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[1] Magnetotelluric (MT) data were collected in northern Tibet along the Amdo to
Golmud highway during the 1995 and 1999 Project INDEPTH (International Deep
Profiling of Tibet and the Himalaya) surveys. Broadband and long period MT data
were collected and the TE-mode, TM-mode and vertical magnetic field data were
inverted to yield a minimum structure, two-dimensional resistivity model. The model
obtained from inverting all responses simultaneously shows that a pervasive midcrustal
conductor extends from the Kunlun Shan to the Bangong-Nuijiang suture. The
vertically integrated conductivity (conductance) of this crustal layer is greatest in the
northern Qiangtang terrane at latitude 34�N. The electrical resistivity of the upper
mantle is constrained by the MT data to be in the range of 10–30 �m across the
Songpan-Ganze and Qiangtang terranes. This is lower than would be expected if Asian
lithosphere underthrusts northern Tibet as far as the Qiangtang terrane. The MT
responses are more consistent with a model in which Asian lithosphere extends as far
south as the Kunlun Shan, and the upper mantle beneath the Songpan-Ganze and
Qiangtang terranes is sufficiently hot to contain a small fraction of interconnected
partial melt. INDEX TERMS: 8102 Tectonophysics: Continental contractional orogenic belts; 7205

Seismology: Continental crust (1242); 1515 Geomagnetism and Paleomagnetism: Geomagnetic induction;

8123 Tectonophysics: Dynamics, seismotectonics; KEYWORDS: Tibetan Plateau, Kunlun Fault,

magnetotellurics, Qiangtang terrane
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1. Introduction

[2] The Tibetan Plateau is the direct result of the
ongoing collision between India and Asia that began with
the closure of the Tethys Ocean in the Eocene. A wide
range of geodynamic models have been proposed for the
evolution of the Tibetan Plateau and include the spectrum
from whole scale underthrusting of Indian or Asian
lithosphere [Argand, 1924; Ni and Barazangi, 1983;
Willett and Beaumont, 1994; Tapponnier et al., 2001] to
distributed shortening [Dewey and Burke, 1973]. Only in
the last decade have geological and geophysical studies
been undertaken that can differentiate between these
competing hypotheses for the structure and evolution of
the Tibetan Plateau. While many early studies were
located in the Himalaya and southern Tibet [Zhao et
al., 1993; Nelson et al., 1996; Hirn et al., 1997] it has

become clear that a complete understanding of the struc-
ture and evolution of the Tibetan Plateau requires a study
of the entire plateau. This is especially true of northern
Tibet, where the plateau continues to grow to the north-
east [Tapponnier et al., 2001]. Very different geodynamic
processes have been proposed for the formation of the
crustal and mantle structures observed today in northern
Tibet. In one interpretation, Asian lithosphere is being
subducted beneath the northern margin of the Tibetan
Plateau [Tapponnier et al., 2001, and references therein].
Alternatively, this boundary is simply characterized by a
change in crustal thickness, with northern Tibet supported
by a hot upper mantle [Owens and Zandt, 1997; Zhu and
Helmberger, 1998]. Similar uncertainty surrounds the
processes that are active in the upper mantle beneath
the Qiangtang and Songpan-Ganze terranes of northern
Tibet (Figure 1). Plio-Pleistocene volcanic rocks are
widely distributed in northern Tibet and their origin is
disputed [Turner et al., 1993; Arnaud et al., 1992]. One
explanation is that lithospheric delamination occurred
when thickened lithosphere became mechanically unstable
resulting in localized convection of the asthenosphere
[Molnar, 1988; England and Houseman, 1989]. Seismic
evidence for a hot upper mantle that does not transmit
shear waves was taken to support this hypothesis [Owens
and Zandt, 1997]. Alternatively, the volcanic rocks might

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 109, B02403, doi:10.1029/2002JB002305, 2004

1Institute for Geophysical Research and Department of Physics,
University of Alberta, Edmonton, Canada.

2Department of Applied Geophysics, China University of Geoscience,
Beijing, China.

3Geological Survey of Canada, Ottawa, Canada.
4Department of Earth and Space Sciences, University of Washington,

Seattle, USA.

Copyright 2004 by the American Geophysical Union.
0148-0227/04/2002JB002305$09.00

B02403 1 of 18



reflect episodes of the subduction of Asian lithosphere
stepping to the north [Tapponnier et al., 2001].
[3] In this paper the previous geological and geophysical

studies of northern Tibet are reviewed, and the analysis and
interpretation of magnetotelluric (MT) data acquired in
northern Tibet is described. The paper is focused on
regional-scale geoelectric structure and concludes with
possible models to account for the field observations.

2. Previous Geophysical and Geological Studies
in Northern Tibet

2.1. Regional Geology

[4] The geology of central and northern Tibet is charac-
terized by a series of allochthonous terranes that were
accreted to the southern margin of Asia prior to the arrival
of the Indian continent [Dewey et al., 1988]. The suture
zones bounding these terranes may have been reactivated by
the deformation resulting from the India-Asia collision to

the south [Tapponnier et al., 2001, and references therein].
The northern limit of the MT profile described in this paper
(the 600-line) is located in the landlocked Qaidam Basin
(Figure 1) whose infilling has resulted in a sedimentary
sequence at least 5 km thick [Chen et al., 1999; Metevier et
al., 1998]. To the south lies the Kunlun Shan, a Paleozoic-
Triassic collisional belt characterized by a series of granitic
plutons that intruded Ordovician-Permian sedimentary
rocks [Coward et al., 1988; Mock et al., 1999]. The
Paleozoic Anyimaqen-Kunlun-Muztagh suture defines the
southern edge of the Kunlun Shan in the study area [Dewey
et al., 1988; Yin and Harrison, 2000, and references
therein]. Structures in the Kunlun Shan were apparently
reactivated by the India-Asia collision [Tapponnier et al.,
2001], and have involved both uplift on thrust faults [Mock
et al., 1999] and the development of the Kunlun fault, a
major left-lateral strike slip fault system [Kidd and Molnar,
1988; Lin et al., 2002]. Estimates of the total right lateral
offset on the Kunlun fault range from 75 km to 500 km

Figure 1. Location of the 600-line MT transect that follows the Golmud-Amdo highway. The black
squares show locations where both broadband and long period MT data were collected. At the other
locations (red squares), only broadband MT data were collected. Abbreviations are as follows: BNS,
Banggong-Nuijiang Suture; JRS, Jinsha River Suture; ITS, Indus Tsangpo Suture; ATF, Altyn Tagh fault.
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[Kidd and Molnar, 1988; Matte et al., 1996]. The Kunlun
fault splays into two branches at the location of the MT
profile (the trace of the highway is marked by the MT
stations in Figure 1). Paleoseismological studies on the
northern (Xidatan) segment indicate an average slip rate
of 12 mm per year over the last 100,000 years [van der
Woerd et al., 1998]. Together with active thrusting in the
Kunlun Shan, these strike-slip faults permit both north-
south convergence and the eastward escape of the litho-
sphere to the south of the Kunlun fault.
[5] The Songpan-Ganze terrane lies between the Kunlun

