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3E.1. Introduction

It is no exaggeration to say that surface measure-
ments of deep electrical resistivity may hold the key
to understanding how continental rifts develop. This
is s0 because low resistivities detected in the mid-
to-lower crust in rift zones reflect conditions that
control the strain rate, and therefore, the style and
extent of tectonic deformation. Although low
resistivities in active continental rifts probably are
associated with fluids (either water and/or magma),
it is their origin, their accumulation, and their influ-
ence that are critical. For example, is the strength of
the lithosphere (and its brittle-ductile profile with
depth) dominantly controlled by accumulations of
high pressure H,0-C0, pore fluids, and, if so. what
are the origins of these fluids? By better defining
the depth and lateral extent of conductive occur-
rences in the crust and by carefully contrasting them
with other geophysical measurements, important
constraints on deep physical conditions will follow.
Attempts at such syntheses are not new, e.g., Gar-
land (1975), Hermance (1982), Haak and Hatton
(1986), and Keller (1989) have made this effort. but
1t is clear that many new correlations are very im-
portant (e.g., Jodicke, 1992; Jones, 1992: Hyndman
etal., 1993; Jiracek, 1995) and others will be forth-
coming as research continues.

In this contribution we provide a self-contained
but brief overview of the principal technique used
to derive the deep subsurface distribution of electri-
cal resistivityﬁnamely the magnetotelluric (MT)

method. MT exploration of the Earth has evolved to
the status of a mature science during the past two
decades with the advent of digital instrumentation,
real-time processing, and sophisticated, robust analy-
sis techniques showing increasing promise for in-
terpreting complex, three-dimensional (3-D) electri-
cal structures in the Earth. MT and other
geoelectromagnetic methods are probably the least
understood of geophysical techniques. This results
in the humorous expectation among MT practitio-
ners of the “MT (empty) stare”, a look on colleagues’
faces when the conversation turns to MT results.
Magnetellurics is the recording and study of natu-
rally occCurring electric and magnetic fields at the
Earth’s surface. The object of MT is to map the elec-
trical properties of the Earth from the surface to
many tens of km and to relate these geoelectric prop-
erties to the physical state and the tectonic processes
that deform the Earth. There are many everyday ex-
amples of electromagnetic (EM) radiation such as
radio waves, microwaves, and visible light itself
(Fig. 3E-1). These common phenomena are at fre-
quencies much higher than those used in most MT
applications and, except for celestial light sources,
the examples above are of man-made origin. There
are several electromagnetic geophysical techniques
that use transmitted energy from man-made sources
(so-called active sources). Indeed, there are forms
of MT that use controlled sources; however, to probe
deep into the Earth, much more powerful energy
sources at low frequencies are required. The sun is
the major passive source for this application. A dis-
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Fig. 3E-1. Twenty-four decades of the electromagnetic spectrum. Abbreviations, VLF, VHF, and EHF designate very low fréquency,

very high frequency, and extremely high frequency bands, respectivel
“10 10™ Hz.

advantage of a passive source is that it cannot be
controlled by the experimenter. For example, MT
measurements must depend on the uncertain energy
levels in solar emissions.

When EM fields from any source encounter an
obstacle such as the Earth, some energy penetrates
(transmits) and some reflects. The reflected waves
constructively and destructively interfere with the
incident waves, and the transmitted waves are at-
tenuated before they reflect from subsurface
discontinuities. The Earth is a much better electri-
cal conductor than air so the total electric field mea-
sured at the surface by MT is nearly zero because
there is near cancellation of the incident field by the
reflected field. The magnitude of the reflected elec-
tric field is a very large proportion (nearly 100%) of
the incident field. The consequence is that the trans-
mitted electric field is only a tiny fraction of the in-
cident field. Fortunately this fraction is not zero,
otherwise there would be no MT method. As it is.
the wave propagation mechanism changes at the
Earth’s surface from that which dominates in an in-
sulator (the air) to that which dominates in a con-
ductor (the Earth). The technical description of this

y. The magnetotelluric frequency range extends from about 10°

change embraces the end member processes of EM
propagation, namely displacement currents and con-
duction currents, respectively. This chapter discusses
the physics of these consequences and how they are
used in practice to apply the MT method. In the first
sections below, we try to provide a non-specialist
geoscientist with a working knowledge of the MT
method and its terminology. Then, these basic MT

" principles are applied both to synthetic and to ac-

tual continental rift data in order to illustrate the
value and limitations of the method. Finally, we ad-
dress the ultimate question of what derived resistiv-
ity values may mean through a discussion of pos-
sible connections between the geoelectric results and
the rheology of continental rifts. The focus will be
on findings from the lithosphere (mainly the crust)
where excellent data have been accumulated during
the last 15 years. Results from deeper—in the as-
thenosphere—are equally important, and historically
were the first to be reported. However, most recent
MT studies have targeted the crust where correla-
tions with other geophysical data have been particu-
larly rewarding.
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3E.2. Magnetotelluric measurements

The MT method is a relatively new geophysical
technique. The first paper on MT was written less
than 50 years ago by the distinguished Soviet aca-
demician, A.N. Tikhonov (1950). Even so, the fun-
damentals of the method are a direct consequence
of the classical electromagnetic (EM) theory estab-
lished more than 100 years ago by the work of Am-

pere, Faraday, and Maxwell. Tikhonov's (1950) :

seminal contribution was to show that, at low fre-
quencies, the spatial derivative of the horizontal
component of the Earth’s magnetic field (H) is pro-
portional to the orthogonal component of the elec-
tric field (E) [vector quantities are shown in bold-
face]. He used previously published diurnal H data
from magnetic observatories at Tucson, Arizona,
USA, and from Zui, USSR, to estimate the thick-
ness and electrical conductivity of the crust at these
sites. The first western paper on MT was published
by Cagniard (1953) in which he developed the for-
mulas relating E and H on the surface of a layered
medium with an incident plane wave. The works of
Tikhonov and Cagniard form the basis of one-dimen-
sional (1-D) MT analysis and this is often referréd
to as the Tikhonov-Cagniard model.

The practicality of the Tikhonov-Cagniard model
of MT was soon challenged by Wait (1954), who
argued that the proportionality between orthogonal
E and H fields at the Earth’s surface was valid only
if the source fields do not vary appreciably over a
characteristic distance called the skin depth (skin
depth will be rigorously defined later). Madden and
Nelson (1964) came to the defense of the Tikhonov-
Cagniard model by showing that when the source’s
horizontal wavelength is much greater than the skin
depth, as it is for the Earth, the model remains valid.
Later, Dmitriev and Berdichevsky (1979) further
proved that the horizontal magnetic field components
need not be uniform, but can vary linearly over a
layered earth.

Magnetotelluric source fields can be classified as
originating either from lightning or from solar ac-
tivity. Roughly speaking, fields below a frequency
of 1 Hz are caused by the Sun; above 1 Hz, fields
are due to worldwide thunderstorm activity. Fields
due to solar activity result from complex interac-
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tions between the solar wind (charged particles
ejected from the Sun) and the Earth’s magnetosphere.
In particular, the continuous and irregular pulsations
of the solar wind change the shape and size of the
magnetosphere and cause it to vibrate like an extra-
terrestrial jello. The resulting complex hydromag-
netic waves are a major source of MT energy in a
broad frequency band between 1 and about 10 Hz
(Fig. 3E-1). Energy in hydromagnetic waves is trans-
formed into propagating electromagnetic waves af-
ter passing through the electrically conductive,
anisotropic ionosphere. This interaction forms large
horizontal sheets of current in the ionosphere. In-
deed, current systems of the daily variation are lit-
erally of hemispherical proportions.

Electromagnetic energy from lightning discharges
around the world propagates in an atmospheric
waveguide formed by the Earth and the ionosphere.
This waveguide has resonance frequencies where
energy is enhanced; e.g., the first Schumann reso-
nance at 7.8 Hz has a wavelength equal to the cir-
cumference of the Earth. At frequencies of about 2
kHz, the waveguide is absorbing and energy in the
natural electromagnetic spectrum is very low.

The physics of the interactions of the solar wind
with the Earth’s magnetosphere/ionosphere and the
propagation of energy from distant lightning dis-
charges is the subject of considerable research. Clear
introductory discussions appear in Rokityansky
(1982) and Vozoff (1991). From the standpoint of
applying the MT method, there must be sufficient
energy in the MT frequency band (Fig. 3E-1) and
the incident plane wave assumption of the Tikhonov-
Cagniard model must be valid. The latter is a funda-
mental assumption in applying the MT method; its
validity depends on the location, size, and complex-
ity of the source fields and their distances from the
observation site. For example, a location at high
magnetic latitudes (auroral latitudes) on the Earth’s
surface would be inappropriate during times of in-
lense magnetic storms, but a mid-latitude site might
be acceptable at the same timé. Measurements taken
during nearby thunderstorm activity would not meet
the plane wave criterion, whereas waves from dis-

tant lightning can be properly treated as incident
plane waves.
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Fig. 3E-2. Magnetotelluric field layout with schematic
incident, reflected, and transmitted propagating electromag-
netic fields (redrawn from Stemnberg et al., 1984).

