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Magnetotelluric responses of three-dimensional bodies

in layered earths

Philip E. Wannamaker*, Gerald W. Hohmanni, and Stanley H. Ward*

The electromagnetic fields scattered by a three-
dimensional (3-D) inhomogeneity in the earth are af-
fected strongly by boundary charges. Boundary charges
cause normalized electric field magnitudes, and thus
tensor magnetotelluric (MT) apparent resistivities, to
remain anomalous as frequency approaches zero. How-
ever, these E-field distortions below certain frequencies
are essentially in-phase with the incident electric field.
Moreover, normalized secondary magnetic field ampli-
tudes over a body ultimately decline in proportion to
the plane-wave impedance of the layered host. It follows
that tipper element magnitudes and all MT function
phases become minimally affected at low frequencies by
an inhomogeneity.

Resistivity structure in nature is a collection of inho-
mogeneities of various scales, and the small structures in
this collection can have MT responses as strong locally
as those of the large structures. Hence, any telluric dis-
tortion in overlying small-scale extraneous structure can
be superimposed to arbitrarily low frequencies upon the
apparent resistivities of buried targets. On the other
hand, the MT responses of small and large bodies have
frequency dependencies that are separated approxi-
mately as the square of the geometric scale factor dis-
tinguishing the different bodies. Therefore, tipper ele-
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ment magnitudes as well as the phases of all MT func-
tions due to small-scale extraneous structure will be lim-
ited to high frequencies, so that one may “see through”
such structure with these functions to target responses
occurring at lower frequencies.

About a 3-D conductive body near the surface, inter-
pretation using 1-D or 2-D TE modeling routines of the
apparent resistivity and impedance phase identified as
transverse electric (TE) can imply false low resistivities
at depth. This is because these routines do not account
for the effects of boundary charges. Furthermore, 3-D
bodies in typical layered hosts, with layer resistivities
that increase with depth in the upper severa] kilometers,
are even less amenable to 2-D TE interpretation than
are similar 3-D bodies in uniform half-spaces. However,
centrally located profiles across geometrically regular,
elongate 3-D prisms may be modeled accurately with a
2-D transverse magnetic (TM) algorithm, which im-
plicitly includes boundary charges in its formulation. In
defining apparent resistivity and impedance phase for
TM modeling of such bodies, we recommend a fixed
coordinate system derived using tipper-strike, calculated
at the frequency for which tipper magnitude due to the
inhomogeneity of interest is large relative to that due to
any nearby extraneous structure.

INTRODUCTION

Magnetotelluric (MT) measurements are sensitive to the re-
sistivity structure of the earth, potentially to depths exceeding
100 km (Cagniard, 1953; Swift, 1967; Word et al., 1971; Vozoff,
1972; Larsen, 1981; Wannamaker, 1983). Recent advances in
instrumentation and data processing (e.g., Gamble et al., 1979;
Weinstock and Overton, 1981; Stodt, 1983) have enabled pro-
curement of precise tensor MT data. However, the skills neces-

sary to translate these measurements into trustworthy models
of subsurface resistivity have been slow in developing.

MT data are, strictly speaking, responses from three-
dimensional (3-D) resistivity structure in the earth, but tradi-
tionally they have been interpreted using 1-D and sometimes
2-D model structures (for example, Petrick et al., 1977; Stanley
et al, 1977; Rooney and Hutton, 1977). This tradition has
arisen because 3-D modeling routines require considerable
computing resources to handle complex earth structure, re-
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sources not readily available. This shortcoming produces a lack
of concensus on the interpretive errors which occur when 1-D
and 2-D computationa] aids are used in 3-D areas.

We favor keeping the interpretation of observations as
simple as possible. This philosophy underlies the major pur-
poses of this paper, which are as follows: first, develop mag-
netotelluric theory for 3-D bodies buried in otherwise 1-D
media to establish the fundamental controls on observed re-
sponses; and second, investigate the utility of 1-D and 2-D
algorithms for interpreting 3-D geology. The latter goal is
achievable only through rigorous, three-dimensional model
studies, which we perform using the computer program of
Wannamaker et al. (1984).

MAGNETOTELLURIC THEORY FOR THREE-
DIMENSIONAL BODIES IN LAYERED EARTHS

Here we pursue the essentials that determine the mag-
netotelluric signatures of three-dimensional bodies. Special at-
tention is paid to understanding the low-frequency limits of
MT responses. By incorporating this understanding with stan-
dard EM scaling concepts, in our model study we can propose
means of discriminating the response of a large resistivity
anomaly, which may represent an exploration target, from that
of a small one, which may constitute mere extraneous, overly-
ing structure.

Electromagnetic field relations

A 3-D body in the earth is a source of scattered electric and
magnetic fields. Establishing relations between the incident
plane-wave fields and the scattered and total fields, as well as
exploring the behavior of these relations as frequency varies, is
an important step toward resolving the roles of the inhomoge-
neity and the host layering in creating anomalous MT response
functions.

Governing equations.—Source-free versions of Maxwell’s
equations (Harrington, 1961) describe the total, plane-wave
induced electric and magnetic fields (E, H) as a function of
position r about a 3-D body in a layered medium (Figure 1). In
the manner of Wannamaker et al. (1984), (E, H) can be decom-
posed into an incident set (E;, H) which are the plane-wave
fields and a secondary set (E,, H,) contributed by the inhomo-
geneity. The secondary fields are specified in terms of a scatter-
ing current J; = (§, — §,)E,, where J, and §y; are the admitti-
vities of the body and of layer j containing the body, while E, is
the total electric field within the body. If the scattering current
within the inhomogeneity is known, the secondary EM fields
elsewhere can be given by integral equations (Wannamaker et
al., 1984).

Equation (7) of Wannamaker et al. (1984) describes the
source of the secondary electric field with a volume current
component ZJ,, where ? is taken to be the impedivity of free
space, and a free-charge component
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The free charge preserves continuity of normal total current
density, but in doing so makes the normal total electric field
discontinuous (Price, 1973). Furthermore, since E; is continu-
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FicG. 1. Section view showing physical properties of a 3-D body
in a layered earth.