Shan and Triassic Jinsha suture. In this terrane a thick
Triassic flysch complex deposited on Paleozoic shelf units
dominates the surface geology. To the south lies the
Qiangtang terrane, which is bounded by the Jinsha River
and Bangong-Nuijiang sutures on the north and south
respectively. The Qiangtang terrane was accreted to Asia
in the Late Triassic or Early Jurassic. Along the route of the
Lhasa-Golmud highway the surface geology of the Qiang-
tang is predominantly Jurassic in age and comprises a
mixture of sedimentary units with extensive granitic intru-
sions in the Tangula Shan. Further west the geology of the
Qiangtang terrane is more varied, with extensive zones of
metamorphic rocks and late Paleozoic to Jurassic sedimen-
tary rocks [Kapp et al., 2000; Yin and Harrison, 2000].
Significant Plio-Pleistocene volcanism has occurred in both
the Songpan-Ganze and northern Qiantang terranes. The
petrology of these volcanic rocks suggests that they origi-
nated by melting of subcontinental lithospheric mantle, with
the presence of a significant crustal component [Turner et
al., 1993; Arnaud et al., 1992; Tapponnier et al., 2001, and
references therein]. Some of these volcanic rocks are clus-
tered along the active strands of the Kunlun and Altyn Tagh
faults. Molnar [1988] proposed that these volcanic rocks
were the product of delamination of a zone of thickened
lithosphere that resulted in localized upwelling of the
asthenosphere. However, other studies question whether
the mantle rocks originated in asthenospheric or mantle
plume sources, and instead proposed that they originate in
crustal melting that occurred as Asian lithosphere subducts
southward beneath northern Tibet [Tapponnier et al., 2001].
Those same authors also suggest that the present location
of volcanism is merely the latest in a sequence of north-
migrating subduction events. In a modified subduction
scenario, Kapp et al. [2000] proposed the southward directed
subduction of the Songpan-Ganze flysch complex at the
Jinsha River suture injected water into the lower crust and
initiated widespread crustal melting that led to the late
Cenozoic volcanism in northern Tibet.

2.2. Seismic Exploration in Northern Tibet

[6] The 1992-3 PASSCAL survey deployed broadband
seismic stations across the complete north-south extent of
the Tibetan Plateau for the first time [Owens and Zandt,
1997]. Travel time tomography and receiver function anal-
ysis showed that there are first order differences in seismic
structure between northern and southern Tibet. In southern
Tibet the crust is 80 km thick and underlain by a relatively
fast (cold) upper mantle. A thinner crust was inferred in
northern Tibet with anomalously high values of Poisson’s
ratio in the Songpan-Ganze and northern Qiangtang terranes
[Owens and Zandt, 1997]. The crust was found to be

thinnest in the Songpan-Ganze terrane. The PASSCAL
survey also showed that shear waves do not propagate
efficiently in the upper mantle in northern Tibet, implying
high temperatures and possibly partial melting. The zone of
shear wave attenuation in the upper mantle is spatially
coincident with the distribution of Plio-Pleistocene volcanic
rocks in northern Tibet and the location where upwelling
asthenosphere is predicted by models requiring delamina-
tion as a response to crustal thickening [Molnar, 1988;
England and Houseman, 1989]. More recent surface wave
studies have confirmed these first order differences in upper
mantle structure between northern and southern Tibet
[Rapine et al., 2003]. Recent receiver function studies also
confirm that the upper mantle is hotter beneath northern
Tibet, compared to southern Tibet [Kind et al., 2002].
However, receiver function analysis of the PASSCAL data
using other seismic phases showed that other velocity
models could fit the data equally well, with the anomalous
crustal structure confined to the lower part of a thicker crust
or even with the Poisson’s ratio close to the average value
for the continents [Vergne et al., 2002]. Receiver functions
analysis suggest that there is a 10 km step in the Moho
beneath the northern boundary of the Kunlun Shan, with a
thinner crust to the north [Zhu and Helmberger, 1998].
[7] An alternative view of lithospheric structure beneath

northern Tibet is summarized by Tapponnier et al. [2001],
who proposed that subduction of Asian lithosphere, com-
bined with major strike-slip faulting, has led to the rise of
the northern Tibetan Plateau. Despite the results of the
PASSCAL seismic experiment, these investigators have
focused on surface wave data that suggest high average
velocities from the surface to a depth of 200 km beneath
Tibet [Griot et al., 1998]. Combined with geological stud-
ies, they suggested that Asian lithosphere is being sub-
ducted to the south, leading to widespread melting.
Geodynamic modeling has demonstrated that the observed
location of suture zones and regional geology is indeed
consistent with southward subduction of Asian lithosphere
[Willett and Beaumont, 1994], but seismic evidence for
subducting Asian lithosphere beneath northern Tibet is
ambiguous. Wittlinger et al. [1996] used teleseismic signals
to image a block structure in the crust and give evidence for
low velocities in the upper mantle in the depth range 200–
300 km beneath the northern Qiangtang and Songpan-
Ganze terranes. These low velocities could result from
partial melting in the upper mantle, as would be expected
by both the continental subduction and upwelling astheno-
sphere hypotheses. However, the depth is greater than
expected for both of these phenomena, and might reflect
the inadequate resolution of the analysis technique used.
The most recent deep seismic results from northern Tibet
are the combined receiver function analyses derived from a
compilation of all available data [Kosarev et al., 1999; Kind
et al., 2002]. These studies reveal a south dipping converter
that is interpreted as being Asian Lithospheric Mantle, and
which gives support for the subduction of Asian lithosphere
beneath northern Tibet. These receiver function analyses
also show less north-south variation in crustal thickness
than previously reported [Owens and Zandt, 1997]. Galve et
al. [2002] present seismic refraction data using explosive
sources from northeastern Tibet that revealed a crust thick-
ened by successive thrust faulting and stacking, but with no
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evidence of partial melting to the north of the Jinsha River
suture.

2.3. Magnetotelluric Exploration of Tibet

[8] Additional information about the structure, fluid con-
tent and rheology of the lithosphere can be derived by
remotely sensing the electrical conductivity of the Earth.
For exploration of electrical structure to depths beyond
10 km, the only viable technique is magnetotellurics
(MT), which uses natural electromagnetic waves as an
energy source. The first magnetotelluric data collected in
Tibet were acquired during the Sino-French collaboration in
the 1980s and revealed that the crust in southern Tibet was
unusually conductive [van Ngoc et al., 1986]. This high
conductivity was attributed to partial melting in the crust.
Broadband MT data were also collected by the China
University of Geoscience (Wuhan) in central Tibet [Shengye
et al., 1996] and gave additional evidence for high crustal
conductivity. A combination of broadband and long-period
MT data (capable of imaging deeper structure) was first
collected in Tibet during the INDEPTH project in 1995.
This study produced more detailed images of crustal resis-
tivity and further evidence that widespread fluids, probably
partial melt, were present in the mid crust of southern Tibet
[Chen et al., 1996]. To understand the orogenic processes at
work in northern Tibet, the INDEPTH MT survey was
extended in 1999 along the Amdo-Golmud highway to
the Qaidam Basin. An initial interpretation of these MT
data showed that the conductive crust found in southern
Tibet is also present in northern Tibet [Wei et al., 2001]. In
this paper a more detailed analysis of the MT data is
presented, and the significance of the results is evaluated.

