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ABSTRACT

The electric and magnetic fields scattered by a three-dimensional
inhomogeneity in a‘conducting earth result largely from current-
gathering, a boundary polarization charge phenomenon that becomes
increasingly important as frequency falls. Boundary charges cause
normalized electric field magnitudes, and thus tensor apparent
resistivities and magnitudes of vertical admittance elements, to remain
anomalous as frequency approaches zero. However, these E-field
distortions below certain frequencies are essentially in-phase with the
incident electric field. In addition, secondary magnetic field
amplitudes over a body ultimately dec]inevin proportion to the layered
host impedance. 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 inhomogeneities
of various scales, and the small structures‘in this collection can have
MT responses as strong as those of the large structures. Hence, a severe
distortion due to current-gathering‘in any nearby, small-scale geological
noise can be superimposed to arbitrarily lTow frequencies upon the
apparent resistivities and vertical admittance magnitudes of buried
targets. On the other hand, the MT responses of small and large bodies
have frequency dependenciés that are,-in geheral, separated as the square

of the geometric scale factor distinguishing the different bodies.




Therefore, tipper element magnitﬁdes as well as the phases of all MT
functions due to small-scale geological noise will be Timited to high
frequencies, so that one may “see through" geological noise with these

functions to target responses occuring at lower frequencies.

The applicability of 2-D transverse electric (TE) modeling
algorithms is very limited, since this 2-D mode involves no boundary
charges and hence no current-gathering. Furthermore, 3-D bodies in
layered hosts typical in nature, with layer resistivities that increase
with depth in the upper 10 or more km, are even less amenable to 2-D TE
interpretation than are similar 3-D bodies in uniform half-spaces.
However, centrally located profiles across elongate 3-D prisms may be
modeled accurately with a 2-D transverse magnetic (TM) algorithm, which
'%mp1ic1t1y includes current-gathering in its formulation. In defining
apparent resistivity and impedance phase for TM modeling of such bodies,
we recommend a coordinate system derived using tipper-strike, calculated
at the frequency for which tipper magnitude dpe to the structure of

interest is large relative to that due to any nearby geological noise.




INTRODUCTION

Magnetotelluric (MT) measurements are sensitive to the resistivity
structure of the earth; potentially to depths exceeding 100 km
(Cagniard, 1953; Swift, 1967; Word et al., 1971; Vozoff, 1972; Jupp and
Vozoff, 1976; Larsén, 1975, 1981). Recent advances fn instrumentation
and data processing (e.g. Gamble et al., 1979; Weinstock and Overton,
1981; Stodt, 1982) have enabled procurement of very accurate tensor MT
data. However, the skills necessary 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 traditionally 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;
Parker and Whaler, 1981). There are two reasons for this. First, 3-D
modeling routines require considerable computing resources to handle
complex earth structure, resources not readily avai]asle. The second
reasoh, re]ated.to the first, is the lack of.concensus on the

interpretive errors which occur when 1-D and 2-D computational aids are

used in 3-D areas.

We favor keeping the interpretation of observations as simple as

possible. This philosophy underlies the major purposes of this paper,




which are as follows: first, develop magnetotelluric theory for 3-D
bodies in layered earths to establish the fundamental controls on
observed responses; and second, investigate the utility of 1-D and 2-D
algorithms for interpreting 3-D geology. This 1atter.goa1 is achievable
only through rigorous, three-dimensional model studies, which we perform

using the computer program of Wannamaker and Hohmann (1982).




MAGNETOTELLURIC THEORY FOR THREE-DIMENSIONAL

BODIES IN LAYERED EARTHS

It is our intent here to outline the essentials that determine the
magnetotelluric (MT) signatures of arbitrary 3-D bodies. The first two
subsections on electromagnetic (EM) field relations and tensor MT
quantities focus upon single 3-D inhomogeneities in layered earths, with
special attention paid to Tow-frequency 1imits of MT responses. These

are followed by an application of basic EM scaling concepts to measured

oMT functions, in order to distinguish the anomaly of a large structure,

which may represent an exploration target, from that of a small one,

which may constitute geological noise. Magnetotelluric observations in

~nature, of course, result from coupled inhomogeneities, and we address

this matter in the final theoretical subsection with an accurate

approximation to multiple body responses.

Electromagnetic Field Relations

A three-dimensional 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 a
step toward resolving the roles of the 1nhomogéneity and the_host

layering in creating anomalous MT quantities.

Governing Equations. - A 3-D body in an n-layered earth is shown in
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Figure 1. For plane wave excitation and an e~ time dependence,

Maxwell's equations,

and

Vth = 'Jt ,

define the total electric and magnetic fields (ﬁt, ﬁt) as a function of
position r, where jt = 9€t is the total current density, ¥ = 0 + Zwe is
the admittivity and Z = iwuo is the impedivity. Conductivity is denoted
o, the dielectric permmittivity ¢ is assumed constant throughout the
earth and the free space value Mg is assigned to the magnetic

permeability everywhere.

Following Wannamaker and Hohmann (1982), (Et, ﬁt) are decomposed
into an incident set (Ei’ ﬁi) which are the plane wave fields, and a
scattered set (Es’ ﬁs), contributed by the inhomogeneity. Helmholtz

equations in layer 7 with the body in layer J can be written

@*+ K2)E, = O , (3)
@+ k)R, = 0 , (4)
@ KE = 0 t#j , (5)
(%2 + kfiﬁ? =0 ¢35 , (6)
32+ KJ)E, = (%jw + 2)3, 1=] (7)

and




(%4 KEH = -9x 3, =5, (8)

in which k; = J-i?z is the wavenumber in layer 7. If the body cuts
across layer interfaces, subscript 5 refers to any layer containing a

portion of the body.

In (7) and (8), 35 = (9b-?j)ﬁb is an equiva]ént scattering current
‘substituting for the inhomdgeneity, where 9b and Eb are the admittivity
and the total electric field within the inhomogeneity. A Helmholtz
equation governing Eb can be written by summing (3) and (7), provided
one realizes that Et = Eb and that Z = 7 in (3). However, if one
assumes for simplicity that 9b is constant within the body, then the sum

of (3) and (7) can be rearranged to yield an alternate governing

equation for Eb’ which is

~where k= —29b .

In (7), %?6-35 describes a distribution of free charge p on the
J .
boundary of the body. This boundary charge preserves continuity of

nomal jt’ but in dbing'so makes normal Eﬁ discontinuous across the

boundary of the body, i.e;;’

V'Js T € "vv'E

oL

-

Furthermore since E; is continuous, €:Es=:§-ﬁt, From a physical
standpoint, the charge density of (10) results from a minute, time-

harmonic divergence of conduction current Ec ="Et (Priée, 1973).

The solutions for Et and ﬁt in (3) through (8) are given by the




integral equations

Et(ﬁ) = EI(F) M ES(F) = EI(Y.\) + 5(95“9])Gf(f‘ F')‘EB(F‘\)dV' (11)
and
A = R+ Bw = B e (6,-9) 815 Eyrav (12)

which are also valid within the body. The 3 x 3 dyadic Green's
functions éf(F;W) and é:(F;FW relate a vector field at + in layer
to a current element at F' in layer 7 including 7 = 7 (Wannamaker and

Hohmann, 1982).