Tensor field relations.—Considering the linearity of the gov-
erning equations of Wannamaker et al. (1984), we postulate

E%r) = E) + [P2(r)] - E? 0]
and
H°r) = HY + [Q2(n] - E?, )

where superscript zero indicates we are considering r at the
surface of the earth over which E? is constant. [P°(r)] and
[Q2(r)] are 3 x 2 normalized tensors representing the scattered
field unique for a specified 3-1> body, layered host and fre-
quency, of the form
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Note that we have subdivided the scattered field tensors into
horizontal subtensors, [B2,(r)] and [Q2(r)], and vertical sub-
tensors, [P2,(r)] and [Q2 (r)], which pertain, respectively, to
horizontal and vertical electric and magnetic field components
induced by the incident electric vector E{. Discrete, approxi-
mate versions of [P?(r)] and [Q? (r)] are computed by Wanna-
maker et al. (1984). Hermance and Thayer (1975), Larsen (1975,
1977, 1981), Klein and Larsen (1978), Stodt et al. (1981),and
Hermance (1982) also considered E- and H-field tensor ap-
proaches.
The incident fields at the surface are related through
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E? =[Z,]-H, (5)
(Cagniard, 1953; Ward, 1967, p. 117-124), with the layered

earth impedance
0 Z
”]. (6)
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¢

Using equations (1) through (5), and with [T] the 2 x 2 identity
tensor, the horizontal fields become

Ef(r) = {1 + [PR(D]} - E?, (7
and

HY(n = {11 + [Qn.(N] - [Z,]} - HY. (8)

Low-frequency conditions.— At low frequencies, such that
wavelengths in the host layers are long compared to the obser-
vation distance R from the body (Figure 1), the Helmholtz
equations of Wannamaker et al. (1984) asymptote to Laplace’s
and Poisson’s equations. In particular, note that the volume
current source term ZJ_ in equation (7) of Wannamaker et al.
(1984) vanishes. This term, to first order, is proportional to
frequency so that E2(r) and thus [P?(r)] at low frequencies are
determined solely by the free charge. However, equation (7) of
Wannamaker et al. (1984) shows that the charge density is
intimately associated with the E-field inside the inhomogeneity.
Also, the E-field interior to the body defines J,, which in turn
provides the source for the secondary magnetic field (op. cit.).
We thus require frequencies sufficiently low so that wave-
lengths within the inhomogeneity are long compared to the size
of the inhomogeneity before it is strictly valid to treat the
secondary EM fields as though induced by a zero-frequency
incident electric field. When both exterior and interior long-
wavelength criteria are satisfied, then [P?(r)] and [Q? (r)] will
be essentially real and independent of frequency.

In conclusion, with free charges E°(r) near a 3-D body re-
mains anomalous to arbitrarily low frequencies. Such anoma-
lous behavior due to this charge, when it occurs about conduc-
tive bodies, is referred to as current gathering by various inves-
tigators (e.g., Berdichevskiy and Dmitriev, 1976). Boundary
charges, however, do not enter into H(r) as frequency falls.
Over an arbitrarily layered earth, it is not difficult to show that
|Z,| decreases monotonically with decreasing frequency (see
Cagniard, 1953). In particular, for a uniform half-space, we
have
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indicating that [Z,] in this case varies as ®'/? (o is angular
frequency). Hence, even though [Q?(r)] possesses a nonzero,
low-frequency limit, H? (r) = [Q?(1)] - [Z,] - H? will vanish as
frequency approaches zero.

Tensor magnetotelluric quantities

The tensor field relations we have specified may be used to
construct MT functions. In doing so, the relative contributions
of the body and the layered host to anomalous MT functions
become evident. Studies of MT functions over single bodies,
and in particular the low-frequency asymptotes of such quan-
tities, are required before considering multiple bodies.

Impedance tensor.—The impedance tensor [Z(r)], defined by

EQ (r) = [Z(r)] - H} (), (10)
where [Z(r)] is of the form
Z Zn.
[Z(r)] = [ z. Z] (11)

can be formulated by substituting equations (7) and (8) into
equations (5). One obtains

(2] = {1 + [PL]} - (2] - {(T] + [Qum) - [Z,1} .
(12)
As frequency approaches zero, equation (12) reduces to

[(Z(n] ~ {(T] + [Py (]} - [Z,]. (13)

All four elements Z;; of [Z(r)] are related to Z, by real con-
stants, so that in this low-frequency limit a Hilbert transform
relates magnitude and phase of Z;; (Kunetz, 1972; Boehl et al,
1977). Also, it is easy to show from equation (13) that the
impedance ellipticity (Word et al,, 1971) approaches zero as
frequency becomes low (and see Ting and Hohmann, 1981).

The apparent resistivities at low frequencies are, from equa-
tion (13),

1
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for a 3-D body. Like the Z;;, all p;; are distorted to arbitrarily
low frequencies by boundary charge effects and are related to
p, = ljop,| Z,|* by positive constants as given in equation
(14). If interpreted assuming a [-D model structure, apparent
resistivity soundings distorted in this manner by a nearby 3-D
body will yield model resistivities in error by a factor p;;/p, and
model layer thicknesses in error by ./p,;/p, (Larsen, 1977,
1981).

However, since the P), become real as frequency approaches
zero, the phases of all Z;; (i.e., ¢;;) asymptote to the phase of the
layered host impedance ¢, and are no longer affected by the
inhomogeneity. Nevertheless, this does not mean that the pa-
rameters of the layered host can be recovered through 1-D
inversion of the impedance phase sounding alone. It is well-
known in the literature (for example, Cagniard, 1953), and can
be inferred from equations (13) and (14), that a specific im-
pedance phase sounding can correspond to an infinite number
of apparent resistivity soundings, and thus an infinite number
of layered resistivity structures.

Let us now briefly consider a 2-D inhomogeneity, whose
strike direction corresponds to the x coordinate axis. An x-
oriented incident electric field induces only x-oriented second-
ary E-fields about such a structure, so that the total electric
field parallels all resistivity contacts and no boundary charges
exist. This is the transverse electric (TE) mode of wave polariza-
tion (Swift, 1967). At low frequencies for the TE mode, neither
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volume currents nor boundary charges pertain as sources for a
secondary electric field; therefore, P2, becomes zero and p,, in
equation (14b) approaches p, .

Thus, if all near-surface extraneous structure were 2-D, then
1-D inversion of apparent resistivity and impedance phase
soundings identified as TE would yield models of any deep
resistivity layering below that are relatively free from distortion
due to such structure (Word et al., 1971 Vozoff, 1972 Berdi-
chevskiy and Dmitriev, 1976). On the other hand, if resistivity
structures possess finite strike lengths as do the models we will
compute, then I-D inversions in such instances potentially may
suffer serious error.

Similarly, a y-oriented incident electric field causes only y-
oriented secondary E-fields over a 2-D body. Such a field
polarizaton defines the transverse magnetic (TM) mode. How-
ever, since the incident electric field for this mode is normal to
resistivity contacts in the earth, boundary charges will be in-
duced as sources for secondary E-fields, P;’}. will have a nonzero
value to arbitrarily low frequencies and p,, remains defined by
equation (14c). Because of boundary charges, the TM mode in
the case of conductive bodies exhibits vertical current-
gathering (Park et al., 1983).

