of possible geometries, but in all
cases (except the Himalayan thrust belt), an LVL is required to fit the
Fig. 5. Mean shear-wave velocity models obtained for each region. Color scheme and
dashed/solid lines follow Fig. 1b. Depth axis is referenced to 4.5 km above sea level. All
source–receiver paths (except those in the Himalayan thrust belt; yellow) have a low-
velocity layer (LVL) at 20–40 km. Horizontal arrow labeled ΔVs shows the proportional
velocity reduction within the LVL with respect to the peak upper-crustal velocity
(dotted vertical line). ΔVs and peak upper-crustal velocity are shown for one velocity
profile, but were calculated separately for each velocity profile.
data. If the LVL is equated with the ductile channel of the channel-flow
model (e.g. Beaumont et al., 2004) we can infer likely constraints on
the geometry, since the putative crustal channel is structurally
bounded, above by the South Tibetan Detachment and below by the
Main Himalayan/Main Central Thrust, and has a thickness that may be
on the order of 25 km beneath the ITSZ (see e.g. Makovsky et al., 1999,
their Plate 2).

3.2. Comparison with previous results

3.2.1. NW Himalaya
Rai et al. (2006), using the same stations as this study, jointly

inverted 15–60 s Rayleighwave group velocities with receiver functions
from teleseismic arrivals, with a main focus on Moho depth and less
emphasis on resolution in the mid-crust. The Rayleigh-wave inversions
used by Rai et al. (2006) to stabilize their receiver-function inversions
wereonlycalculated foroneof the stationsused in this study (HNL), plus
other more distant stations, and the Rayleigh inversions used no
separation of source–receiver azimuths to isolate different geological
regimes. Even with this approach, LVLs are present in their models at
~40–45 km depth for some of the ITSZ stations, and particularly in
Ladakh.

Rai et al. (2009), also using the same stations as this study,modeled
seismic attenuation using the Lg wave and found high attenuation in
Ladakh (Q0~70) and low attenuation in the Tethyan Himalaya and
Himalayan thrust belt (Q0~700). They interpret the high attenuation
in Ladakh to aqueous fluid/partially molten crust associated with the
~21 Ma Baltoro granite.

Oreshin et al. (2008), also using the same stations as this study,
modeled Vp and Vs for the crust and mantle using teleseismic body
waves. Like us, they found no significant crustal LVL for the stations
south of the Tethyan Himalaya, and like us they found a mid-crustal
LVL associated with four stations in the ITSZ (HNL and MTH and, less
clearly, HMS and RTS). North of the ITSZ, their results differ from
ours: they found a lower-crustal (rather than mid-crustal) LVL at
KDG in Ladakh; they were unable to analyze LEH due to “anomalous”
data (for us, LEH provided reliable data, but MTH provided minimal
data and DCH provided none); and they presented results showing
no crustal LVL for TKS and TGR in Ladakh. Only these two north-
ernmost stations showed no crustal LVL. Thus, although Oreshin
et al. write: “The absence of a continuous crustal low-velocity layer
makes channel flow unlikely in Ladakh,” we suggest that their
conclusion is inappropriate given that the majority of stations they
analyzed do show an LVL, and given that their inversion technique,
which searches a model space consisting of ~30 km thicklayers in
the crust, may have been too coarse to identify an LVL beneath all
stations.

3.2.2. Southern Tibet
Dispersion analyses in Southern Tibet using the INDEPTH seismic

transect at c. 90°E identify an LVL in the mid-crust north of the ITSZ,
and upper-middle crust south of the ITSZ (Cotte et al., 1999; Rapine
et al., 2003). Cotte et al. (1999) divided their data into south-of-the-
ITSZ, where they found shear velocities as low as 3.2 km/s at 10–
30 km depth, and north-of-the-ITSZ, where they found an LVL of as
low as 3.1 km/s at 35–55 km. These low velocities fall within the
range that we observed, but our LVL depth was only slightly deeper,
not significantly deeper, north of the ITSZ than south of it, and the
variation is within our uncertainty. Rapine et al. (2003) used a more
spatially extensive data set north of the ITSZ (their Lhasa terrane
model), and found a shallower (20–40 km), less-pronounced LVL
(as low as 3.25 km/s). Our observed LVLs occur at this same depth,
and this velocity is within our uncertainty for regions north of
the ITSZ (Fig. 3). Thus our results for the NW Himalaya show no
significant distinction from published velocity data from the eastern
Himalaya.
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4. Discussion