Tensor Field Relations. - Considering the linearity of all previous

equations, we postulate

E:(v‘-) = E + 5:(\1){‘; (13)
and
How = HY o+ G Ef ()

where superscript © indicates r is at the surface of the earth over
which E? is. constant. Sg(?) and 62(?) are 3 x 2 nomalized tensors
representing the scattered fields unique for a specified 3-D body,

layered host and frequency, of the form

and




F?; (;ﬂl T QXY
R [ a2 e
' Qg Oy |

Note that we have subdivided the scattered field tensors into horizontal
subtensors, 32(?) and 5ﬁ(?), and vertical subtensors, gS(F) and 53(?},
which pertain respectively to horizontal and vertical electric and
magnetic field components induced by the incident electric vector E? .
Discrete, approximate versjons of 52(?) and 62(?) are computed by
Wannamaker and Hohmann {1982), and Larsen (1975, 1977, 1981) and Klein

and Larsen (1978) have also considered E- and H-field tensor approaches.
The incident fields at the surface afe related through
E. = Z,-Hj (17)

(Cagniard, 1953; Ward, 1967, p. 117-124), with the layered earth

impedance
w 0 Z
Zﬁ[ ‘} - (18)
-Z, O .
In equations (13) and (14), EE(F) and ﬁg(F) referred to total

electric and magnetic fields at the earth's surface, including vertical

- -

field components. Subsequently, however, Eg(r) and ﬁ:(F) will denote
just the horizontal total fields at the surface, since we will need
these fields to define magnetotelluric tensor quantities. Using (13)
through (17), and with 7 the 2 x 2 identity tensor, the horizontal

fields become

10




Eyey = [T+ ] ES (19)
and
Ho(7) = [T+ 0p (712,113 (20)

Low Frequency Conditions. - At low frequencies, such that
lklﬁl <<'1 for all Z, where R = # - #' in Figure 1 is the observation

distance from the body, the Helmholtz equations (3) through (8) become

¥2E. = 0 . (21)
72H, 2 0 , (22)
PiE, 0 1#j , (23)
92H, ~ 0 1y, (24)
¥2E, ~ 7§93, = L5 - (

s ¥ 5 09 Jo = ¢ 1= (25)

3
and

62ﬁ5 o —ﬁxjs = I=j , [(26)

which are Laplace's and Pqisson's equations. In particular, note that
the volume current source term 235 in equation (7) is not present in
equation (25). This term, to first order, is proportional to w so that,
from equations (10) and (25), Eg(?) and thus 52(?) at low frequencies

are determined solely by the boundary charge p.

This is not to say that it is necessarily valid to treat the
secondary fields given by (23) through (26) as though they were induced

by a zero-frequency incident electric field. Eduations (9), (10), and

11




(25) together show that the charge density p is intimately associated
with the E-fie]d inside the inhomogeneity. Also, the E-fie]d interior to
the body defines 35, which in turn pfovides the source for the secondary
magnetic field in (26). For very conductive inhomogeneities over a
certain range of frequencies, Laplace's equation may be a poor
representationlof the electric field behavior within the body, even
though Laplace's and Poisson's equations could be accurate exterior to
~the body in the more resistive host. We thus require frequencies
sufficiently low so that ane]engths within the inhomogeneity are long
compared to the size of the inhomogeneity before assuming that (9)

reduces to
ﬁzﬁ ~
b . (27)

This interior long-wavelength criterion may be written symbolically
as |kyL| <<'1, where L is some characteristic dimension of the body.
.The dimension L of course differs from body to body; to quantify it
rigorously requires computer simulation of the electromagnetic response
of the particular body under consideration. Quantifying low-frequency
MT reponses over resistivity structures of interest fo the geophysical
community receives major embhasis in the model studies performed fn this
paper. Nevertheless, our low-frequency analysié provides the following
fundamental concept: -when.both-1ong—wave1ength criteria, [klﬁi <1
and |kbL§ <1, are sétisfied,‘then 32(?) and 52(?) will be essentially
real and independent of'frequency., Thus, the layered host plus the
inhomogeneity défihe the frequency depéndence;of electromagnetic

measurements.

Perhaps the most important conclusion to reach fram the development

12
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to this point is that boundary polarization charges, acting through
equation (25), cause Eg(?) near a 3-D body to remain anomalous to
afbitrérily low frequencies. Such anomalous behavior due to p, when it
occurs about conductive bodies, is referred to as current-gathering by

various investigators (e.g., Berdichevskiy and Dmitriev, 1976).

Current-gathering, however, leads to no such effect on ﬁ:(?) as

frequency falls. Over an arbitrarily layered earth, it is not difficult
to show that |Zzl decreases monotonically with decreasing frequency (see

Cagniard, 1953). . In particular, for a uniform half-space, we have

v WP
O’,o ’ (28)

21 - 2

dicati 9 ~ 1/2 ‘ Bov

indicating that Z2 varies as w . Hence, even though Qs(r) possesses a
KN ~N n >

non-zero, low-frequency limit, Hg(F) = Q?(F)-Zz-Hg will vanish as

frequency approaches zero.

Tensor Magnetotel luric 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 evidedt.
Studies of MT functions over single bodies, and in particu]ar the low-
frequenéy asymptotes of such quantities, are required before sqch

functions over multiple bodies can be understood.

iﬁpedance Tensor. - The existence of the general impedance tensor
7(7), defined by

-

E,(7) = 2()H, () (29)

13




where f(?) is of the fom

y4
Z(F) = | XX (30)
Zyx Zyy 1

can be demonstrated by substituting (19) and (20) into (17). One

obtains

vl

N nN ~NQ o o ~o ,_
Z(F) = [T+ B (F)]- 2+ [T + Q(F)-£,] . BD
Whenever observatipn points are on, and measurement axes are parallel to

axes of symmetry of a 3-D body, 3g(F) is diagonal and 6g(F) and 7(v) are

antidiagonal.

As frequency approaches zero, so that ]kiﬁl, |kbL| and lZzQ?j
<< 1, equation (31) reduces to
2 2 [T+ B (]2, . (32)

A1l four elements Zij of %(F) are related to Zz by real constants, so
that in this low-frequency 1imit a Hilbert Transform relates magnitude

and phase of Zij (Kunetz, 1972; Boehl et al., 1977).

The apparent resistivifiéS'at Tow frequencies are, from (32),

Pxx © EL';,ZLIE"P:Y!Z . (33a)

pxy’é@%‘zzlz‘“*"’:xla . (33b)

Pyx # J/!/:,lez*f'”’;ylz (33¢)
and

Pyy © Z;TO’ZLJZ‘IP;JZ (33d)
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for a 3-D body. Like Zij’ all pjj are distorted to arbitrarily low
frequencies by boundary charge effects and are related to Py = 5%6lzz|2
by positive constants as given in (33). If interpreted assuming a 1-D
model structure, apparent resistivity soundings distorted in this manner
by a nearby 3-D body will yie1d model resistivities in error by a

factor pij/p2 and model layer thickness in error by Ypij/pz (Larsen,
1977, 1981).