The E and H fields measured at the surface of the
Earth are samples of a stochastic (random) process
since the solar wind and lightning activity are ran-
dom variables of time and space. Therefore, the col-
lection of all possible field measurements is un-
known and infinite since we have no exact spatial-
temporal knowledge of the underlying processes.
Thus, at first it appears that the best one could hope
for with such measurements would be statistical es-
timates of desired quantities. For example, only sta-
tistical probabilities can be used to describe the fi-
nite, known samples in the process of throwing a
single die with six faces. If such were the case with
MT measurements, the method would be of very lim-
ited value. What is needed to derive deterministic
quantities is a measure—or measures—that when
recorded now are the same as they were in the past
or as they will be in the future. Clearly, the E and H
fields themselves do not satisfy this property which
is called statistical Stationarity. Fortunately, there
are such quantities in the MT case: they are the spec-
tral ratios of the E to H field components. The “trick”
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therefore, that enables practical use of the MT
method is o take time measurements of E and H,
convert them into their frequency representations,
and then compute the E/H ratios. The conversion
from time to frequency domain measurements is
usually done by Fourier transforming via a computer
algorithm such as the Fast Fourier Transform (FFT).
Physical measurements of the E and H fields are
commonly made as shown schematically in Figure
3E-2. Orthogonal, horizontal E fields are recorded
by measuring the time-varying potential differences
(voltages) between two nonpolarizing electrodes at
the surface of the Earth. The ratio of these voltages
divided by the horizontal distances (typically a few
100 m) are approximations of the E, and E time-
varying fields. Three perpendicular components of
magnetic fields are normally obtained using induc-
tion coils which yield the time derivatives of the
magnetic x, y, and z fields. Upon integration, one
obtains the required H,, H,, and H, time-varying
fields. Magnetic fields can be measured directly by
SQUID (Superconducting Quantum Interference
Device) magnetometers, as was common in the late
1970s and early 1980s, but more recently, the de-
velopment of highly sensitive, low noise induction
coils has largely replaced SQUID measurements.

3E.3. Basic magnetotelluric principles

Simple manipulation of Maxwell’s equations
(Faraday’s and Ampere’s laws) together with the
constitutive relations for a homogeneous linear iso-
tropic medium yields the general electromagnetic
(EM) wave equation for the time-varying vector E
field in charge-free regions (e.g.. Ward and
Hohmann, 1988),

ot or’ M

Here, y is the magnetic permeability (in henrys/
m, H/m), o is the electric conductivity (in sicmens/
m, S/m), and ¢ is the electric permittivity (in farads/
m, F/m); these are the physical quantitics that de-
scribe the EM properties of a material. In most geo-
physical EM applications. i can be assumed to have
its free space value, y,. and. as we shall soon see.
the permittivity term in Eq. 1 can be neglected. This
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places the ultimate emphasis on the conductivity as
the principal diagnostic electrical parameter for the
Earth. For purely traditional reasons geophysicists
usually report the reciprocal of the conductivity
which is the resistivity, p. Resistivity units are ohm-
meters (ohm-m) since the siemen and the ohm are
reciprocal units. Because, for practical reasons men-
tioned earlier, we want the E and H values as func-
tions of frequency, it is convenient to immediately
write the equivalent of the wave equation in the fre-
quency domain. This is obtained by Fourier time
transforming Eq. 1 to yield

(V2+k2)E(x,y,z,a))=O. (2)

This is called the Helmholtz equation where E is

now a function of the angular frequency w, equal to

2nf, where f is frequency in hertz (Hz). The factor &

is called the complex propagation “constant” or
wave number in the medium,

2

2
kza{(s‘izjuJ . (3)
w

The corresponding wave and Helmholtz equations
for the vector H field are exactly asin Eqs. 1 and 2
upon substitution of H for E. Some researchers use
the magnetic induction, B, instead of H via the con-
stitutive relation B = yH.

We are now prepared to state the two major as-
sumptions of the MT method. These are:

* Quasistatic approximation

The quasistatic approximation results from as-
suming that the o term in & (Eq. 3) dominates over
the & term. That is, o>>we, Physically, this states
that electrical conduction currents are always very
much larger than electrical displacement currents.
Conduction currents are the familiar type as in house-
hold wiring which give rise to so-called ohmic loss
or heating. Displacement currents are loss-free, tem-
poral variations in E fields which explain how an
EM field (e.g., light) can propagate through a
vacuum. The quasistatic approximation states that
the Earth behaves as a 8ood conductor (poor insu-
lator) at the frequencies used in MT. An important
consequence of the quasistatic approximation is that
the complex propagation constant. £, now has real
and imaginary parts of identical magnitude. i.e.,

107
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The wave equation (Eq. 1) now has only a first
partial time derivative term. Physically, it becomes
a diffusion equation of the same form that governs
the diffusion of heat through a solid. Electrical con-
ductivity in the Earth measured by MT is mainly due
to ionic fluids such as saline water or magma. The
dominant conduction currents proceed by the diffu-
sion of ions through these fluids.

* Normally incident plane wave approximation

In the above preliminary discussion of MT source
fields, it was stated that the Tikhonov-Cagniard
model assumes that a plane wave is incident upon
the Earth’s surface. We now add the requirement that
the plane wave be normally incident. This is cer-
tainly not true of waves from all sources which are
superimposed to form the resultant at a given mea-
surement site at a given time. However, because the
Earth is such a good conductor (i.e., the quasistatic
approximation holds), all waves, irrespective of their
incoming directions are refracted very nearly verti-
cally (normally) into the Earth. This condition, which
is the essence of Madden and Nelson’s (1964) de-
fense of the Tikhonov-Cagniard model, validates the
second assumption and greatly stmplifies computer
modeling of the MT response of the Earth.

3E.3.1. Homogeneous half-space

With a plane wave normally incident on a homo-
geneous half-space, the E and H fields are constant
in direction and magnitude over planes perpendicu-
lar to the vertical, downward +z, direction of propa-
gation. Taking E in the x direction and H in the y
direction, the Helmholtz equation becomes an ordi-
nary differential equation with solution

E (z)=E e*'" . (5)

Here, E, is a constant which is the magnitude of
£,atz=0. The minus sign is chosen in the exponent
to insure that the fields decrease with propagation
in the +z direction in the Earth. Therefore, in a ho-
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Fig. 3E-3. Exponential attenuation of sinusoidal variation of
E, as a function of propagation in the +z direction. E,
magnitudes are approximately 37%, 4%, and 0.2% of the
surface value at depths of a skin depth, &, a half wavelength,
A/2, and onc wavelength, 2, respectively.

mogeneous medium both the E and the H fields de-
crease exponentially, and at a depth equal to 1/1Imkl
the field amplitudes are reduced to 1/e of their val-
ues at z= 0. This depth, where the field decreases to
about 37% of the surface value, is called the skin

depth, &,
5= ’-2— . (6)
op

In practical units, this equation becomes

8=0.5{pT [km] Q)

after substituting 47 x 107 henries/m for g, and

o = 2x/T, where T is the period of the incident field.
SI units are used on the right side of Eq. 7, i.e., pin
ohm-m and T in s, but the resulting units of & are
km. The skin depth, Eq. 7, is probably the most
widely employed practical equation in MT since it
is used to give a rough estimate of the depth of ex-
ploration. However, the skin depth equation is
strictly true only for a homogeneous half-space and
the real Earth is never so simple. Figure 3E-3 illus-
trates the spatial attenuation expressed by the skin
depth and how & relates to the wave length, A, of the
downward propagating wave. Since the real and
imaginary parts of k have equal magnitudes (Eq. 4).
and Re k = 2a/4 for any propagating wave, this
means that 2 = 2;’1'?5. Furthermore, since the phase
velocity of a propagating wave is defined as v = Af,
then v is equal to 2x8f. Shortly, some representative
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values for §, 4, and v will be calculated, but first we
consider the “trick™, a parameter called the charac-
teristic impedance, that allows the MT method to
work.

As mentioned earlier, it is the spectral (frequency
domain) ratios of the fields that are invariant (sto-
chastically stationary) in MT-These ratios are the
MT response of the Earth, and in the case appropri-
ate to Eq. 5, we define the characteristic impedance,
Z, of a medium as the spectral ratio Efw)H (w).
Since the dimensions of E and H are V/m and A/m,
respectively, we see that this spectral ratio has units
of impedance, namely ohms. Using the expression
for E, (Eq. 5) and Maxwell’s “curl-of-E” equation
(i.e., Faraday’s law) with an exp(+iw?) time depen-
dency yields

_E(0) _op,

Z(w) A k 8)

The characteristic impedance of free space (o =
0, o =47 x 107 H/m, and &,= (1/367) x 10”° F/m),
is the well-known result, Z, = (u/¢,)""* ~376.6 ohms.
It is also very illustrative to calculate the character-
istic impedance and other parameters for a typical
MT situation on a continental land surface. Conse-
quently, with T = 100 s and p = 100 ohm-m, Egs. 7,
8. and subsequent discussion following Eq. 7 yield

ReZ =ImZ ~ 0.002 ohms

8 ~50 km
A ~310 km
v~3 km/s.

