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SUMMARY
The INDEPTH project has applied modern geophysical techniques to the study of the crustal
structure and tectonic evolution of the Tibetan Plateau. In the Lhasa Block, seismic reflection
surveys in 1994 detected a number of bright-spots at 15–20 km depths that indicate zones of
crustal fluids (aqueous fluids or partial melt). Coincident magnetotelluric (MT) data collected
in 1995 detected a major zone of high electrical conductivity at the same depth as the brightspots. Using constrained inversion, the MT data require a minimum crustal conductance of
6000 S. This abnormally high electrical conductance can be best explained by a layered model
with fluids: partial melt, aqueous fluids or a combination of partial melt and aqueous fluids.
The non-uniqueness of the MT method means that a wide range of melt fraction–thickness
combinations for the above models could all explain the 6000 S conductance. To distinguish
between these three models, other geophysical and geological data are required. Reflection
seismic data suggest that a high fluid content (>15 per cent) is present at the top of the layer.
The amplitude-versus-offset data suggest that the top of this layer may be aqueous fluids rather
than partial melt. Passive seismic data imaged a 20 km thick layer of lower fluid content that is
probably partial melt. Petrological studies suggest that concentrations of aqueous fluids above
0.1 per cent at mid-crustal depth cannot be sustained. Taken together, these data show that
the high conductivity in Southern Tibet is most probably the result of a relatively thin layer of
aqueous fluids (100–200 m) overlying a thicker zone of partial melt (>10 km).
Key words: electrical conductance, electrical conductivity, magnetotellurics (MT), partial
melt, saline fluid, seismic bright-spots, Tibetan Plateau.

1 I N T RO D U C T I O N
The India–Asia continent–continent collision has created the most
spectacular topographic feature on the surface of the Earth. The
Tibetan Plateau has an area approximately half the size of the conterminous United States with an elevation above 5 km. It represents
a key location for understanding the processes of mountain building and plateau formation during continent–continent collisions.
Although our understanding of the geological structure and history
of the Tibetan Plateau has significantly improved over the previous
two decades, many first-order structural questions are still under
debate. Numerous models have been proposed to explain the tectonic processes that have thickened the crust; and span the spectrum
from underthrusting of the Indian plate (Argand 1924) to distributed
thickening of the Tibetan crust (Dewey & Burke 1973). Other processes that need to be considered include fluid injection into the
Tibetan lower crust (Zhao & Morgan 1987), eastward extrusion of
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the crust and mantle (Tapponnier et al. 1982) and southward subduction of Asian lithospheric mantle (Willett & Beaumont 1994).
The first detailed geophysical studies in Southern Tibet were made
during Sino–French studies in the 1980s that gave evidence for partial melting from high heat flow and high electrical conductivity
(Francheteau et al. 1984; van Ngoc et al. 1986). The INDEPTH
(International Deep Profiling of Tibet and the Himalayas) project
was initiated in 1992 to continue the investigation of the structure
and evolution of the Tibetan Plateau. The INDEPTH corridor in
Southern Tibet extends from the High Himalaya to the centre of the
Lhasa Block (Fig. 1). Along this profile active and passive seismic,
magnetotelluric (MT) and geological data were collected. Combined
with data collected by the Sino–French team, the INDEPTH data
suggested that the middle crust beneath Southern Tibet is partially
molten (Nelson et al. 1996). The evidence for partial melt included
high heat flow (Francheteau et al. 1984), seismic bright-spots at a
depth of 15–20 km (Brown et al. 1996), high electrical conductivity
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Figure 1. Location map of the INDEPTH MT survey in Southern Tibet. The location of INDEPTH seismic profiles and heat flow measurements made by
Francheteau et al. (1984) are also shown. This figure is in colour on Blackwell Synergy, in the online version of the journal.

(Chen et al. 1996; van Ngoc et al. 1986), strong P-to-S wave conversion shown by seismic wide-angle seismic data, and low crustal
velocity (Kind et al. 1996). Other seismic data give differing views
of the composition and degree of melting in the Tibetan crust. A
passive seismic study in Tibet (Owens & Zandt 1997) found a low
to normal crustal Poisson ratio in the southern plateau, which is inconsistent with a thick, extensively melted middle crust. In addition,
Makovsky & Klemperer (1999) showed that a detailed analysis of
the wide-angle reflection data could be taken to indicate that the
bright-spots may be caused by a thin layer of aqueous fluid.
The presence of partial melt in the crust has important implications for the rheology of the Tibetan crust. A thermally weakened
and partially molten crust can behave as a fluid and explain both
the flatness of the Tibetan Plateau (Fielding et al. 1994) and give
evidence for geodynamic models requiring lower crustal flow (Zhao
& Morgan 1987; Clark & Royden 2000). If one can conclude that
there is no partially molten or fluid layer beneath Southern Tibet,

