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An Effect of Layered Earth on Magnetotelluric
Responses of Three-Dimensional Bodies

Hee Joon Kim* and Chol Hoon Hong**

ABSTRACT : The integral equation method is used for magnetotelluric (MT) modeling of a finite inhomogeneity in a two-
layered earth. An integral equation relates the incident plane-wave field and the scattering currents in the three-dimensional
(3-D) inhomogeneity through the electric tensor Green’s function appropriate to a layered earth. This paper describes
an effect of overburden and basement on MT responses of 3-D body. The effect of overburden is to reduce the detectability
of target, and the reduction of detectability is more apparent for conductive overburden than for resistive one. The effect
of basement, on the other hand, may enhance the anomaly due to 3-D body in the upper layer. In case of the resistive
basement current perturbations about the body tend to be confined to the more conductive upper layer.

INTRODUCTION

Magnetotelluric (MT) measurements are sensitive to
the resistivity structure of the earth, potentially to depths
exceeding 100 Km (Vozoff, 1972). Recent advances in
instrumentation and data processing have enabled pro-
curement of precise tensor MT data (Gamble et al., 1979;
Takasugi et al., 1992). However, the skills necessary to
translate these measurements into trustworthy models of
subsurface resistivity have been slow in developing, and
an overall three-dimensional (3-D) interpretation is still
not practical (Wannamaker et al., 1984a).

For over a decade, integral equations approaches have
been studied for the scattering of electromagnetic wave
from 3-D resistivity structure in the earth (Ting and
Hohmann, 1981; Das and Verma, 1982; Wannamaker et
al., 1984a). They are the most efficient for modeling one
or a few buried prisms and have been valuable for basic
physical understanding and for establishing the validity
of 1-D and 2-D interpretation of field data (Wannamaker
et al,, 1984b; Kim and Lee, 1994). Further progress in
accuracy and versatility of 3-D integral equation mod-
elings is achieved by Wannamaker (1991) through an
accurate treatment of boundary charge contributions
from the surface of a 3-D body.

The importance of overburden layers in determining
MT signature over potential ore deposits has been rec-
ognized by mining geophysicists for some time. Fur-
thermore, large-scale resistivity structures such as sedi-
mentary basins may reside in an essentially 1-D regional
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host determined by particular tectonic environment
(Wannamaker et al., 1984a). To illuminate characteris-
tics of MT responses from 3-D bodies in layered earths,
we have employed the integral equation algorithm de-
veloped by Kim and Lee (1994). Their program can ac-
comodate an arbitrary number of layers but, for sim-
plicity, we have concentrated only a two-layer case. This
paper describes an effect of overburden and basement
on MT responses of 3-D body.

TENSOR MT RESPONSES

Horizontal electric and magnetic fields at the earth’s
surface can be related by the frequency domain expres-
sion

E=Z.H+ZH, (1)
and

E=Z,H.+Z,H,, 2)
or in a concise form

E=[Z]'H 3
where

(.5 @

is the impedance tensor, and E and H are the electric
and magnetic field vectors formed by (E., E/) and (H.,
H;), respectively. Each element of the impedance tensor
Z; is transformed to its corresponding apparent resistivity
pi and impedance phase ¢; by

0= | Zi | */uow, ®)
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Fig. 1. Prismatic 3-D body in a two-layered earth. Dashes
outline the discretization of the conductor into rectangular
cells, shown only for the right half of the body in section
and upper right-hand quadrant in plan. Overburden resisti-
vities of 500 and 10 Q-m are considered.

and

o;=tan '[Im(Zs)/Re(Z5)],  1,7=1, ¥, (6)

where .=4nX 107" is the magnetic permeability, o=2nf
the angular frequency, Im (Z;) and Re (Z;) the imaginary
and real parts of Zj, respectively, and ¢; the angle meas-
ured counterclockwise in the complex plane. Because
the impedance tensor varies with respect to the coordi-
nate system, the apparent resistivity and impedance
phase derived from it also vary with the coodinate sys-
tem.

If the subsurface conductivity is only a function of z,
then the impedance measured at the earth’s surface can
be easily derived. The derivation of the surface imped-
ance is in many standard texts and is not repeated here.
The layered-earth impedance Z, is given by (e.g., Keller
and Frischknecht, 1966)

Z= m::o [coth klh.+coth"{i—lzcoth(k2},2...
kN*I (7
[coth ky-ihw-1+coth™'(—g—) ]-)}] )
where
ki= (ioa/pi)'" ®)

and p; and A; indicate the resistivity and thickness of jth

layer, respectively. Layered-earth apparent resistivity p,
and impedance phase ¢,can then be obtained from (§)
and (6).