However, since P?j become real as frequency approaches zero, the

' phase; of all Zij(i;e., ¢ij) asymptote to the phase of the layered host
. impedance ¢z and are no longer affected by the inhomogeneity.
Nevertheless, this does not méan that the parameters of the layered host
can be recovered through one-dimensional inversion of the impedance
phase sounding alone. It is well known in the literature (for example,
Cagniard, 1953), and can be inferred from equations (32) and (33), that
a specific impedance phase sounding can correspond to an infinite number
:of'apparent resistivity soundings, and thus an infinite number of

layered resistivity structures.

Let us now brief\y-consider a two-dimensional inhomogeneity, whose
strike direction éo;reSandS"to'theuk coordinate axié..vAn x-oriented
incident e]ectric~fie]d'inducesfonly'x-oriented secondary E-fields about
such a structure, so that fhe total electric fie]d‘para]1e1s all
resistivity contacts and no boundary charges exist. This is the
transverse electric (TE) mode of wave pq]arization (Swift, 1967). At
Tow frequencies for the TE mdde,lneither volume currents nor boundary
charges confribute as ﬁources for a secondary electric field;

therefore, ng becomes zero and Pyy in (33b) approaches Py Similarly,
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a y-oriented incident electric field causes only y-oriented secondary E-
fields over a 2-D body. Such a field polarization defines the
transverse magnetic (TM) mode. However, since the incident electric
field for this mode is normal to resistivity contacts in the earth,
boundary polarization charges will be induced as sources for secondary
E-fie]ds, Psy will have a non-zero value to arbitrarily low frequencies
and Pyx remains defined by (33c). Because of boundary charges, the ™M
mode in the case of conductive bodies exhibits two-dimensional current-
~gathering. Thus, if all near-surfacg”ggolqgical1noise were two-
dimenéiona], theh‘one-dimensioﬁalAinversion of apparént resistivity and
impedance phase soundings- identified as TE would yield models of deep
resistivity layering that are relatively free from distortion due to
such noiées (Word et al., 1971; Vozoff, 1972; Berdichevsky and Dmitriev,
1976). In our opinion, however, geological noise in nature is generally

not two-dimensional.

Vertical'ﬁ-FieldvTensors. - Vertical magnetic field transfer

functions are defined by (Word et al., 1971)

P = R Rpe) e
and

sy = ¥ (8. FOrs 35

H, (F) = Y, (F)-EJ(F) ,  (35)
in which

Ky (7) = [Kpy Kgyl (36)
and
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§2(F) = [sz YZY] . (37)

In terms of scattered field tensors we have

R0 =8 2,018 + G037 (38)
- and
V00 = G-I+ B! 69)

The low frequency asymptotes of the tensor elements are

 ;   L e o v ‘ _
Ko ¥ 20 | o, (s02)
Kzy * 2,0, , (40b)
o o 0 no '
Yo ® 0 (1tPyy) = Qg Pyy (41a)
o o [~ [+ :
(I+Pxx)(l+Pyy) - P*YPYx
and
-] -] o 0
Y,y 2 sz(“Pxx) - Py (41b)
! (1+P2 Y(1+P0) = PO P2 ‘
XX Yy xy' yx
Note. that K,x apd:sz arg ﬁelatgd.tp_zz by reg] constants, so their.

magnitudes approach zero as'freqﬁehcy'appkoéches zero. In addition, -

. ; . » . N0, =
phases of sz and sz_approach ¢21as:freqqency falls, since Qv(r)
becomes real. waeVef, due to po]arization charges, |Y,,| and |Yzy|
remain permanent]yvdiStokted‘as frequency dfops, although the phases
will asymptdte to zero (or 180°). Even'oVer_a_Z-D body, Vz(?)

remains anomalous as frequency drops, since in the low-frequency limit

Y. =qQ% .
we have 2% QZx

The tipper (Vozoff, 1972) has a magnitude given by
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2 2!
T = DK™+ K, 17 (42)
From equation (40), at low fréquencies, the tipper becomes
1= 12,0 1105, 17 + 107,121 ()

which approaches zero as w > 0, Furthérmore, because of ?2, T and

ﬁZ(F) contain a great deal of information about the layered host.

Analogous to tipper, one may define a vertical admittance function

A, of magnitude given by

18] = [1¥aul? + 17,217 o (a)

Substitution of (41) into (44) shows that anomalies in A over an
inhomogeneity will exist to vanishingly low frequencies, since there is
no attenuation by %z as in the case of the tipper. On the other hand,
the absence of 72 in the definitions of A and VZ(F) means that these
quantities are determined more exclusively by the inhomogeneity as
opposed to the layered host than is the tipper, though there is some
information about the layering in 52(?) and 62(?) (Wannamaker and

Hohmann, 1982),

Behavior of MT Quantities under EM Scaling

While our diScussion.to this poinf'has been confined to sing]e
bodies, we must recognize'that natural resistivity structure is an
ensemble of inhomogeneities of various scales within a layered host.
The following specific application of standard electromagnetic $éa1ing
concepts (Stratton, 1941, p. 488-490; Grant and West, 1965, p. 478-482)

can aid in discriminating large bodies from small bodies on the basis of
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Structure A

Structure B

'O._ — » —

B ’Edr‘\j
+ da”-z = edAn-z
th-/ T ‘thn-/ an-l= o;‘\n-/'
dBn 7 edAn-/
Op, = Oa,

Figure 2. Scaled conductivity distributions used in discussion of EM
scaling. Values of conductivity at corresponding points in body or

layering have been preserved, i.e., OA(rA) = OB(Y‘B).
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the frequency dependence of their MT responses.

Consider geometries A and B of Figure 2, identical except for a
dimensional scaling of the second with respect to the first by a factor
€. We define the conductivity distributions OA(FA) and GB(FB) of Figure
2 to‘include both inhomogeneity and host layering of geometries A and B,
and set them equa)l tb each other (i.e., og(fg) = OA(FA))- The
structures are excited by incident fields (E?A, E?A) and (ﬁ?B, ﬁ?B) of

. . 21 - .
different frequehc1esf wA and wB E?'wA’ so that an induction number,
T PO PPN P T ey
6 = W hOu(FRIPA| = W kT (R[] F , (45)

is preserved, whére  is a unit vector in the ¥ direction and we ignore

displacement currents in the earth.

Under such scaling, secondary field tensors 52(?) and ﬁg(?),

remain invariant, where

Hor) = Romr RS (46)
and

~No nNo n

RJP) = Q,(F) 2, R CY)

and where ﬁg(?) is of a form identical to that of 32(?) and 62(?) in

(15) and (16). In other words, similitude requires that we have

Boa(Ry) = PO (P = P2(B) (48)
and
RS (R = Rog(Rp) = RJ(B) (49)
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This is not so with %z or 62(?) individually. In fact, in terms of
the structures of Figure 2, one may show from Cagniard (1953) that
Zyp = €248 (50)

for an arbitrarily layered earth, and that hence from (47) and (49),

~ | 0

Q:H(FA) = 'Eésg(r‘g) (51)

However, the phase of the Tayered host impedance is invariant to

scaling, (Cagniard,'1953);'meaning

b= by = 6, (P) o (52)

One may continue, using (31), (48), (50) and (51), to show that

in“ﬂ’ = £2,(7y) ,  (53)
leading to
Piia = Pis = Piy(8) (54)
and o
¢w " e ® éijté) - . (55)

Furthermore, from equation'(38), (50) and (51),

N

Kon(ig) = K g = K, (8) (56)

However, (39), (48) and (51) lead to the equality

~

AL £ V5079 (57

2 z

This has been a rather restricted discussion of EM scaling. In
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particular, we needed to scale layer thicknesses in addition to body
dimensions for the equations to be strictly valid, whereas the real
earth consists of multiple inhomogeneities within a single layered
sequence. A consideration of bodies in uniform half-spaces would have
circumvented this difficulty, but with an attendant loss of generality.
The requirement that cofresponding media between structures A and B have
equal conductivities is a further limitation, which is not necessary in

all applications of similitude.

| Thebspecfa1ized nature of‘this development, however, does not
detract from the fundamental conclusion of equations (54) through
(57): small inhomogeneities can have MT responses as strong as those of
large ones, although the small and large body responses have frequency |
debendenﬁes that are, all else being equal, separated as the square of
the geometric scale factor distinguishing the different bodies. An
exception is the magnitude of VZ(F), for which large structures yield
greater anonalies than do small ones, although the aforesaid Separation

of responses in frequency still occurs.