then these geodynamic models of the crust need to be reconsidered. In this study, we will show how MT data can quantify the
amount of fluid that is needed to cause the high conductivity in
Southern Tibet. Using a constrained inversion, the minimum electrical conductance in Southern Tibet is estimated. This minimum
conductance is then used to develop thickness constraints for the
mid-crustal high-conductivity zone. Combining the thickness constraints with other geophysical data, we examine the various models that have been proposed for the mid-crustal zone in Southern
Tibet and determine whether they are consistent with the MT data.
We first give some background information concerning the study
region and then present a detailed analysis of the MT data. In conclusion, we suggest that the middle crust conductive zone in Southern
Tibet is unlikely to be explained by either partial melts or aqueous
fluid alone. The bright-spots in Southern Tibet are most likely a
concentration of aqueous fluid overlying a thick, widely distributed
layer of partial melt.
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2 PREVIOUS STUDIES
A N D R E G I O NA L G E O LO G Y
The 200-line traverses the Southern Lhasa Block, which is one
of the three major terranes accreted to Asian prior to the India–
Asia collision (Sengor 1981). The regional geology in the Southern Lhasa Block is characterized by an ancient continental margin. The Palaeozoic and Mesozoic sequence are intruded by the
Cretaceous to Tertiary Gandese batholiths that were formed by the
northward subduction of the Tethyan oceanic lithosphere prior to
the arrival of the India subcontinent (Allegre et al. 1984). South of
the Nyainqentanghla range, the well-exposed Palaeogene age volcanic rocks may be coeval with the Gandese batholiths (Copeland
et al. 1995).
The northeast–southwest-trending Nyainqentanghla range and
adjacent Yangbajian–Damxung graben were formed by the east–
west extension that has formed a number of rift zones in Southern
Tibet (Armijo et al. 1986). The Nyainqentanghla range represents
the footwall of a ductile shear zone that has exhumed mid-crustal
rocks (Coward et al. 1988; Pan & Kidd 1992). These rocks are
dominantly granitic orthogneiss and thermochronology shows that
they have been uplifted by approximately 17 km over the last 8
Myr (Harrison et al. 1995). Seismic reflection data collected in the
Yangbajain–Damxung graben suggest that the Palaeozoic strata in
the graben is no thicker than 10 km and is underlain by crystalline
basement (Cogan et al. 1998). The lack of deep cutting valleys suggests the opening of the rift has been accommodated by lateral mid
to lower crustal flow. Within the graben a number of geothermal phenomena have been identified, including the geothermal power plant
at Yangbajian (Hochstein & Regenauer-Lieb 1998). The INDEPTH
seismic reflection profiles in the graben showed high-amplitude
bright-spots, the high amplitude and negative polarity of which
strongly suggest the presence of a fluid phase within the middle
crust (Brown et al. 1996; Makovsky et al. 1996). MT data collected
on a profile that crossed the graben (200-line, Fig. 1) showed a conductive mid-crustal zone that extended outside the graben (Chen et
al. 1996). Although the nature of the conductive zone is unclear, the
unusually high conductivity on a large spatial scale indicates that a
well-connected regional electrical current path must exist. The nature of the fluid that is causing the reflections is unknown, but partial
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melt and aqueous fluids are the most likely candidates. The presence
of each fluid has different implications for the thermal state of the
crust, and for the related processes that thickened the crust (Nelson
et al. 1996; Makovsky & Klemperer 1999). If the observed brightspots are magma bodies, then partial melt and a high-temperature
(>650 ◦ C) middle crust are expected. This hot middle to lower
crust may then be weak enough to behave as a fluid layer, as in
geodynamic models such as the continental injection model (Zhao
& Morgan 1987) or in flow models (Royden et al. 1997). On the
other hand, an aqueous source for the bright-spots would constrain
the thermal state of the crust at the depth of the bright-spots to be
lower than 650 ◦ C. Although the existence of aqueous fluid does not
exclude the existence of partial melt, the seismic bright-spots and
high electrical conductivity can be equally explained by aqueous
fluid alone. MT is inherently sensitive to the presence of interconnected fluids. However, determining which fluid is causing the high
conductivity requires additional geophysical and petrological data.
3 THE 200-LINE
M A G N E T O T E L L U R I C D AT A
MT data were collected on two profiles in Southern Tibet in 1995
(Chen et al. 1996). The 100-line extended from the High Himalaya
to Yangbajian, and the 200-line extended from east of Lhasa, across
the Yangbajian–Damxung graben and terminated 50 km north of
Nam Tso (Fig. 1). The location of the 200-line was chosen to determine whether there are differences in crustal electrical conductivity within and outside the Yadong–Gulu rift. Long-period MT data
were collected using Long-Period MT System (LiMS) designed by
the Geological Survey of Canada (20–20 000 s) and broad-band
MT data were collected using a single Phoenix V5 system (320–
0.001 Hz). The eight long-period MT sites were located roughly
20 km apart. Broad-band MT data were collected at 16 locations.
This included all long-period sites, and eight intermediate sites to
provide a more detailed image of shallow electrical structure. The
long-period data were remotely referenced, but the broad-band data
were not and thus may be subject to bias (Gamble et al. 1979). The
two southernmost sites were excluded from the data set owing to
their poor data quality. Data above 1 Hz was excluded from the
analysis to avoid problems of bias in non-referenced data.
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Figure 2. Geoelectric strike for the INDEPTH 200-line. (a) Strike directions for period from 1 to 10 s. (b) Strike directions for period from 10 to 100 s. (c)
Strike directions for period from 100 to 1000 s.
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The geoelectric strike direction was then calculated using the tensor
decomposition technique of Smith (1995) for the three frequency
bands shown in Fig. 2. Note that strike directions derived from tensor decomposition have an inherent ambiguity of 90◦ . At short periods (1–10 s), the strike is roughly W30◦ N (or N30◦ E). The strike
direction rotates counter-clockwise as the period increases. In the
longest-period band, an east–west strike is indicated by the data.
Note that a north–south strike is also consistent with the MT data in
this period band. This 90◦ ambiguity can be resolved by using external information, such as the trend of regional geology. In this case,
an east–west strike following the sutures and terranes is clearly far
more reasonable than a north–south strike. The period dependence
of the geoelectric strike shows that the MT data for the 200-line are
not purely 2-D with a single-strike direction. There are clearly some
3-D effects present that may be a result of the fact that the graben is
not parallel to the regional east–west terrane boundaries. To investigate the effect of strike on the inversions, we consider two possible
geoelectric strikes throughout the following analysis; one east–west
(Zangbo strike, N90◦ E) and the other northeast–southwest, reflecting the trend of the graben (graben strike, N45◦ E). In a 2-D situation,
MT data can be separated into two independent modes. The transverse magnetic (TM) mode has electrical currents flowing across the
strike while electrical currents flow along the strike in the transverse
electric (TE) mode. In the inversion models, we look for conductivity features that are independent of the choice of strike direction.
The observed MT data in Zangbo coordinates are shown in pseudosection form in Fig. 3(a). The short-period data (T < 10 s) exhibit
relatively high values of apparent resistivity and low phases, which
implies that the shallow structure is resistive. At longer periods
(T > 10 s), the phases increase and the apparent resistivities decrease, indicating an increase in conductivity with depth across the
whole profile. Two typical sites are shown in Fig. 4. Site 220 is
south of Damxung while site 240 is located within the graben. The

