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Abstract: The presence of fluids in the Earth’s crust can dramatically change the rheology and may control a wide

range of tectonic processes, especially in regions characterized by strike-slip deformation. Fluids such as water and

partial melt change the electrical resistivity of the subsurface and may be detected through geophysical techniques

that remotely sense electrical resistivity. For imaging to crustal and upper mantle depths, the most useful technique

is magnetotellurics (MT) that uses natural electromagnetic waves as an energy source. Magnetotelluric studies of

the Tibetan Plateau have detected a widespread mid-crustal layer of partial melting across almost the entire north-

south extent of the plateau. This provides a locus for deformation that decouples the upper and lower parts of the

lithosphere and allows the continued convergence of India and Asia to extrude the Asian lithosphere to the east.

The melt layer terminates at the North Kunlun fault, one of the major strike-slip faults that accommodate the

eastward extrusion. A detailed magnetotelluric study of the San Andreas Fault in Central California has imaged a

wedge of fractured, fluid-saturated rock in the upper 3–5 km of the fault zone. The micro-earthquake distribution

shows that seismicity begins at the base of this zone. Fault segments with a higher fluid budget exhibit creep, while

the relatively dry fault segments are generally locked.
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Yerkabu¤u’ndaki Ak›flkanlar›n Do¤rultu-at›ml› Tektonizma Üzerindeki Rolü:
Manyetotellürik Çal›flmalar›n Ifl›¤›nda Yeni Bulgular

Özet: Ak›flkanlar›n yerkabu¤u içindeki varl›klar› reolojik özellikleri (fiziksel ve kimyasal özellikleri) de¤ifltirip, bir dizi

tektonik olaylar› kontrol edebilirler. Su ve k›smi ergimeye u¤ram›fl eriyikler gibi ak›flkanlar yeryüzüne yak›n

kesimlerdeki elektrik özdirenç de¤erlerini de¤ifltirir ve bu de¤iflimler jeofizik teknikler, uzaktan gözlenebilecek

elektrik özdirenç de¤erlerinin izlenmesi gibi, ile alg›lanabilirler. Kabuk ve üst manto’ya kadar inebilecek derinlikleri

incelemek için en kullan›fll› tekniklerden biri de do¤al elektromanyetik alan› kaynak olarak kullanan manyetotellürik

yöntemdir. Tibet platosunu Kuzey–Güney do¤rultusunda boydan boya kesen profiller boyunca yap›lan

manyetotellürik gözlemlerinde, kabu¤un orta kesimlerinde yer alan k›smi ergimeye u¤ram›fl genifl alanlara dag›lm›fl

bir tabaka gözlenmifltir. Bu gözlem, litosferin üst ve alt kesiminde deformasyonun kaynaflt›¤› (iç-içe geçmesi) bir

bölgenin oluflumunu ve Hindistan ile Asya levhalar›n›n süregelen etkilefliminde Asya litosferinin do¤u’ya kaç›fl›na

olanak sa¤lar. Ak›flkan (ergiyik) tabaka, do¤uya yönelen tektonik hareketleri kontrol eden en önemli do¤rultu-at›ml›

faylardan biri olan Kuzey Kunlun Fay›’nda son bulur. San Andreas Fay›’nda (Orta Kaliforniya) yap›lan detayl›

manyetotellürik araflt›rmalar sonucunda fay zonunun yaklafl›k olarak ~3–5 km derinli¤indeki üst kesiminde

ak›flkanlarca oldukça doygun, k›r›kl› kama fleklinde bir yap› gözlenmifltir. Mikrodepremlerin da¤›l›mlar› sismisitenin

bu zonun alt›ndan itibaren bafllad›¤›n› göstermektedir. Kuru Fay (k›r›k) parçac›klar› genelde tektonik yükler alt›nda

kilitlenirken, yüksek oranda suya (ak›flkan) doygun fay parçac›klar› akma, yamulma fleklindeki deformasyonlara

u¤rarlar.