3. The 600-Line Magnetotelluric Data

3.1. MT Data Collection and Processing

[9] Long period MT data were collected in 1995 at five
locations in the southern Qingtang terrane. The 1999 data
comprised long period MT data at 25 locations and broad-
band MT data (100 Hz–10,000 s) at 41 locations (Figure 1).
The long period MT data were collected with the LIMS
instruments developed by the Geological Survey of Canada,
based on ring core fluxgate magnetometers [Narod and
Bennest, 1990]. The broadband MT data were acquired with
two Electromagnetic Instruments Incorporated (EMI) MT-24
systems. The time series data were processed to yield
estimates of impedance as a function of period, using remote
reference data when available [Egbert, 1997; Jones et al.,
1989]. The long period and broadband MT data were then
merged into single responses for each station, after allowing
for the differences in electrode array layout.Where necessary,
the apparent resistivity curves of the long-period MT data
were shifted to the level of the broadband data. This shift was
generally small, typically less than 20% of the apparent
resistivity.

3.2. Tensor Decomposition and Geoelectric
Strike Analysis

[10] Before magnetotelluric data can be used to derive
resistivity models of subsurface structure, the dimensional-
ity and directionality of the data must be evaluated. The
most effective way of doing this is using tensor decompo-

sition, which determines if a two-dimensional (2-D) or 3-D
approach is most appropriate. In the case of a 2-D scenario, it
gives an estimate of the geoelectric strike direction. The 600-
line data were analyzed using the multisite, multifrequency,
tensor decomposition algorithm of McNeice and Jones
[2001], which is based on the method of Groom and Bailey
[1989]. Most sites were relatively undistorted with twist and
shear angles less than 10�. These angles measure the degree
of electric field distortion, with highly distorted sites exhibit-
ing values of 60� and 45� respectively. A number of stations
in the Kunlun Shan showed significant distortion with shear
angles in excess of 30� (a shear angle of 45� indicates that
there is severe electric field distortion at the site resulting in a
singular impedance tensor). This is due to the locations of
these stations in deep valleys on thin strips of conductive
sediments, which results in the electric fields being com-
pletely polarized along the valleys. With the exception of the
distorted sites in the Kunlun Shan, the galvanic distortion
model gave a good fit to the observed MT impedance
responses. The results of single site tensor decomposition
are summarized in Figure 2, which shows the best fitting
geoelectric strike for both the entire period band, and also
individual, decade-wide, bands. Note that there is an inherent
ambiguity of 90� in the strike angle determined with tensor
decomposition. Allowing for this ambiguity, Figure 2 shows
that a strike direction in the range east to E20�S is the most
appropriate for these data (or orthogonal directions).
[11] Multisite, multifrequency, tensor decomposition was

also applied to the MT data and the results are summarized in
Figure 3. This shows the best fitting geoelectric strike
direction for all 46 sites for period bands one decade wide.
Note that the decomposition fits the measured data with
statistically acceptable misfits at most sites. The strike
direction yielding the lowest global misfit lies between
N10�E and N30�E (or E10�S to E30�S), consistent with the
site-by-site strike analysis. To resolve the 90� ambiguity in
strike determination, external information is required to
distinguish between the two possible, orthogonal directions.
In northern Tibet the surface strike of major terrane bound-
aries indicates that E20�S is much more reasonable than
N20�E. This choice of strike direction is also confirmed by
the magnetic induction vectors described below. Thus, a
strike direction of E20�S was chosen for subsequent model-
ing and inversion of the 600-lineMT data, consistent with the
surface expression of the major geological features shown in
Figure 1.

3.3. Magnetotelluric Pseudosections

[12] The magnetotelluric data in the E20�S coordinate
frame are displayed in pseudosection format in Figure 4.
Plotting the MT data with period on the vertical axis and
distance on the horizontal axis gives a qualitative impres-
sion of resistivity variations with depth and distance along
the profile. The horizontal scale is distance from the most
northern station in the Qaidam Basin (station TBT690 in
Figure 1). The apparent resistivity observed for both electric
field aligned parallel to strike (Tangential Electric, or TE,
mode of induction) and perpendicular to strike (Tangential
Magnetic, or TM, mode of induction) varies as expected for
the shallow geology along the profile:
[13] 1. Low apparent resistivities (<10 �m) and high

phases are observed in the Qaidam Basin at the two

B02403 UNSWORTH ET AL.: MT EXPLORATION IN NORTHERN TIBET

4 of 18

B02403



northernmost sites TBT688 and TBT690 due to the pres-
ence of Quaternary sediments (distances of 0–30 km).
[14] 2. High apparent resistivities (>100 �m) and low

phases in the Kunlun Shan are observed due to resistive
crystalline rocks (30–150 km).
[15] 3. Intermediate apparent resistivity (10–100 �m)

and moderately high phase is observed across the sedimen-
tary basins in the Songpan-Ganze terrane and also in
northern Qiantang Terrane (150–400 km).
[16] 4. High apparent resistivity (>1000 �m) and mod-

erately low phase is observed in the Tangula Shan of the
southern Qiangtang terrane where crystalline rocks are
exposed at the surface (400–600 km).
[17] The vertical stripes in the apparent resistivity pseudo-

sections are partly due to site-to-site variations in shallow
resistivity structure. These so-called static shifts are the result
of shallow resistivity structures producing a change in the
measured apparent resistivity at all periods [Jones, 1988].
This phenomenon does not affect the phase, and thus the
phase pseudosections display a smoother spatial variation.
The most conspicuous feature in the phase pseudosections is
the high phases (>60�) in both modes at periods from 100 to
1000 s, from the Kunlun fault to the Banggong-Nuijiang
suture. This high phase indicates the presence of a conductive
crustal layer. Figure 5 shows the phase at three representative
sites along the profile. Note that at the longest periods, jTE is
less than 45�, indicating an increase in resistivity at depth.
The jTM remains high at long period, and it will be shown
that this is due to the effect of electric charges on the north and
south edges of the conductor. The long period MT responses
at sites in the Kunlun Shan and Qaidam Basin (0–100 km)
are generally of low quality. This was due to a combination of
distortion and the high conductivity of the near-surface
structure in the Qaidam basin. This lack of coverage results
in poor constraint on the deep structure of the northern end of

the profile. The vertical magnetic field data at these sites
partially compensates for the lack of usable MT impedance
data.

3.4. Vertical Magnetic Field Data

[18] Vertical magnetic field (Hz) data were also recorded in
both 1995 and 1999. Above a one-dimensional Earth, the
vertical magnetic field generated by plane wave MT source
fields is zero. However, if the profile crosses a conductor,
then electric currents flowing in the conductor will generate a
vertical magnetic field with an upward component on one
side of the conductor, and a downward component on the
other. The geomagnetic transfer functions (TF) between the
vertical magnetic field and the two horizontal magnetic field
components are derived in a similar manner to MT imped-

Figure 2. Single site tensor decomposition of 600-line magnetotelluric data. The histograms show the
distribution of geoelectric strike directions for decade wide period bands.