At this same frequency the wavelength in free
space is 3 x 10*” km, or over 2000 times the diam-
eter of the Earth!

We now explore the useful extensions of the con-
cept of characteristic impedance to surface measure-
ments where the Earth is homogeneous, 1-D, and
finally, multi-dimensional.

3E3.2. Measurements at the surface of a homo-
geneous half-space

Figure 3E-4a schematically depicts a plane wave
normally incident upon a homogeneous half-space;
the wave number k can be considered as a vector
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pointed in the direction of propagation. Superscripts
‘", and ‘denote incident, reflected, and transmitted
E and H fields, respectively. Applying the boundary
conditions that tangential E and H fields must be
continuous across the boundary (surface of the Earth)
it is straightforward (e.g., Ward and Hohmann, 1988)
to show that the transmission coefficient is given by

T(w)= E, =(__2£__J , (9)

E_i Zy+2Z,
and the reflection coefficient is
. Z, -2
R(w)zéj.iz | (10)
E, Zy+Z,

Zpand Z, are the characteristic impedances of free
space and the homogeneous half-space, respectively.
Similar equations can be derived for the transmitted
and reflected H fields. For example, the reflection
coefficient for the H field is {(Z,~Z,)/(Z, +Z,)}.
Reflection and transmission coefficients are very
important because they describe the amplitude and
phase of the reflected and transmitted fields. Those
familiar with linear systems will recognize Eq. 9 and
Eq. 10 as the frequency domain representations of a
linear system in which T(w) and R(w) take on the
roles of system response functions or transfer func-
tions. Note, also, that Z(w) in Eq. 8 is a system re-
sponse function relating an input H () to an output
E{w). Because MT measurements are made at the
surface of the Earth we need to calculate the total E
and H fields at z = 0. This can be done using the
field representations either above (medium 0) or
below (medium 1) the surface and letting z = 0. Of
course, the total E or H fields above z = 0 have both
an incident and reflected component. The result of
these manipulations when expressed as the ratio £/
H atz = 0 is called the surface impedance, z,

_TotalE, atz=0
Total H atz=0
This important result states that the surface im-

pedance of a homogeneous half-space equals the

characteristic impedance of the medium. The sur-

face impedance is a complex function of frequency,
and applying Egs. 3 and 8, we find

=7, (1

£
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Ex Incident Wave  Reflected Wave
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—>Surface
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Fig. 3E—4.(a) Normally incident, reflected. and transmitted,
plane waves at surface of a homogencous half-space. E,, H,,
and the vector propagation “constant™, k. form a right-handed
orthogonal set. (b) N-layered. [-D Earth model.

=(@pop) e (12)
|

It is customary to express surface impedance in
terms of its phase, ¢,, and another quantity called
the apparent resistivity. Solving for pin Eq. 12, a
complex quantity is avoided by defining a real quan-
tity, the apparent resistivity, p,. as

po=——z,. (13)

WHq
The apparent resistivity, p,, and the phase of the
surface impedance, ¢,. as functions of frequency (or
period) are the MT response parameters most com-
monly used in data presentations and interpretations.
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For the case of a homogeneous half-space, these
quantities are equal to the to the true resistivity, p
and an impedance phase of 45° (from Eq. 12).

Physical understanding of electromagnetic reflec-
tion and transmission phenomena is enhanced by
considering the approximate E and H relationships
at the surface of a homogeneous half-space with
Earth-like properties. The characteristic impedance
of the Earth (~0.002 ohms in the sample calculation
above) is very much smaller than that of the overly-
ing atmosphere (nearly free space at 376.6 ohms).
In this case, the reflection coefficient (Eq. 10) is
nearly equal to —1. A reflection coefficient of —1
means that there is total reflection with a phase
change of ; therefore, there would be total cancel-
lation of the incident electric field. If this were ex-
actly the case, there would be zero transmission (T
= 0) and the MT method would be of no value for
probing the Earth. Similar manipulation of the equa-
tions as done here for E fields can be done for H
fields, yielding the result that the reflection coeffi-
cient for H (given the discussion following Eq. 10)
is nearly +1. This means that the total H field at the
surface of a homogeneous half-space is nearly twice
the amplitude of the incident H field. With the E
field approaching zero and the H field (wice its in-
cident value at the surface of the Earth., it is not sur-
prising that the ratio of the two (the surface imped-
ance) is a very small quantity.

3E.3.3. Layered earth

The surface impedance of an arbitrary n-layered,
1-D earth (Fig. 3E-4B) can be found by solving the
2n equations obtained by applying the boundary con-
ditions on continuity of langential E and H ficlds at
n interfaces (e.g., Wait, 1970). The important fea-
tures of this solution can be gleaned by examining
the simplest case where n = 2. In this situation the
surface impedance is given by

Z, + Z, tanh(ik h, )
' 2, + 2, tanh(ik by )
The apparent resistivity is, as always, given by

Eq. 13. The response (p, and #, as functions of 7)
for this case are directly dependent on the behavior

Zi=2 (14)
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of the tanh functions. There are four asymptotic re-
lations that contain the essential physics of the re-
sponse. These are:

1. For high frequencies (short periods) and/or
large h,, the response is that of the top layer. This
can be seen by noting that tanh(ik,h ,)—) 1, and Eq.
14 becomes Z, ~ Z, so P.—> Py

2. For low frequencies (long periods) and/or small
f,, the response is that of the botrom layer, i.e., the
basement. That is, tanh(ik,h,) — 0, and Eq. 14 be-
comes Z, ~ Z,50 p,—> p,.

The remaining two asymptotic relations require
us to make the so-called “thin-layer” approxima-
tion. This approximation hinges on the smallness of
the argument ik,h, of the tanh function so that the
function can be replaced simply by its argument. The
product k,h; is small if the skin depth (5, = 1/ lIm
k1) is large compared to h,. Thus, the thickness of a
thin layer is small compared to its skin depth, and
since & = 272, a thin layer is one that is thin com-
pared to the wavelength in the layer. This approxi-
mation is virtually always obeyed at long periods in
MT. Applying these limits to Eq. 14 yields:

3. For highly conductive basement, a thin resis-
tive upper layer (p,<<p,) is manifested by its thick-
ness only, independent of its exact electrical proper-
ties. Mathematically, as p, —0,1Z,l<<iz,), and

Zg =iopuh (15)
with p,~euk? So p, depends only on the value of 4,.
the thickness of the layer overlying the conductive
basement.

4. For highly resistive basement, a thin conduc-
tive upper layer is manifested by its hip quotient only
(S, in this case). Neither p or h can be resolved sepa-
rately. Mathematically: as Py = o0, 1Z,1>>1Z,1 and
Eq. 14 reduces to

1 1
Ze=0OUy——=— | 16
S 'uoik,zhl Sl ( )

with p,~1/eu,S?. S, defines the conductance of the
layer, which is h,/p,. That is, when pP>>p,, p, de-
pends on the 4,/p, quotient or the conductance of the
layer overlying the resistive basement.

It is very important to note that points 3 and 4
above not only apply to the first layer of a two-layer
sequence; they apply to highly conductive and highly
resistive layers anywhere in an arbitrary, layered
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sequence as long as the buried layers are thin. This
simple fact provides enormous practical limitations
on the resolution of MT measurements. Indeed, only
when the layers are thick can we separate p and h in
the conductive case and resolve p in the resistive
case.

Plots of log p, and linear ¢, versus log T (called
MT sounding curves) are the most widely used pre-
sentations of MT data, and are the recommended
plotting conventions (Hobbs, 1992). Figure 3E-5
illustrates the asymptotic relations 1 through 4 above
for two-layer models where the basement is either
perfectly resistive or perfectly conductive. In both
cases, p, curves are asymptotic at short periods to
p,. the true resistivity of the top layer. The oscilla-
tions in the curves at intermediate periods are due to
constructive and destructive interference of waves
reflected from the top and bottom of the first layer.
This is a highly attenuated version of what in optics
litcrature is called “the quarter-wave effect.” This
phenomenon is well-understood in the MT case (e.g..
Zhdanov and Keller, 1994), yet it was improperly
attributed to an “artifact” by Spies and Eggers
(1986). The lack of true one-dimensionality in the
real Earth and measurement errors result in these
oscillations being rarely observed in actual MT field
data.