Tipper transfer tensor. —The tipper transfer function is de-
fined by

[H2 (1] = [K.(1)] - HY(r), (15)
(Word et al., 1970), in which
K.n=[K.. K,] (16)
In terms of scattered field tensors, we have
(K.n] = [Q(m]-[Z] {11+ [QRm]-[Z,1} " (17)
The low-frequency asymptotes of the tipper elements are
K.,.~-Z.20 (18a)
and
K.,=>Z,0. (18b)

Note that K., and K, are related to Z, by real constants, so
their magnitudes approach zero as frequency approaches zero
(Word et al., 1970). In addition, phases of K, and K, approach
¢, as frequency falls, since [Q, (r)] becomes real.

The tipper (Vozoff, 1972) has a magnitude given by
I T =[K.,* + K, 1”12 (19)

From equation (18), at low frequencies, the tipper likewise
becomes zero as m — 0. Because of Z,, T and [K_(r)] contain a
good deal of information about the layered host.

THREE-DIMENSIONAL MAGNETOTELLURIC
MODEL STUDY

The foregoing theoretical concepts are now exemplified using
two specific resistivity inhomogeneities. The first is a small-
scale, shallow, conductive body. This might represent a single
zone of the hydrothermal alteration which is common at geo-
thermal resource areas of the western United States (e.g., Sand-
berg and Hohmann, 1982) or some other near-surface hetero-
geneity (SEG Workshop on Magnetotellurics, Las Vegas,
1983). Such heterogeneity can reside directly over exploration
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FiG. 2. Prismatic 3-D body in a two-layered earth used to
represent small-scale, shallow structure. Dashes outline the dis-
cretization of the conductor into rectangular cells, shown only
for the right half of the body in section and the upper right-
hand quadrant in plan. Basal half-space resistivities of 400 and
4 Q- m are considered.

targets and can be extremely variable over distances of only a
few hundred meters. This presents a grave sampling problem
for MT measurements. Even if present 3-D modeling algo-
rithms could accommodate this complex heterogeneity, which
they cannot, it would be prohibitively expensive to record
sufficient MT data to delineate its response. Thus, it becomes
important to make increased use of MT response functions that
are relatively insensitive to this sort of extraneous structure.

The second 3-D body we examine is intended to portray a
sedimentary basin such as is frequently encountered in the
Basin and Range province (Stewart, 1980; Eaton, 1982). These
basins sometimes can be targets of investigations while at other
times are of only secondary interest. Our particular model
derives from study of the Milford Valley in southwestern Utah
(Ward et al., 1978 Cook et al., 1981). However, gravity surveys
suggest that the podiform geometry and overall dimensions of
our model apply to the sedimentary fill of most grabens of the
northern Basin and Range (Erwin and Berg, 1977; Erwin and
Bittleston, 1977; Cook et al., 1981; Healy et al, 1981). Apart
from relatively coarse-grained alluvium deposited from erosion
of surrounding mountain ranges, many grabens contain large
amounts of especially conductive, Pleistocene lacustrine clays
(Stewart, 1980; Hintze, 1980). Also, we have studied the effects
on MT response functions of a regional resistivity host to our
basin model, a host which reflects tectonic setting and which
may be close to one-dimensional to depths of tens of kilometers
(Brace, 1971; Wannamaker, 1983).

We have disregarded inhomogeneities which are resistive
compared to their layered hosts. Alteration by hydrothermal
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FiG. 3. Multifrequency plan maps of tensor apparent resistivities p,, and p,, over upper right-hand quadrant of the inhomogeneity
of Figure 2. The body outline in plan is shown with dashes, the basal hal -space resistivity is 400 Q-m and contour values are in
Q- m. Also, the frequency and the value of the layered earth apparent resistivity p, are given in the upper right-hand corner of each

plot.

brines discharging through rock is relatively conductive, al-
though alteration by brines discharging through alluvium may
be relatively resistive (e.g., Gamble et al., 1981). However, we
consider distributions of sediments, due to their comparatively
high porosity and clay contents, in general to be conductive
structures in relatively resistive hosts (also Porath, 1971a; Her-
mance, 1982). Sedimentary basins form through erosion with
collection of resulting detritus in topographic lows. In the
northern Basin and Range, this concept is supported by the
extensive gravity surveys cited previously. For areas where the
existence of resistive bodies can be demonstrated, future model
simulations certainly would be worthwhile.

The following MT responses were computed using the algo-
rithm of Wannamaker et al. (1984), designed to model 3-D
bodies in arbitrarily layered hosts with plane-wave incident
fields. This algorithm is an extension of that developed by Ting
and Hohmann (1981), which simulates the MT responses of
3-D structures in uniform half-spaces. Per Jones and Vozoff
(1978), MT quantities are derived from total fields computed
using two independent polarizations of E?. All calculations in
the study were performed on the Prime 400 Series minicompu-
ter of the Earth Science Laboratory of the University of Utah
Research Institute.

The response of a small-scale structure

In Figure 2, a small, shallow conductive prism appears in a
layer of overburden upon a resistive basement. The scattering
current within the body was approximated by 48 rectangularly

prismatic cells to a quadrant. Contoured MT response func-
tions shown next, with coordinate axes paralleling the axes of
symmetry of the body, were derived from 92 variously spaced
receiver points per quadrant and required about 4 hours CPU
time for each frequency on the Prime 400. One hour CPU time
on the Prime 400 compares to less than 20 s on a CRAY-1
without optimal vectorization.

Apparent resistivities and impedance phases.—The apparent
resistivity signatures produced by our small-scale structure are
displayed in Figure 3. Especially at the lower frequencies of 1.
and 10 Hz where equation (14) becomes accurate and current-
gathering is of particular importance, the anomalies are
roughly electric dipolar in nature (Stratton, 1941, p. 431-434, p.
563-573), with undershoots and overshoots with respect to p,
occurring over the ends of the body for p,, and over the sides
for p,.. Note also at the lower frequencies that the anomalies
are greater than those at 100 and 1 000 Hz. Boundary charges
cause apparent resistivities to vary spatially by a factor of
nearly 100, which is much higher than the body-host layer
contrast, although such extremes are due partly to the abrupt
nature of the resistivity contacts of the model and may be
subdued for diffuse boundaries. It is most important, however,
to realize that current gathering into conductive structure simi-
lar to our model will produce strong apparent resistivity anom-
alies that actually increase to a low-frequency asymptote as
frequency falls. The results complement the study of Berdi-
chevskiy and Dmitriev (1976), who considered a great variety of
elliptically shaped, near-surface inhomogeneities but who con-
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fined their attention to only the low-frequency limits of the
distortions due to such inhomogeneities.

Behavior of the impedance phase is entirely different from
that of the apparent resistivities, as seen in Figure 4. At 100 and
1 000 Hz, departures may appear in excess of 20 degrees from
the layered host phase ¢,, which is labeled in the upper right
corner of each panel of the figure. At 1. Hz, on the other hand,
the secondary electric field is essentially in phase with the
incident E-field and the total and incident H-fields are very
nearly equal, so that impedance phase values deviate less than 3
degrees from ¢, . Impedance phase anomalies due to our model
of small-scale, extraneous structure peak at high frequencies,
certainly in excess of 100 Hz, and contribute negligibly to
observed phase responses below 1. Hz.