Coupled Body Theory

We are finally in a position to study the MT responses of coupled
inhomogeneities in a layered earth. The forthcoming analysis is
approximate, but calculations in Appendix A verify its accuracy.
Furthermore, the framework of the development is very convenient, in
that it allows straightforward application of the relations of our EM

scaling study.

Consider simply two adjacent structures, A and B, for example as in
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Figure A-1, the latter of a scale several times greater than the former.
Fields scattered solely from the larger structure may be sufficiently
constant over the smaller to behave, with the incident plane waves, as
uniform total source fields for the smaller body. It is thus assumed
that 33 within the Targer body is affected negligibly by the smaller.

In addition, for simplicity, we consider the smaller structure A to be

outcropping.

Horizontal Field Relations. - Secondary horizontal fields at the
surface scattéred‘from the smaller structure A by itself, in terms of

the incident electric field, are written

B2 (m) = Pl E; (58)
énd
F;:A("“) = Qp™)-E; (59)

Note that henceforth we define ES(F) and ﬁ:(?) about either structure A
or structure B to contain only horizontal components. If the total

horizontal fields about the larger body alone are given by

E:B(F)= [fﬁ-ﬁﬁa(ﬁﬂ-ff (60)
and
=0 _ ~ 'No _ n 0o
Heg(F) = [T+ QpgP) 2] H, (61)

then perturbed horizontal secondary fields scattered by the smaller body

Tocated at FA are

ESy(F) 2 BLae) [T+ Bp(rpl EF (62)
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and
Hoa(®) 2 Qp (R [T+ BRar] ES ~(63)
An approximate impedance defined by

[EgaM+ ES ] 2 2[R M+ R (P] (64)

results from (60) through (63), giving

~N

Z 2 ST+ B + B[+ ﬁ:B(FA)]Eé

(65)
T+ o,.Bm Zy + O [T Bl 20

This expression for the coupled body impedance quantifies the
distortion of the apparent resistivity signature of a large
inhomogeneity, perhaps representing a buried target, resulting from
current-gathering in a small-scale near-surface inhomogeneity, which may
constitute geological noise. The key is equation (483) of the previous

EM scaling discussion which indicates that Ph!( may be as great

as PgB(F) near the smaller structure, even at low frequencies. However,
only a minor effect on the impedance by the magnetic field of the
smaller stkﬁcture is Tfkely af‘éiY‘but high frequéncies when the larger
body is not responding, since equation (51) holds that ﬁgB(F) is

generally much greater than 5ﬁA(F) .

The impedance phase response of the larger body may suffer some
effect due to the smaller body, even at low frequencies whereyﬁzA(?) is
essentially real. This is chiefly because PtP( \) is not a diagonal
tensor, as can be ver1f1ed hy assuming PhB(rA) = PgB(F) in the vicinity

of structure A and expanding f(?) of (65) into its individual elements

24




Z If coordinate axes can be chosen such that shB(FA) is nearly

ije
diagonal, this problem should be inconsequential, and methods of

ascertaining these axes in the presence of small-scale geological noise

will be developed in upcoming sections of this paper.

Vertical Magnetic Field Relations. - A similar analysis is possible
for EZ(F) and 72(?). Letting the vertical magnetic field over the

smaller structure alone be given by

: O Ay N ey B T ~
o HG Y = Qe By . (66)

then the perturbed vertical field in the presence of structure B is
oo Qua () [T+ Brotspl E5 o (67)

The vertical field of the larger structure B is'

We now introduce the approximate definitions
EMCERE WO ERECRENOTENG) (69)
and
(R + R 2 (R [E L0 By )] (70)

With equations (60) through (63), (67) and (68), the vertical field

transfer tensors of (69) and (70) are

~NOo

Kotey 2 (B2 + 80,0 [T + Blatral]- 2

~ N o n N o~ ~ "
T+ Qpa®rZy + 8 ) [T+ Brgtrpl 2,8




and

o, ~n

V0 = 8% m + Qe [T+ BraEa]
{1+ Blgtr + By L3+ Bptrly”

Equation (51) of the EM scaling concepts discussed earlier
indicates that scattered H-field tensors 5gA(F) and 53A(F) of the
smaller structure will be of lesser size than 6%8(?) and 538(?) of the
larger structure in equation (71) at all but high frequencies where the
larger structure is not responding. Hence, near-surface geological
ﬁoisé should notbseribusly affect estimates of ﬁZ(F) due to a buried
target, provided the sizes of_the noise and target structures are
Sufficiently different. Assessment of what constitutes sufficiently

different sizes requires computer simulation of MT responses of specific

inhomogeneities, such as we present shortly.

Howevér, the electric field distortion from current-gathering in
geological noise has a profound effect on the magnitudes of elements
of VZ(F) since, as explained previously with the coupled body
- impedance, 3§A(F) may be as great as BgB(F) near the geological noise,
even at low frequencies.. This ana]y;is overrules the suggestion of
equation (57), which ignored coupling between bodies, that the
admittance response of sma]l structures would be dwarfed by that of
large structures. Also, as with Z(F) in (65), coordinate directions
must be selected so that SSB(;A) of (72) is nearly diagonal to avoid
substantial disruption of target vertical admittance phases by the

geological noise.
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THREE-DIMENSIONAL MAGNETOTELLURIC MODEL STUDY

The theoretical concepts we have developed are now applied to
specific resistivity inhomogeneities, of which two special classes are
examined here. The first-is comprised of small-scale, near?surface
bodies, which represent geo]ogical noise. Only by a thorough cataloging
5 of the MT responseé of such noise, with special attention paid to the
"freduency dependehce of these responses, can the distortions of deep
target signatures due to geological noise predicted by our theoretical
qiscourse be circumvented. The second class of bodies examined are also
near-surface, but are of a much larger scale. These are meant to
represent sedimentary basins, which can sometimes be targets of one's
ihvestigations while at other times are of only secondary interest. In
.thé course of studying both classes of resistivity structure, we will
address the second major purpose stated in the jntroduction to this
paper, namely to establish the applicability of 1-D and 2-D algorithms

for modeling 3-D observations.

The following MT responses were computed using the algorithm of
Wannamaker and Hohmann (1982), capable of modeling 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. As per Jones and Vozoff (1978), MT quantities are derived from

total fields computed using two independent polarizations of E? . All
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calculations in the study were performed on the Prime 400 Series
minicomputer of the Earth Science Laboratory/University of Utah Research

Institute.