Anahtar Sözcükler: yerkabu¤undaki ak›flkanlar manyetotellürik, do¤rultu-at›ml› tektonizma, transform k›ta

kenar›, yerkabu¤u deformasyonu



Introduction

Understanding the physical processes that control
continental dynamics requires information about the
physical state of the Earth’s crust and mantle in regions
where tectonic processes are at work. Geophysical
imaging plays a crucial role in this respect. Seismic
exploration is the most widely used technique and yields
estimates of seismic velocities that are interpreted in
terms of the composition of the crust and mantle.
Additional information can be obtained from sub-surface
electrical resistivity that is imaged with electromagnetic
geophysical techniques. Since electrical resistivity is
sensitive to the presence of fluids, it provides a valuable
complement to seismic studies. In this paper the basis of
the magnetotelluric (MT) method is reviewed, and then
results from two magnetotelluric studies of regions
undergoing strike-slip tectonics are presented. In the first
magnetotellurics is used to image lithospheric structure in
Tibet, where major strike-slip faults have developed in
response to the continued convergence between India and
Asia. In the second study MT has been used to obtain
detailed images of the internal structure of the San
Andreas Fault in California.

The Magnetotelluric Method

The electrical resistivity of the Earth’s interior contains
information about its composition and structure.
Naturally occurring rocks and minerals exhibit a very wide
range of electrical resistivities. Crystalline igneous rocks
typically have resistivities greater than 1000 ohm-m,
sedimentary rocks have intermediate resistivities and fluid
saturated rocks and ore bodies can exhibit resistivities
below 1 ohm-m. These resistivity values are strongly
influenced by the presence of interconnected aqueous or
magmatic fluids in the pores of the rock. Thus remotely
sensing the electrical resistivity of the subsurface can
constrain its physical state and fluid content. Note that in
this paper both electrical resistivity and electrical
conductivity are used to describe the properties of the
Earth’s interior. A wide range of electromagnetic (EM)
geophysical techniques can be used to map subsurface
resistivities. Many of these techniques require
electromagnetic waves to be generated by a transmitter.
The magnetotelluric method utilizes naturally occurring
electromagnetic waves to probe the earth, thus avoiding
the technical problems and cost of generating artificial

signals. Man-made signals are generally too weak to
image below a depth of 10 km, and exploration below
this depth can only be achieved with natural EM signals.
The magnetotelluric method maps the variation of
electrical resistivity with depth by means of the skin depth
effect. The amplitude of an electromagnetic wave will
decay with a characteristic skin depth

where ρ is the resistivity of the ground (ohm-m), ƒ is the
frequency (Hz) and d the skin depth (m). This attenuation
occurs as the electromagnetic energy is dissipated in the
earth as heat through ohmic losses. This equation shows
that low frequency electromagnetic waves have a larger
skin depth and thus penetrate deeper into the Earth than
high frequency electromagnetic waves (Figure 1). High
frequency EM waves (frequencies above 1 Hz) typically
originate in world wide lightening activity and their small
skin depth gives information about resistivity structure
close to the surface. As the frequency decreases, the
electromagnetic wave penetrates deeper into the earth
and senses resistivity at greater depths. These lower
frequency (1–0.00001 Hz) electromagnetic waves
originate in magnetospheric oscillations caused by the
solar wind. It can be shown that the apparent resistivity,
ρa, of the earth is given by

where E and H are mutually orthogonal, horizontal,
electric and magnetic fields at the earths surface and µ0 is
the magnetic permeability of free space. If the earth has
a uniform electrical resistivity, the apparent resistivity is
equal to the true electrical resistivity. However, if the
subsurface resistivity structure is not homogeneous, the
apparent resistivity represents an average resistivity from
the surface to a depth of a skin depth. Figure 2 shows a
two-layer electrical resistivity model and the variation of
apparent resistivity with frequency that would be
measured on the Earth’s surface by an MT instrument. At
frequencies above 10 Hz, the apparent resistivity is equal
to 10 ohm-m, since the electromagnetic energy does not
reach the lower layer. As the frequency is reduced,
electromagnetic energy penetrates the more resistive
lower layer and the apparent resistivity rises. At very low
frequency the apparent resistivity asymptotically
approaches 100 ohm-m, the true resistivity of the lower

ρa= 1
2πƒµ0

 E
H

2

d = 503 ρ
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half space. Further details of the basic theory of
magnetotellurics for a 1-D Earth are described by
Cagniard (1953).