Figure 3. Multisite tensor decomposition of the 600-line
MT data for decade wide period bands.

B02403 UNSWORTH ET AL.: MT EXPLORATION IN NORTHERN TIBET

5 of 18

B02403



ance. These quantities are often plotted in map view as
magnetic induction vectors with the length of the vector
proportional to the magnitude of the vertical magnetic field
[Parkinson, 1962]. In the convention used in this paper, the
real, in-phase vector points at conductive structures. The
vectors at a period of 3400 s generally point N20�E or
S20�W, i.e., parallel to the profile, giving additional confir-
mation of the geoelectric strike direction derived from tensor
decomposition (Figure 6). Note the reversal in the direction
of the vectors at approximately 34�N, which indicates the
location of a major conductive structure or boundary. The
vertical magnetic field data can also be displayed as a
pseudosection of the transfer function between the vertical
component and the horizontal component parallel to the
profile (Tzy), as shown in Figure 4. The reversal discussed
above can be observed in the real Tzy pseudosection from
periods of 1000–10,000 s, with values of +0.2 to the north
and �0.2 to the south.

4. Forward Modeling and Inversion of MT
and Vertical Magnetic Field Data

[19] The initial analysis of these data by Wei et al. [2001]
used the TM-mode data alone, and revealed the widespread

extent of the Tibetan crustal conductor (TCC). The TE-mode
and Tzy data contain additional information and should be
included in a full analysis. However, TE data can be more
sensitive to 3-D effects, and should be used with care
[Wannamaker et al., 1984; Ledo et al., 2002]. In this section,
the simultaneous inversion of TM, TE and Tzy data is
described. The resulting model is then justified by con-
strained inversions, synthetic inversions and 2-D and 3-D
forward modeling.

4.1. Two-Dimensional Inversion of TE, TM
and Tzy Data

[20] The inversion algorithm of Rodi and Mackie [2001]
was used to determine the range of resistivity models
consistent with the 600-line MT data. The TM, TE and
Tzy data were inverted individually and together. A range of
error floors were investigated and used to determine the
degree of mutual consistency between the various compo-
nents of the data. Figure 7 shows the model derived by
inverting all the data from a 100 �m half-space starting
model and represents a compromise between fitting the TE,
TM and Tzy data. This model was derived after 125
iterations, and has an overall root-mean-square (RMS)
misfit of 1.63. This number of iterations may seem large,

Figure 4. (a) Magnetotelluric data and vertical magnetic field transfer functions (dimensionless) in
pseudosection format for the 600-line. (b) Response of the model in Figure 7. (c) Misfit in terms of
residuals (standard errors). Data are shown in a N20�E coordinate system. White areas denote bad or
missing data.

B02403 UNSWORTH ET AL.: MT EXPLORATION IN NORTHERN TIBET

6 of 18

B02403



but is typical for this inversion algorithm [Rodi and Mackie,
2001]. The inversion used error floors of 100% in TM
apparent resistivity, 200% in TE apparent resistivity and
2.86� (5%) in TM and TE phase. An error floor of 0.05
was used in Tzy. The fit to the measured data is shown in
Figure 4. The RMS misfit of the model to the measured MT
data for each site is shown as a function of station number in
Figure 8 and is reasonably uniform. The fit is also shown for
three typical MT sites and it can be seen that the data are
generally well fit at long periods (Figure 5). However, some
inconsistencies between the TE mode and TM mode fits can

be observed. For example, at site TBT622, the inversion
predicts TM phases that are too low, while the predicted TE
phase is too high. This is probably due to minor 3-D effects
in the data that impose a limit on how closely the data can
be fit with a 2-D inversion.
[21] Various strategies were used to evaluate the effects

of static shifts on the model. These included allowing
the inversion to estimate the static shift coefficients and
also down weighting the apparent resistivities through
the use of a large error floor as discussed above. Both
procedures, with a range of parameters, resulted in similar

Figure 5. (a) MT phase responses at three typical stations on the 600-line. Site 21 (Songpan-Ganze
terrane), site 29 (northern Qiangtang terrane), and site 40 (southern Qiangtang terrane). The thick central
curve is the response of the best fitting model shown in Figure 7. The upper curve (H) is the predicted
response of model with a uniform 3 �m layer extending from the midcrustal layer to 200 km. The lower
curve (E) is for a 100 �m layer extending to 200 km. (b) Shows results of constrained inversions. The
inversion was restarted from the perturbed models, with the perturbed region fixed.
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resistivity models. The static shifts for the TE-TM-Tzy

model are shown in Figure 9, and it can be seen that they
scatter around a mean value that is close to one. Some
static shift coefficients are large, but this method of
estimation appears robust and is justified through the
synthetic inversion study described below. The TE-TM-
Tzy model is significantly less conductive than models

derived with only the TM and Tzy data (not shown). The
conductive layer is limited to the crust and does not
extend into the upper mantle. The apparent extension of
the conductive structure into the upper mantle is probably
due to the smoothing imposed in the inversion procedure
and to the inherent lack of sensitivity to structure directly
below a conductor. In the following sections, the sensi-
tivity of this model to the measured data will be
examined.

4.2. Two-Dimensional Forward Modeling

[22] In order to understand the physical origin of the
long period MT phase behavior, a simple 2-D geoelectric
model was constructed. Two representative models and
responses are illustrated in Figure 10. At stations above
the Tibetan Crustal Conductor (TCC), the TE mode
apparent resistivity (rTE) levels out and rises at the
longest periods as the EM signals sample the more
resistive upper mantle. This results in values of jTE

below 45�. In contrast, the TM mode apparent resistivity
(rTM) continues to decrease, even at 10,000 s. This is
because electric charges on the vertical boundaries of
the conductor weaken electric field within the conductor
and at stations above it. The negative gradient of
d(log rTM)dT gives the high values of jTM where T is
the period of the signal. A range of forward models was
evaluated in the study, and it was found that a conductor
in the form of a single rectangular prism could not
readily produce the observed split in jTM and jTE at
long periods. The additional vertical edges at 260 km and
480 km are needed to produce the phase split. This
model is similar to the inversion result in Figure 7 and
gives a physical understanding to the origin of the
primary features in the observed data.

4.3. Sensitivity of Middle and Lower Crustal
and Upper Mantle Resistivity Model to the Measured
MT Data

[23] The model in Figure 7 shows major variations in the
resistivity structure in the middle to lower crust and upper
mantle of northern Tibet. Before interpreting these differ-

Figure 6. Real induction vectors at a period of 3400 s.
Note that the arrows are approximately parallel to the profile
giving additional support for the geoelectric strike derived
from the tensor decomposition. The reversal near 34�N
indicates the center of a major conductor.