differences between TE and TM modes indicate that these data are
multidimensional, since a 1-D earth produces MT responses that are
identical at all azimuths.
4 CONSTRAINED INVERSION
O F T H E 2 0 0 - L I N E D AT A
The inversion of MT data yields a subsurface conductivity model
that may be non-unique in a number of aspects. Before discussing the
2-D inversion of the data, it is important to understand the essential
physics of the MT method. The depth to the top of a conductive layer
and the conductance of the layer are well constrained by the MT data.
This is illustrated with a synthetic example. Fig. 5(a) shows the effect
of varying the depth of a conductive layer. The MT responses from
these models are essentially the same at periods of less than 0.2 s,
but large differences can be seen in the responses at periods greater
than 0.5 s. The MT responses of these models differ significantly
(10◦ in phase) and show that a 5 km difference in depth could easily
be resolved.
To determine the sensitivity of the 200-line MT data to the depth
of the conductor, a model study was performed on the model with
Zangbo strike and the basement at 100 km (Fig. 7). We fixed the
upper 10 km of the model and moved the lower part of the model
up and down. The overall rms misfit of the new models is shown in
Fig. 6(a). The misfit plot shows a clear minimum at 0 km and indicates that our model is the best-fitting model and that a change
of the conductor depth will result in a worse fit. The phase responses of different models and the measured data at site 220 are
shown in Fig. 6(b). The difference between the data and model
response could not be resolved when the model is shifted 1 km.
A shift of 3 km produces a difference comparable to the data errors and could be discerned. A 5 km change would be readily detected. Based on both synthetic and real MT data modelling, we are

Figure 3. (a) 200-line pseudosections of MT data in measurement coordinates. Periods are shown on a log10 scale. (b) Pseudosections of the MT responses
of the inversion model in (c). (c) Inversion model using east–west strike direction with a 1000  m basement fixed at 40 km depth. The site locations and local
topography are also sketched on top of the model.
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Figure 4. Measured MT data at site 220 (south of the graben) and 240 (within graben.). Data are shown in the measurement coordinate (x, NS and y, EW).
An ‘x’ indicates that this datum has been excluded owing to poor quality. Note that error bars are relatively large around 10 s in the so-called dead band owing
to a low signal-to-noise ratio.

confident that the depth of the conductor is constrained to within
3 km.
Fig. 5(b) shows the important result that the thickness of a layer
cannot be constrained by MT data. In each model the conductance of
the middle layer is 8000 S, but the thickness and conductivity vary.
In the period range 0.01–10 s the apparent resistivity responses
of these models are identical. At periods greater than 10 s, only
small differences in apparent resistivity and phase can be discerned
between the three models. The maximum difference in phase and
resistivity is less than 2.5◦ and 4  m, respectively. These values
are comparable to typical errors in field data, and thus to first order,
the MT responses of the three models are indistinguishable if the
conductance is constant. While the extension of this concept to 2-D
and 3-D has not been examined rigorously, the situation is broadly
similar if the conductive layer is nearly horizontal. Given a set of
MT data, inversions may find different models that can fit the data,
but a constant conductance should be expected.
In the context of constraining the nature of the proposed crustal
fluid, the minimum conductance required by the data is an important
quantity to be determined. If the minimum conductance and the
maximum conductivity of a layer can be derived, then the minimum
thickness of a conductive layer can be estimated. The minimum
conductance is the lower bound on the model conductance that is
required by a given set of data. For MT data of limited bandwidth, it
may not be possible to sense the bottom of a conductor. This leads
to a problem if the inverse algorithm uses a maximum smoothness
constraint to make the model unique. The algorithm will simply
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smear the conductor to infinite depth and give a conductance that
is too large. To solve this problem, we replace the model below a
given depth with a resistive half-space. If the MT data cannot sense
the bottom of the conductive layer, then the resistive region will not
affect the data misfit. By moving the top of the resistive half-space
upwards until the data can no longer be fitted, we find the shallowest
conductor bottom permitted by the data and hence the minimum
conductance. This process is referred to as constrained inversion.
In the following inversions, an error floor of 2.86◦ has been used
for all phase data (which is equivalent to a 10 per cent error in apparent resistivity) and 20 per cent for apparent resistivity data. Data
errors smaller than this floor level are replaced with the floor value.
An error floor is needed for several reasons. First, if the MT data
have standard errors that are too small then trying to fit these errors
will result in an artificially rough model (Parker 1980). This occurs
because uncertainties in the MT data do not just originate in the timeseries analysis, but also in geological noise (such as 3-D effects not
accounted for in the distortion analysis or 2-D inversions). Finally,
MT data usually exhibit frequency bands that have smaller data errors than others. In the absence of an error floor, the inversion will
preferentially fit the frequency band with smallest errors, ignoring
data in other bands. Hence, with an error floor, a better overall fit to
the frequency dependence of the MT data will be obtained. Apparent resistivity data are more susceptible to near-surface distortions
than phase data so a lower error floor is used for phase data.
The data were inverted using the rapid relaxation inversion (RRI)
algorithm of Smith & Booker (1991). To invert for the minimum
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Figure 5. 1-D models and their MT responses. (a1) Three 1-D models with fixed layer thickness and conductivity but the top of the layer varies. (a2) Phase
responses of the three models in (a1). (a3) Apparent resistivity responses of the models in (a1). (b1) Three 1-D models with an 8000 S conductor but the layer
thickness and conductivity vary. (b2) Phase responses of the three models in (b1). (c) Apparent resistivity responses of the three models in (b1).