Magnetotelluric data is collected by recording natural
variations of the Earth’s electric and magnetic fields, and
then using a Fourier transform to determine the electric
and magnetic fields as a function of frequency. By
recording MT for one day it is usually possible to measure
EM signals in the frequency range 1000-0.001 Hz. To
record lower frequencies (for deep exploration) data
must be collected for 1–4 weeks at each measurement
location. Once MT data has been collected at a number of
stations on a profile or grid of points, it is inverted to
generate a model of subsurface resistivity. This converts
the apparent resistivity and phase as a function of
frequency into true electrical resistivity as a function of
depth. This is exactly analogous to the techniques used to
convert seismic data from travel times to true depth.
Two-dimensional (2-D) modeling and inversion of MT
data is now considered standard and three-dimensional
modeling and inversion has become tractable in recent
years. Additional details of the field techniques and data
analysis for the magnetotelluric method are described by
Vozoff (1991) and Unsworth (1999).

Magnetotelluric Studies of the India-Asia Collision
Zone

The Tibetan plateau is the largest region of thickened and
elevated crust on Earth and a direct consequence of the
ongoing India-Asia collision (Molnar et al. 1993).
Knowledge of the structure and evolution of the plateau
has advanced through the systematic geological and
geophysical studies that began in the 1980s with the
Sino-French collaboration in southern Tibet.
Magnetotelluric (MT) data were collected during this
project and detected unusually high electrical conductivity
in the crust (van Ngoc et al. 1986). In combination with
the high heat flow reported by Francheteau et al. (1984),
the high conductivity was attributed to the presence of
partial melt in the Tibetan crust. In 1995 Project
INDEPTH (International Deep Profiling of Tibet and the
Himalaya) acquired additional MT data that confirmed the
presence of a widespread zone of high conductivity in the
middle crust in southern Tibet (Chen et al. 1996; 100-
line in Figure 3). The top of the conductor was at a depth
of 15–20 km, and coincident with seismic bright spots
and a seismic low velocity zone (Brown et al. 1996; Kind
et al. 1996; Makovsky & Klemperer 1999). These
observations gave further support to the idea that the
high conductivity layer represents partial melt in the

Figure 1. Physics of the magnetotelluric method. Electromagnetic waves penetrate a distance into the Earth that is inversely
proportional to frequency. At each frequency the ratio E/H determines the average electrical resistivity over a skin depth.
By combining measurements at many frequencies, the depth variation of resistivity is obtained.



Tibetan crust (Nelson et al. 1996). Additional MT data
were collected in 1998 and 1999 to examine the spatial
extent of this conductive zone (500 and 600 lines, Figure
3). A characteristic feature of the Tibetan MT data is that
the apparent resistivities decrease with decreasing
frequency, implying that electrical conductivity increases
with depth. This response is observed at most MT sites in
Tibet, and is markedly different to that observed in stable
continental regions worldwide, which typically show
increasing apparent resistivities at low frequency. 

The INDEPTH MT time series data were processed to
obtain estimates of the magnetotelluric impedance tensor
using the technique of Egbert (1997) and analyzed with
tensor decomposition to determine if a two-dimensional
interpretation is valid (McNeice & Jones 2001). The
tensor decomposition suggests that at most
measurement sites in Tibet, the magnetotelluric data can
be reliably interpreted with two-dimensional geoelectric

models. The MT data from each profile were then
converted into the 2-D conductivity models shown in
Figure 4 using the inversion algorithm of Rodi & Mackie
(2001). Both the transverse magnetic (TM) mode and
vertical magnetic fields were used in these inversions. The
main feature observed in the models is that below 20–30
km the crust is highly conductive across the entire Tibetan
plateau from the Himalaya to the Kunlun Shan. MT data
is most sensitive to the depth and conductance of a
conductive layer (conductance is the vertically integrated
conductivity). In Tibet the conductance in the mid and
lower crust is one to two orders of magnitude higher
than in stable continental regions (Jones 1992). The
conductance in Tibet locally exceeds 10,000 Siemens in
the vicinity of the Yarlung-Tsangpo suture (100-line) and
at 33.5˚N in the Qiangtang Terrane (600-line).