Rewriting the apparent resistivity relations given
after Eqs. (15) and (16) in terms of period, T, and
taking logarithms, we have

logp, =-logT + log(Znﬂohf) . (17)
and

logp, =+logT - log(ZnuoSlz) . (18)

These are the logarithmic representations of as-
ymptotic relations 3 and 4 above. Egs. (17)and (18)
are clearly equations of straight lines on log-log MT
sounding curves with slopes equal to —1 and +1, re-
spectively. Thus, the sounding curves in Figure 3E-
5 have a slope of —45° when the basement is highly
conductive and a slope of +45° when the basement
is highly resistive. These straight lines in MT sound-
ing plots were named “h-lines” and “S-lines” . re-
spectively, by Russian researchers (Berdichevsky
and Dmitriev, 1976). These descending and ascend-
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Fig. 3E-5. Two-laver MT sounding curves of (a) log apparent
resistivity. p, and (b) impedance phase, ¢, versus log period, T.
Shown are the limiting cases of perfectly resistive and
perfectly conductive basement which produce S-line and h-
line, respectively. All other two-layer MT sounding curves
would lie within these limiting cases.

ing branches can be used directly to calculate hy, the
depth to the conductive basement, and the conduc-
tance, S, above a resistive basement using
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1p, )"
h1=(—J%LJ =357 (1p,)” [ml,  (19)
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] =357 (—T—) [SL.  (20)

a
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Sl (275.“0/74
Convenient coordinate values at which to apply
Egs. 19 and 20 on actual p, sounding curves are at
p. =1 ohm-m, which means that observed # and S
trends must sometimes be extrapolated.

Although the above relations are derived for a
simple two-layer Earth, it is of utmost importance
to appreciate that these relations hold approximately
for highly conductive or highly resistive layers no
matter how many overlying layers there are. This
means that steeply descending branches (~h-lines)
can be used to calculate the rotal depth to any highly
conducting layer. Similarly, steeply ascending
branches (~S-lines) can be used to calculate the fo-
tal conductance above any highly resistive layer, i.e.,
h/p; + hy/p, + ... In practice, a highly conductive
layer closely produces an h-line when its conduc-
tance is very much greater than the total conduc-
tance of all overlying layers. A consequence of this
observation is the so-called screening effect, i.e., the
response of highly conductive layers, at the surface
or at depth, will prevent the detection of deeper con-
ductive occurrences unless they are of much greater
conductance than the overlying layers. A resistive
layer closely produces an S-line when its thickness
is very much greater than the total thickness of all
overlying layers. Thus, we are again reminded that
a thin conductive layer is manifested by its conduc-
tance (point 3 above) and a thin resis/ive layer is
manifested by its thickness (point 4 above). Later in
the Introduction to magnetotelluric interpretation
section (§ 3E.4), we will illustrate the practical ap-
plication of the four asymptotic relations above 1o
both actual and synthetic data.

The complex surface impedance measured on a
layered Earth can be shown to be a so-called mini-
mum phase function. In this case the real and imagi-
nary parts of Z, are not independent; this leads to
interrelations between the values of p, and ¢, which
are expressed by a Hilbert transform pair. A very
useful approximate relation has been known for some
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time in the Russian literature (e.g., Vanyan et al.,
1967) and has been applied to MT analysis by Boehl
etal. (1977). It is

(21)

Applying this relation, we expect the phase of Z,
1o be 45° at maxima and minima (and flat portions)
of p, log-log sounding curves. The impedance phase
is 90" and 0°, corresponding to an h-line and an S-
line, respectively. These features are evident in the
¢, sounding curves presented in Figure 3E-5. The
failure of the relationship in Eq. (21) to hold (in-
cluding impedance phase values outside the 0° to
90" range) is often taken as evidence for a three-di-
mensional (3-D) earth. The relationship (Eq. 21)
seems to hold for most (perhaps all) two-dimensional
(2-D) structures, although we are not aware of any
proof of this assertion.

3E.3.4. Multi-dimensional earth

At the surface of a multi-dimensional (2-D or 3-
D) earth or an anisotropic 1-D earth, the simple lin-
ear relation between E, and H, given in Eq. (11) no
longer holds. The Tikhonov-Cagniard model needs
revision. A solution to this dilemma was proposed
by Madden and Nelson (1964) who postulated that

the £, and E, fields depend on both the H, and H,
fields. That is,

El0)=Z(0)H (0)+ 2, (0)H, (o)

(22)
Ey(0)=Z, (0} (0)+Z,(0)H,(0)
or in tensor notation
A
E,V Z)'X Zyy H}/
or, (23)

E=ZH.

Here. the four impedance elements form a 2 by 2
impedance tensor, Z The field relationships of Egs.
(22) and (23) are still linear, but now each equation
represents a two-input/single-output linear system
(Reddy and Rankin, 1974). But, an immediate prob-
lem arises when attempting to solve Eq. (22) for the
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four impedance values. Namely, the system is
underdetermined since there are only two equations
in four unknowns (Z,,, 2y, 2, Z,).

The four impedance elements can be determined
if one can obtain four independent equations of the
form of Eq. (22). This can be accomplished if two
different source polarizations are used. In practice,
however, because both E and H fields contain noise,
it is statistically desirable to have many polariza-
tions contributing to the recordings. This allows av-
eraging to reduce the effects of noise. The result is
an overdetermined system since there are now more
cquations than unknowns. Sims et al. (1971) devel-
oped techniques to derive least-squares estimates of
the tensor impedance elements that minimize the
sums of the squared differences between the mea-
sured and predicted E fields.

The main problem with impedance elements esti-
mated in this manner is that they contain autopowers
(products of identical field components, one a com-
plex conjugate) that are always biased by measure-
ment noise. This problem can be reduced consider-
ably by a technique called remote reference MT first
suggested by Gamble et al. (1979). Remote refer-
ence MT uses H, and H, fields recorded simulta-
neously at two separate sites, one called the base
and the other called the remote site. A substitution
of the remote complex conjugate magnetic compo-
nents for the base complex conjugate magnetic com-
ponents can now be made when solving the imped-
ance equations. This works well provided the de-
sired MT signal is correlated between the base and
remote sites but the noise is not; this is often the
case between sites separated by only a few kilome-
ters. For example, noise caused by wind vibrating
the sensors may be totally different at the two sites
while the MT signal due to large-scale ionospheric
sources is highly correlated over large distances. In
arecent MT survey in Italy, an electric train power
distribution system produced noise correlated over
tens of kilometers so the base and remote sites had
to be separated by hundreds of km. Nevertheless,
the desired MT signals were correlated testifying to
the validity of one of the basic MT assumptions, that
of normally incident plane waves,

3E.3.5. Two-dimensional earth

Now consider the MT response of a two-dimen-
sional earth. Taking the invariant (or strike) direc-
tion to be the y-coordinate of a 2-D earth will define
the geoelectric strike direction. For this coordinate
choice, d/dy = 0, and Maxwell’s electromagnetic
equations separate into two independent modes or
polarizations. The component of the electric field,
E,, parallel to the geoelectric strike direction defines
E-polarization; the component of electric field per-
pendicular to the geoelectric strike direction defines
the H-polarization. The terms E- and H-polarization
are those recommended by the international EM in-
duction community (Hobbs, 1992). Alternative
specifications of transverse electric (TE) and E-par-
allel are also commonly used to designate E-polar-
ization. These terms relate to the orientation of E,
transverse (perpendicular) to the geoelectric plane
of symmetry and its parallel relationship to the
geoelectric strike direction, respectively. Transverse
magnetic (TM) and H-parallel are corresponding
terms used interchangeably for H-polarization. The
E- and H-polarizations each has only three EM field
components. For E-polarization, where E, is as-
sumed, H, and H, are derived from Maxwell’s equa-
tions. Correspondingly, for H-polarization, where H,
1s assumed, £, and E, are derived from Maxwell’s
equations.

In the perfect 2-D case, only two impedances are
needed to completely describe the tensor impedance.
That is, the 2 by 2 impedance tensor in Eq. (23) re-

duces to
= 0 Z
Z= 7 0 (24)

yx
where
Z,=-E[H , Z_ = E[H,, (25)
and the diagonal elements of the impedance tensor
are zero.

As in Eqs. 22 and 23, the first subscript refers to
the electric field component; therefore, Z,and Z,
are the impedance elements for the E-and H-polar-
izations, respectively. The corresponding apparent
resistivities are calculated using Eq. H where Z,

]

and Z,, are substituted for Z,. 4
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In the 1-D (or homogeneous) case the impedance
response of the Earth is described by two numbers
(parameters) at each sample period since Z, is a com-
plex quantity. The two separate complex impedance
elements in the 2-D case (Eq. 25) yield four param-
eters in the impedance description. Actually, there
are five parameters since the orientation of the rect-
angular coordinate system must also be included.

In actual field practice, the orthogonal measuring
axes (Fig. 3E-2) rarely coincide with directions ex-
actly parallel and perpendicular to the geoelectric
strike. Consequently, the coordinate system must be
rotated either physically or computationally to off-
diagonalize the impedance tensor to the form of Eq.
24. This is expressed computationally by a standard
coordinate transformation or rotation by some angle.
If the Earth were perfectly two-dimensional, there
would be a specific angle where Z,, and Z,, would
be identically zero. Since the actual Earth is never
exactly two-dimensional, some other scheme must
be used to determine an approximate or quasi 2-D
earth geometry. Most schemes either minimize some
combination of the diagonal components of the im-
pedance tensor or maximize a combination of the
off-diagonal elements, usually in a least squares
sense. This analysis is often called a Swifr analysis
(Swift, 1967). For a perfectly 2-D earth, the Swift
analysis yields two directions called the principal
directions; one is the geoelectric strike direction and
the other direction perpendicular 10 the strike is the
geoelectric dip direction. In an ideal 2-D earth, iden-
tical principal directions would be calculated at all
measurement sites and at all sounding periods.