conductance required by the data, a low-conductivity (0.001 S m−1 )
half-space was added to the starting model at a depth of 100 km. The
conductivity below this depth was fixed, and thus the inversion algorithm was forced to place all the conductive structure required by the
MT data above this depth. This process was then repeated with a progressively shallower resistive basement. In each inversion, both the
TE and TM mode data were fitted. The inversions were then repeated
with the geoelectric strike in the alternative NE–SW direction. The
inversion was started from a 1-D layered model (a conductive layer
over the resistive basement) and allowed 15 inversion steps followed
by 20 smoothing steps. At this point, the data misfit had converged
and the model roughness was decreasing very slowly. The models
derived from these inversions for both geoelectric strikes are shown
in Fig. 7. In Fig. 3(b), a model and its MT responses are shown.
Except for site 250 on the north side of the Nyainqentangula, the
model response fits the observed data quite well. Note that the shallow structures are very similar to the model of Chen et al. (1996),
even though the model is fixed to 0.001 S m−1 below 40 km. Fig. 7

also shows the final rms misfit for each model. It can be seen that
in order to fit the measured data, the resistive basement needs to be
deeper than 20 km. When the resistive basement begins at a depth
greater than 20 km, the misfit is independent of basement depth.
However, when the basement is at 15 km depth, the misfit increases
significantly. This is illustrated in Fig. 8 where the fit to the data is
shown at a typical site (TBT220). The data can be adequately fitted
when the basement is at 20 km or deeper, but not when it is 15 km.
It must be stressed that the depth to the base of the resistor does not
have a physical significance. It is the conductance of these models
that is to be interpreted. It should be remembered from Fig. 5(b)
that, in principle, an infinitely thin layer of finite conductance could
also fit the data. The failure of the inversion algorithm to fit the
data when the basement is very shallow is just a consequence of the
smoothing used in the inversion.
Fig. 9 shows the static shift coefficients computed by RRI for
the models in Fig. 6. The static shift coefficients at each site become more positive as the basement becomes shallower. With the
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basement deeper than 30 km, the average static shift coefficients
are close to zero and the static shift for different basement depths
are very close. With the basement at 15 km, the static shift coefficients are significantly more positive than with the basement
at 20 km depth. Thus it can be seen that there is a trade-off between the basement depth and the average static shift when the
basement is shallower than 30 km. A non-zero average static shift
could arise naturally in the data from a structure where the spatial scale is larger than the survey. However, it is more likely that
it is produced as an artefact of the inversion as it struggles to fit
the data. This is suggested by the fact that the data can be fitted
with an average static shift near zero when the basement is deeper
than 30 km. The non-uniqueness of the MT model can be clearly
seen in Fig. 7. Despite differing strikes and basement depths, each
of these models fits the measured data to a reasonable level. Even
though these models appear to be quite different, they all exhibit
the same resistive upper layer and conductive layer of relatively
uniform depth and conductance. Thus the existence of a conductive middle crust is not dependent on the choice of electrical strike.
It should also be noted that in all models, the conductive crustal
layer extends across the entire profile and is not confined to the
graben.
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The integrated conductance above the resistive basement for each
model is shown in Fig. 10. At Damxung the minimum conductance
is 6000 S, but could be as high as 30 000 S. In order to constrain
the lower bound on the thickness of a conductive layer, we will only
consider the minimum conductance of these models. This crustal
conductance is unusually high, since in stable continental regions
a lower crustal conductance of 20–2000 S is considered typical
(Jones 1992). For comparison, 2 km of seawater has a conductance of
6000 S.

5 ORIGIN OF HIGH CONDUCTIVITY
IN SOUTHERN TIBET
Most silicate and carbonate minerals have a low electrical conductivity. Thus to produce a high electrical conductivity, as observed in
Tibet, a conducting phase must be present to allow electric current
to flow through the rock. Conductive materials that can be found in
the Earth include metallic minerals, graphite, molten rock and aqueous (ionic) fluids (Jones 1992). In this section we consider each of
these to determine whether they could explain the high conductivity
observed in Southern Tibet.
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Figure 7. Conductivity models inverted from the 200-line data. Models on the right are inverted using the east–west Zangbo strike and those on the left using
the northeast–southwest (graben) strike. Notice the increase in electrical conductivity (red colour) as the basement is moved up.

5.1 Conducting minerals
Metallic ore minerals such as iron and copper sulphides have a very
high electrical conductivity (100 S m−1 ). While they often occur in
discrete ore bodies, they can also be disseminated throughout a larger
volume. In Southern Tibet, there are several reasons why it is unlikely that these minerals are responsible for the mid-crust conductive layer. First of all, the spatial extent of the conductive layer is very
large and it crosses major terrane boundaries. Mineralization is usually associated with specific geological formations and it would be
expected to correlate with key geological units. In addition, a largescale mineral deposit would probably produce detectable gravity and
magnetic anomalies that are not observed. Thirdly, mineralization is

inconsistent with the INDEPTH seismic data that provided evidence
for mid-crustal fluids (Makovsky & Klemperer 1999; Ross et al.
2001).

5.2 Grain boundary graphite films
Graphite occurs widely in the Earth and exhibits a very high (but
anisotropic) electrical conductivity. When the graphite films on
grain boundaries are connected over a significant distance, they
can produce a crustal layer with bulk conductivity above 1 S
m−1 (Frost et al. 1989). Nover et al. (1998) show that connected
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Figure 8. TE and TM responses of a set of models with an east–west (Zangbo) strike and observed data at site 220. Note that when the resistive basement is
below 20 km, model responses fit the measured data reasonably well while the response of the model with a 15 km basement deviates from the observed data
after 100 s.

networks of carbon and ilmenite are responsible for the enhanced
crustal conductivity near the KTB in Germany. The North American Central Plain Anomaly (the largest electrical conductivity
anomaly in North America) may be the result of graphite films in a
Proterozoic orogen (Camfield & Gough 1977). The stable continental lower crust is unexpectedly conductive and one candidate
for the high conductivity is graphite. Thus graphite must be considered as a serious candidate for the cause of high conductivity
beneath Southern Tibet. However, there are a number of lines of
evidence to suggest that graphite is not responsible for the high
conductivity.
(1) For graphite to be an effective conductor the films must
remain connected, and while this is often the case in subducted
metasediments, it is generally not the case in crystalline basement
rocks. In the study area in Southern Tibet, the geological and geophysical data reviewed earlier in this paper confirm that the basement
rocks are crystalline (Pan & Kidd 1992; Cogan et al. 1998).
(2) An additional piece of evidence for the high conductivity not
being caused by graphite is the large spatial extent of the conductive
anomaly. It crosses regional geological boundaries and three major
terrane boundaries (Wei et al. 2001). Given the different geology
and tectonic histories of these terranes (Yin & Harrison 2000), it is
unlikely that the high conductivity results from a common geological
process that produced graphite across the entire plateau.