4.1. What causes the LVL?

The low velocities observed (2.9–3.3 km/s at 30 km depth) cannot be
explained by the presence of solid (melt-free), dry crustal rocks of plau-
sible composition. In the compilation of experimentally-measured shear-
wavevelocities of Christensen (1996), at roomtemperatureand1000MPa
(the approximate lithostatic pressure at 30 km depth), the metamorphic
rocks with the lowest shear-wave velocities were metagraywacke,
3.51 km/s; phyllite, 3.61 km/s; granite gneiss, 3.63 km/s; biotite (tonalite)
gneiss, 3.64 km/s; mica-quartz schist, 3.65 km/s; and paragranulite,
3.66 km/s. The lowest-velocity plutonic rock (granite–granodiorite) had a
room-temperature velocity of 3.73 km/s at this pressure.

In order to extrapolate these velocities to mid-crustal temperatures,
we used aVs decrease of 0.2m/s/°C, the average value determined from a
range of gneisses by Kern et al. (2001). Temperature in the mid-crust of
theHimalaya can be inferred from the summary of Jamieson et al. (2004)
of the results of measurements (based on metamorphic grade) of peak
temperature for GHS rocks in central Nepal. They found that almost all
values lie between 550 and 800 °C, though the majority were between
600 and 700 °C. Although metamorphic temperatures necessarily repre-
sent past conditions, we can also compare temperature estimates from
actualistic two-dimensional finite-element models of India underthrust-
ing Tibet. Steady-state kinematic models (e.g. Cattin et al., 2001) or
coupled thermal–mechanical models (Beaumont et al., 2004) predict
modern peak crustal temperatures in the core of the orogenic wedge just
above the MHT of 650° to 900° at c. 40 km depth at the Indus Tsangpo
suture, decreasing southwards.At agradientof0.2m/s/°C, these tempera-
tures are not high enough to bring the room temperature laboratory-
measured values cited above into the range of velocities that we observe.
Thus, at the expected temperatures and pressures at 30 km depth in this
region, no dry metamorphic or plutonic rocks can explain the observed
low velocities.

Themost plausible explanation for the LVL is therefore the presence
of partial melts, aqueous fluids, or both, since these are easily capable
of producing the observed velocity decrease of 7–17% (Watanabe,
1993; Takei, 2000), and have been frequently proposed as an explana-
tion for low-velocity, low-resistivity, high-reflectivity geophysical
anomalies in Tibet and the Himalaya (Nelson et al., 1996; Makovsky
and Klemperer, 1999; Li et al., 2003; Unsworth et al., 2005).
Fig. 6. Seismic stations and velocitymodels (from Fig. 5) projected onto theMT profile of Aror
(LVL) in our models shows good spatial correspondence with the low-resistivity layer inferr
Upward-pointing triangles: our seismic stations. Both sets of stations were deployed along t
along strike. MHT and Indian Moho locations are the interpretations of Arora et al. (2007) a
4.2. What type of fluids?