What is the cause of the unusually high conductivity in
the Tibetan crust? Metallic ores, carbon films, partial melt
and brines can all produce high crustal conductivities. In
each case an essential requirement is that the conducting
phase be electrically connected over the area of the
observed high conductivity. While metallic ore bodies can
produce very high electrical conductivities, they do not
have spatial dimensions comparable to those observed in
Tibet. The preferred explanation for the high conductance
observed beneath Tibet is that widespread fluids are
present in the Tibetan crust. The fluid could be
distributed partial melt, aqueous fluids, or a combination
of both partial melt and aqueous fluids. Interpretation of
the electrical conductivity of the crust and mantle has
advanced through laboratory studies of the electrical
properties of fluid-rock mixtures. These studies have
shown that the bulk electrical conductivity of a fluid-
bearing rock depends on the electrical conductivity of the
fluid, its geometry, and the amount of fluid. Other
laboratory studies have shown that basaltic, andesitic,
and granitic melts have electrical conductivities ranging
from about 4 to 10 S/m (Partsch et al. 2000; Olhoeft
1986). The melt phase generally becomes interconnected
at low melt fractions (Roberts & Tyburczy 2000) and
significantly lowers the overall electrical conductivity of
the rock. To quantify the amount of fluid needed to
account for the conductances observed in Tibet, consider
a rock that contains melt with a conductivity of 10 S/m.
If the rock contains 10% of this melt by volume, then the
overall rock conductivity would be 0.6 S/m. A layer of this
partially molten rock would need to be 16 km thick to
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Figure 2. The magnetotelluric response of a simple two-layer
resistivity model. Note that as the frequency decreases, the
apparent resistivity indicates the presence of the high
resistivity basement. 
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Figure 3. Tectonic setting of the INDEPTH magnetotelluric profiles on the Tibetan Plateau. The numbers
indicate the name of each profile. YTS– Yarlung Tsangpo suture, BNS– Bangong-Nuijang suture,
JS– Jinsha suture. White denotes volcanic rocks younger than 5 My and light gray denotes older
than 5 My or undated. The xenolith location described by Hacker et al. (2000) is shown by the
asterisk. The zone of seismic shear wave attenuation described by Owens and Zandt (1997) is
bounded by the red line.
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produce the observed 10,000 S conductance. Aqueous
fluids can be more conductive than melt, and samples
from geothermal fields and fluid inclusions show
conductivities in excess of 100 S/m (Hyndman & Shearer
1989). Thus a layer of brines could produce the same
conductance observed in Tibet with a lower fluid fraction
and/or layer thickness than considered above for partial
melt. Consider a rock that contains brine with a
conductivity of 100 S/m. A layer 1.6 km thick containing
10% brine by volume would be needed to account for the
observed 10,000 S conductance. The high conductivity
requires that a fluid phase be widespread in the Tibetan
crust, but it must be stressed that the MT data alone
cannot determine the nature of the fluid. Additional
geological and geophysical data are required to
distinguish partial melt from brines. It appears that the
high conductivity regions in northern and southern Tibet
have different characters and this may reflect that are
caused by different types of fluid. Seismic data in Tibet
also suggest differing crustal structure in the southern
and northern parts of the plateau (Owens & Zandt 1997)
that have been largely attributed to fluid phases in the
crust and upper mantle. In the south the conductor is
relatively shallow, confined to the crust and probably due
to a combination of aqueous fluids and partial melt
(Makovsky & Klemperer 1999). North of the Bangong-
Nuijang suture, the mid-crustal conductor is deeper and
the top reaches a depth of 40 km. It’s base may extend
into the mantle, but this is not well constrained by MT
data. At these depths, anomalously high conductivity is
probably caused by partial melting, since aqueous fluids
do not generally form a connected phase under these
pressure and temperature conditions. Partial melting of
the lower crust and upper mantle is confirmed by the
composition of xenoliths collected during the INDEPTH
geological mapping program in the Qiangtang Terrane
(Hacker et al. 2000). Taken together, the seismic,
magnetotelluric and geological data suggest that
lithospheric delamination is occurring beneath northern
Tibet today. This process occurs as cold thickened
lithosphere becomes gravitationally unstable and sinks. As
localized convection occurs, a zone of hot, upwelling
asthenosphere rises to the base of the crust (Molnar et al.
1993). The large zone of high conductivity centered at
33.5ºN may represent a zone of upwelling asthenosphere
beneath the Qingtang Terrane. 