C

2003 RAS, GJI, 153, 289–304

(3) Graphite could cause high conductivity in the mid-crust in
Southern Tibet, but it is hard to reconcile with the seismic data
collected in the same region. The high reflectivity and the negative
polarity of the reflection (Makovsky & Klemperer 1999; Ross et al.
2001) are inconsistent with grain boundary graphite films.
(4) It is possible that graphite exists locally in Southern Tibet in
rock units such as granitic orthogneiss that are exposed in the study
area. However, even in these rocks, the processes of exhumation and
cooling would probably break the connections between films. Thus
the rock would not have a high overall conductivity.
Thus in summary, it is unlikely that graphite is the cause of the
pervasive high conductivity observed across the Tibetan Plateau.

5.3 Partial melting
5.3.1 Electrical conductivity of pure melts
Owing to the abundance and high mobility of ions, molten rock
is a good electrical conductor. The conductivity of pure melt depends on temperature, pressure, the amount of structurally bound
and free water and oxygen fugacity (Lebedev & Khitarov 1964;
Waff & Weill 1975; Tyburczy & Waff 1983). Dry rocks begin to
melt at around 1200 ◦ C and this produces a large increase in conductivity. For dry rocks of various compositions the conductivity of
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pure melt is typically in the range 1–10 S m−1 (Tyburczy & Waff
1983). The conductivity increases with temperature and decreases
with pressure, but does not exceed 10 S m−1 (Tyburczy & Waff
1983). Water-saturated rocks will begin to melt at lower temperatures, typically 650 ◦ C (Lebedev & Khitarov 1964). Again, the melt
conductivity increases with temperature and typical conductivities
are in the range 1–20 S m−1 , slightly higher than for dry melting
(Fig. 11).
To estimate the possible melt conductivity in Southern Tibet, the
most important parameters are the temperature and water content of
melt at a depth of 15–20 km. Heat flow measurements give evidence
of high thermal gradients, and Francheteau et al. (1984) suggest that
the 600 ◦ C isotherm lies at a depth of 10–25 km in Southern Tibet.
Alternative evidence for crustal temperatures comes from the thermal history of rocks exhumed in the footwall of the Nyainqentangla
Shear Zone. Harrison et al. (1995) inferred temperatures of 600–
700 ◦ C at a depth of ∼17 km. Geological studies of Himalayan granites suggest that crustal anatexis (melting) occurred in the presence
of water (Debon et al. 1986; Guillot et al. 1995; Scaillet et al. 1995).
Geodynamic modelling and earthquake studies give indirect information on the temperature at depth (Chen & Molnar 1983; Henry
et al. 1997) and suggest temperatures at depths of 15–20 km could
be as low as ∼400 ◦ C or as high as 700 ◦ C. These lines of evidence
suggest that temperatures in the mid-crust are too low for dry melting, but hydrous melting is possible and a range of melt conductivity
1–10 S m−1 is to be expected (Fig. 11).

Figure 9. Static shift coefficients for 200-line data with a Zangbo strike.

5.3.2 Interconnection of partial melts and bulk resistivity

Figure 10. The model conductances for the Tibet MT 200 line. (a) Conductances are shown for five models with the Zangbo strike. (b) Conductances
are shown for five models with the graben strike.

The electrical conductivity of silicate minerals is much lower than
that of pure melt. Thus when a rock is partially molten, the bulk
conductivity of the rock depends on the amount of fluid and the
interconnectivity of the fluid (Schmeling 1986). The interconnectivity is a key parameter since as soon as a connected fluid network is
formed, electric current can flow along the conductive fluid paths and
the overall conductivity of the rock will increase dramatically. Several numerical models can be used to calculate the bulk conductivity
of the rock for the possible geometric distributions. These include
Archie’s law (Archie 1942) the Hashin–Shtrikman (HS) upper and
lower bounds (Hashin & Shtrikman 1962) and the modified bricklayer model (Macdonald 1987). While these models use different
parameters to simulate the bulk conductivity of two-phase mixtures,
they are all based on simple parallel and series models (Maxwell
1881). For the HS upper bound the rock matrix and melt are in parallel and the overall conductivity of the circuit is dominated by the
most conductive element (melt). For the HS lower bound, the rock
matrix and melt are in a series circuit and the overall conductivity
is dominated by the resistive rock matrix.
What degree of interconnectivity should we expect for partial
melt? Laboratory experiments show that melt can form an interconnected network at melt fractions below 5 per cent (Minarik & Watson
1995; Mibe et al. 1998). Roberts & Tyburczy (1999) reported that
melt is typically found in tubes along grain boundaries and interconnects at relatively low (<6 per cent) melt fractions. Thus the bulk
conductivity was close to the HS upper bound. Fig. 12 shows the
relationship between the bulk conductivity of a rock and the fluid
(melt) fraction when the fluid (melt) is interconnected. Note that
even a small amount of fluid can significantly increase the overall
conductivity of the rock. However, as the fluid fraction increases,
the bulk conductivity increases rapidly and the curves for different
fluid conductivities separate. When the fluid fraction is higher than
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Figure 13. Thickness as a function of fluid fraction and fluid conductivity.
Many combinations of thickness, fluid fraction and fluid conductivity can
produce the 6000 S conductance required by the MT data. Given a range
of fluid conductivities (3–100 S m−1 ) and 10 per cent fluid fraction, the
minimum thickness required by MT data varies from 0.9 to 30 km.

5 per cent, the bulk conductivity is close to a linear function of fluid
fraction as conduction through the melt dominates.