A relationship similar to (1) and (2) can be written
between magnetic field component H. and the horizontal
magnetic field components H. and H, :

H.=AH,+BH,, 9

where A and B are unknown complex coefficients, which
are called tipper. Its magnitude is given by

ITH=(141%+ [B|)7 (10)

EFFECT OF OVERBURDEN RESISTVITY

Fig. 1 shows a rectangular prism target embedded in
a two-layered earth with dimensions 600X 300X225 m
buried 125 m beneath the surface. The resistivities of the
body and host layer are 5 and 50 Q-m, respectively, and
overburden is 100 m thick. The resistivity of the over-
burden is varied to study its effect on MT responses. The
scattering current within the body was approximated by
52 rectangularly prismatic cells to a quadrant. Contoured
MT response functions shown next, with coordinate axes
paralleling the axes of symmetry of the body, were de-
rived from 100 variously spaced receiver points per quad-
rant.

Fig. 2 shows apparent resistivity signatures for the
model with resistive overburden (500 Q-m). Layered-
earth apparent resistivities p, which are given in the
upper side of the figure, increase with an increase of
frequencies, because the resistivity of overburden is
greater than that of lower half-space. The conductive
body can be recognized with low apparent resistivity
anomalies. Especially at low frequencies of § and 32 Hz,
apparent resistivity anomalies are roughly electric dipo-
lar in nature, with undershoots and overshoots with re-
spect to p;over the ends of the body for p, and over the
sides for ps respectively. These large anomalies are
mainly caused by free charges occuring in the boundary
between the body and the host layer. Such anomalous
behavior due to this charge, when it occurs about con-
ductive bodies, is referred to as current gathering (Wan-
namaker et al., 1984b; Kim and Lee, 1994).

Behavior of impedance phases is entirely different
from that of the apparent resistivities, as shown in Fig.
3. The overshoot-to-undershoot phenomenon with re-
spect to layered-earth phases ¢, which are labeled in the
upper side of the figure, is observed at intermediate fre-
quencies of 128 and 32 Hz. The layered-earth phases are
increase with an increase of frequencies. The conductive
body can be recognized with high impedance phase
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Fig. 2. Multifrequency plan maps of tensor apparent resistivities p, and p,. over upper right-hand quadrant of the inhomogeneity
of Fig. 1. The overburden resistivity is 500 2-m, and the frequency and the layered-earth apparent resistivity p, are given in

the upper right-hand corner of each plot. The values of contour and p, are in Q-m.
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Fig. 3. Multifrequency plan maps of tensor impedance phases ¢, and ¢, for the resistive overburden of 500 Q-m.

anomalies. The impedance phases of ¢, deviate greater is more dissipated for the conductive overburden than
than 10 degrees from at higher frequencies of 128 and for the resistive one, anomalies due to the conductive
512 Hz, At 8 Hz, however, ¢., deviates less than 3 degrees body in the host layer is greatly masked for the conduc-
from ¢, because the secondary electric field is essentially tive overburden compared with the resistive one. Even
in phase with the incident electric field and total and at low frequency of 1 Hz the overshoot-to-undershoot
incident magnetic fields are nearly equal. For ¢y such behavior is not clear for the case of conductive overbur--

small deviation occurs at 1 Hz (not shown). den.
Figs. 4 and 5 show apparent resistivities and imped- Fig. 6 illustrates the effect of overburden on tipper
ance phases for the model with conductive overburden magnitudes. Upper and lower figures indicate the results

(10 ©2°m), respectively. Because electromagnetic energy for the conductive and resistive overburdens, respective-
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Fig. 4. Multifrequency plan maps of tensor apparent resistivities p, and p, for the conductive overburden of 10 Q-m.
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Fig. 5. Multifrequency plan maps of tensor phases ¢, and ¢, for the conductive overburden of 10 Q-m.

ly. Large amplitudes of tipper always occur over the
sides of the body. Tipper magnitudes peak at 32 Hz for
the conductive overburden and at 128 Hz for the resistive
overburden. An effect of 1-D layering is less significant
for tipper than for apparent resistivity and impedance
phase. The maximum anomaly for the case of resistive
overburden is only about twice for that of conductive
overburden.