Tipper transfer function.—Peak amplitudes of around 0.15
for |K,,| and 0.20 for |K,,| at 100 and 1 000 Hz over this
conductor are illustrated in Figure 5. At 1. Hz, because of the
appearance of Z, in equation (18), values of | K, | have de-
creased markedly and barely reach 0.10. Complicated anoma-
lies in the phase of elements of [K,(r)] are seen in Figure 6 at
100 and 1 000 Hz. At distance from the body at these higher
frequencies, the rather uniform spacing of the phase contours
represents an outwardly propagating secondary wavefront
from this essentially electric dipole scatterer. Beyond several
hundred meters, however, the contour spacing broadens, in-
dicating we are approaching the far-field where secondary
wavefronts become transverse electromagnetic (TEM) to z.
Phases at 1. Hz, as foretold by equation (18), have approached
the layered earth impedance phase ¢, = 31.5 degrees. In con-
clusion, responses in both magnitude and phase of elements of
[K.(r)] due to this sort of small-scale structure are most impor-
tant at frequencies above 100 Hz.

Figure 7 illustrates the effect of the layered host on [K,(r)].
At 100 and 1 000 Hz, anomalies in tipper for a conductive
basement of 4 Q-m are essentially identical to those for a
resistive basement of 400 Q- m, since at these high frequencies,
[Q2(r)] and [Z,] are insensitive to p,. Significant differences
are apparent at 1. Hz, however, with peak anomalies for p, =
400 Q- m being greater by a factor of about 44 than those for
p, = 4 Q-m. This factor 1s close to the ratio of the magnitudes
of the layered earth impedance at 1. Hz for the two layered
hosts, as explained by equation (18). One-dimensional hosts
with layer resistivities that increase with depth, through their
effect on [Z,] as discussed with equation (9), tend to prolong
the anomalies in [K_(r)] to lower frequencies than do layered
hosts that become more conductive with depth.

The response of sedimentary basins

An accumulation of Basin and Range graben alluvial fill is
depicted in Figure § as a large, plate-like inhomogeneity. Al-
though outcropping in nature, this model valley is buried 500 m
to obtain accurate results with the integral equations algorithm
(Ting and Hohmann, 1981). A model one-dimensional host for
this basin, similar to those of Brace (1971) or Wannamaker
(1983), also is illustrated in Figure 8. The scattering current in
this model was approximated by 110 rectangularly prismatic
cells per quadrant and as many as 195 receiver points per
quadrant were used to construct upcoming plots. Results re-
quired about 20 hours CPU time for each frequency on the
Prime 400.
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a sedimentary basin in the Basin and Range tectonic province
of the western United States. Dashes outline the discretization
of the conductor into rectangular cells, shown only for the right
half of the body in section and the upper right-hand quadrant
in plan. The 1-D resistivity host for this basin model is shown
toward the lower right and four points at which sounding
curves were computed are given in the plan view.

Regional current gathering.—To begin, we study the wide-
spread distortion of electric fields in the vicinity of our model of
a sedimentary basin. Figures 9 and 10 contain plan views of
total electric field polarization ellipses at 0.032 Hz over one
quadrant of the basin for x- and y-directed polarizations of E{ .
This is a fairly low frequency for this scale of structure and the
response is largely near-field or galvanic, so the ellipses are
almost linear.

A clear display of regional current gathering appears in
Figure 9, showing the undershoot-to-overshoot, electric dipolar
behavior of the ellipses expected over the end of a 3-D body for
this orientation of E . With the incident field directed along the
x-azis, a regional depression of Ef (r) occurs to the side of the
basin in the y-direction. Qutside the corner of the prism, very
large values of EY (r) occur, locally exceeding twice the incident
E-field and indicating current convergence from a large volume
of the host toward the smaller end of the basin.

The electric field ellipses in Figure 10 for a y-oriented inci-
dent E-field show behavior complementary to those in Figure
9. The electric dipolar character of the ellipses is evident over
the side of the body for this polarization of EY, in particular
causing a regional amplification of E{ (f) to the side of the basin
in the y-direction. Very small E-fields appear directly over the
model for both polarizations of E?, with the y-directed incident
field giving a somewhat more extreme anomaly.

Specific effects of the layering upon regional current gath-
ering can be demonstrated in longitudinal section views. In
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FiG. 9. Plan view of total E-field polarization ellipses over
upper right-hand quadrant of basin model at 0.032 Hz for an
x-directed incident field. The magnitude of the linearly polar-
ized E is shown in the lower right-hand corner of the diagram.

Figure 11, the basin model resides in a uniform half-space of
400 Q- m and total electric field polarization ellipses have been
computed, again at 0.032 Hz, to a depth in excess of 20 km. The
approximately electric dipolar character of E%(r) in longitudinal
section is apparent, where boundary charges result in current
from great depth gathering up to the valley. As in the plan
views involving the layered host, very large values of total
E-field are seen near the ends of the plate. The undershoot-to-
overshoot behavior of EY (r) drawn at the top of the figure is
another view of this phenomenon. At lateral distances near 40
km from the prism’s center, | E% (r)| has decayed to about 5
percent of EY,.

In Figure 12, the model is returned to its four-layered host
and E-field polarization ellipses are again calculated. In the
uppermost 400 Q-m layer containing the basin model the
ellipses are nearly horizontal and attenuate with distance much
more slowly than in the case of the half-space host. The plot of
E2 (r) in the upper part of the figure supports this, with | E2,(r}|
at lateral distances near 40 km from the plate’s center exceeding
20 percent of | E%;|. To comprehend this relatively slow attenu-
ation, one must realize that secondary currents induced in the
400 Q- m layer about the basin have difficulty penetrating the
more resistive 4 000 Q- m medium, and hence can decay geo-
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F1G. 10. Plan view of total E-field polarization ellipses over
upper right-hand quadrant of basin model at 0.032 Hz for a
y-directed incident field. The magnitude of the linearly polar-
ized E? is shown in the lower right-hand corner of the diagram.

metrically most easily in just the x-y plane (Wannamaker et al.,
1984). By contrast, secondary currents about the basin in the
uniform 400 Q- m half-space can die away readily in the z-
direction as well. Hence, the surface anomaly in Figure 12 is
observed to be important to greater distances from the body
than is that in Figure 11.