5.3.3 Thickness of a melt layer and consistency with other
geophysical data
To account for the minimum conductance of 6000 S, a layer of partial melt can have a range of porosity–thickness combinations. This
is illustrated in Fig. 13, where it can be seen that as the melt fraction
rises, the thickness of the layer decreases. For example, if the layer
comprised 10 per cent partial melt, with 10 S m−1 melt conductivity,
then it would need to be 9 km thick. Note that in the above calculations, it is assumed that the melt conductivity is at the upper limit
of the range of possible values. Thus this thickness is a minimum
bound for a layer of 10 per cent partial melt. Fig. 13 shows the same
information, for a lower melt conductivity of 3 S m−1 . With 10 per
cent partial melt, a layer ∼30 km thick is required to produce the
minimum conductance of 6000 S. Lowering the percentage of partial
melt requires a thicker layer. It should be emphasized that because
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of the physics of the MT method (Fig. 5), MT cannot distinguish
between models of equal conductance (i.e. a high melt fraction, thin
layer will give the same observed response as a thick, lower melt
fraction layer). Thus, other petrological and geophysical observations are needed to discriminate between models having the same
conductance.
What melt fraction might be present in Southern Tibet? It has been
suggested that the leucograntites of the High Himalaya originated
in the partially molten Tibetan crust. A geobarometric analysis of
these rocks suggested that the Gangotri leucogranite was derived
from a zone with 5–7 per cent melting at 700–800 ◦ C (Scaillet et al.
1995). These observations give indirect evidence for relatively high
melt fractions. Seismic data give more direct constraints on melt
fraction since they were collected in the same place and time as
the INDEPTH MT data. These data comprise observations of lowvelocity, high reflection coefficients at the top of the low-velocity
zone and measurements of Poisson’s ratio.
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Low-velocity zone (LVZ). Kind et al. (1996) reported a low-velocity
zone coincident with the 200-line that was approximately 20 km
thick. If partial melt is responsible for both the low velocity and low
resistivity, then Fig. 12 can be used to compute the melt fraction for
a given melt conductivity. With a conductivity of 10 S m−1 , a melt
fraction of 4 per cent is required. If the melt conductivity is only
3 S m−1 then 14 per cent partial melt is needed.
Poisson’s ratio. Another parameter that can be used to quantify the
amount of fluid in the crust is Poisson’s ratio, which varies between
0.25 and 0.5 for continental crust (Zandt & Ammon 1995). Since
pure fluid has a Poisson ratio of 0.5, an increase of the bulk Poisson
ratio (>0.3) may indicate the existence of fluid in the crust (Owens
& Zandt 1997). In Southern Tibet the crust has a low-to-normal
average Poisson ratio (Owens & Zandt 1997). While this appears to
be inconsistent with the presence of partial melting, Nelson et al.
(1999) showed that the average value could be achieved with a 20 km
thick, 10 per cent mid-crustal partial melt layer, sandwiched between
a low Poisson ratio upper crust and a normal Poisson ratio lower
crust.
Reflection coefficients. Is a model with a uniform layer of 4–
14 per cent partial melt consistent with the reflection coefficients reported for the seismic bright-spots? (Makovsky & Klemperer 1999;
Ross et al. 2001). The reflection coefficients of −0.4 to −0.6 suggest a fluid fraction in excess of 15 per cent water or melt (Ross
et al. 2001). Applying the study of Watanabe (1993) to Southern Tibet, the low seismic velocities (V p = 3.0 ± 0.8 km s−1 and
V s = 1.6 ± 0.8 km s−1 ) and V p /V s ∼ 0.5, suggest a fluid fraction
of ∼15 per cent (Makovsky & Klemperer 1999). Thus the reflection data suggest a higher melt fraction than the broad LVZ. These
observations can be partially reconciled by a composite model with
a layer of pure melt over a zone of partial melt. Magma bodies of
this type have been detected in seismic studies of mid-ocean ridges
(Navin et al. 1998). Seismic waveform modelling of the Southern
Tibet data shows that a 37 m thick layer of pure melt over a 185 m
partial melt layer (Fig. 14, model 1) could produce the observed
waveforms (Ross et al. 2001). However, this model has a conductance of just 600 S if the melt has a conductivity of 10 S m−1 . With
a melt conductivity of 3 S m−1 , the layer conductance is only 200 S.
Clearly, additional melt at greater depths is needed to produce the
minimum 6000 S conductance observed in Southern Tibet. Thus a
thin layer with a high melt fraction overlying a zone of 4–14 per cent
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GRANITE MELT
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GNEISS

MODEL 1

5.4 Saline aqueous fluids
5.4.1 Conductivity of saline fluids
Saline aqueous fluids are good electrical conductors. Laboratory
studies show that the electrical conductivity of an NaCl solution is
dependent on the salinity, pressure and temperature (Sourirajan &
Kennedy 1962). At low temperature (below 300 ◦ C) the conductivity
of an NaCl solution is relatively independent of pressure, while at
higher temperatures the conductivity decreases with pressure (Quist
& Marshall 1968). The critical point for a liquid is defined as the
pressure–temperature conditions at which gases and liquids can coexist. Given that wet rocks begin to melt at 650 ◦ C, this temperature

GNEISS

GNEISS

GNEISS
37 m

melting is consistent with the observed conductance, low-velocity
and reflection coefficients.
There are other data that are consistent with the occurrence of
partial melting in Southern Tibet. This includes geological observations that imply that widespread crustal melting generated the granites now exposed in the High Himalaya (Debon et al. 1986; Scaillet
et al. 1995; Le Fort et al. 1987). A pronounced satellite magnetic
low is observed on the Tibetan Plateau and Alsdorf & Nelson (1999)
showed that this could be modelled by a shallow Curie depth (16–
18 km) across the entire Tibetan Plateau. Geothermal phenomena
and high heat flow are also consistent with partial melting at depths
of 20 km (Francheteau et al. 1984; Hochstein & Regenauer-Lieb
1998). Finally, several geodynamic models show that crustal melting is an inevitable consequence of crustal thickening (Henry et al.
1997; Beaumont et al. 2001).
What weaknesses are there in the hypothesis that partial melt is
present beneath Southern Tibet? While a broad zone of relatively
low melt fraction is consistent with the available data, the zones
of very high melt fraction needed to explain the large reflection
coefficients may be problematic. Complete crustal melting requires
a temperature in excess of 900 ◦ C (Murase & McBirney 1973) and
it is not clear whether this occurs at a depth of 20 km in Southern
Tibet (Chen & Molnar 1983; Henry et al. 1997; Ross et al. 2001).
Could an alternative fluid be responsible for the low resistivity and
large reflection coefficient? The seismic studies of the bright-spots
suggest that saline fluids may provide a better fit to the amplitudeversus-offset data (Makovsky & Klemperer 1999).
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Figure 14. Possible models for Damxung bright spots (after Ross et al. 2001). Model 1, all melt; model 2, mixed model; model 3, all-water model. The most
conductive model among these three is model 3.