The Response of Small-Scale Structures

Geological noise is often of a much smaller scale than oné's
station spacing and thus presents a grave sampling problem for MT
measurements. For example, the shallow hydrothermal alteration
characteristic of geothermal resource areas of the western United States
(Ward et al., 1978) can be extremely variable over distances of only a
few hundred meters, and often resides directly over the hot brine
reservoir or deep heat source constituting the targets of interest.
_Even if present 3-D modeling algorithms could accommodate such complex
heterogeneity, which they cannot, it would be prohibitively expensive to
record sufficient MT data to delineate its response. It hence becomes
' ‘imperative to discriminate against geological noise by making increased

use of MT quantities that are relatively insensitive to the noise.

Our model of near-surface, conductive geological noise appears in
fFiguré 3 as a small prism, 600 m by 300 m by 300 m with a depth to top
of 25 m. The 4 QQm body AS'enclosed in a 400 m thick, moderate contrast
layer of 40 Q-m resistivity overlying a 400 2-m basement. The
scattering current within the body was approximated by 48 rectangularly
prismatic cells to a QUédrant. Contoured MT quantities shown next, with
coordinate axes paralleling the axes of symhetry of the body, were
derived from 92 variouéTy spaced receiver points per quadrant and

required about 4 hours CPU time for each frequency on the Prime 400.
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Apparent Resistivities and Impedance Phases. - The apparent
resistivity signatures produced by our model of geological noise are
displayed in Figure 4. Especially at the lower frequencies of 1. and 10
Hz where equation (33) becomes accurate and current-gathering is of
vparticu1ar importance, the anomalies are roughly electric dipolar in
nature (Stratton, 1943, p. 431-434, p. 563-573), with undershoots and
overshoots with respect to Py occdring over the ends of the body for Pxy
and over the sides for Pyx* Note also at the lower frequencies that the
anomalies are greater than those at 100 and 1000 Hz. Boundary
polarization 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 in geological noise similar to our model will produce strong
apparent resistivity anomalies that actually increase to a low frequency
asymptote as frequency falls. The results complement the study of

Berdichevsky and Dmitriev (1976), who considered a great variety of

elliptically-shaped, near-surface inhomogeneities but who confined 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 5. At 100 and 1000 Hz,
departureé may appear in excess of 20° from the layered host phase s
which is labeled in the upper kfght 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
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1ncfdent H-fields are very nearly equal, so that impedance phase values
deviate less than 3° from ¢£. Impedance phase anomalies due to our

model of small-scale geological noise peak at high frequencies,

certainly in excess of 100 Hz, and contribute negligibly to observed phase

responses below 1. Hz.

Vertical Magnetic Field Functions. - Peak amplitudes of around 0.15
for |K, | and 0.20 for |sz| at 100 and 1000 Hz over this conductor are
illustrated in Figure 6. At 1. Hz, because of the appearance of ?1 in
(40), values of |sz|have decreased markedly and barely reach 0.10.
Complicated anomalies in the phase of elements of EZ(F) are seen in
Figure.7 at 100 and 1000 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, indicating we are approaching the far-field
where secondary wavefronts become transverse electromagnetic (TEM) to
z. Phases at 1. Hz, as foretold by equation (40), have approached the
layered earth impedance phase ¢9. = 31.5°. 1In conclusion, responses in
both magnitude and phase of elements of EZ(F) due to this sort of
geological noise are most important at frequencies above 100 Hz, leaving

the signatures of any larger or deeper target relatively uncontaminated

at lower frequencies.

Figure 8 shows |Y, | and [Yzyi peaking at 1. Hz, since 5:(?) and
62(?) approach a maximum for this short 3-D body at low frequencies.
The large values just inside prism corners are mostly due to

det[T + 3ﬁ(?)] becoming very small, and are perhaps infrequent over more
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diffuse resistivity structure. Neverthe]ess; as was the case for the
apparent resistivities, geological noise causes strong anomalies in
magnitudes of vertical admittance elements that increase to some low-
frequency 1imit as frequency falls. The variation of phases in Figure 9
at distance from the inhomogeneity at 100 and 1000 Hz is again
indicative of outwardly propagating secondary wavefronts while at 1. Hz,
consistent with (41), vertical admfttance phase has reduced to near zero
for Y,x and 180° for Yzy’ and is not affected in any important manner by

the geological noise.

Figures 10 and 11 illustrate the role of the layered host in EZ(F)
and VZ(F). At 100 and 1000 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, 62(?) and %z are
insensitive to Ppe Significant differences are apparent at 1. Hz,
however, with peak anomalies for p, = 400 @-m being greater by a factor_
of about 4-92 than those for pp = 4 9o-m. This factor is close to the
ratio of the layered earth impedance magnitudes at 1. Hz for the two
hosts, as explained by equation (40). One dimensional hosts with layer
resistivities that increase with depth, through their effect on ?2 as
discussed with eduation (28), tend to prolong the anomalies in EZ(F) to
Tower frequencies.than do layered hosts that become more conductive with

depth.

In Figure 11, anomalies in fhe vertica] admittance function A of
equation (44) are rather similar for the two basements at all
frequencies. This is consistent with the definition of A in (44), which

does not involve ?z' A 25% discrepancy between values using the two
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basements is evident at 1. Hz, indicating the degree to which Pg(F) and

Qg(F) can be sensitive to the host layering for this 3-D geometry.

The Response of Sedimentary Basins

Porath (1971a) warned sternly of the effects that sedimentary
basins could have upon MT measurements. Nowhere is this problem
expected to be worse than in the Basin and Range tectonic province of
the western United States, an area of pronounced horst-graben
development since mid-Miocene time (Eaton, 1982). In light of the
vigorous exploration for geothermal resources in this province, a
thorough understanding of the consequences on MT measurements of these
large-scale inhomogeneities is imperative. Also, from the ongoing
tectonism has evolved a pronounced regional resistivity profile
determined by a variety of physio-chemical mechanisms that is close to
one-dimensional to depths exceeding 40 km (Brace, 1971). The role of
this 1-D host in constraining secondary field distributions around the

sedimentary basins is a further important variable to be quantified.

We have simulated a typical accumulation of graben alluvial fill,
which often contains large amounts of conductive Pleistocene lacustrine
clays (Hintze, 1980), by a large plate-like inhomogeneity (Figure 12).
The physical properties of thfs prism are 36 km length, 14 km width, 1
km thickness and 2 @-m resistivity. Although outcropping in nature,
this valley model is buried 500 m to obtain accurate results with the
integral equations algorithm., A four-layered host, representing a
regional resistivity profile propdsed for this tectonic province by

Brace (1971), is also illustrated in Figure 12. Starting from the

surface we have p1 = 400 @-m (d1 = 2 km), pp = 4000 @-m (d2 = 15 km),
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p3 = 400 @-m (d3 = 35 km) and a basal half-space pq = 40 g-m.

The scattering current in this model was approximated by 110
rectangularly prismatic cells in a quadrant ahd as many as 195 receiver
points per quadrant were used to construct upcoming plots. Results

required about 20 hours CPU time for each frequency on the Prime 400.

