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Crustal rheology of the Himalaya and Southern
Tibet inferred from magnetotelluric data
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The Cenozoic collision between the Indian and Asian continents
formed the Tibetan plateau, beginning about 70million years ago.
Since this time, at least 1,400 km of convergence has been accom-
modated1 by a combination of underthrusting of Indian2 and
Asian lithosphere, crustal shortening3, horizontal extrusion4 and
lithospheric delamination5. Rocks exposed in the Himalaya show
evidence of crustal melting1,6 and are thought to have been
exhumed by rapid erosion and climatically forced crustal flow7,8.
Magnetotelluric data can be used to image subsurface electrical
resistivity, a parameter sensitive to the presence of interconnected
fluids in the host rock matrix, even at low volume fractions. Here
we present magnetotelluric data from the Tibetan–Himalayan
orogen from 778 E to 928 E, which show that low resistivity,
interpreted as a partially molten layer, is present along at least
1,000 km of the southern margin of the Tibetan plateau.
The inferred low viscosity of this layer is consistent with
the development of climatically forced crustal flow in Southern
Tibet.

The geology of southern Tibet clearly records the collision of India
with Asia. The Indus–Tsangpo suture divides rocks of Indian and
Asian origin, and the Gandese batholith to the north is a consequence
of pre-collision subduction of Indian lithosphere1. The Tethyan
Himalaya to the south of the Indus–Tsangpo suture is a fold-and-
thrust sequence comprising low-grade meta-sedimentary rocks
deposited on the Indian continental margin of the Tethys Ocean
before collision1. In the central Tethyan Himalaya, basement win-
dows expose gneissic domes composed of metamorphic basement
rocks and small volumes of Cenozoic granitoids produced by crustal
melting9. To the south of the Tethyan Himalaya is the Greater
Himalayan Sequence composed primarily of high-grade gneisses
and bounded on its upper surface by the South Tibetan detachment.
The South Tibetan detachment is essentially a normal fault that
places Tethyan rocks above the Greater Himalayan Sequence. The
lower boundary of the Greater Himalayan Sequence is the Main
Central Thrust—a largely inactive thrust whose role in orogenic
convergence has been superseded by the Main Boundary Thrust and
Main Frontal Thrust. The Greater Himalayan Sequence contains
pervasive migmatites and is frequently intruded at the top by
leucogranites that represent the product of Miocene crustal melting.
Crustal melting and the extruded metamorphic slab, bounded
between the Main Central Thrust and South Tibetan detachment,
show that mid-crustal rocks have been exhumed in the Himalaya6,7.
In the northwest Himalaya the geology is similar, and the same major
structural units found in southern Tibet are also present. In contrast
to southern Tibet, convergence has been significantly transpressional,
as expressed in the 150-km right lateral offset of the Karakorum
fault1.

Geophysical imaging in the Himalaya and Tibet has extended these
surface geological studies to depth. Passive seismic data reveal a
crustal thickness of up to 85 km in southern Tibet10, approximately
double the global average. Seismic reflection data demonstrate that in
southern Tibet this double thickness is the result of underthrusting
by the Indian plate11. Seismic surveys also detected bright spots that
suggest a fluid phase is present at mid-crustal depths11. To determine
whether widespread crustal flow is occurring, information about
crustal composition and rheology is required and can be inferred
from complementary geophysical methods such as magnetotellurics
(MT). The first MT data collected in southern Tibet detected a low-
resistivity crust12. In combination with increased heat flow13, it was
proposed that the low resistivity was due to partial melting.
INDEPTH MT data collected in 1995 and 1998 showed that the
low-resistivity layer extended north from 298N into the Lhasa
block14. However, the INDEPTH survey in Southern Tibet was
located within the Yadong–Gulu rift system, part of a series of
Neogene rifts that accommodates east–west extension15, and it was
uncertain whether the resistivity models were valid for the entire
Tibetan–Himalayan orogen.