Figure 7. Resistivity model for the joint inversion of TE, TM and Tzy data 600-line data. Model shown
with a 1:1 vertical exaggeration. (Model: temhz-33.) Abbreviations are as follows: BNS, Bangong-
Nuijiang suture; JS, Jinsha Suture; KF, Kunlun fault; KS, Kunlun Shan; QB, Qaidam Basin.
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ences, it is important to determine the degree to which they
are required by the data. MT impedance data are most
sensitive to the depth of a conductive layer, and to the total
conductance of the layer, provided that the electromagnetic
fields penetrate through the layer completely. If they do not,
they provide a minimum value for the conductance. MT
data are less sensitive to the individual thicknesses and
conductivities that make up a given conductance. It should
also be considered that MT cannot always resolve a con-
ductor at depth if it is overlain by a shallower conductor. In
the following section the data requirements for the four
major zones will be considered.
4.3.1. Qaidam Basin and Kunlun Shan
[24] The lithosphere in this zone is relatively resistive

(>100 �m) and underlain by lower resistivity below 100 km.
This resistive structure is primarily required by the MT
responses at the northern end of the profile. The Tzy

responses also require high resistivity in this zone, com-
pared to the lower values to the south. It is this north-south
contrast in resistivity that contributes to the reversal in Tzy at
long periods.
4.3.2. Songpan-Ganze Terrane
[25] The Tibetan crustal conductor (TCC) is located in the

crust with a resistivity of approximately 5 �m, and is
underlain by a more resistive region. The TCC is required
by the high values of jTM and jTE at periods of 100–
10,000 s from distances of 100–500 km (Figure 4). Figure 5
shows the phase responses at TBT640 and the fit of the

model in Figure 7. To demonstrate that the data are sensitive
to geoelectric structure beneath the conductive layer, the
resistivity of the underlying layer was perturbed from the
10 �m contour to a depth of 200 km. Figure 5 shows
that when the lower-crust and upper mantle resistivity is
raised to 100 �m, both jTM and jTE decrease significantly
(Model E) at periods longer than 300 seconds. Similarly
when the lower-crust and upper mantle resistivity is reduced
to 3 �m, a significant increase in phase is observed
(Model H) and the fit to both jTM and jTE becomes
unacceptable beyond 300 seconds. The same behavior
was also observed in the phase data at other stations in
the Songpan-Ganze terrane, most clearly at TBT637 and
TBT643. While perturbing the model can illustrate the
sensitivity of the MT data to a feature in the model, it is
important to evaluate other models through the use of
constrained inversions. To do this, the inversion was
restarted from the perturbed model, with the resistivity fixed
in the perturbed region. With the low resistivity model (H),
the inversion was unable to find a model that could fit the
data (Figure 5). Thus models with low resistivity upper
mantle are inconsistent with the data. This arises because
the TE mode data require an increase in resistivity below the
TCC. In contrast, when the resistive zone was fixed, the
inversion was successful at fitting to the data through
making the resistivity of the TCC lower than in Figure 7.
This exercise was repeated for resistivity values of 300 and
1000 ohm-m and each case, attempting to fit the data forced

Figure 8. Site by site RMS misfit for the resistivity model shown in Figure 7.

Figure 9. Static shift coefficients for the TE and TM mode data for the inversion shown in Figure 7.
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the inversion to make the TCC even lower in resistivity.
Thus while a high resistivity upper mantle cannot be
excluded, it requires a very low resistivity within the
TCC. These values are unphysical, suggesting that the
MT data favor upper mantle resistivities below 300 ohm-m.
4.3.3. Northern Qiantang Terrane
[26] The TCC is also present in the Songpan-Ganze

terrane, with the top shallowing to 20 km at 34�N (stations
TBT622 and TBT619). The conductance of the TCC is
greater than in the Songpan-Ganze terrane and it appears to
extend to the base of the crust. The location of the lowest
resistivity in the Tibetan crust at 34�N is required by the
reversal in Tzy data and the high values of jTM at this
location. Figure 5 shows the effect on response at TBT622
due to a change in resistivity from the base of the conductor
to a depth of 200 km. Since the conductance is higher than
in the Songpan-Ganze terrane, the responses begin to
diverge at a longer period (1000 s) than at TBT640. The

three model responses suggest that the MT data at TBT622
are sensitive to upper mantle resistivity. At this station, the
results of the constrained inversion also show that the
crustal conductor must be underlain by a more resistive
upper mantle. The resistive upper mantle (100–300 ohm) is
again somewhat consistent with the data, if the TCC is made
lower in resistivity.
4.3.4. Southern Qiangtang Terrane
[27] The TCC begins at a depth of 20–30 km, as in the

northern Qiangtang terrane. This zone extends to upper
mantle depths, but the conductivity in this zone is lower
than the northern Qiangtang terrane, typically around
10 �m. Data coverage in this region is not ideal, since
long-period and broadband MT data were not collected at
coincident sites. However, the ridge of high jTM has lower
peak values in this area (<60� from 100 to 1000 s),
indicating higher crustal resistivities than to the north. The
reversal in the vertical magnetic field also requires an

Figure 10. Synthetic MT responses of 2-D resistivity models at sites TBT640, TBT622 and TBT430.
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increase in crustal resistivity compared to the northern
Qiangtang terrane. Figure 5 show the phase data at TBT430,
a typical long period site and indicate that the MT phase data
are sensitive to the resistivity of the lower crust and upper
mantle. The constrained inversions reveal again that a low
resistivity upper mantle (3 ohm-m) is incompatible with the
data. However, a resistive upper mantle gives an improved
fit to the data.
[28] A range of additional constrained inversions were

also undertaken, and gave results that were broadly similar to
those described above. Resistivities below 3 �m for sub-
TCC structure are inconsistent with the data, especially the
jTE data. Resistivities in this zone above 300 ohm-m are a
little more compatible, but result in unphysically low crustal
resistivities. In summary, the sensitivity analysis shows that
the data require that the TCC is underlain by a more resistive
upper mantle, with a resistivity in the range 10–300 ohm-m.
Higher resistivities can be permitted, but require a very low
resistivity with the TCC. The TCC is thickest beneath the
northern Qiangtang terrane. Models that attempt to fit the
data through variable resistivity of a layer with fixed
thickness produced unreasonably low resistivities.

4.4. Two-Dimensional Synthetic Inversions

[29] As an additional test of resolution beneath the TCC,
synthetic data were generated for the models in Figure 10
and contaminated with both Gaussian noise and static shifts.
Using the same inversion parameters as for the real data, the
models in Figure 11 were obtained by inverting the syn-
thetic data. The spatial extent, depth and resistivity of the
TCC is well recovered, and there is clearly sensitivity to the
resistivity below the TCC. The static shift coefficients
estimated by the inversions are shown in Figure 11 for
one model. The values are close to the true coefficients, and
values obtained by down-weighting apparent resistivity, and
using direct estimation in the inversion, are very similar.