Regional Current-Gathering., - In an initial effort to illustrate
the consequences of sedimentary basins upon MT observations, we study
the widespread distoftion of electric fields in their vicinity. Figures
13 and 14 contain plan vfews_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 13,
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-axis, a regional
depression of Eg(F) occurs to the side of the basin in the y-
direction. Outside the corner of the prism, very large values
of Et(?) occur, ]ocal]y exceeding twice the incident E-field and

indicating current convergence from a large volume of the host to the

smaller end of the basin.

The electric field ellipses in Figure 14 for a y-oriented incident
E-field show behavior complementary to those in Figure 13. The electric

dipolar character of the ellipses is evident over the side of the body
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for fhis polarization of E?, in particular causing a regional
amplification of Eg(F) to the side of the basin in the y-direction.
Very small total 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 1ayering upon regional current-gathering
can be demonstrated in section views. In Figure 15, the basin model
resides in a uniform half-space of 400 @-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 EE(F) in section is apparent, where boundary charges effect current
from great depth gathering up to the valley and subsequently discharging
from the far end. 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
under- to overshoot behavior of Eg(?) drawn at the top of the figure is
another view of this phenomenon; at distances near 40 km from the

prism's center, IEg(?)I has decayed to about 5% of E? .

In.Figure 16, the model fﬁ‘f;furhéd to its four-]ayeréd hést and E-
field polarization ellipses are again calculated. In the uppermost 400
Q-m layer containing the basin model the ellipses are very horizontal
and attenuate w{th distance'much more slowly than in the case of the
half-space host. The plot of E:(F) in the upper part of the figure
supports this, with |E§(F)| at distances near 40 km from the plate's
center exceeding |E?|»by over 20%. To comprehend this relatively slow
attenuation, one must realize that secondary currents induced in the 400

Q-m layer about the basin have difficulty penetrating the more resistive
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4000 9-m medium, and hence can decay geometrically mostly in just the x-
y plane (Wannamaker and Hohmann, 1982). By contrast, secondary currents
about the basin in the uniform 400 @-m half-space can die away readily
in the z-direction as well. Hence, the surface anomaly in Figure 16.15
observed to be important to greater distances from the body than is that

in Figure 15,

However, despite the fact that secondary current flow about the
basin in the four-layered earth has difficulty in penetrating the 4000
Q-m medium, electric field ellipses in this most resistive layer in
Figure 16 exhibit much stronger vertical components than those at
comparable depths in the 400 @-m half-space in Figure 15. This
phenomenon is due to the preservation 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 @-m layer down to the 4000 @-m layer
(note there is no vertical component of the primary field).
Nevertheless, we emphasize that values of secondary current density in
the 4000 @-m material are actually much smaller than values at
corresponding positions in the less resistive, 400 Q-m half-space
host. This is clearly confirmed by the very flat nature of the ellipses
in Figure 16 in the deep 400 @-m layer extending from 15 to 35 km,
showing that deep regional current flow is essentially insulated by the

4000 @-m layer from the effects of the conductive basin.

Magnetotelluric Strike Estimations. - Principal coordinate
directions of tensor MT quantities provide measures of preferred

geoelectric orientations. A1l MT strike estimators, however, are not
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equal in their ability to depict true earth resistivity trends or in
their ability to distinguish preferred directions of target structure

from preferred directions of geological noise.

In Figure 17 are plotted the direction at which IKZyI is maximized,
cal led K,-strike or tipper-strike, along with the principal axis of
i(?) nearest Kz-strike, which we call Z-strike, for a variety of
receivers at 0.032 Hz. Principal axes of f(?), which we define as
coordinates maximizing |ny| and lzyxl individually, occur every 90° so

that they alone cannot give unique strike directions (Word et al.,

1971).

Tipper-strike conforms more closely to the true limits, both sides
and ends, of the valley than does Z-strike (Joﬁes and Vozoff, 1978),
though calculations not presented show each tends increasingly to
parallel the boundaries of the model at higher frequencies. Z-strike
also seems the less stable of the two estimators over the plate, where

impedance anisotropy is relatively slight.

The orientations at which |Y, | is maximized, called Y, -strike, as
well as strike directions based on maximizing the phase of an off-
diagonal element of %(F) , labeled ¢ -strike, have also been computed
(Figure 18). For this valley model, Y, strike and ¢ -strike are very
similar to Kz-strike and Z-strike respectively, with ¢-strike also

possessing a 90° ambiguity if unconstrained.

Over single inhomogeneities such as that of Figure 12, we conclude
that Kz;strike and Yz—strike are somewhat superior to Z-strike and

d-strike due to their closer conformity to true geoelectric trends,
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Figure 17. Plan view of MT strike estimators K_-strike anq Z-strike over
the upper right-hand quadrant of the basin modéf for a variety of
receivers at 0.032 Hz.
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their greater stability and their lack of a 90° ambiguity (compare
Gamble et al., 1982). Nevertheless, all four estimates show reasonably
close agreement overall, especially to the side of the valley, and thus

are considered largely equivalent for single bodies.

However, the earlier coupled body theory indicates that Yz-strike
as well as Z-strike may be significantly distorted by current-gathering
in near-surface geological noise. Equation (71), on the other hand,
shows that tipper-strike is not affected in this manner. Furthermore,
. the same coupled body analysis can show that ¢-strike also escapes
serious disruption by geological noise. To demonstrate this, we note
first that the similarity of Z-strike and ¢-strike in Figures 17 and 18

indicates that principal axes of ﬁﬁB(?) in (65) correspond closely to ¢~

s 8O (= \ _ O
strike. Second, we assume that PhB(rA) = PhB

geological noise and that the off-diagonal elements of EﬁB(F) are small

(r) in the vicinity of the
compared to the diagonal elements of 528(?) when this tensor is in its
principal directions. If one then expands 7(r) in (65) into its
individual elements Zij’ one will realize that any rotation of
coordinate axes away from the principal directions of 5gB(F) will only
serve to de-extremize the phases of the coupled body impedance
elements. Remember, though, that even if principal axes of target
jmpedance phase are recoverable in the presence of geological noise,
values of the coupled body impedance phases defined in coordinate
directions other than the principal axes of po (*) will depart from

hB
values of the target impedance phases, as discussed with equation (65).

The upshot of the preceding paragraph is that Kz-strike and

é-strike are superior to Yz—strike and Z-strike for estimating preferred
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geoelectric trends in the face of small-scale, geological noise. In
particular, Kz-strike and $~strike can provide measures of the principal
axes of 3€B(F) in equations (65) and (72) due to a target buried beneath
such noise. Hence, if data coordinates are defined using these two
strike estimators, then impedance and vertical admittance phase
responses due to a target may be recovered that are undistorted by
current-gathering in small-scale, shallow inhomogeneities. Of these two
estimators, we prefer tipper-strike for its lack of a 90° ambiguity and

its greater reflection of true resistivity trends.

MT Quantity Pseudosections. - Detailed, multifrequency signatures
of apparent resistivity, impedance phase, tipper and vertical admittance
over our sedimentary basin model of Figure 12 are discussed in this
fina] subsection. Our comprehension of the fundamental controls on 3-D
MT anomalies, as well as the utility of 1-D and 2-D modeling algorithms
in 3-D environments, develops to a maximum in this examination, and
requires a fusion of previously developed concepts of current-gathering,

electromagnetic scaling and coupled body responses.