The question ofwhich type(s) offluids are responsible (partialmelts,
saline fluids, or a combination) is best addressed by considering crustal
temperature in the region. Geothermal exploration of the Puga region in
NW India (within the Tso Morari Dome, see Fig. 1) produced heat flow
measurements of N500 mW/m2 (Shanker et al., 1976), and even away
from this extreme anomaly, wide-spread hot-spring activity extends
from the Karakoram Fault south across NW India to the Main Boundary
Thrust (e.g., Thussu, 2002). Wang (2001) estimated a regional heat
flow (after correction for convective heat flow) for southern Tibet of
c. 82 mW/m2, equivalent to the ‘characteristic Basin and Range’ heat
flow of Lachenbruch and Sass (1977), for which they calculated
temperatures of 650–850 °C at 30 km depth. This is consistent with
the peak temperatures inferred from geodynamic modeling (Beaumont
et al., 2004) and reported by Jamieson et al. (2004) for GHS rocks. These
temperatures are in excess of the pelitic wet solidus (Thompson and
Connolly, 1995), implying that if aqueous fluids are present, then partial
melts are almost certainly present aswell. Partialmelts in the absence of
aqueous fluids are unlikely, because dry crustal rocks do not begin to
melt until temperatures N900 °C (Litvinovsky et al., 2000). Hence wet
melts are the likely cause of the observed LVL.

Partial melts have been proposed as an explanation for the low-
resistivity magnetotelluric anomalies observed in the NW Indian
Himalaya and elsewhere in Tibet (Unsworth et al., 2005, Arora et al.,
2007), and our LVL shows good spatial correspondence in depth with
the low-resistivity anomaly observed along a portion of the HIMPROBE
transect (Fig. 6). Inversion of magnetotelluric data, like inversion of
dispersion data, is smoothed, and these results unfortunately cannot
be used to define the geometry of the LVL. Nevertheless, the spatial
correspondence implies a common cause. Alternative explanations for
low resistivity include graphitic schists, which have low resistivity and
occur in some suture zones (e.g. Korja and Hjelt, 1999; Jones et al.,
2005), but do not have pronounced low shear-wave velocity.

4.3. How much melt?

In order to constrain the percentage of melt present in the NW
Himalaya, we compared our shear-wave velocities with theoretical
and experimentally-derived relationships between Vs and melt
percentage (Fig. 7). In order to relate our results to these studies
a et al. (2007). Color scheme and dashed/solid lines follow Fig.1b. The low-velocity layer
ed from the MT data. Downward-pointing triangles: MT stations of Arora et al. (2007).
he same roads, with the exception of seismic stations MTH and HNL, 100 km southeast
nd Rai et al. (2006), respectively.



Fig. 7. Proportional velocity reduction (Vs/Vs
0) vs. melt volume fraction. Horizontal lines

indicate proportional velocity reductions in the low-velocity layer (LVL) for the regions
with maximum, minimum and median Vs/Vs

0 ratios (excluding the Himalayan thrust
region). W: black line is analytical relationship of Watanabe (1993) for randomly
oriented triangular melt tubes. T: gray relationships are the analogue experimental
results of Takei (2000) for three different wetting angles, 17, 22 and 35°. TS: dashed line
is analytical relationship of Taylor and Singh (2002) for the slow propagation direction
in a medium containing perfectly aligned oblate spheroids of aspect ratio 10.
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and consider only the effects of melt volume fraction, not composition
(which is unknown here), we used the ratio of Vs to Vs

0, where Vs
0 is

the shear velocity of unmodified, unmelted crust. As estimates of
unmelted rock velocity Vs

0 we used, as discussed above (section 3.1),
the upper-crustal peak velocity for each velocity profile (Fig. 5). We
then calculated the minimum value of Vs/Vs

0 within the LVL for each
region. Fig. 7 shows the median (0.88, station KDG), maximum (0.93,
Tibetan plateau) and minimum (0.83, Tethyan Himalaya) of these
ratios. These ratios can also be expressed as percentage velocity
reduction, which yields 7–17%. This is the range of velocity reductions
that we interpret for the LVL in the NW Himalaya.

We compared our Vs/Vs0 ratios to two studies on the relationship
between Vs and melt fraction (Fig. 7). Takei (2000) determined the
relationship experimentally using organic analogues, and considered 3
differentwetting angles in his experiments (17°, 22° and35°).Watanabe
(1993) calculated an analytical relationship for silicate melts using
randomly-oriented triangular melt tubes. This relationship corresponds
very well with the lowest wetting-angle experiments of Takei (2000).
Comparing these relationships with our observed velocity reductions in
the NW Himalaya indicates the presence of 3–7% melt (Fig. 7). If we
consider our lowest observed Vs/Vs0 ratio and higher wetting angles, the
melt percentage may be as much as 10%.