4.5. Three-Dimensional Forward Modeling

[30] As described above, TE data must be included with
care as they can be more sensitive to 3-D effects than the
equivalent TM mode data. The fact that the TE and TM data
can be fit with a 2-D model is one indication that 3-D effects
are not serious. However, the PASSCAL data have indicated
that the anomalous seismic properties are confined to a body
of finite east-west extent [McNamara et al., 1997]. To
determine how 3-D effects could influence the 600-line
MT data, a 3-D geoelectric model was generated using the
2-D model in Figure 10 as a basis. The TCC in the model
was terminated at a range of east-west distance from the
profile. The forward response of the model was computed
using the 3-D modeling algorithm of Mackie et al. [1994].
The phase response at station TBT622 are shown in
Figure 12 for a range of models. When the conductive
features extend to 500 km east and west, a departure from
the 2-D response is only observed at periods beyond 5000 s.
The zone of S wave attenuation described by McNamara et
al. [1997] extended at least 300 km east and 500 km west of
the Lhasa-Golmud highway. When these dimensions are
applied to the Tibetan Crustal conductor, a departure from
the 2-D response is observed at 3000 s. Note that the change
in response is greatest in the TE mode, and the 3-D effect is
to make rTE decrease at the longest periods. The physical

origin of this effect is the presence of electric charges on the
east and west ends of the conductors, and is very similar to
that previously discussed for rTM in the context of 2-D
forward modeling. The 3-D model, with finite strike length,
thus produces higher values of jTE at long periods, compared
to the true 2-D model. This behavior implies that if 3-D
effects are present in the field data, then a 2-D interpretation
will give a model that is less resistive (more conductive) than
the true model. However, given the along strike dimensions
inferred from seismic data, this effect is restricted to the
longest periods, and is likely small in magnitude.

4.6. Summary of Modeling and Inversion

[31] The modeling and inversion presented in this section
have shown that the Tibetan crustal conductor (TCC) is
present in the mid and lower crust from the Kunlun Shan to
the southern end of the profile, with the highest conductance
in the northern Qiangtang terrane. In addition, the upper
mantle more resistive than TCC. The resistivity is greater
than 10 ohm-m, with the preferred resistivity less than
100 ohm-m.

5. Interpretation of Resistivity Models

5.1. Active Tectonics and Shallow Structure of the
Kunlun Shan and Qaidam Basin

[32] The TCC underlies the entire north-south extent of
the Tibetan Plateau and terminates at the Kunlun fault. If
this represents a rheologically weak layer, then its termi-
nation at the Kunlun fault is highly significant. Both
geodetic data and recent earthquakes show that the Kunlun
fault accommodates the eastward extrusion of the upper
Tibetan crust as north-south convergence between India
and Asia continues at depth [Wang et al., 2001; Lin et al.,
2002]. The weak midcrustal layer effectively decouples the
upper and lower portions of the lithosphere, with this
decoupling extending northward as far as the Kunlun fault.
Figure 13 shows the upper 20 km of the model in Figure 7.
The sedimentary units of the Qaidam Basin are imaged as
a low resistivity section 3–4 km thick, in agreement with
well log information [Metevier et al., 1998]. The resistivity
is lowest in the bottom section of the basin, which might
reflect saline aquifers confined to the base of the sedi-
mentary basin. The low resistivity basin sediments pinch
out at location of +50 km, coincident with the northern-
most range of the Kunlun Shan. Within the Kunlun Shan
the upper crustal units have generally high resistivities
(>1000 �m), and regrettably the 600-line MT stations are
not ideally spaced to trace shallow structures with confi-
dence. This is compounded by the fact that a number of
these MT stations have highly distorted electric fields, and
were also contaminated by noise from the Golmud hydro-
electric plant. Despite these drawbacks, a series of inter-
faces dipping to the south are imaged. In magnetotelluric
studies of similar tectonic settings elsewhere, low resistiv-
ity units in the footwall of the thrust fault have been
imaged [Bedrosian et al., 2001; Park et al., 2003]. On the
600-line a south dipping low resistivity zone is imaged,
(distances 50–80 km and depths 5–10 km). This might
represent underthrust sedimentary units but the geometry
cannot be adequately resolved, owing to the data problems
outlined above.
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[33] At the longitude of the 600-line location, the Kunlun
fault comprises two major branches and south dipping
resistivity contrasts are coincident with both. Mock et al.
[1999] suggested that unroofing has occurred in the Kunlun
Shan with a wedge of midcrustal rocks being exhumed
between the two strands of the Kunlun fault. The MT model
is certainly consistent with this mechanism, but station
spacing does not permit details to be resolved as in other
more detailed fault zone studies [Unsworth et al., 2000]. To
the south of the Kunlun Shan, a thin cover of low resistivity
sediments commences at 150 km and thickens to the south
across the Songpan Ganze terrane, reaching a maximum

thickness of 5–6 km at a distance of 250 km. The major
contrast in resistivity between the resistive Kunlun Shan and
the conductive basin in the Songpan-Ganze terrane gives
rise to the pronounced reversal in the real component of Tzy

in the period band 1–10 s at a distance of 150 km.

5.2. Tibetan Crustal Conductor and Comparison
With Seismic Results

[34] The Tibetan Crustal Conductor (TCC) imaged with
these data is at a similar depth to other locations on the
Tibetan Plateau [Wei et al., 2001]. However, the maximum
conductance is significantly higher than to the west (500-

Figure 11. Inversion of synthetic MT data generated for the models in Figure 10. Data were
contaminated with 10% noise in apparent resistivity and an equivalent amount in phase. Static shifts
coefficients were applied to apparent resistivity with a Gaussian distribution having a width of log10
(static) = 0.7. The original static shifts coefficients (open circle) are plotted along with the values
recovered using down weighted resistivity (asterisk) and direct estimation in the inversion (plus symbol)
for the model with a 200 �m upper mantle. The TM mode static shift coefficients for both estimation
methods have been multiplied by a factor of 2 in this figure.
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line [Wei et al., 2001]) and is comparable to southern Tibet
[Chen et al., 1996]. In northern Tibet, the crust is 60–70 km
thick [Owens and Zandt, 1997; Vergne et al., 2002] and the
TCC appears to be located within the lower crust.
Interconnected fluids, probably cause the high conductivity
(either partial melt or aqueous fluids), although other
explanations are possible [Li et al., 2003]. A bulk resistivity
of 6 �-m requires a melt fraction in the range 2–6%
depending on the resistivity of the melt [Li et al., 2003].
In some of the constrained inversions previously described,
the MT data were shown to be consistent with a resistive
upper mantle if the crustal resistivity was below 1 �m. If
due to the presence of interconnected partial melt, this
would likely require a melt fraction in excess of 20%,
which is likely physically unstable [Li et al., 2003].
[35] How does the MT model compare with crustal

models derived from seismic data? The analysis of the
PASSCAL data by Owens and Zandt [1997] showed that
the Qiangtang and Songpan-Ganze terranes were character-
ized by low seismic velocity in the lower crust and a zone of
inefficient S-wave propagation in the upper mantle. These
properties imply the presence of high temperatures and
partial melting in the lower crust and upper mantle. While
these seismic anomalies are centered to the west of the
Lhasa-Golmud highway, they are well defined at the longi-