Observations of widespread crustal fluids beneath
Tibet are significant because the presence of partial melt
or aqueous fluids can mechanically weaken the crust
(Cooper & Kohlstedt 1986) and provides a locus for
crustal flow. In Southern Tibet, this could effectively
decouple the upper and low parts of the crust to permit
the continued convergence of India and Asia. In Northern
Tibet the conductive lower crust contains sufficient partial
melt to weaken it so that lower crustal flow to the east
occurs. The termination of the mid-crustal conductor
beneath the Kunlun Fault is very significant. The relative
motion of the Songpan-Ganze and Qiangtang Terranes
may be facilitated by the presence of a weak mid crustal
layer to the south of the Kunlun Fault. The zone of
relatively high resistivity beneath the Kunlun Shan (600-
line, Figure 4) may represent a region where the
continental lithosphere has been subducted to the south
beneath the Tibetan Plateau.

The tectonic setting of Tibet is very similar to that of
Anatolia. In both locations, a north-south continental
collision has resulted in a thickened crust that is presently
undergoing local east–west motion. Magnetotelluric data
collected in western Anatolia have imaged widespread
high conductivity in the mid-crust that may imply partial
melting has occurred (Gürer 1996; Bayrak et al. 2000).
It is also significant that the northern limit of this partial
melt zone is spatially coincident with the North Anatolian
Fault (Gürer 1996), in exactly the same way that the
Tibetan partial melt zone terminates at the Kunlun Fault.
Continued magnetotelluric exploration in Turkey is
needed to further define the electrical structure of the
crust and mantle and determine how the rheology is
related to ongoing deformation.

Detailed Imaging of Strike-slip Faults

In addition to regional tectonic studies, magnetotellurics
can also be used in detailed studies of fault zone
structure. Recent studies have suggested that fluids may
play a significant role in fault mechanics (Byerlee 1993;
Sleep & Blandpied 1992). It has been suggested that
zones of over-pressured fluids may account for the
apparent weakness of major faults such as the San
Andreas Fault (Zoback et al. 1987). Since fluids can
dramatically lower the resistivity of a rock, a resistivity
mapping technique such as magnetotellurics can be used
to image spatial and temporal variations in the fluid
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distribution within seismically active strike-slip faults.
Since 1994 continuous magnetotelluric profiling has been
used to study the upper crustal structure of the San
Andreas Fault in California. The seismic behavior of the
San Andreas Fault is summarized by Wallace (1990) and
is quite different to that of the North Anatolian Fault. The
northern and southern segments of the San Andreas Fault
have been locked since major earthquakes in 1906 and
1857 respectively, while the central section is active
creeping and has abundant seismicity up to M= ~ 6. The
magnetotelluric technique that was used in California to
image fault zone structure differs from that used in Tibet.
A high station density was employed to give spatial
redundancy in the data. By imaging the near surface
structure in great detail, deeper structure can be more
reliably defined. Typically a measurement is made every
100 m on a profile that crosses the surface trace of the
fault. Over three field seasons, measurements have been
on fault segments exhibiting a wide range of seismic
behavior. This has included the Carrizo segment that has
been locked since 1857, the creeping Central segment
near Hollister, and the Parkfield segment. The San
Andreas Fault at Parkfield exhibits an intermediate type
of behavior with aseismic creep, repeating micro-
earthquakes and the characteristic M= 6 events that
reoccur approximately every 22 years (Bakun & Lindh
1985). Figure 5 shows the geoelectric structure of the
San Andreas Fault at Parkfield, where three high-
resolution MT profiles were acquired across the San
Andreas Fault (Unsworth et al. 1997, 2000). Note the
following features of the electrical resistivity model:

(a) Major contrast in electrical resistivity across the
fault, with granite to the west exhibiting a much higher
resistivity than the Franciscan mélange to the east.

(b) A zone of low resistivity in the fault zone that is
probably due to saline ground water in the fractures of
the damaged zone and fault core. The resistivities values
beneath the trace of the San Andreas Fault imply
porosities of 5–30%.