The importance of the basic Swift analysis can-
not be overemphasized since it has been the domi-
nant MT processing scheme for over 25 years. The
analysis always produces principal directions, but
they represent quasi 2-D geoelectric strike and dip
directions. In nature, the directions always vary at
different periods and from site to site in violation of
a perfect 2-D earth. Swift (1967) presented indices
called skew and ellipticity to quantify the degree of
violation. Even so, the most common presentations
of MT data are those parameters appropriate for a
perfect 2-D case. Namely, apparent resistivity and
impedance phase are presented as functions of pe-
riod for the two principal directions. These values
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are designated E-polarization, TE, or E-parallel and
H-polarization, TM, or H-parallel, even though such
designations are strictly true only for a perfect 2-D
geometry.

The rotation of the tensor impedance elements to
achieve principal directions even in a 2-D situation
does not actually distinguish the E-polarization di-
rection from the H-polarization direction since there
1s a 90" ambiguity in the rotation. This ambiguity is
eliminated by using the fact that only the E-polar-
ization gives rise to a vertical magnetic field. Swift
(1967) defined a complex parameter called the tip-
per function which describes a linear relation be-
tween the vertical and horizontal magnetic fields.
Consequently, in the multi-dimensional case,

H,=TH + T,H,. (26)

The term, tipper, is ascribed to T. Madden (Vozoff,
1972) who visualized the horizontal magnetic field
over a 1-D earth as being tipped into the vertical by
the effects of lateral inhomogeneities. The coordi-
nate directions of the tipper can be rotated Jjust as
the impedance tensor can be. For a 2-D earth, the
tipper can thus be expressed as a function of only
one principal direction, the dip direction. The easi-
est way to understand the concept of the tipper func-
tion is to use the “right-hand rule” as learned in in-
troductory physics. Assuming that the right thumb
points in the direction of geoelectric strike, the right-
hand fingers curl in a circular manner about the
thumb. The direction of the thumb is that of current
(or £,) in the strike direction. The pattern of the fin-
gers represents both the H, and H, magnetic field
directions set up by the current flow. Therefore,
where the y-direction is the strike direction of a 2-D
Earth, the current flow along strike produces the H,
and H, magnetic fields; the tipper relation quanti-
fies the relation between the magnetic field compo-
nents. This discussion presents the essential physi-
cal nature of the E-polarization, which has only the
field components £, H, and H.. Another way of pre-
senting the relation between the vertical and hori-
zontal magnetic fields is to treat the tipper as a com-
plex vector (Tx, Ty). This permits the definitions of
in-phase and out-of-phase induction vectors or in-
duction arrows (Schmucker. 1970) as functions of
frequency and location.
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Fig. 3E-6.

Sequence of E-polarization apparent resistivity versus period MT sounding curves from the Rio Grande rift. Ascending

branches (near S-lines) from 0.1 to 10 s period indicate increasing basin depth from east to west; h-lines at periods >10 s mark the

response of a midcrustal conductor. The h-line drawn yields a de
basin conductance from 15 t0 200 S.

3E.4. Introduction to magnetotelluric interpre-
tation '

3EA.]. One-dimensional interpretation

The principles of 1-D MT interpretation are de-
tailed in the previous discussion in Layered earth (§
3E.3.3) under the Basic magnetotelluric principles
scction. These principles are illustrated in Figure 3E—
6. which contains four smoothed MT sounding
curves across a portion of the Rio Grande rift near
Santa Fe, New Mexico (Jiracek et al., 1987: Bichler

pth of 11 km to this conductor; the S-lines drawn vield a range of

etal., 1991). The very fact that the curves vary across
the rift basin violates the 1-D assumption. But, as
shown in the next section, some multi-dimensional
MT curves (especially E-polarization curves from a
2-D conductive surface environment) may yield a
reasonable 1-D estimate of the vertical section be-
neath a recording site. The curves presented in Fig-
ure 3E-6 are such examples. There are four obvious
layers expressed in these soundings. Data at periods
shorter than 1 s reflect an increasingly conductive
(lower resistivity) water-saturated, basin-fill with a
fresh water layer overlying a saline water zone. Be-
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Fig. 3E-7. Variation of TE and TM apparent resistivities
versus distance at a single period across a vertical contact. P
varies smoothly within the range of p, and p,; pru is discon-
tinuous with values far outside the range of p, and p,.

low these two layers is a resistive (>100 ohm-m)
basement of relatively dry granitic composition, like
that of the mountains bounding the rift (Biehler et
al., 1991). Finally, there is a very prominent
midcrustal conductive zone whose bottom is not re-
solved by the 800 s period data. Applying the four
asymptotic relations from the Layered earth section
we find: (1) The top layer resistivity is about 20 ohm-
m; (2) The deepest layer resistivity is 2-3 ohm-m;
(3) The depth (using Eq. (19)) to the top of the
midcrustal conductor is about 11 km using the h-
line in Fig. 3E~6; and (4) The total conductance (us-
ing Eq. (20) and the S-lines drawn in Fig. 3E-6)
above the resistive basement varies progressively
east to west across the basin from about 15 to 200 S.
Since the MT results are virtually identical at the
shortest periods, i.e., the resistivity variations above
the basement are laterally continuous, the change in
conductance reflects increasing basin depth. The
variations in the positions of the h lines revealing
the midcrustal conductor are thought to arise from
3-D (along strike) variations rather than any signifi-
cant changes in the depth to conductor. All of the
above geoelectric features are highly consistent with
seismic and gravity interpretations (Biehler et al.,
1991) except for the midcrustal conductor. This
strong electrical feature, which is thought to be
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caused by important geochemical phenomena in the
crust (section § 3E.S), is not sensed by any other
geophysical method.

3E.4.2. Two-dimensional interpretation

The most important characteristics of 2-D MT
apparent resistivity sounding curves are realized by
understanding the variations in E- and H- polariza-
tion results on either side of a simple geoelectric
contact. Figure 3E-7 depicts such a contact with P,
representing the more conductive quarter-space to
the left of resistive quarter-space p,. The physics of
the response of this 2-D model at the two measure-
ment sites A and B is profoundly different for the
two polarizations.

E-polarization

All three EM field components in E-polarization
(E,, H,, and H,) are continuous across all boundaries
so the fields vary smoothly across geologic contacts.
Therefore, the apparent resistivity, which is propor-
tional to E /H, (Egs. 11 and 13) is smoothly varying
across a contact. Figure 3E-7 illustrates this behav-
ior as measured at a constant arbitrary period. The
pre curve would be sharper at arbitrarily shorter pe-
riods compared to a smoother curve at longer peri-
ods. This behavior is characteristic of the inductive
effect, which controls the frequency response of the
E-polarization. This effect depends on the time de-
rivative of the magnetic flux (Faraday’s law of in-
duction) so it diminishes at lower frequencies. Note
that the pr; response in Figure 3E-7 does not lie
outside the range defined by p, and p,.

H-polarization

In H-polarization, H,and E. are continuous across
a contact but E, is discontinuous. The discontinuity
in E, follows from the continuity of the normal com-
ponent of the current density, J. The definition of J
results in continuity of the quotient £ /p in the model
in Figure 3E~7. The electric field discontinuity at a
contact is due to electric charge accumulation on the
contact which is the underlying cause of the galvanic
effect (Berdichevsky and Dmitriev. 1976). The gal-
vanic effect produces the discontinuous behavior of
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Fig. 3E-8. Primary electric field, E®, normally incident on 2-D
contact schematically showing surface charge accumulation,
secondary electric fields, E‘f_l and Ef_l , and tota] electric
fields, E,; and E, ;. The secondary electric fields from the +
charges subtract from the primary field on the conductive side
(p,) and add to the primary electric field on the resistive side
(p2), resulting in E,, > E, .

the pry, results shown in Figure 3E-7 with values fall-
ing far outside the range of p, and p,. The disconti-
nuity in pry (< |E,/H,%) is identical to the square of
the E, ,/E,, discontinuity discussed above because
there is no change in #, along the surface in the 2-D
case. This emphasizes the dominant role played by
electric field discontinuities in H-polarization appar-
ent resistivity responses. It can be shown (e.g.,
Kaufman, 1985) that electric charges form anywhere
there exists a component of electric field in the di-
rection of a change in resistivity. The charges ‘are
the source of secondary electric fields that modify
the initial (or primary) electric fields. The resulting
total (primary plus secondary) electric fields are
those that appear in the continuity relations for the
normal component of J. Figure 3E-8 graphically
shows these relations for a primary electric field
perpendicular to a 2-D resistivity contrast. The sec-
ondary field directions and magnitudes on each side
of the contact are schematically those required for a
total field increase on the resistive side and the op-
posite on the conductive side of the boundary. The
determination of the surface charge polarity is made
by recalling that the secondary electric field direc-
tions must be consistent with the direction that a
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Fig. 3E-9. Schematic MT apparent resistivity sounding curves
at sites A and B in Fig. 3E~7. Curve for prg is above that for
P on the conductive side of the contact and py is above Pre
on the resistive side.

hypothetical positive test charge would move. Those
directions are directed away from a positively
charged boundary as depicted in Figure 3E-8.