tude of the 600-line. Owens and Zandt [1997] also sug-
gested that the crust was thinnest, and the velocities lowest,
beneath the Songpan-Ganze terrane. However, other analy-
ses of the PASSCAL data set, combined with additional
Sino-French seismic data showed that quite different veloc-
ity models can be derived for northern Tibet. Vergne et al.
[2002] demonstrated that depending on the choice of con-
verted phases used, (1) the model of Owens and Zandt
[1997], (2) a model with a thicker crust but high Poisson’s
ratio in the lowest 20 km, or (3) a thicker crust with normal
Poisson’s ratio could be required. In interpreting the MT
data from the Qiangtang and Songpan Ganze terranes, this
range of seismic interpretations must be considered. The
MT results in this paper are consistent with the model of
Owens and Zandt [1997] in that both require a lower crust
that has a high fluid content (presumably because it is hot)
and which extends north to the Kunlun fault. Regrettably,
the 600-line terminates at the Bangong-Nuijiang suture and
the continuation of the INDEPTH magnetotelluric data is
offset west at this point to the 500-line [Wei et al., 2001].
However, the MT data are not entirely in agreement with the
model of Owens and Zandt [1997]. The magnetotelluric
data detect the lowest resistivities (and by inference highest
melt fractions) in the middle crust beneath the northern
Qiangtang terrane (and not the Songpan-Ganze terrane).
[36] The MT results are broadly consistent with Owens

and Zandt [1997]. However, Vergne et al. [2002] favor a
model with very limited partial melting in the crust. One
possible way to reconcile these data is to recognize the
relatively low melt fractions (2–6%) are required to explain
the MT data in northern Tibet [Li et al., 2003]. Laboratory
analyses have shown that at this melt fraction, both seismic
velocities and Poisson’s ratio will be close to the value a dry
rock [Schmelling, 1985]. In the context of the study area,
Rogers and Schwartz [1998] showed that 2% partial melt in
the upper mantle beneath northern Tibet might only raise
Poisson’s ration from 0.27 to a value in the range 0.28–
0.29. Xenolith studies have shown that the lower Qiangtang
crust is both hot and dry [Hacker et al., 2000]. Thus the MT
model could be reconciled with the seismic model of Vergne
et al. [2002] if the lower crust is essentially at melting point
with enough melt to lower electrical resistivity but not
significantly raise Poisson’s ratio. Another factor to be

Figure 12. Synthetic MT responses of 3-D geoelectric
models for northern Tibet at site TBT622. Model ‘‘A’’ is a
2-D model based on model ‘‘B’’ in Figure 10. The Tibetan
crustal conductor is terminated at ±300 km in model ‘‘B.’’
In ‘‘C’’ the conductor extends 300 km east and 500 km west
of the profile. Note that the TE mode is most strongly
influenced by the 3-D structure.

Figure 13. Detailed geoelectric model of northern part of 600-line MT profile with vertical
exaggeration of 2:1. Note that the color scale is different to that used in Figure 7. NKF and SKF
denote the northern and southern branches of the Kunlun fault. Fault locations at depth are based on
Tapponnier et al. [2001] and Mock et al. [1999].
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considered in reconciling the MT and seismic models for the
Qiangtang and Songpan-Ganze crust is that the amount of
melting is decreasing rapidly across the Songpan-Ganze
terrane and was only sampled at the southern of the seismic
profiles of Vergne et al. [2002]. In addition the study of
Galve et al. [2002] was located around 500 km to the east of
the 600-line.
[37] Is the distribution of low resistivity in the crust of the

northern Tibetan Plateau due to factors other than partial
melt? Kapp et al. [2000] suggest that the Songpan-Ganze
terrane was underthrust a significant distance southward
beneath the Qiangtang terrane when the Jinsha River
formed. To the west of the Lhasa-Golmud highway, these
rocks are now exposed at the surface in the Qiangtang
anticlinorium west of Shuang He. Since this emplacement
would have introduced significant water into the crust, this
could have initiated crustal melting in the northern Qiang-
tang terrane. In Figure 14a, the inferred geometry of the
Songpan-Ganze terrane at depth from Yin and Harrison
[2000] can be seen to be coincident with the lowest crustal
resistivities below 20 km depth. The Tibetan Crustal Con-
ductor might have developed as melting propagated
throughout the mid and lower crustal portion of the Song-
pan Ganze terrane owing to lower melting point that
resulted from the enhanced fluid content [Beaumont et al.,
2001]. It is also possible that the fluid content of the
Songpan-Ganze Terrane contributes to the lower resistivity
of this feature. One factor that is not explained by this
hypothesis, is the fact that such low resistivities are not
observed to the west on the 500-line [Wei et al., 2001]
where the underthrust Songpan-Ganze Terrane is also pres-
ent. In addition, the absence of a geoelectric expression at
the Jinsha River suture is enigmatic.
[38] A range of geodynamic models for the Tibetan

Plateau suggest that lower crustal flow could be a signifi-
cant mechanism for achieving mass balance [Clark and
Royden, 2000]. Crustal flow can occur by high temperature
creep and does not require a fluid phase, although a fluid
phase will significantly enhance the rate of creep by
reducing the viscosity. The Tibetan Crustal Conductor
imaged on this profile may well represent a channel of
lower crustal flow that is transporting crustal material to the
east. The absence of a pronounced low resistivity feature to
the west suggests that this process may become more active
on the 600-line compared to the upstream location of the
500-line to the west [Wei et al., 2001].

5.3. Upper Mantle Structure

[39] Owing to the presence of the Tibetan Crustal Con-
ductor, the MT data provide less rigorous constraints on
upper mantle structure beneath northern Tibet. However, the
data analysis presented in this paper suggests that the upper
mantle beneath northern Tibet is in the range 10–100 �m.
North-south variations in upper mantle resistivity cannot be
resolved by the data. The resistivity of the continental
uppermost mantle is difficult to determine, due to the
presence of the almost ubiquitous lower crustal conducting
layer. Estimates by many researchers suggest 100 �m as a
minimum value with typical values 1–2 orders of magni-
tude higher [Jones, 1999]. Thus the 600-line MT data
appear to image a low resistivity upper mantle beneath
northern Tibet. These values strongly suggest elevated

temperatures and perhaps partial melting, although other
mechanisms for lowering the resistivity of the upper mantle
have been suggested [Leibecker et al., 2002]. Underthrust-
ing of cold Asian lithosphere would result in resistivities of
100 �m or greater. The apparent absence of high resistiv-
ities in the upper mantle south vicinity of the Jinsha River
suture and to the south suggests that Asian lithosphere does
not extend this far (or if it has then the resistivity of the
lithosphere has been dramatically reduced by an undeter-
mined mechanism).
[40] Upper mantle structure is reasonably consistent

between the seismic and MT data sets on the Lhasa-Golmud
highway.Wittlinger et al. [1996] reported a low-velocity zone
in the upper mantle at depths of 200–300 km around 34�N.
This is deeper than the mantle low-resistivity zone detected
with the magnetotelluric data. However, both data sets could
be imaging different portions of the same upper mantle
feature. Alternatively, it might reflect the limited vertical
resolution of the analysis technique used by Wittlinger et al.
[1996], and it is possible that the low velocity zone is
shallower than previously thought [Tapponnier et al.,
2001]. Kind et al. [2002] derived receiver functions of the
combined INDEPTH, Sino-French and PASSCAL data set
and showed that south dipping events could be identified in
the upper mantle beneath northern Tibet. This structure is in
the location anticipated for the top of Asian lithosphere being
subducted southward beneath northern Tibet.