However, despite the fact that secondary current flow about
the basin in the four-layered earth has difficulty penetrating the
4 000 Q- m medium, electric field ellipses in this most resistive
layer in Figure 12 exhibit much stronger vertical components
than those at comparable depths in the 400 Q - m half-space in
Figure 11. This phenomenon is due to the preservati‘on of the
normal component of current density across layer interfaces,
which in turn means that the vertical component of secondary
electric field experiences a step jump by a factor of ten going
from the 400 Q- m layer down to the 4 000 Q- m layer (note
there is no vertical component of the primary field). Neverthe-
less, we emphasize that values of secondary current density in
the 4 000 Q- m material are actually much smaller than values
at corresponding positions in the less resistive, 400 Q- m half-
space host. Confirming this is the very flat nature of the ellipses
in Figure 12 in the deep 400 2 - m layer extending from 15 to 35
km, showing that deep regional current flow is essentially insu-
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FiG. 11. The basin model is enclosed in a 400 Q- m half-space
for this section view of total E-field polarization ellipses
through one half of the basin at 0.032 Hz. The incident field is
linearly polarized in the x-direction and its magnitude at the
surface is shown in the lower right-hand corner of the diagram.
At the top of the figure are profiled real and imaginary compo-
nents of E2_(r) normalized by | E?;|.

lated by the 4 000 Q- m layer from the effects of the conductive
basin. )

Effects of the layered host upon electric field anomalies carry
over to the apparent resistivity signatures (Ranganayaki and
Madden, 1980). In Figure 13, p,, and p,  have been plotted for
a frequency of 0.032 Hz along the y-axis of the 3-D basin model,
with both half-space and layered hosts being considered. To the
side of the basin within either host, an apparent resistivity
anisotropy in excess of an order of magnitude is observed; it
diminishes with distance from the body. With the half-space
host, neither p,, nor p,, depart more than 10 percent from the
1-D sounding p, beyond distances of about 25 km from the
center of the basin. However, the apparent resistivity anomalies
about the basin in the layered host exist to considerably greater
distances than this. With the layered sequence, p,, and p,, do
not lie within 10 percent of the p, at this frequency until about
60 km from the center of the basin, which is well off our
diagram. We conclude that in the interpretation of MT sound-
ings in the Basin and Range province, not only must one be
aware of the sedimentary basin immediately adjacent to the
soundings, but perhaps also of basins at greater distances.

Magnetotelluric strike estimations.—Principal coordinate di-
rections of tensor MT response functions provide measures of
preferred geoelectric trends. In Figure 14 are plotted off-
diagonal impedance polar diagrams as well as tipper-strike
directions for a variety of receivers over and around the basin
model at 0.032 Hz. Our definition of tipper-strike is the x-axis
for which |K,,| is maximized. The length of the tipper-strike
bars is proportional to tipper magnitude. Since | T| is zero
directly over the model, no tipper-strike can be defined here.

From the impedance polar diagrams, one sees that principal
axes of [Z(r)] occur approximately every 90 degrees, so that
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F1G. 12. The basin model is returned to the four-layered host for
this section view of total E-field polarization ellipses at 0.032
Hz. The incident field is again linearly polarized in the x-
direction and its magnitude at the surface is shown in the lower
right-hand corner of the diagram. At the top of the figure are
proﬁlgd real and imaginary components of E° (r) normalized
by | Exi | -
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F1G. 13. Profiles of p,, and p,, along the y-axis over the 3-D
basin model computed for a frequency of 0.032 Hz. The re-
sponse over the basin in a uniform 400 Q - m half-space appears
in the top half of the diagram for comparison to the response
over the basin in the layered host of Figure 8. The 1-D host
apparent resistivity p, also has been plotted with dashes for
reference for both the half-space and the layered earth.
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F1G. 14. Plan view of tipper-strike and off-diagonal impedance
polar diagrams over the upper right-hand quadrant of the basin
model for a variety of receivers at 0.032 Hz. Length of the
tipper-strike bars 1s proportional to magnitude of tipper,
exemplified by a value of | T| = 0.1 in the key.
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FiG. 15. Pseudosections of magnitude and phase of K, for
profiles at x = 0 (solid contours) and x = 9 (dashed contours)
over the 3-D basin model compared to 2-D TE pseudosections
for corresponding model of infinite strike length. Pseudo-
sections commence at y = O over the center of the basin and
extend in the y-direction. Contours of magnitude and phase
are, respectively, dimensionless and in degrees.

they alone cannot give unique strike directions (Word et al.,
1970; Vozoff, 1972). Tipper-strike parallels more closely the
true limits, both sides and ends, of the valley than does the
principal axis of [Z(r)] closest to tipper-strike (cf., Jones and
Vozoff, 1978). Principal axes of the impedance also seem to be a
less stable indicator of geoelectric trends just inside the basin.

Over single inhomogeneities such as that of Figure 8, we
conclude that tipper-strike is somewhat superior to the prin-
cipal axes of the impedance due to its closer conformity to true
geoelectric trends, its greater stability and its lack of a 90 degree
ambiguity. Nevertheless, both types of trend estimator show
reasonably close agreement overall, especially to the side of the
valley, and thus are considered largely equivalent for single
simple bodies.

Tipper pseudosections.-—Multifrequency calculations of
tipper element K _ were performed along two traverses over the
3-D basin and are compared in Figure 15 to calculations over a
2-D model of identical cross-section (Rijo, 1977; Stodt, 1978).
For display in pseudosection form, log frequency and the y-axis
serve as ordinate and abscissa for contour plots of amplitude
and phase (Vozoff, 1972). The 3-D traverses reside along the
line x = 0, over the prism’s center, and along x = 9 km, halfway
to the prism’s end. For the pseudosection displays, the x-y
coordinates of the MT response functions parallel the plate
symmetry axes. In this manner, K, over the 3-D model can be
compared to the 2-D transverse electric responses.

Pseudosection contours were constructed from compu-
tations at every half decade in frequency, from 0.001 to 100 Hz.
However, we distrust the numerical accuracy of the 3-D calcu-
lations above 10 Hz for this large body, although the dis-
cretization we have chosen is as fine as is practical with our
computer. Since 3-D and 2-D values of all MT functions pre-
sented have converged by the point that frequency has risen to
10 Hz, 3-D contours at higher frequencies were derived by
extrapolation using 2-D results.

In Figure 15, agreement in | K, | between the profiles at
x=0 and at x =9 km over the 3-D body is close at all
frequencies. However, a significant departure from the 2-D
transverse electric responses occurs below 3 Hz, with the 3-D
values at lower frequencies being greatly subdued by compari-
son. To understand this 3-D anomaly, consider the regional
depression of E{ (r) occurring over and beside the valley when
E? is x-oriented (Figure 9). The depression results overwhelm-
ingly from boundary charges on the ends of the 3-D prism and
reaches a maximum at low frequencies. These charges effect a
reduction of J, within, and hence [Q2 (r)] over, the 3-D basin.
In contrast, the lack of charges on the 2-D body allows a strong
2-D TE responsc in | K, | over a broader frequency range.