In Figure 3E-7, note that at locations sufficiently
removed from the contact, neither py or ppy re-
sponses sense the contact. This horizontal distance
is approximately one skin depth (Vozoff, 1991). The
curves sketched in Figure 3E~7 graphically present
the major characteristic differences between E- and
H-polarization MT apparent resistivity results.
Namely, that E-polarization (TE) values plot above
H-polarization (TM) results on the conductive side
of a contact and, vice versa on the resistive side of a
2-D contact. This realization, along with a basic geo-
logic knowledge of the survey area, can be of enor-
mous value when first trying to understand MT ob-
servations.

The characteristics emphasized above at a single
period, of course, transfer to the sounding curves at
various measurement sites. Such apparent resistiv-
ity sounding curves for two sites, one on either side
of the contact in Figure 3E-7, are presented in Fig-
ure 3E-9. Two major characteristics of these sound-
ings are: (1) both curves converge to the true
resistivities at each site location at the shortest peri-
ods, and otherwise; (2) pr, is above py,, on the con-
ductive side of the contact (site A), and vice versa
on the resistive side of the contact (site B).

A convenient way to display many MT sounding
curves along a profile is in so-called pseudosection
form. A pseudosection is a plot of contours of equal
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Fig. 3E-10. Representative pseudosections of (a) TE, and (b) TM, apparent resistivity (p,) across a vertical contact in Figure 3E-7.
Horizontal location of contact is marked by p, vertical contours especially in TM case where values are discontinuous.

apparent resistivity, or impedance phase, where the
horizontal axis is linear horizontal distance (e.g., in
km) and the vertical axis is the log of the period (Fig.
3E-10). Since the shorter period data plot at the top
of the graph and the longer period data at the bot-
tom, apparent resistivity pseudosections give arough
idea of the true-resistivity geoelectric section. How-
ever, the term ‘pseudo’ is highly appropriate for such
plots since they can be very misleading. For example,
the discontinuous behavior of the pg, data across a
simple contact (Figure 3E-7) plots as a false intru-
sive-like conductive zone on the low resistivity side
of a contact (Fig. 3E-10b). Such false behavior does
have a beneficial aspect since sharp vertical contours
are good indicators of the positions of lateral bound-
aries, especially in pyy, pseudosections (Fig. 3E-10).

To illustrate the above 2-D MT considerations, a
hypothetical geologic-geoelectric continental rift
model depicted in Figure 3E-11 is used. Figure 3E~
12 contains the MT apparent resistivity sounding
curves for sites 1 and 2 at locations in the conduc-
tive basin and on a neighboring resistive flank (Fig.
3E-11), respectively. Plotting both soundings on the
same graph allows a clear comparison of the two

major characteristics emphasized above. Namely, 1)
the curves converge to the true resistivities (10 and

p =500

1 LISTRIC
=10 FAULTS ™, ~
< ..
n
|.-
0.
L
o
0 SCALE p Values in OHM-M

40 KM

14 MT Site

Fig. 3E-11. Hypothetical 2-D geologic-geoelectric continental
rift model with conductive 10 ohm-m basin bounded by listric
faults, 500 ohm-m basement, 10 ohm-m midcrustal conductor
from 15 to 25 km depth, and 100 ohm-m lower crust.
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Fig. 3E-12. Synthetic apparent resistivity MT sounding curves at sites 1 and 2 within and outside the conductive rift basin shown in
Fig. 3E-11. p curve virtually equals 1-D curve appropriate for vertical section below conductive site L. prg curve agrees with 1-D
curve appropriate for vertical section below resistive site 2 only at long periods. ’

500 ohm-m, respectively) at the shortest periods and
2) pre is above pry at site 1 and vice versa at site 2.
Imprinted on these observations are the effects of
skin depth, and a 10 ohm-m midcrustal conductive
zone from 15 to 25 km depth. The latier is expressed
as descending branches on all curves especially from
10 to 100 s period. It is very instructive to compare
the 2-D curves with the 1-D results calculated at each
site as if a layered Earth with the same vertical sec-
tion is assumed. These results (Fig. 3E-12) show
how closely the TE curve on the conductive side (site

1 in the basin) matches the 1-D curve. This is not
true for results at resistive site 2 adjacent to the ba-
sin except at the longer periods. Note that all curves
in Figure 3E-12 begin to rise at the longest periods
shown; this is the response to a more resistive (100
ohm-m) lower crust (Fig. 3E-11).

Although 2-D Earth models can be constructed
with very complicated responses that require care-
ful attention to vertical and horizontal skin depth
considerations, the simple features discussed above
are surprisingly useful in initial interpretations.
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E, (~ TE MODE)
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Fig. 3E-13. Plan view of primary electric field, EF, normally incident on ends of 3-D conductive (C) body schematically showing
dipolar surface charge accumulation and secondary electric fields. E*. The secondary electric fields subtract from EF over the
conductive body and along its sides but add to EF off the ends of the body in both the ~TE (a) and ~TM (b) cases. The macroscopic

effect is current channeling into the conductive body (Jiracek, 1990).

3E.4.3. Three-dimensional interpretation

The MT response of 3-D Earth structures is domi-
nated by galvanic effects because electric field com-
ponents in the directions of resistivity changes oc-
cur in all directions. Now, whereas the impedance
description of 1-D and 2-D Earths required 2 and 5
parameters, respectively, the 3-D Earth requires §.
These are the real and imaginary parts of each of the
full 4 tensor impedance elements (Eq. 23). To illus-
trate the major 3-D effects, it is sufficient to present
two simple examples. Both examples use 3-D rect-
angular blocks, one conductive and one resistive.

Electric field distortion

Figure 3E-13 presents a map view of a 3-D rect-
angular body that is conductive relative to a sur-
rounding layered host. A primary electric field is
sketched both parallel and perpendicular to the long
axis of the body. These cases are designated £, and
E, , respectively, in Figures 3E-13a and 3E—13b.
There are no strict designations of E-polarization and
H-polarization for the 3-D case, hence, terms ~TE
mode and ~TM mode are used in Figure 3E~13. In-
cluded schematically in the two examples in Figure
3E-13 are the galvanic charge distributions and re-
sulting secondary electric field variations, £°. The
polarity of the charges is such to cause a secondary
field opposing the primary field in the conductive

- T



Practical magnetotellurics in a continental rift environment

121

a EP

E, (~ TM MODE)

S

E

R EEEEEE Y
+

*Im 0O

.

oy )

Fig. 3E~14. Plan view of primary electric field, E7, normally incident on ends of 3-D resistive (R) body schematically showing
dipolar surface charge accumulation and secondary electric fields, E*. The secondary electric fields add to EF over the resistive body
and along its sides but subtract from E’ off the ends of the body in both the ~TE (a) and ~TM (b) cases. The macroscopic effect is

current deflection around the resistive body (Jiracek, 1990).

body. Only then can the total electric field decrease
in a conductive body as required to preserve the con-
tinuity of normal current density. Even though the
total E is decreased in a conductor it is important to
realize that the current is enhanced. This expected
increase of current in good conductors is called cur-
rent channeling.

For clarity, some details are omitted in Figure 3E—
13 since the sketches are meant to show only the
major features. The important result is that there are
galvanic charges and H-polarization-like effects for
both polarizations of the electric field. By simply
estimating the sense of the vectorial addition of the
primary and secondary electric fields depicted in
Figure 3E-13, one can make a good guess of what
the resulting total E field patterns will be. For ex-

ample, the total field is reduced directly over the
body and along its sides, whereas the fields are en-
hanced off the ends of the conductor. The overall,
total effect is that of current channeling into con-
ductive inhomogeneties (Jiracek, 1990).

Figures 3E-14a and 3E-14b present the situations
opposite to those in Figure 3E-13, namely those of
arelatively resistive 3-D inclusion. Now the second-
ary field must be additive to the primary field in the
resistive body. This single consideration enables the
sketches in Figure 3E-14 to be made. From these it
is clear that the total electric field is enhanced di-
rectly over the body and along its sides, but, it is
diminished off the ends. Now the current channel-
ing is around the outside of the resistive body, an
effect called current deflection.
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Fig. 3E-15. Schematic apparent resistivity MT sounding
curves over 3-D conductive (a) and resistive bodies (b) in Fig.
3E-14 compared to curves appropriate to 1-D section in which
bodies are embedded. Both ~TE and ~TM sounding curves are
static shifted downward over the conductive body and they are
static shifted upward over the resistive body.