The correlation of the resistivity structure with the
distribution of microearthquake hypocenters is striking,
suggesting that the earthquakes begin at the base of the
conductive (highly fractured) wedge of breccia. Below
this depth the fault zone rocks become strong enough to
allow sufficient stress to accumulate for small
earthquakes to occur. The resistivity variations east of the
fault also suggest that on the Parkfield segment, there is

a connection of aquifers in the Franciscan formation (east
of the SAF) with the fault zone. The along-strike variation
in this fluid supply may be related to the associated
changes in seismic behavior. Parkfield is the location for
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Figure 5. Electrical resistivity models for the three Middle Mountain
profiles described by Unsworth et al. (2000). Earthquake
hypocenters within 2 km of each profile are also shown.
Red events are from the Parkfield High Resolution Network
(Nadeau & McEvilly 1997) and the black events were
relocated by Waldhauser & Ellsworth (1999) from the
Northern California Seismic Network. Locations at which
MT data were collected are indicated by the black vertical
ticks. All conductivity models are shown with no vertical
exaggeration. C– surface trace of the San Andreas Fault
defined by creep, PS– Parkfield Syncline.



a 3 km scientific drilling project that will directly sample
the properties of the fault zone at depth (Hickman et al.
1994). The proposed drill site is on Line 1, approximately
2 km to the west of the surface trace and will allow the
San Andreas Fault Observatory at Depth (SAFOD) to be
installed. The MT data described in this paper have been
used to determine the best location for the hole. Well log
information will provide direct confirmation of the
resistivity model shown in Figure 5. 

In contrast to Parkfield, the San Andreas Fault at
Carrizo Plain has a limited zone of high conductivity in the
fault zone (Unsworth et al. 1999). At this location
(approximately 70 km southeast of Parkfield) the San
Andreas Fault has been locked since the Fort Tejon
earthquake in 1857. Granitic basement was imaged on
each of the San Andreas Fault with high electrical
resistivities. The fault may be locked at this location by a
combination of the low fluid budget (implied by the
absence of a major conductivity anomaly in the fault zone)
or the presence of mechanically strong crystalline rock on
each side of the fault. Alternatively, the granitic basement
could act as a fluid flow barrier to keep the fault zone
dry, by preventing fluids from the Franciscan formation
reaching the San Andreas Fault. To the northwest of
Parkfield, the Central segment of the San Andreas Fault
is actively creeping. Magnetotelluric data were collected
on this segment in 1999 near Hollister and in Bear Valley.
Preliminary inversions of these data and show a more
extensive fault zone conductor than at Parkfield.

In summary, there is a clear correlation between the
electrical resistivity structure and seismic behavior along
the San Andreas Fault in central California. It is possible
that the high electrical conductivities at Parkfield and
Hollister are due to the presence of fault zone fluids that
are actually causing the fault to creep. Alternatively, other
factors could be controlling which fault segments are
locked and which are creeping. In this scenario, the higher
electrical conductivities on the creeping segments are due
to an extensive network of fluid filled fractures that
maintains electrical connection as a result of the
continuous deformation. In contrast, the locked Carrizo

segment is electrically resistive because cracks that are
formed during earthquakes become sealed during the
inter-seismic period, and thus the electrical resistivity
increases. The existence of this style of variation in a
temporal cycle has been suggested by the structural
analysis from fault zone rocks on the North Anatolian
Fault in Turkey (Janssen et al. 1997). A detailed spatial
study of fluid distribution in the crust adjacent to the
North Anatolian Fault could further elucidate the
importance of these processes.

Conclusions

These two studies have shown the ability of modern
magnetotelluric exploration to image crustal structure in
regions of active tectonic processes. In particular MT has
been useful in mapping the fluid distributions in active
fault zones and beneath zones of active continental
tectonics. The tectonics of California and Tibet share
many features in common with western Turkey. The
continued application of magnetotellurics to both regional
tectonic studies and the detailed investigation of major
strike-slip faults in Turkey will bring new insights into the
mechanisms of continental dynamics, particularly the role
of crustal fluids in the earthquake process and the
importance of partial melting in permitting lower crustal
flow.
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