The magnitude of K, over the 3-D basin model peaks at a
frequency near 1. Hz. Both 2-D and 3-D amplitudes of | K, |
decay rapidly at frequencies below 0.03 Hz in Figure 14, a result
of the resistivity of the layered host decreasing at depths
beyond 15 km, so that | Z, | in equation (18) attenuates quickly
at these lower frequencies. Due to this phenomenon, and in
light of the strength of the 2-D response, we conclude that large
amplitudes of tipper will occur over long, high contrast bodies
in hosts that have layer resistivities increasing with depth.

Agreement between 2-D and 3-D phases of K, in Figure 15
is limited to quite high frequencies, above 10 Hz for this model.
The inclination of phase contours away from the valley above
about 1. Hz is another view of outwardly traveling secondary
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waves, and corresponds to the rather uniform spacing of con-
tours on single frequency plan maps such as Figure 6. At low
frequencies for both 2-D and 3-D valley models, phases of K,
approach the phase of the layered host impedance ¢,, which is
near 60 degrees at 0.003 Hz.

The separation in frequency of the responses of [K.(r)] for
the basin model and for the small-scale structure, apparent by
comparison of Figures 5, 6, and 15, is fundamentally a demon-
stration of EM scaling in MT responses (Stratton, 1941, p.
488-490; Grant and West, 1965, p. 478-482). In the concept of
EM scaling, small inhomogeneities can have MT responses as
strong as those of large ones. However, provided corresponding
resistivities and aspect ratios are similar, the small and large
body responses have frequency dependencies that are separated
as the square of the geometric scale factor distinguishing the
different bodies. Specifically, then, examination of observed
tipper may be a quick and easy means of identifying the pres-
ence of any large, buried resistivity anomaly, constituting per-
haps an exploration target, beneath small-scale extraneous
structure. For estimating geoelectric trends of basin sediments
like the model we have considered, tipper-strike should be
computed in the frequency range 0.1 to 1. Hz to ensure that the
basin response in [K, (r)] is strong while that of any small-scale,
extraneous structure is attenuated.

Nevertheless, it is possible that resistivity structure of a scale
significantly greater than that of typical Basin and Range
graben sediments, for instance resulting from regional thermo-
tectonic verturbations common to this province (Eaton, 1982),
can dominate tipper amplitudes at frequencies of 0.01 Hz or
below (consider Porath, 1971b). This underscores the need for
care in defiring the term “regional structure” and thus to
impose a selective weighting with respect to frequency of one’s
tipper-strike estimates (compare Gambile et al., 1982). Given the
dependence of tipper responses on both the properties of the
body and of the layered host, use of an algorithm like that of
Wannamaker et al. (1984) is recommended for assessment of
this weighting.
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FiG. 16. Pseudosections of p,, and ¢,, for profiles at x =0
(solid contours) and x = 9 km (dashed contours) over the 3-D
basin model compared to 2-D TE pseudosections for corre-
sponding model of infinite strike length. Pseudosections com-
mence at y = 0 over the center of the basin and extend in the
y-direction. Contours of p,, and ¢, are in Q- m and degrees.

Apparent resistivity and impedance phase pseudosections.-—As
was done for the tipper, apparent resistivities p,, and p,, as well
as impedance phases ¢, and ¢, have been displayed in
pseudosection form in Figures 16 and 17. A strong discrepancy
between 2-D TE and corresponding 3-D responses, designated
Py, (3-D) and ¢, (3-D), for our basin model is illustrated again
in Figure 16, this time for frequencies below about 1. Hz. This
apparent resistivity over and adjacent to the 3-D plate de-
creases as frequency falls relative to the apparent resistivity of
the layered host p,, which the 3-D response approaches at large
distances from the valley. Correspondingly, anomalously high
values of ¢, (3-D) appear in the vicinity of the body, although
the discrepancy between this quantity and the host impedance
phase ¢, is less than 5 degrees outside the valley below 0.03 Hz
and less than 5 degrees anywhere below 0.003 Hz. In contrast,
Py (2-D) falls with respect to p,, while ¢, (2-D) surpasses ¢,
only above 0.3 Hz with just the opposite behavior at lower
frequencies.

This 3-D anomaly may be explained again in terms of
boundary charges, acting on p,, and ¢, through equations (12}
and (14b). Such charges do not occur in the 2-D body for this
transverse electric mode, so that the wave equation for E_(r)
approaches the homogeneous Laplace’s equation at lower fre-
quencies and there is a diminishing contribution by the second-
ary E-field to the anomalous p,, and ¢,,. In fact, the 2-D TE
responses below about 0.1 Hz result predominantly from a
strong secondary H-field, which remains important as gov-
erned by equations (8) and (12) until frequencies under 0.001 Hz
for the 2-D basin model. On the other hand, over the 3-D
model at frequencies less than 0.1 Hz, Hp, (r) is much smaller
than that over the 2-D counterpart. Once more, boundary
charges severely depress the scattering current within, and thus
[QL.(r)] over, the 3-D body relative to the 2-D structure.
Hence, p,, and ¢,, for the 3-D basin model arrive at low-
frequency asymptotes around 0.003 Hz.

If our model is representative of graben sedimentary fill in
the Basin and Range, then 2-D transverse electric modeling
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FiG. 17. Pseudosections of p , and ¢, for profiles at x =0
(solid contours) and x = 9 km (dashed contours) over the 3-D
basin model compared to 2-D TM pseudosections for corre-
sponding model of infinite strike length. Pseudosections com-
mence at y = 0 over the center of the basin and extend in the
y-direction. Contours of p,, and ¢, are in Q- m and degrees.
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algorithms may result in erroneous resistivity cross-sections
when applied to apparent resistivities and impedance phases
identified as TE in this province. In attempting to replicate the
3-D response in Figure 16 with a 2-D TE routine, one would
need to place false low resistivities at some depth below the true
basin. Further errors through use of 2-D TE programs will
likely occur if small-scale, near-surface structure such as we
have simulated in Figure 2 is widespread (for example, see
Wannamaker et al., 1978).

Given the size of the basin model, the frequencies at which
2-D TE and corresponding 3-D MT responses agree closely
may seem surprisingly high. Wannamaker et al. (1984), how-
ever, explained that the length a 3-D body must have to achieve
agreement with 2-D TE components depends strongly on the
1-D host, with bodies in layers overlying resistive basements
needing to be longer than bodies overlying conductive base-
ments. Layered host resistivities in nature increase with depth
in the upper several kilometers (Brace, 1971; Wannamaker,
1983), exacerbating the difficulties with 2-D TE interpretations.