C

2003 RAS, GJI, 153, 289–304

Constraints from INDEPTH magnetotelluric data
can be considered the highest critical temperature for geothermal
fluids. The critical pressure and salinity for this temperature are approximately 110 MPa and ∼25 per cent by weight (Olhoeft 1981).
The NaCl concentration of crustal fluids varies from 0 to 40 per
cent by weight (Jones 1992). Generally, the conductivity increases
with salinity, but at very high concentrations of NaCl (>30 wt per
cent) the conductivity of the solution decreases, ultimately becoming equal to the conductivity of molten NaCl (Nesbitt 1993).
To determine whether saline fluids could explain the high conductivity observed in Tibet, the composition of the fluid is required.
Regrettably, this value is unknown. Thus we can only determine the
minimum fluid content, by considering the maximum possible fluid
conductivity. The highest salinity reported is approximately 25 per
cent NaCl by weight, which corresponds to a maximum conductivity of around 100 S m−1 (Sourirajan & Kennedy 1962; Quist &
Marshall 1968; Nesbitt 1993).

5.4.2 Interconnection of saline fluids
What degree of interconnectivity should we expect for aqueous fluids? Studies of fluid connectivity (Mibe et al. 1998; Minarik &
Watson 1995) show that aqueous fluids can form an interconnected
network at fluid fractions below <5 per cent. In a system containing
a mixture of rock and fluid, the dihedral angle controls the interconnectivity of crustal fluids. It is the angle between the surface of the
liquid and the rock and is controlled by surface energy. The fluids
are confined to isolated pockets when this angle is greater than 60◦ ,
and interconnected when the angle is less than 60◦ . Laboratory studies of quartz saturated with aqueous fluids showed that increasing
salinity could lower the dihedral angle to 40◦ (Watson & Brennan
1987). Since a significant salt content is required to produce a high
conductivity, a dihedral angle lower than 60◦ and interconnection is
expected for conditions in Southern Tibet. Petrologic studies of the
dihedral angle (Holness 1998) confirm that aqueous fluids will be
interconnected over a wide range of pressure and temperature conditions in middle and lower crustal rocks. Thus the Hashin–Shtrikman
upper bound can be used to estimate the bulk conductivity of a rock
containing aqueous fluids.

5.4.3 Model and agreement with other geophysical data
Using the upper bound of 100 S m−1 for the conductivity of a saline
fluid, the fluid fraction–thickness combinations consistent with a
conductance of 6000 S are shown in Fig. 13. Note that with a higherconductivity fluid, a thinner layer is required to explain the observed
conductance (i.e. a lower porosity or reduced thickness). For example, with 10 per cent porosity, a layer only 0.9 km can produce a
conductance of 6000 S. With a fluid conductivity of 30 S m−1 , the
layer needs to be 3 km thick (Fig. 13).
A thin, high-porosity, layer of aqueous fluids is broadly consistent with the characteristics of the seismic bright-spots. In addition,
Makovsky & Klemperer (1999) suggest that the amplitude-versusoffset data are best explained with a thin layer of free aqueous fluids,
although this is questioned by Ross et al. (2001). If the bright-spots
are a result of free aqueous fluids, rather than a layer of melt, then
this predicts lower crustal temperatures in Southern Tibet at depths
of 15–20 km. This is consistent with the observations of earthquakes
to depths of 15 km in this area (Chen & Molnar 1983). If this depth
corresponds to the brittle–ductile transition, a temperature of 350
◦
C can be inferred. It is likely that an aqueous layer would have a
porosity that varies with depth. Ross et al. (2001) show a model of
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this type (Fig. 14, model 3) that gave a good match to the observed
seismic amplitudes and waveforms. Assuming that the aqueous fluid
has a conductivity of 100 S m−1 , then model 3 has a total conductance of only ∼2000 S. With a lower fluid conductivity of 30 S m−1 ,
the conductance is only ∼500 S. Additional conductance is again
needed to satisfy the MT data. This could be either a zone of lower
porosity aqueous fluids or partial melt below the high-porosity layers
in model 3.
However, there are a number of problems with the aqueous
fluid hypothesis. A thin layer of free aqueous fluids cannot explain
the INDEPTH passive seismic data (Kind et al. 1996), which detected an ∼20 km thick low-velocity zone. As in the discussion
of partial melting, it must be stressed that MT data cannot distinguish thick and thin layers of the same conductance. This effectively means that the MT data cannot determine the porosity of the
layer. What other information can be used to determine a range
of realistic porosities for mid-crustal conditions? In the debate regarding the high conductivity of the continental lower crust, both
graphite films and saline fluids have been suggested. Petrological
studies have shown that there are problems maintaining an interconnected network of saline fluids at lower crustal conditions over
significant timescales, and would suggest that the maximum fluid
content would be around 0.1 per cent (Yardley 1986; Yardley &
Valley 1997, 2000). At higher porosities waves of fluid motion
would allow the fluid to escape rapidly (Connolly & Thompson
1989). Can the MT data be explained with a porosity of 0.1 per
cent? Using the maximum conductivity of 100 S m−1 , this would
require a layer 89 km thick. This is clearly unlikely since it would
extend through the entire crust and into the upper mantle. If these
arguments are applicable to stable continental interiors, then residence times are likely to be shorter in the dynamic environment of a tectonically active region such as Tibet. In summary,
the presence of a layer of high-porosity, free aqueous fluids is
inconsistent with the passive seismic data and some petrological
observations.