Calculations were performed along two traverses over the 3-D valley
model and are compared to calculations over a 2-D model of jdentical
cross-section (Rijo, 1977; Stodt, 1978). Al1l MT responses appear as
pseudosections, in which log frequency and the y-axis serve as ordinate
and abscissa for contour plots of amplitude and phase. The 3-D
traverses reside along the line x = 0, over the prism's center, and
along x = 9 km, half-way to the prism's end. For all results, MT

quantity coordinates parallel plate symmetry axes.

Pseudosection contours were constructed from computations at every




half decade in frequency, from 0.001 Hz to 100 Hz. However, we distrust
the numerical accuracy of the 3-D calculations above 10 Hz for this
large body, although the discretization we have chosen is as fine as is
practical with our computer. Since 3-D and 2-D values of all MT
functions presented converge as frequency rises to 10 Hz, 3-D contours

at higher frequencies were derived by extrapolation using 2-D results.

a.) Apparent Resistivities and Impedance Phases. - In Figure 19,
.wqégregment in Pyy and Oy between the profiles at x = 0 and x = 9 km over
 it%éJ3-D body is close at all frequencies, but a significant departure
from the 2-D transverse electric responses occurs below 1. Hz. The
apparent resistivity over and adjacent to the 3-D plate, designated
pxy(3—D), decreases as frequency falls relative to the apparent
résistivity of the layered host pgs Which the 3-D response approaches at
large distances from the valley. Correspondingly, anomalously high
values of ¢xy(3—D) appear in the vicinity of the body, although the
diécgébancy between this quantity and the host impedance phase by is

less than 5° anywhere below 0.003 Hz. In contrast (2-D) falls with

> Pyy
~ respect-to py, while ¢Xy(2—D) surpasses ¢1, only above 0.3 Hz, with just

the'dbbosite behavior at Tower frequencies.

To understand this 3-D anomaly, consider the regional depression
ofbﬁg(F) occurring over and beside the valley when E? is x-oriented
(Figure 13). This depression, acting on Pxy through equations (31) and
(33b), results overwhelmingly from boundary charges on the ends of the
3-D prism and reaches a maximum at low frequencies. Such current-
gathering doesn't occur in the 2-D body for this transverse electric

mode, so that the wave equation (7) approaches the homogeneous Laplace's
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equation below 0.3 Hz and there is a diminishing contribution by the
secondary E-field to the anomalous Pxy and dxy* In fact, the 2-D TE
responses at these lower frequencies result predominantly from a strong
secondary ﬁ-fie]d, which remains important as governed by equations (20)
and (31) until frequencies well under 0.001 Hz for the 2-D basin model.
On the other hand, over the 3-D model at frequencies less than 0.3 Hz,
ﬁg(F) is much smaller than that over the 2-D counterpart. This is
because boundary charges severely depress 35 within, and thus 5ﬁ(?)
over, the 3-D body relative to the 2-D structure. Hence, Pyy and oy

for the 3-D basin model arrive at low frequency asymptotes around 0.003

Hz.

From Figure 19 we conclude that 2-D transverse electric modeling
afgorithms are of little value for interpreting apparent resistivities
and impedance phasés observed in regions of extensive lateral
inhomogeneity such as the Basin and Range province. Indeed, even the
limited conformity of 2-D TE and corresponding 3-D results we have shown
is idealistic, since a sedimentary basin in nature is not uniform in
cross-section along its strike extent. Furthermore, it is probable that
2-D TE routines will be totally inappropriate for interpreting MT
measurements if smalli-scale geological noise such as we have simulated

in Figure 3 is widespread.

In total contrast to the responses depicted in Figure 19, anomalies

in Pyx and ¢yx in Figure 20 are essentially identical for the two 3-D
traverses and the 2-D profiling. The reasons for this excellent
agreement are twofold. First, no secondary H-field exists for the 2-D

T™ mode (Swift, 1967), and there is only an insignificant contribution
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by ﬁg(?) to the corresponding 3-D response. Second, boundary charges on
the sides of the basin are included in both 2-D ™ 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 demonstrated for the 3-D model
in Figure 14, such current-gathering is manifested in the development of
a crudely dipolar variation in the electric field over the basin toward
Tower frequencies. It is this variation in the electric field which
detemmines the apparent resistivity and impedance phase responses of

Figure 20.

We infer, therefore, from Figure 20 that accurate models of earth
resistivity may be interpreted from profiles of MT measurements across
elongate 3-D bodies using a 2-D ™ algorithm. In fact, the agreement
between 2-D ™ and corresponding 3-D responses for our sedimentary basin
model remains excellent even at x = 12 km, which is quite close to the
end of the model. From this it is presumed that the validity of a
transverse magnetic modeling routine is not highly sensitive to
variations in cross-section along the strike length of the 3-D
inhomogeneity. Instead, interpretation using such an algorithm will
yield a model resistivity cross-section which reflects mainly earth

structure that is local to the specific profile being analyzed.

For this 2-D transverse magnetic approach to be successful, it is
of great importance that the coordinate axes of the MT quantities be
properly defined. We favqrAtipper-strike for specifying such

' coordinates, éince it is a stable, unambiguous strike estimator that
conforms closely to true geoelectric trends. Use of ZZ(F) to define MT

quantity coordinate axes will result in pseudosections that are
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essentially identical to those in Figures 19 and 20, with the possible
exception of field points close to the center of the model whose axes
may be constrained to be consistent with the majority of the strike
estimates. In addition, our previous discussion of MT strike estimators
points out that if data coordinate axes are defined using tipper-strike,
then impedance phase responses due to a target may be recovered that are
undistorted by current-gathering in sma]T-sca1e, shallow geological
noise, provided that tippef-strike can be calculated at frequencies for
which the response in EZ(F) due to the target is strong while the

response due to the noise has attenuated.

[t should be pointed out that use of a 2-D transverse magnetic
algorithm as we propose it is no interpretive panacea. For example,
" consider a buried 3-D dike-like inhomogeneity elongated in the x-
direction. - If the dike is thin compared to its depth, whatever response
in Pyx and ¢yx is measured, even though it can be modeled with a 2-0 T™
algorithm, may be very weak. On the other hand, if the strike extent of
the dike is large compared to its depth, a strong response in Py and
¢xy may exist, although this response requires a full 3-D interpretation
including the effects of current-gathering. In addition, apart from
employing tipper-strike in transverse magnetic mode identification, this
2-D ™ approach can make no use of the vertical magnetic field

quantities EZ(F) and vz(r) .

As noted in the discussion of regional current-gathering in Figures
15 and 16, the electric field anomaly of our sedimentary basin in the
layered host of Figure 12 persists to much greater distances from the

body than does the anomaly due to an identical basin in a uniform half-
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space. Such effects of the layered host upon electric field anomalies
carry over to the apparent resistivity signatures (Ranganayaki and
Madden, 1980). In Figure 21

and p,, have been plotted for a

’ pxy yX

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. This anisotropy of course diminishes
with distance from the body; with the half-space host, neither Pyy NOr
Pyx depart more than 10% from the 1-D sounding Py 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,
Pxy and Pyx do not lie within 10% 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 soundings 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.