In contrast to the responses depicted in Figure 16, anomalies
in p,, and ¢, in Figure 17 are essentially the same for the two
3-D traverses and the 2-D profiling at all frequencies. Some
minor differences right over the valley at lower frequencies will
be explained with the presentation of sounding curves. The
reasons for this agreement are twofold. First, no secondary
H-field exists for the 2-D TM mode (Swift, 1967), and there is
only an insignificant contribution by H? (r) to the correspond-
ing 3-D response. Second, boundary charges on the sides of the
basin are included in both 2-D TM and 3-D formulations.
These boundary charges in turn lead to current gathering into
the sides of the 2-D and 3-D basin models. As was demon-
strated for the 3-D model in Figure 10, such current gathering
is manifested in the development of a crudely dipolar variation
in the electric field over the basin toward lower frequencies.
Low-frequency asymptotes to p,, and ¢, are reached by about
0.01 Hz outside the basin model. In contrast, these asymptotes
directly over the model do not occur until about 0.001 Hz due
to the tendency of the secondary and incident electric fields to
cancel here.

As was the case for the tipper, the frequency dependence of
both p,, and p,, as well as anomalous values of both ¢, and
¢,, for the basin model occur over a much lower frequency
range than for the small-scale, near-surface model of Figure 2.
This result is a further manifestation of EM scaling in MT
responses. Thus, examination of observed impedance phases
may be another straightforward means of identifying the pres-
ence of any large, buried resistivity anomaly, constituting per-
haps an exploration target, beneath small-scale extraneous
structure.

We infer from Figure 17 that accurate cross-sections of earth
resistivity may be interpreted from profiles of MT measure-
ments across elongate, geometrically regular 3-D bodies using a
2-D transverse magnetic algorithm. For 2-D TM modeling of
field data, we recommend tipper-strike for specifying a fixed
coordinate system for the MT response functions. Tipper-strike
is a stable, unambiguous strike estimator that conforms closely
to true geoelectric trends. Use of [K, (r)] to define the coordi-
nate axes will result in pseudosections that are essentially iden-
tical to those in Figures 16 and 17, with the possible exception
of field points close to the center of the model. These latter axes
may be constrained to be consistent with the majority of the

strike estimates. For single simple bodies such as our valley
model, however, principal axes of [Z(r)] probably are satisfac-
tory also for this purpose.

On the other hand, telluric distortions in any near-surface
extraneous structure such as modeled in Figure 2 may cause
scatter from sounding to sounding in the principal axes of
[Z(r)] from their orientations over the basin alone. The re-
sulting nonuniform coordinate system leads to variations
specifically in the impedance phase ¢,., and in the frequency
dependence of the apparent resistivity p,., of high spatial fre-
quency occurring at middle to low angular frequencies. These
variations in turn are due to the sedimentary basin, which has
induced a broad anisotropy in both ¢,, and ¢,,, and in the
frequency dependence of both p,, and p,., at middle to low
frequencies. A nonuniform coordinate system mixes secondary
field components of differing phases in differing proportions
from sounding to sounding, thus leading to inconsistent com-
plex quantities. These rapid spatial variations in ¢, and in the
frequency dependence of p,,, since they occur at middle and
low frequencies, would be difficult if not impossible to fit with a
2-D TM algorithm. As discussed previously, tipper-strike re-
mains relatively uniform in the face of small-scale extraneous
structure and therefore is superior to the principal axes of the
impedance for coordinate system definition.

It should be emphasized that use of a 2-D transverse mag-
netic algorithm as we propose it is no interpretive panacea. For
example, consider a buried 3-D dike-like conductive inhomoge-
neity elongated in the x-direction. If the dike is thin compared
to its depth, the measured response in p,, and ¢, may be very
weak (Vozofl, 1972), even though it can be modeled with a 2-D
TM routine. On the other hand, if the strike extent of the dike is
large compared to its depth, a strong response in p,, and ¢,,
may exist. However, this response requires a full 3-D interpreta-
tion including the effects of current gathering. Also, apart from
employing MT strike estimations in transverse magnetic mode
identification, this 2-D TM approach can make no use of the
tipper.

Furthermore, if a 3-D structure is highly irregular in geome-
try, then application of a 2-D TM algorithm can be hazardous
(Hermance, 1982). In such instances, however, we doubt the
validity of 2-D TE approaches as well. To us, the gravity
surveying of the northern Basin and Range cited previously
suggests that most graben sedimentary fill is podiform, with
limited electrical connection between basins. MT interpretation
certainly should be approached on a case-by-case basis to
avoid errors due to unwarranted generalizations. Nevertheless,
2-D TM modeling can be exploited to the fullest given careful
MT survey design at the outset utilizing independent con-
straints such as gravity and geology.

Apparent resistivity and impedance phase soundings.—To ex-
plore the applicability of 1-D interpretation schemes for 3-D
data, in Figures 18 through 21 we present principal apparent
resistivity and impedance phase soundings for positions A, B,
C, and D of Figure 8. In a manner similar to that for the
pseudosections, the transverse electric mode has been associ-
ated with p, and &,, by selecting the principal direction of the
impedance which is closest to tipper-strike as the x-axis of the
principal coordinate system (Word et al., 1970; Vozoff, 1972).
Definition of modes in this manner is common practice al-
though strictly speaking, the EM fields scattered by 3-D bodies
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do not decouple into TE and TM modes (Swift, 1967). Note in
Figure 14 that this principal axis swings, from a direction
paralleling the x-axis of symmetry of the basin model for points
A and B, counterclockwise about 40 degrees for site D until
finally it parallels the y-axis of symmetry of the basin for site C.

At point A over the basin model, principal apparent re-
sistivities and impedance phases for the 3-D body are com-
pared in Figure 18 to a 1-D response which would occur if the 2
Q-m basin sediments had no lateral bounds, i.e., formed a
continuous layer. Both p,, and p,, for the 3-D body fall increas-
ingly below the 1-D sounding as frequency falls, while both ¢,,
and ¢, generally exceed the 1-D response at lower frequencies.
For point A, p,, and ¢,, are less anomalous than p,, and ¢,,,
because the resistivity boundaries normal to the incident elec-
tric field in the former case are more distant relative to their
dimensions. Still, all the 3-D signatures depart substantially
from the 1-D response. As explained with the pseudosections,
free charges on the boundaries of the 3-D model cause a pro-
gressive depression of the electric fields for both modes over the
basin as frequency decreases.