5.5 Partial melt and aqueous fluids
The high-conductivity layer imaged by the MT data could be a result of a layer of partial melt or aqueous fluids. However, both of
these explanations are inconsistent with various aspects of the geophysical and geological data in Southern Tibet. Is a model with a
combination of partial melt and aqueous fluids the optimal solution?
Seismic data give some support for this interpretation. Makovsky
& Klemperer (1999) showed that the bright-spots have amplitudeversus-offset characteristics consistent with an aqueous layer. However, the waveform study of Ross et al. (2001) showed that a thin
layer of water over partial melt (Fig. 14, Model 2) can also produce
the measured reflection amplitudes. Model 3 has a maximum conductance of ∼2000 S and model 2 has a maximum conductance of
1450 S, much less than the minimum conductance of 6000 S derived
in this study. Thus, an additional 4000 S of conductance is required
to satisfy the MT data. The MT data are consistent with either partial
melt or aqueous fluids below the thin layer in model 2 and 3.
What is the origin of the aqueous fluids in this combined aqueous
fluid–melt model? They could be derived from the cooling of the
deeper partially molten system. When wet crustal melts from the
deep crust rise up to a depth where the temperature approaches
the solidus, they crystallize. Then a phase rich in free water can
separate from the saturated melt and collect above the cooling melt
layer through buoyancy effects (Jahns 1982).
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Figure 15. Three schematic models for high-conductivity crust in Southern Tibet. All models have normal upper and lower crust and a fluid fraction of 10–
15 per cent in the conductive layer. The marked depth is not exact. Model (a) is characterized by a layer more than 10 km thick of partial melt. Model (b)
contains an ∼1 km thick layer of 10–15 per cent saline fluids. Model (c) combines an ∼200 m thick layer of 10–15 per cent saline fluids above a thick (>10 km)
layer of partial melt.

6 C O N C LU S I O N S A N D T E C TO N I C
I M P L I C AT I O N S
The MT data presented in this study have shown that the conductance beneath the Lhasa Block is at least 6000 S. To account for this
unusually high conductance, we have examined five possible explanations. The models invoking fluids appear to be the most likely,
yet the MT and other available data cannot exclude any of the three
models in Fig. 15 as possibilities. If the 6000 S conductance was
solely caused by aqueous fluids, a range of thicknesses and porosity
are possible. For example, a layer of 10 per cent porosity with a
thickness 0.9–3.0 km (with 30 and 100 S m−1 fluids, respectively).
Aqueous fluids alone are the least likely explanation, owing to its
inconsistency with a thick low-velocity zone (Kind et al. 1996), and
petrological arguments that question whether more than 0.1 per cent
porosity is possible in mid and lower crustal conditions (Yardley &
Valley 1997).
Owing to independent evidence for partial melting (Francheteau
et al. 1984; Nelson et al. 1996; Alsdorf & Nelson 1999) and seismic
reflection data (Ross et al. 2001), the melt and melt plus aqueous fluids are more likely explanations. There is some evidence
that amplitude-versus-offset characteristics of the data may favour
the uppermost fluid layer being free aqueous fluids (Makovsky &
Klemperer 1999). The MT and reflection data may be best explained
with a layer of 10–15 per cent aqueous fluid a few hundred metres
thick overlying a thick (>10 km) layer of partial melt. As repeatedly
stated in the paper, the MT data can only estimate the conductance of
the fluid layer. Thus a continuum of aqueous fluid and melt models
would also fit the data, with varying proportions of aqueous fluid
and melt. In this context it should also be noted that the thickness
shown in Fig. 15 does not imply that these values are required by
the MT data. They are not required and are simply used to illustrate
the approximate quantity of fluid required in each model.
The conductive layer shows significant lateral variations in conductance. This could be caused by changes in: (1) the porosity within
the layer; (2) the layer thickness; (3) the degree of interconnection;
or (4) the conductivity of the fluid. Changes arising from (4) are
less likely than (1)–(3) since fluid composition depends on the subsurface geology, rather than pressure or temperature. Thus, lateral
changes in the conductance have the potential to determine where

more fluid is present, or alternatively where the fluid is most effectively connected.
High crustal conductances, with large spatial extents, are often found in active orogens and have been reported in the Andes
(20 000 S, Echternacht et al. 1997; Brasse et al. 2002) and the
Pyrenees (30 000 S, Pous et al. 1995). These authors attribute the
high conductance to partial melting. High conductances are also
found in extensional environments. Wannamaker et al. (1997) report a uniform conductor beneath the Eastern Great Basin that was
attributed to a layer of aqueous fluids overlying a partial melt layer.
The widespread distribution of fluids is important since fluids can
dramatically alter the rheology of a rock. When the melt fraction is
close to the critical melt fraction (20–55 per cent), the rock loses
significant strength (Renner et al. 2000). The presence of partial
melt at much lower melt fractions also has mechanical effects, and
is typified by enhanced creep rates and slow deformation (Cooper
& Kohlstedt 1986). Aqueous fluids can also weaken a rock and enhance creep rates through a range of mechanisms (Etheridge et al.
1984; Tullis et al. 1996). A weakened layer in the mid or lower crust
is required in geodynamic models that account for lithospheric deformation through crustal flow (Royden et al. 1997; Clark & Royden
2000). Thus, observations of a pervasive layer of crustal fluids in
Southern Tibet show, in principle at least, that large-scale crustal
flow could be occurring beneath Southern Tibet. The lower crustal
flow can then accommodate the on-going east–west extension on
the plateau and maintain a flat but highly dynamic plateau. The lateral variations in crustal conductance described above might also be
significant in this context. If regions of high conductance are as a
result of the highest fluid content or best fluid connection, then they
might also represent the zones of most active crustal deformation,
since they will be the weakest owing to the enhanced fluid content.
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