Distortion of apparent resistivity curves

An understanding of the galvanic electric field
distortions alone often enables one to estimate the
surface effects on 3-D MT sounding curves even
though the apparent resistivity calculation (Eq. 13)
includes both the electric and the magnetic fields.
This is so because the 3-D galvanic magnetic field
distortion is determined by a volume integral of the
current distortion, which is small for near-surface
bodies of small volume. In these cases, the apparent
resistivity results are dominated by electric field
variations. They are shifted upward where the totat
electric fields are enhanced and are shifted down-
ward where total electric fields are depressed. These
observations explain why the ~TE and ~TM appar-
ent resistivity curves directly over isolated conduc-
tive and resistive bodies are shifted as shown in Fig-
ures 3E—15a and 3E-15b, respectively. The results
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are sketched in comparison to an apparent resistiv-
ity sounding curve appropriate to a 1-D Earth with
the same vertical properties as the 3-D case. This
shows that the 3-D sounding curves are shifted
downward at sites located over surface conductors
and upward over resistors. However, at sites off to
the side of a conductive body, for example, the ~TE
curves would be shifted up and the ~TM curves
would be lowered. These conclusions follow from
scrutiny of the sketches in Figures 3E—13a and 3E~
13b.

Where the shifting up or down of the apparent
resistivity sounding curves is frequency (period) in-
dependent, the constant shift is referred to as a static
shift. The shift is constant or static when the pri-
mary electric field is uniform over the extent of the
body, the galvanic magnetic effects are inconsequen-
tial, and the inductive (TE-like) effects are negli-
gible. These requirements are always met for small
3-D bodies below some frequency value, therefore,
above some arbitrarily long period. As frequency
decreases, the increased skin depth in the host rock
eventually results in a quasi-uniform charging field
over the depth extent of the body. At high frequen-
cies the field is stronger at the top of a body, there-
fore, the body is charged more at the top. Such a
variation with frequency does not produce a static
shift. Inductive effects, since they depend on a time
derivative, always decrease with decreasing fre-
quency.

The question of whether or not magnetic field
galvanic distortion can be neglected depends on the
overall volume of the current channeling and/or cur-
rent deflection as mentioned earlier. An informed
discussion of this topic has been recently presented
by Chave and Smith (1994) where they confirm that
such distortion is frequency dependent. Therefore,
galvanic magnetic effects or significant inductive
response from 3-D bodies oppose static shift. Still,
it is clear to all MT practitioners that there is a sur-
prising recurrence of static shifts in MT sounding
data. In fact, static shifts are probably the leading
contemporary problem in magnetotelluric process-
ing and modeling. Therefore, it is not unexpected
that many schemes have been devised to address the
problem of static shift (a review of techniques ap-
pears in Jiracek, 1990). However, no method is com-
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pletely successful without auxiliary data. In actual
situations different static shifts from different scales
of inhomogeneities in the vicinity of a measurement
site all superimpose.

Several well-formulated proposals have appeared
in recent years to partially address the 3-D galvanic
distortion problem (e.g., Groom and Bahr, 1992:
Chave and Smith, 1994). The details of these are
beyond the scope of this discussion. However, since
this is one of the most active research areas in MT;
the main theme of these techniques is briefly pre-
sented here. Namely, the measured (distorted) im-
pedance tensor is mathematically expressed in terms
of a background (regional) impedance multiplied by
tensor distortion terms. The desired regional imped-
ance is assumed to be either 1-D or 2-D; the distor-
tion tensors allow for 3-D electric and magnetic dis-
tortions. The latter are complex and frequency de-
pendent; the former are real, frequency independent
(static) distortions. Both distortions are location de-
pendent. In practice, a low frequency assumption is
usually invoked wherein the wavelengths inside and
outside the inhomogeneities are large compared the
size of the 3-D scatterer. This, and the neglect of the
magnetic distortion, produces real, frequency inde-
pendent electric field distortion tensor elements
(Larsen, 1977, Wannamaker et al., 1984; Zhang et
al., 1987; Bahr, 1988; Groom and Bailey, 1989).
Galvanic (current channeling) magnetic effects have
been included in 3-D MT distortion formalisms by
Groom and Bailey (1991), Zhang et al. (1993), and
Chave and Smith (1994). All of the tensor distortion
schemes perform tensor decomposition to attempt
to retrieve a pure, undistorted regional impedance
tensor. Unfortunately, an indeterminacy remains for
each method that requires the independent knowl-
edge of the regional impedance tensor for at least
one frequency.

3E.5. Mid-to-lower crustal conductive zones

3E.5.1. Introduction

It has been argued recently (Hyndman et al., 1993)
that the deep crust is conductive everywhere. How-
ever, there is a trend for tectonically active areas to
have shallower (midcrustal) conductive zones that
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are better developed than in stable areas. That con-
tinental rifts have such features was recognized early
on, e.g., by Schmucker (1964) in the Rio Grande rift.
Jiracek et al. (1979) emphasized this observation for
four rifts (Rio Grande, Baikal, East Africa, and the
Rhinegraben) by concluding that they are charac-
terized by zones of < 50 ohm-m at depths of 10-30
km. Jones (1992) summarized an additional 10 years
of data and correctly states that no single conduc-
tivity model fits all rifts. In fact, there are still argu-
ments about whether or not there is a crustal con-
ductor directly beneath the Rhinegraben or just un-
der its eastern shoulder (Schmucker and Tezkan,
1988; Jones, 1992; Mareschal et al., 1994). For other
young continental rifts the question is not if, but why,
there are conductive zones. Naturally, the next ques-
tion is what are the consequences?

The question of why the mid-to-lower continen-
tal crust is conductive is truly a “hot topic” as evi-
denced by a barrage of recent papers on the subject.
Jones (1992) has a very complete summary as do
Hyndman et al. (1993). There has also been a major
effort to relate the conductive occurrences with
crustal seismic reflectors and refractors (Gough,
1986; Jones, 1987; Hyndman, 1988; Hyndman and
Klemperer, 1989; Hyndman and Shearer, 1989;
Merzer and Klemperer, 1992). The intent of this con-
tribution to be a practical assessment of MT in a con-
tinental rift environment demands a brief review of
some of these recent results. This will be done in an
overview manner; the reader is strongly urged to
consult the above references for more details.

3E.5.2. Sources of crustal conductors

There are really only three possible sources for
crustal conductive zones. These are water, magma,
and conductive minerals such as graphite. Because
graphite is much more conductive (p = 10~° ohm-m:
Duba and Shankland, 1982) than highly saline wa-
ter (10 ohm-m minimum; Nesbitt, 1994 ) which is
in turn more conductive than magma (about 0.5 ohm-
m; Hermance, 1979), it requires much less graphite
to produce a conductive zone. Temperatures in the
lower crust are above the critical temperature (374°C
for pure H,0) so the term aqueous fluid is preferred
instead of water since liquid and gaseous H,O are
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indistinguishable. After early interpretations that
conductive zones, especially in rift environments,
were caused solely by magma (e.g., Pedersen and
Hermance, 1978; Banks and Beamish, 1979) the fa-
vored explanations have become aqueous fluids or
conductive minerals, mainly graphite (Hermance and
Pedersen, 1980; Jiracek et al., 1983; Jodicke, 1993:
Hyndman et al., 1993; Katsube and Mareschal,
1993). As stressed by Jones (1992), there is no single
cause for the enhanced crustal conductivities since
different effects operate in different tectonic envi-
ronments and at different depths.

For H,0 to accumulate in the crust, there must be
both a source and a capping mechanism. Sources
include deep circulating meteoric water, crustal
devolatization by metamorphic reactions, and flu-
ids released from mantle derived magmas crystal-
lizing higher up in the lithosphere. Newton (1990)
emphasized that emplacement of mantle-derived
magmas in the lower crust contributes greatly to the
thermal and volatile budgets in highly extensional
regimes such as rifts. The magma volatile content is
mainly H,O and CO, (Wilson, 1989), the solubility
of which decrease as the magma migrates upward.
The fate of ascending volatiles depends on pressure,
temperature, time, and whether crustal melting or
retrograde metamorphism occurs (Thompson and
Connolly, 1990). H,0 is very soluble in granitic
melts and retrograde metamorphism moves water
into hydrated minerals that are resistive (Olhoeft,
1981). A theoretical reason to expect trapping of
aqueous fluids in cracks at the brittle-ductile transi-
tion in the crust has been presented by Bailey (1990).
The argument is that vertical fluid transport is rapid
in the ductile crust but that it slows abruptly at the
brittle-ductile transition. The resulting overpressure
would induce horizontal fractures in which water
would accumulate. Bailey’s (1990) hypothesis is es-
pecially appealing since the coincidence of the depth
to the top of crustal conductive zones and the brittle-
ductile transition has been reported by several stud-
tes (e.g., Jiracek et al., 1983; 1987; Hyndman et al.,
1993). However, Bailey’s (1990) mechanism would
operate most effectively where the principal regional
stress is horizontal (compressional) rather than ver-
tical as it is in extensional rift environments.
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The question of whether graphite, or other con-
ductive minerals exist in the deep crust must also
address the sources and accumulation processes
(Hyndman et al., 1993). The source of graphite is
usually thought to be from the reduction of CO,-rich
fluids. CO, itself is a nonconducting fluid. Even
though the amount of graphite needed to produce a
conductive zone is small, there must be a connected
film (Katsube and Mareschal, 1993) on regional
scales. Intergranular graphite films are suggested to
explain low resistivities ina 10 km deep borehole in
Germany (Jodicke, 1992;.Haak et al., 1991) and in
the deep Precambrian shield of Canada (Katsube and
Mareschal, 1993). Duba et al. (1994) emphasize that
a suite of conductive accessory minerals (ilmenite,
magnetite, pyrite, pyrrhotite) including graphite were
measured in the German drill cores. A graphite ex-
planation is not usually invoked in conductive rift
settings because a continuous supply of deep fluids
is expected. Also, there appears to be a strong corre-
lation with temperature which is not expected for
graphite. Graphite is often used as an explanation
where a conducting zone doesn’t have a correspond-
ing seismic signature. This would be the consequence
for thin graphite films but it is also expected for very
low water fractions (~1 %). Such levels of connected
water saturation result in orders of magnitude change
in electrical conductivity but corresponding changes

in seismic velocities are very small (Watanabe,
1693).