New long-period (0.05–0.0001 Hz) and broadband (300–
0.001 Hz) INDEPTH MT data were collected in 2001 on the 700
and 800 lines (Fig. 1). The time series data were processed using
statistically robust algorithms16. Where long-period data were avail-
able they were merged with the broadband data. The 800-line data
were combined with data collected in Nepal17 to give a profile
extending from Nepal to Central Tibet, and MT data from the
northwest Himalaya of India18 have also been analysed. Tensor
decomposition19 of the MT impedance tensors shows that the geo-
electric strike is parallel to geologic strike and justifies a two-
dimensional analysis (Fig. 1). The apparent resistivity decreases at
frequencies below 1 Hz both north and south of the Indus–Tsangpo
suture. Decreasing frequency in MT indicates an increasing depth of
signal penetration. Thus this observation shows that, to first order, a
low-resistivity layer is present over a significant area of southern
Tibet. Representative apparent resistivity curves are shown in the
online supplement.

To interpret these MT data quantitatively, it is necessary to convert
frequency to depth. The electrical resistivity models shown in Fig. 2
were obtained by joint inversion of the transverse magnetic mode
(electric current flow along profile) and the vertical magnetic field
transfer functions with an automated algorithm20. The fit of the
inversion models responses to the measured MT data are shown in
the Supplementary Information. A crustal low-resistivity layer is
prominent in each of the models with its top at a depth of 20–25 km
(pressures of 700–900 MPa) and extending south of the Indus–
Tsangpo suture. The MT data can also be fitted by other resistivity
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models, with the same ratio of resistivity and layer thickness. In Fig. 2
the thickest possible layer is chosen, and this corresponds to the
lowest fluid fraction. The profile in the northwest Himalaya is
characterized by higher mid-crustal resistivities than in southern
Tibet. Differences between the models in Fig. 2 are not due solely to
subsurface structure. Deep MT exploration uses natural electromag-
netic signals that are variable from year to year with the solar cycle.
Long-period (,1 Hz) signal levels were low in 1995 when the 100 line
was recorded and high in 2001 close to the sunspot maximum when
the 700 and 800 lines were recorded. The profile in the northwest

Himalaya used only broadband instruments and signal penetration
was shallower. Thus the models in Fig. 2 reflect that deepest signal
penetration was achieved on the 700 line. An independent analysis21

of the 100- and 700-line data yielded models with essentially the same
primary features as in Fig. 2.

What is the origin of the low-resistivity layer? The 100 line is
coincident with the INDEPTH seismic reflection profile (Fig. 3) with
the Main Himalayan Thrust interpreted as the top of the under-
thrusting Indian plate11. An increase in resistivity is observed at the
depth of the Main Himalayan Thrust, as expected for the cold Indian

Figure 1 |Map of the Tibetan plateau showing the
location of the MT profiles. The rose diagrams
show geoelectric strike directions derived from
the MT data using tensor decomposition. The
scatter is typical of this type of data. ITS, the
Indus–Tsangpo suture.

Figure 2 |Resistivitymodels for the four profiles derived from inversions of
the MT data. The control parameters were varied to ensure that the final
models were well defined. The MT data are fitted to a root-mean-square
(r.m.s.) misfit in the range 1.5 and 2.5, which is statistically acceptable. Static
shifts were removed from the data by allowing the inversion algorithm to

estimate the coefficients. Other approaches were used and gave consistent
results. Inverted triangles denote the locations of the MT stations. MFT,
Main Frontal Thrust, MBT, Main Boundary Thrust; GHS, Greater
Himalayan Sequence.
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lithosphere. The Main Himalayan Thrust reflection disappears where
the low-resistivity layer begins in the Tibetan mid-crust (along-
profile distance of 160 km). This can be explained if the mid-crustal
layer represents a zone of high fluid content, because seismic energy
will be attenuated by a fluid layer. The top of the low-resistivity
layer is coincident with seismic bright spots (B1 and B2) whose
seismic characteristics suggest they contain significant amounts of
fluids.