We have not thus far considered possible anisotropy, which is a
potential complication in analyzing the amount of melt required to
produce the observed low seismic velocities. Although shearing
within a sub-horizontal layer does not by itself change the average
shear velocity of rock (Jones and Nur, 1984), it can create anisotropy
that may make the vertical wavespeed (that dominantly sensed by
Rayleigh waves) slower than the horizontal wavespeed. Published
observations suggest crustal anisotropy equivalent to ±4% over a
30 km thick layer in central Tibet (Shapiro et al., 2004), and ±10%
over a 6 km layer in the Himalaya of eastern Nepal (Schulte-Pelkum
et al., 2005). Similar magnitude anisotropy within our observed LVL
in NW India would create less than half of our observed Vs/Vs

0 ano-
maly of 7–17%. Althoughwe do not know of physical measurements of
seismic wavespeed in sheared partially molten rocks, theoretical
calculations of velocity reduction in media containing horizontally-
aligned melt-filled cracks (Taylor and Singh, 2002) are also shown in
Fig. 7 and imply that even anisotropicmedia require significantmelt to
create our observed velocity reduction.

4.4. Is there channel flow?

The numerical models of Beaumont et al. (2004) require an order
of magnitude viscosity drop to induce channel flow, and the
experimental results of Rosenberg and Handy (2005) indicate that
an order of magnitude drop in rock strength occurs between 0 and 7%
melt. Unsworth et al. (2005) identified 5–14% melt in southern Tibet
and 2–4% inNW India based onMTmeasurements, and suggested that
this creates a sufficiently large viscosity drop to allow for channel flow
in southern Tibet and less-well-developed channel flow in the NW
Himalaya.

Our preferred interpretation is that 3–7% partial melt is present in
the NW Himalaya, more than has been suggested on the basis of MT
results, but still less than is implied for southern Tibet byMT data. This
amount of melt makes channel flow in western Tibet and the NW
Himalaya possible, but not certain. Major uncertainties in determining
absolute melt fraction from our velocity results include the unknown
thickness of the LVL (that could raise the inferred melt percentage),
possible anisotropy (that would most likely reduce the inferred melt
percentage), and the unknown composition of the LVL and the likely
variation of crustal composition with depth (that could either raise or
lower the inferred melt percentage).

Although we might choose to infer greater velocity reduction (and
hence higher melt percentages and lower viscosities) by supposing
the velocity anomaly to be confined to a thinner channel (as in model
A in Fig. 4), this does not necessarily create a stronger argument for
significant channel flow occurring at the present day. Clark and
Royden (2000) showed that material flux in a channel varies with h3/μ
(where h is thickness and μ is viscosity), so thin, low-viscosity channels
do not necessarily allow greater mass transfer than thicker, marginally
higher-viscosity channels.

5. Conclusions

Our preferred interpretation is of 3–7% partial melt in situ at the
present day beneath and north of the South Tibetan Detachment in
the mid-crust of the Himalaya and Tibetan plateau of NW India. The
region of low velocities appears to deepen slightly to the north and
continues north of the Karakoram fault, beyond the region yet
sampled by MT data in western Tibet. The LVL also persists south of
the ITSZ in a region where existing MT data shows lower conductiv-
ities than further north. Our observations of an LVL confirm earlier
speculations based only on MT data about a low-viscosity layer
beneath the NW Himalaya, and are consistent with a southward-
shallowing, mid-crustal ductile channel that may be active at the
present day (cf. Beaumont et al., 2004). Our data show that the LVL is
diminished or absent further south beneath the Lesser Himalaya,
hence melts must be absent (or solidified) there, but the southern
limit of the LVL is currently poorly defined. Additional geometrical
constraints on possible structural boundaries to the LVL, or on the
composition of and anisotropy within the LVL, would greatly increase
the reliability of our estimates.
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