3E.5.3. Intergranular aqueous fluid—dihedral angle
control

New experimental data (Holness, 1993) suggest
that enhanced electrical conductivity of deep meta-
morphic rocks is caused by water-saturated, low-
porosity continental crust which has profound rheo-
logical implications. These data concern the
interconnectivity of intergranular (not fracture-con-
trolled) fluids as a function of pressure and tempera-
ture in the ductile crustal environment. Results from
Holness (1993) are simplified schematically in Fig-
ure 3E~16a where the concept of dihedral angle is
also sketched (Fig. 3E-16b). The dihedral angle or
wetting angle (Brenan, 1991) is the angle subtended

by intersecting grain walls at pore corners in a re-
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© = Dihedral Angle or Wetting Angle (°)
= Impermeable Zone
[] = Permeable Zone

<—— PRESSURE (OR DEPTH)

SCHEMATIC
SINGLE GRAIN
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DEEP CRUSTAL PROPERTIES
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CONNECTED | CONDUCTIVE STRAIN RATE

Fig. 3E-16.(a) Schematic pressure, temperature, dihedral angle plot for crustal conditions. Pattern of dihedral angle contours
follows those of quartzite—H,O system presented by Holness (1993). Shaded region is where aqueous fluids reside in isolated pores
and the rock is impermeable to fluid flow (8>60°). At dihedral angles 8<60° the rock has an interconnected fluid phase and is
permeable to grain-edge fluid flow. High and low dT/dz geothermal gradients illustrate situations where interconnected aqueous
fluid would be trapped beneath an impermeable cap (shaded region). Notice that for various values of high dT/dz, the depth to the
trapped fluid would vary but the temperature would be nearly constant following an isotherm. (b) Schematic single grain aqueous
fluid distribution as a function of value of dihedral angle (60°<8<60°); table of implications in deep crustal metamorphic rocks.

crystallized rock at equilibrium conditions. The val-
ues of dihedral angle define the 3-D continuity, there-
fore, interconnectivity of the grain-edge porosity.
Interconnectivity can only exist if the angle is less
than a critical value which is about 60° for 1% po-
rosity (Hyndman, 1988). Total grain-edge wetting
is achieved at 0° dihedral angle. Dihedral angle im-
plications on crustal conductivity have been dis-
cussed (e.g., Hyndman, 1988; Marquis and
Hyndman, 1992). However, the data were not ad-
equate to define a pressure (depth)-temperature-di-
hedral angle plot as was done by Holness (1993).
The published plot is for a pure quartzite-H,0 equi-
librium system where the wet melting temperature
is about 1100°C. Presumably this temperature would
be near 640°C for a wet crust of granitic composi-
tion. Therefore, actual pressure and temperature val-
ues have been omitted in Figure 3E—16a since the

major features of a plot embracing the ductile por-
tion of the crust are what we want to emphasize. Two
hypothesized geothermal gradients are sketched in
Figure 3E-16a. These illustrate that two regions of
fluid connectivity may exist in the ductile crust un-
der an impermeable cap (8 >60°). For high geother-
mal gradients, fluid interconnectivity would occur
at a near-constant temperature irrespective of the
actual value of the geothermal gradient. The tem-
perature is defined by the near-vertical contour of 9
= 60°, which is almost parallel to the rock melting
curve (Fig. 3E-16a). For lower geothermal gradi-
ents, the region of interconnectivity is at lower tem-
perature nearer the brittle-ductile transition. The tem-
perature at the top of the zone would vary consider-
ably depending on the intersection of the geother-
mal gradient with the non vertical 8 = 60° contour.
Note that if the geothermal gradient is very low, the
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Fig. 3E-17. Synoptic diagram of crustal rheological behavior
showing the effects of increasing pore fluid pressure in the
brittle regime; and decreasing strain rate and increasing
geothermal gradient, water content, and quartz/feldspar ratio
in the ductile portion of the crust (redrawn from Sibson,

1984).

dihedral angle would be <60° throughout the entire
region (depth range) plotted and there would be no
impermeable cap. This would be the case of con-
tinuous dewatering of the crust even with a continu-
ous source of deep aqueous fluid.

The dihedral angle considerations above present
two situations where deep crustal conductive zones
would have sharp upper boundaries. One, where the
geothermal gradients are high, dictates that the depth
to the conductive zone would be an isotherm. In the
other case, at lower geothermal gradients, a deeper
conductive zone would be at lower temperatures.
More experimental results, such as those presented
by Holness (1993) on actual rock/fluid assemblages
expected throughout the crust, are needed to con-
firm or reject these expectations. Such a confirma-
tion has just appeared (Holness, 1995) which pre-
sents results at 4 kbar pressure for the quartz-H,O-
CO, system with trace amounts of feldspar. Watson
and Brenan (1987) reported on dihedral angle mea-
surements performed principally on dunite and
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quartzite with CO,-H,0O and solutes of NaCl and
other salts. Their results are appropriate to condi-
tions in the deep crust and upper mantle (950-1105°C
temperature and 1 GPa pressure) with a low percent-
age of aqueous brine solution. The major findings
were that the effect of saline solutions was to de-
crease the dihedral angle to as low as 40° for the
quartz-fluid system but there was no change in the
high dihedral angle (6 >>60°) in dunite with, or with-
out, salts. This implies that aqueous solutions are
more likely to be interconnected in the ductile crust
if the aqueous solution is saline but not so in the
mafic mantle. The latter result agrees with a similar
study reported on clinopyroxene-rich rocks (Watson
and Lupulescu, 1993).

3E.5.4. Consequences of intergranular aqueous fluid

Watson and Brenan (1987) suggest that it is tempt-
ing to conclude that the dihedral angle-controlled
fluid distributions apply to any conditions in the
Earth where recrystallization has occurred, i.e, any
pressure-temperature condition above the lowest
metamorphic grade. In the case of a rift environment
we must first ask whether or not the crust is in the
required mechanical and chemical equilibrium. In
fact, brittle fracturing occurs in active areas, such
as rifts, even in the ductile regions of the crust as a
result of tectonic stresses and igneous intrusions.
These transient events deviate from static equilib-
rium but for rocks hot enough to undergo rapid plas-
tic deformation, it is likely that equilibrium pore
geometries develop rapidly (Brenan, 1991). For equi-
librium wetting to occur, its rate must exceed the
rate of ductile rock deformation; this is always the
expected situation (Watson and Brenan, 1987).

It is clear from many experimental results (e.g.,
Kronenberg and Tullis, 1984; Cooper and Kohlstedt,
1986) that a connected fluid phase decreases the
strength (the viscosity) of the rock and enhances the
strain rate. The strength of the crust has the general
profile depicted in Figure 3E-17 but there are sev-
eral interdependent factors {Sibson, 1984) that can
perturb it: In the ductile portion of the crust an in-
crease in the geothermal gradient, water content, or
quartz content will decrease the strength and the
brittle-ductile transition will migrate upward. More
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locally, a zone of interconnected water within the
ductile region will facilitate increased pressure so-
lution creep which enhances the strain rate. Experi-
mentally, this effect is large where grain wetting
occurs in olivine-basalt partial melts (Cooper and
Kohlstedt, 1986). The process involves the diffusion
of dissolved minerals along grain boundaries from
regions of higher stress (at asperities) where the solu-
bility is high to regions of low stress where the solu-
bility is low (Turcotte and Schubert, 1982). This dif-
fusion requires fluid interconnectivity.

Since an interconnected aqueous film has orders
of magnitude higher conductivity compared to that
of isolated pockets of H,0, the connection with rhe-
ology as outlined above strongly suggests that the
mapping of deep conductive zones is an indirect
measurement of strain levels in the crust (Fig. 3E—~
15b). Thus, we made the assertion in our Introduc-
tion (§ 3E.1) that measurements of deep electrical
resistivity may hold the key to understanding how
continental rifts deform. The association of electri-
cal resistivity with dihedral angle wetting is depen-
dent on both pressure and temperature (Fig. 3E-16a)
as well as rock type and fluid composition so the
consequences are very far reaching. Therefore, we
cagerly await more data relating the consequences
of interconnected aqueous fluids in the crust with
tectonic processes and geophysical properties, in-
cluding electrical resistivity.
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