Also in Figure 18, the 3-D responses are compared to results
over the 2-D model of identical cross-section. The 2-D TE
response is quite similar to the 1-D sounding over most of the
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FIG. 18. Principal apparent resistivities and impedance phases
Py, and ¢, (dotted curves, identified as TE) and Py and &,
(dashed curves, identified as TM), for point A over the basin
model of Figure 8. The 3-D responses were calculated every
half decade in frequency, as shown by the open and solid circles.
For comparison, the 1-D response which would occur if the
basin had no lateral bounds is shown with solid curves. Also
presented are the results for a 2-D basin model of identical
cross-section.

frequency range, but it shows some departure toward lower
frequencies. Due to the boundary charges, the difference be-
tween the 2-D TE and corresponding 3-D responses is much
more striking. On the other hand, the 2-D TM results compare
well with p, (3-D) and &,, (3-D) over the whole frequency
range, apart from a minor discrepancy mainly in amplitude
below about 0.1 Hz. We stress that is difficult to achieve accu-
racy right over a shallow, high-contrast model since the second-
ary E-field for which we solve nearly cancels the incident field
here. We are especially suspicious of the irregular 3-D behavior
around 0.1 Hz. Alternately, a small amount of current gath-
ering in the horizontal plane from the layered host may explain
at least partially the difference in these 2-D TM and 3-D results.
Nevertheless, very small changes in basin resistivity would
result in substantial changes in p,, and ¢,,, either for the 3-D
or 2-D bodies, so that in reality these discrepancies are of little
consequence.

At point B beside the basin, principal apparent resistivities
and impedance phases for the 3-D model are compared in
Figure 19 to the response of the 1-D regional resistivity profile
in the absence of the basin. The 3-D response in p,, falls
increasingly below the response of the regional host p, for
frequencies below about 10 Hz while that in ¢, exceeds &,,
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FI1G. 19. Principal apparent resistivities and impedance phases
for point B over the basin model of Figure 8. Plotting conven-
tion is the same as that in Figure 16. For comparison, the 1-D
response of the regional host to the basin model shown in
Figure 8 is plotted with solid curves. Also presented are the
results for a 2-D basin model of identical cross-section.
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especially over the middle frequency range. On the other hand,
the 3-D response p,, increases beyond p, while ¢,, is less than
¢,, again especially at mid-frequencies. For point B, p,, and
¢, are less anomalous than p,, and ¢, for the 3-D body. As
explained also with the pseudosections, free charges on the ends
of the 3-D basin model depress electric fields both over and
adjacent to the basin model for the TE mode. However, charges
on the sides of the model result in an undershoot-to-overshoot
behavior in the electric field causing depression of p,, over the
basin but amplification of p,, to the side with respect to p,.
These 3-D results are similar to those presented by Park et al.
(1983).

The 3-D results at site B have been compared as well to those
beside the 2-D model. The 2-D TE response here differs a great
deal from p, and ¢,, showing an apparent resistivity minimum
near 0.2 Hz along with a maximum in ¢,, (2-D) at somewhat
higher frequencies. Unlike the 3-D values which decrease
monotonically, the 2-D TE apparent resistivities approach the
layered host sounding at low frequencies. Again, however, the
2-D TM signatures very much resemble the corresponding 3-D
calculations over the entire frequency range. We are not certain
how much of the apparent difference is due to numerical inac-
curacy and how much is 3-D current gathering, but the differ-
ence is very small anyway.

Principal apparent resistivities and impedance phases shown
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F1G. 20. Principal apparent resistivities and impedance phases
for point C of the end of the basin model of Figure 8 compared
to the 1-D response of the regional host. Plotting convention is
the same as that in Figure 18.

in Figures 20 and 21 for sites C and D outside the 3-D basin
model qualitatively are similar to those at site B. However, in
contrast to responses at B, p,, and ¢,, at C and D appear
essentially as anomalous as p,, and ¢,, when compared to the
regional profile sounding. For site D in particular, current
gathers from large volumes of the host toward the corner of the
basin model resulting in large electric fields and large values of
P, - Furthermore, an apparent resistivity anisotropy exceeding
two orders of magnitude has occurred here.

Note especially that the transverse electric apparent resistivi-
ty defined in the conventional manner is depressed relative to
the response of the 1-D host alone everywhere over and ex-
terior to the conductive 3-D body to arbitrarily low fre-
quencies. In light of the concept of EM scaling, such depression
can be as severe locally about small conductive bodies as about
large ones. Given this depression, we are skeptical of many
published models of layered resistivity structure in the Basin
and Range and other extensional regimes. We believe many
such models have erroneously shallow depths to interfaces and
erroneously low values of layer resistivities (see also Porath,
1971a; Wannamaker, 1983).

To be sure, our skepticism is based upon the assumption that
upper crustal lateral inhomogeneities, for the greater part, are
conductive compared to their environs. It has been argued
previously that this is the case for sedimentary distributions.
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FiG. 21. Principal apparent resistivities and impedance phases
for point D outside the corner of the basin model of Figure 8
compared to the 1-D response of the regional host. Plotting
convention is the same as that in Figure 18.
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However, even if resistive inhomogeneities were as common as
conductive ones, our perception of a bias toward low resistivity
at depth probably still is valid. This bias occurs because, for a
given body-host layer resistivity contrast, the upward shift in
the TE apparent resistivity about a resistive body is less than
the downward shift in this function about a conductive body
(Berdichevskiy and Dmitriev, 1976).

CONCLUSIONS

Resistivity structure in nature is an ensemble of inhomoge-
neities of different scales, and the small structures in this col-
lection may have MT responses as strong as those of the large
ones. Any telluric distortion in overlying, small-scale ex-
traneous structure will be superimposed upon the apparent
resistivities measured over buried 3-D targets to arbitrarily low
frequencies. However, the responses of the small and large
bodies have frequency dependencies that are separated ap-
proximately as the square of the geometric scale factor dis-
tinguishing the different structures. Also, the magnitudes of the
tipper elements as well as the phases of all MT functions due to
a particular body are significant only over a finite frequency

range, i.e., they are band-limited: Thus, these quantities may

allow one to “see through” small-scale extraneous structure to
observe the signature of a buried target if the scales of the two
types of inhomogeneity differ sufficiently.

Relative to the TE response of a 2-D body of identical
cross-section, the apparent resistivity identified as TE by con-
ventional means over and around a confined 3-D conductive
body suffers a widespread depression that is increasingly pro-
nounced toward lower frequencies. This depression of the 3-D
response results from current gathering. Interpretation of such
a 3-D response using 1-D or 2-D TE modeling routines would
infer erroneously low resistivities at depth below the true inho-
mogeneity. From this we conclude that many published models
of deep resistivity derived from MT have experienced a bias
toward shallow, low resistivities.

Fortunately, our model studies have shown that centrally
located profiles of apparent resistivity p,, and impedance phase
¢, across elongate, geometrically regular 3-D prisms can be
modeled accurately with a 2-D TM algorithm. Boundary
charges are included in both 3-D and 2-D TM formulations. To
define pseudosections for transverse magnetic modeling, we
recommend employment of a fixed coordinate system based on
tipper-strike. Since [K,(r)] is band-limited, one may choose an
optimal frequency for defining a tipper-strike to minimize the
contributions of secondary structures much smaller or, for that
matter, much larger than the target.
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