The nature of these fluids is still debated, with partial melt and/or
aqueous fluids as the most likely, and least contrived, explanations.
Seismic reflection data suggest that the top of this layer could be
aqueous fluids22, while surface wave studies suggest a broader zone
characteristic of partial melting11. Aqueous fluids lower the melting
point of the crust and, combined with the increased heat flow in
southern Tibet13, could cause partial melting at depths of 20–30 km
(ref. 8). Thus a combination of aqueous fluids overlying a layer of
partial melting gives the most consistent explanation of both the MT
and seismic data22,23. In addition, the geometry of the low-resistivity
layer is consistent with the geometry of the zone of partial melting
predicted by geodynamic models8. The southern edge of this zone
is 50–100 km south of the Indus–Tsangpo suture and at a depth of
20–30 km. Laboratory measurements of the resistivity of hydrous
granite melts gives further evidence that conditions for crustal
melting occur beneath southern Tibet24. Assuming that the low
resistivity is primarily due to partial melting, the melt fraction was
computed assuming good interconnection25 and a pure melt resis-
tivity of 0.1–0.3Qm (ref. 23). A bulk resistivity of 3Qm, typical of
southern Tibet, requires a melt fraction in the range 5–14% (Fig. 4a).

Crustal flow requires a layer with a viscosity lower than the
adjacent rocks and an effective viscosity below an absolute threshold
that is dependent on the layer thickness. It was once believed that a
melt fraction in excess of 30% was required to substantially lower the
viscosity of crustal rock26. However, a reexamination of laboratory
data suggests that a larger, absolute reduction in viscosity occurs with
a melt fraction in the range 0–7%, as the melt forms an inter-
connected network27,28,29. When a sample of aplite was 5–7% molten,
the effective viscosity was reduced by an order of magnitude29. This is
the amount required for strain localization and flow in geodynamic
models of southern Tibet8.

Are these conditions encountered in Southern Tibet? The MT data
require a melt fraction of 5–14%, which is sufficient to produce an
order-of-magnitude reduction in viscosity and an absolute viscosity
below the values necessary to account for the topography30 of the
Tibetan plateau (1016 to 1018 Pa s). The decrease in viscosity for
granite28 at these melt fractions is less, and perhaps insufficient for
crustal flow to develop. It must also be noted that the extrapolation of
laboratory experiments (Fig. 4b) to the low strain rates encountered
in crustal deformation can be ambiguous. A similar analysis for the

northwest Himalaya yields melt fractions of 2–4% that correspond to
a more modest reduction in viscosity and a less-well-developed
crustal flow.

The observation of a low-viscosity mid-crustal layer has a number
of geodynamic consequences. A weak layer effectively decouples the
upper and lower parts of the Tibetan crust, allowing east–west

Figure 3 | Comparison of 100-line
resistivity model and the INDEPTH
common mid-point reflection
profile. B1 and B2 are seismic bright
spots that indicate zones with high
fluid content. MHT, Main Himalayan
Thrust; STD, Southern Tibetan
detachment. Moho, Mohorovic
discontinuity.

Figure 4 | Summary of laboratory measurements of the electrical
resistivity and mechanical properties of a partially molten rock. a, Bulk
electrical resistivity of partial melts as a function of melt fraction for melt
resistivities of 0.1 and 0.3Qm; b, effective viscosity and strength of Westerly
granite (circles) and aplite (diamonds) as a function of melt fraction27. Error
bars are not shown, and solid and dashed lines show best-fitting trends for
Westerly granite28 and aplite29. The strength was computed for a strain rate
of 1025 s21.

LETTERS NATURE|Vol 438|3 November 2005

80



© 2005 Nature Publishing Group 

 

extension at the surface while convergence continues at depth. The
Yadong–Gulu rift15 appears to have little effect on the amount of fluid
in the crust, and is probably a passive feature that has formed in
response to deformation in the mid-crust. The lowest melt fractions
are inferred in the northwest Himalaya, far from the extruding
eastern margin of Tibet. This might be due to slower crustal motion
in this area, or reflect a lower input of radiogenic heat in the
underthrust rock units. There is some indication that the inferred
flow may be episodic in time. Bright spot B1 probably represents an
accumulation of melt, and the resistive break south of B1 may
represent recently crystallized granite.

In addition to the inferred crustal flow in Southern Tibet, a
larger-scale southward and eastward crustal flow may occur in
northern and eastern Tibet30. MT data collected in these areas have
imaged zones of low crustal resistivity that may represent regions of
low viscosity14.
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