5.4. Delamination and Upwelling Asthenosphere?

[41] Can the geoelectric structure derived from the
INDEPTH MT data discriminate between the competing
geodynamic models proposed for northern Tibet? In the
following sections, the two main classes of models will be
evaluated in regard to the geoelectric model derived from
the MT data (Figure 14).
[42] Many geodynamic models of the Tibetan Plateau

invoke continuum deformation of the lithosphere and as-
sume an inherently weak rheology for the Tibetan litho-
sphere [England and Houseman, 1989; Zhao and Morgan,
1987]. Some models in this class suggest that a thickened
Tibetan lithosphere become unstable and delaminated, pro-
ducing a localized upwelling of the asthenosphere [Molnar,
1988]. Elevated temperatures and perhaps partial melting in
the upper mantle would be a natural consequence of this
process, and would produce low electrical resistivities
[Partzsch et al., 2000]. As mantle-derived melts migrate
upward through the crust, they initiate crustal melting and
pervasive low resistivity results in the lower crust. The
model in Figure 14a is broadly consistent with this class of
models, since it implies the upper mantle has a relatively
low resistivity (10–30 �m). This resistivity value is more
consistent with a hot upper mantle containing a few percent
partial melt than with underthrust Asian lithosphere beneath
northern Tibet.

5.5. Subduction of Asian lithosphere

[43] The other main class of geodynamic models for the
Tibetan Plateau propose a rigid, cold lithosphere. In this
class of models, the crust and lithosphere was thickened by
under thrusting and stacking [Tapponnier et al., 2001]. This
class of model is shown schematically in Figures 14b and
14c, with the depth of subducting Asian lithospheric mantle
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Figure 14. Cartoon showing possible crustal and upper mantle structures for northern Tibet. (a) The
northern margin of Tibet is a major shear zone with minimal subduction. Model is based on that of Owens
and Zandt [1997] with crustal structure adapted from Yin and Harrison [2000]. (b) Asian lithospheric
mantle is subducted beneath northern Tibet as proposed by Tapponnier et al. [2001]. Previous subduction
events have imbricated slices of Asian lithosphere beneath the entire northern Tibetan Plateau.
(c) Alternative geometry for subduction of Asian lithosphere with a wedge of hot upper mantle overlying
the subducting Asian lithosphere. In both Figures 14b and 14c the location of the Asian lithospheric mantle
is taken from Kind et al. [2002]. Abbreviations are as follows: BNS, Bangong-Nuijiang suture; JS, Jinsha
River Suture; KF, Kunlun fault; LB, Lhasa Block; QT, Qiangtang terrane; SG, Songpan Ganze terrane.
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taken from Kind et al. [2002]. This model predicts generally
high resistivities in the upper mantle beneath northern Tibet
that are not observed. Underthrusting of Asian lithosphere
could initiate melting as subducted fluids lowered the
melting point and melt would rise into the upper plate and
initiate limited crustal melting. The axis of highest conduc-
tivity at 34�N is in the location that might be expected for
such a scenario [Yin and Harrison, 2000; Tapponnier et al.,
2001]. While few Plio-Pleistocene volcanic rocks are found
close to the Lhasa-Golmud highway, a series of volcanic
centers have been mapped to the west, along strike from the
high conductivity feature at 34�N [Turner et al., 1993;
Hacker et al., 2000]. This model requires that the Song-
pan-Ganze terrane be underlain by Asian lithosphere, which
would be expected to be relatively cold and electrically
resistive. However, the MT data analysis described above
showed that electrical resistivities in the lower crust/upper
mantle of the Songpan-Ganze terrane are in the range 10–
30 �m. This value is far lower than would be expected for
relatively cold Asian lithosphere being underthrust beneath
northern Tibet and appears to be inconsistent with the
continental subduction as proposed by Tapponnier et al.
[2001]. The only way to reconcile these observations would
be if the underthrusting of Asian lithosphere has produced a
network of conductive zones which would lower the resis-
tivity of these rocks from their values beneath the Qaidam
Basin to the observed value. It should also be noted that the
upper mantle resistivity beneath northern Tibet (10–30 �m)
is too high to be consistent with pervasive partial melting,
but could be explained by interconnected melt fractions of
the order of a few percent [Partzsch et al., 2000]. Figure 14c
shows an alternative scenario for subduction of Asian
lithosphere beneath northern Tibet. In this model, a wedge
of relatively hot upper mantle overlies the subducting
lithosphere with the depth defined by the receiver function
analysis of Kind et al. [2002]. Melts derived from the
descending lithosphere rise and cause limited additional
melting in the Tibetan crust, centered at 34�N. In this
geometry, the resistive lithosphere would be masked by
the conductive upper mantle and thus it could not be readily
detected by the existing MT data.

6. Conclusions

[44] The magnetotelluric data described in this paper have
constrained the geoelectric structure of the lithosphere
beneath the northern Tibetan Plateau. The middle and lower
crust of the Songpan-Ganze and Qiangtang terranes is
conductive, with the most conductive zone centered in the
northern Qiangtang terrane at 34�N. This conductive zone is
probably due to high temperatures with small amounts of
partial melting. This is consistent with seismic observations
of only slightly elevated Poisson’s ratio and a hot, dry lower
crust inferred from geochemical analysis of xenoliths. This
Tibetan crustal conductor could represent a channel of lower
crustal flow. The upper mantle has a relatively uniform
electrical resistivity (10–30 �m) from the Kunlun Shan to
the Bangong-Nuijiang suture. North of the Kunlun Shan,
the upper mantle is more resistive with values typical of
stable continental lithosphere.
[45] Can this geoelectric model require or exclude any

of the geodynamic models that have been proposed for

Tibet? The conductive upper mantle south of the Kunlun
Shan is clearly inconsistent with models of whole-scale
underthrusting of Asian lithosphere since this would pre-
dict uniform, high resistivity values at this location. If
Asian lithosphere extends beyond this point then it must
have been sufficiently altered to produce the observed low
resistivity. Thus the resistivity of the lower crust and upper
mantle in the Qiangtang and Songpan-Ganze terranes are
more consistent with geodynamic models requiring con-
tinuum, viscous deformation in the lower crust and upper
mantle. This would likely produce partial melting in the
upper mantle (and to a degree the lower crust) and would
account for the low resistivities observed. Thus the pre-
ferred model is that with Asian lithosphere underthrusting
northern Tibet as far as the Kunlun fault, and a thin
lithosphere with shallow asthenosphere to the south. It
must be stressed that these models are derived from
magnetotelluric measurements on a single north-south
transect. Additional magnetotelluric profiles to the east
and west are needed to validate these models. Another
possible model could satisfy the MT data and seismic
observations of southward dipping Asian lithosphere be-
neath the profile [Kind et al., 2002]. The MT data exclude
Asian lithosphere being present directly under the Moho.
However, there might exist a mantle wedge that is hot and
partially molten (the top of which is detected by the MT),
and underlain by subducting Asian lithosphere at depth.
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