EFFECT OF BASEMENT RESISTMTY

A model is given in Fig. 7 to show a model to explore

an effect of basement resistivities on MT responses of
a 3-D prism. Shallow conductive prism of 5 {}-m appears
in an overburden overlain upon resistive and conductive
basements. The size of prism is 300X 300X600 m, and
its depth is 25 m. The first layer is 400 m thick and its
resistivity is 50 Q-m.

The apparent resistivity signatures produced by the
model structure shown in Fig, 7 with resistive basement
(500 2-m) are displayed in Fig. 8. Especially at low fre-
quencies of 1 and 8 Hz, the approximately electric di-

polar character of apparent resitivities is apparent over
the ends of the body for py and over the sides for px.
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Fig. 6. Multifrequency plan maps of tipper magnitude | T | for conductive (upper row) and resistive (lower row) overburden.

The contours are dimensionless.
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Fig. 7. Prismatic 3-D body in upper layer. Basement resis-
tivities of 500 and 5 Q-m are considered.

Boundary charges cause spatial apparent resistivity var-
iation by a factor of nealy 25 for p,, and 40 for p,., which
is much higher than the resistivity contrast of the 3-D
body to overburden. Such extremities are mainly due to
the phenomenon that current gathering into conductive
structure produces strong apparent resistivity anomalies

that actually increase to a low-frequency asymptote as
frequency falls. At high frequencies of 64 and 512 Hz,
the overshoot-to-undershoot behavior is not so obvious
and apparent resistivities are smaller than layered-earth
apparent resistivities.

Fig. 9 shows impedance phases for the model with
resistive basement. At the high frequencies of 64 and 512
Hz, depatures may appear in excess of 17 degrees from

the layered host phase ¢, while at 1 Hz the impedance
phases deviate less than 3 degrees from ¢. Impedance
phase anomalies due to the conductive body, extraneous

structure peaks at high frequencies, certainly in excess
of 64 Hz, and contribute negligibly to observed phase
responses below 1 Hz.

Apparent resistivities and impedance phases for the
model with conductive basement (5 Q-m) are displayed
in Figs. 10 and 11, respectively. At higher frequencies,
anomalies due to the 3-D body for the case of conductive
basement are similar to those for the case of resistive
basement. At lower frequencies, however, anomalies are
much different between the two cases.

When the effect of basement resistivity is considered,
two factors seem to be important. First, dissipation of EM
waves in conductive media is greater than in resistive
ones. Second, current perturbations about a 3-D body
overlying a resistive basement tend to be confined to the
less resistive upper layer. This leads to a geometric at-
tenuation of the secondary fields with distance that is
slower when a resistive basement is present than when
a conductive one is. For example, the contribution of free
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Fig. 8. Multifrequency plan maps of tensor apparent resistivities p, and p. for the resistive basement of 500 -m.
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Fig. 9. Multifrequency plan maps of tensor impedance phases ¢, and ¢,. for the resistive basement of 500 Q- m.

charge on the ends of the 3-D body to the secondary the target from being detected. The shading effect is more

electric fields is stronger for a resistive basement than apparent for conductive overburden than for resistive
for a conductive one. one, because the dissipation rate of EM waves is pro-
portional to the conductivity of the medium. For resis-

CONCLUSIONS tive overburden apparent resistivity anomalies due to the

conductive body at low frequencies are approximately
The calculations shown in this paper indicate that MT electric dipolar character, with overshoots and under-

responses of 3-D conductive body are affected by the shoots with respect to layered-earth apparent resistivities.
nature of 1-D layering. An effect of the layering is more Similar overshoot-to-undershoot phenomenon occurs in
significant for apparent resistivity and impedance phase impedance phase anomalies for resistive overburden but
than for tipper magnitude. at higher frequencies. Tipper anomalies show only a

The effect of overburden on MT responses is to shade small difference between for resistive overburden and for
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Fig. 11. Multifrequency plan maps of tensor impedance phases ¢, and ¢.. for the conductive basement of 500 Q- m.

conductive one.

For a shallow conductive body strong MT anomalies
with electric dipolar character are caused by boundary
charges. The anomaly due to the conductive body in the
upper layer is higher when a resistive basement is present
than when a conductive one is. For the resistive base-
ment current perturbations about the body tend to be
confined to the less resistive upper layer.
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