We would like to close this subsection on apparent resistivities
and impedance phases with a few words on the applicability of one-
dimensional inversion in 3-D areas. As explained with Figure 4 and as
can be deduced from Figure 13, if the x coordinate axes of all receiver
positions are constrained to lie in a uniform direcfion as we have done,
then Pxy throughout all frequencies experiences a depression relative to
the layered host appareht resistivity p, over and to the sides of a
conductive 3-D body, but experiences an amplification relative to Py

beyond the ends of such a body. On the other hand, as examination of
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Figure 21. Profiles of apparent resistivities, Py and Py along the y-
axis over the 3-D basin model computed for a frequgncy of'8.032 Hz. The
response over the basin in a uniform 400 @-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 12. The 1-D host apparent resistivity p, has
also been plotted with dashes for reference for both the half-space and
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Figures 4, 5, 13 and 14 will make apparent, if MT strike estimators 1ike
those displayed in Figures 17 and 18 are used to define the x coordinate
axes of all magnetotelluric functions, i.e, are used to define the TE
mode, then Pxy everywhere over and to the exterior of a conductive 3-D
inhomogeneity will be depressed throughout all frequencies relative to

Py (see also Ting and Hohmann, 1981).

Apparent resistivity and 1mpedance phase soundings identified as
transverse e]ecfric on the basis‘of such MT strike estimations are
general 1y employed to obtain models of earth resistivity structure
through one-dimensional inversion {Word, et al., 1971; Vozoff, 1972;
Stanley et al., 1977; Jiracek et al., 1979; Hermance and Pedersen, 1980;

and many others), under the assumption that all near-surface lateral

-inhomogeneities are essentially two-dimensional as explained following

equation (32). In light of the widespread depression with respect to
the true layered host sounding py of pxy(3-D) defined by MT strike
estimators, and given our firm belief that the world is truly three-
diménsiona], we propose that a great number of layered models of
resistivity structure in the literature are, to at least some extent,
biased to give erroneous}y shal low depths to layer interfaces and
erroneously low values of layer resistivities (see also Porath, 1971a).
This phenomenon may help to explain the dilemma raised by Shank1and
(1981) and Shankland and Ander (1982) namely, tﬁat deep crust and upper
mantle femperatures inferred by relating interpreted earth resistivity
structure to laboratOky rock conductivity measurements are consistently
higher than those pfovided by other methods such as surface heat flow
observations or petrological geothermometers, especially in active

extensional regimes (Wannamaker et al., 1982).
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b.) Vertical Magnetic Field Functions. - The strong discrepancy
typical between 2-D TE and corresponding 3-D responses is further

illustrated by tipper el ement K,y in Figure 22. The 2-D and 3-D

y
amplitudes agree only above 3. Hz, with the 3-D values at lower
frequencies being greatly subdued by comparison. This attenuation of
the scattered H-field in the 3-D case, as explained for Pxy and ¢xy
previously, results fram boundary polarization charges on the ends of
the 3-D body. These charges effect a reduction of 35 within, and hence
ﬁS(F) over, the 3-D basin. However, the lack of charges on the

2-D body allows a strong 2-D TE response in |sz| over a broad frequency

range.

Both 2-D and 3-D amplitudes of Iszl decay rapidly at frequencies
below 0.03 Hz in Figure 22. This is caused by the resistivity of the
layered host decreasing at depths beyond 15 km, so that IZZI in equation
(40) attenuates quickly at these lower frequencies. Due to this pheno-
menon, 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.

The magnitude of K,y over the 3-D basin model peaks at a frequency

y
near 1. Hz, whereas over our near-surface geological noise model in
Figure 7 this quantity peaks at a frequency in excess of 100 Hz. This
is an illustration of EM scaling in MT responses, although it is not
exact since éorresponding dimensions and resistivities of these two
models are only approximately similar. The 111ustration does, however,

define the optimum frequencies for calculation of tipper-strike to

estimate TE and ™ modes of the apparent resistivity and impedance phase
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response of our 3-D basin model in the face of small-scale geological
noise. For the model structures we have studied, tipper-strike should
be computed in the frequency range 0.1 to 1. Hz, to ensure that the
basin response in EZ(F) is strong while that of the geological noise is

attenuated (also see Wannamaker et al., 1980).

It is certainly possible that resistivity inhomogeneities of a
scale significantly greater than that of typical Basin and Range graben
sediments, for instance resulting from regional thermotectonic
perturbations common to this province (Eaton, 1982), can dominate tipper
amplitudes at frequencies of 0.01 Hz or below (consider quath,
1971b). This underscores the need for care in defining the temm
"regional structure" and thus to impose a selective weighting with
respect to frequency of one's tipper-strike estimates (cf., Gamble et
al., 1982). 1In light of the strong dependence of tipper responses on
both the properties of the body and of the layered host, use of an
algorithm 1ike that of Wannamaker and Hohmann (1982) provides the most

accurate assessment of this weighting.

Agreement between 2-D and 3-D phases of K, in Figure 22 is limited

Y
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 trayel]ing secondary waves, and corresponds to the rather
uniform spacing of contours on single frequency plan maps such as Figure
7. At low frequencies for both 2-D and 3-D valley models, phases of sz
approach the phase of the 1ayered host impedance ¢2’ which is near 60°

at 0.003 Hz.

Over both 2-D and 3-D basin models, IYZXI approaches a maximum at
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the very lowest frequencies (Figure 23). This is because the scattered
H-field tensor 63(?) in equations (16) and (39) approaches a non-zero
low-frequency 1imit for both 2-D and 3-D models; i.e., a 2-D TE anomaly
in VZ(F) does not decay to zero at low frequencies as do TE anomalies in
apparent resistivity, impedance phase and tipper. We also point out
that the amplitude of the anomaly in VZ(F) over the 3-D basin model is
often greater than 100 S, whereas the amplitude over the small-scale,
near-surface structure in Figure 7 seldom exceeds 5 S. This is a
maniféstation 6f EM scaling in the MT method, as explained with equation
- (57), whereby the response in VZ(?) due to a large structure exceeds
that of a small structure essentially by the geometrical scale factor
distinguishing the two structures. Bear in mind, however, that current-
.gathering in small-scale, 3-D geological noise can distort the response
in VZ(F) of a large structure such as a sedimentary basin to arbitrarily
low frequencies, as explained with equation (72), even though the
anplitude of the anomaly in VZ(F) due to the geological noise alone may

be small compared to the anamaly due just to the large structure.

As was the case for K 2-D and 3-D phases of Y,  in Figure 23

zy?
agree closely only for frequencies exceeding 10 Hz, and the phase
contours again appear inclined away from the basin. At low frequencies,
consistent with equatfon (41), phases approach zero over both 2-D and

3-D bodies.

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 and Hohmann'(1982),,however,_explain that the length a

3-D body must have to achieve agreement with 2-D TE components depends
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strongly on the 1-D host, with bodies in layers overlying resistive
basements needing to be much longer than bodies overlying conductive
basements. tLayered host resistivities in nature increase with depth in
“the upper 10 or more km (Brace, 1971), exacerbating the difficulties

with 2-D TE interpretations.
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CONCLUSIONS

The electromagnetic fields scattered by a 3-D inhomogeneity have
both vo]ume currents and boundary charges as sources. The latter, which
result in current-gathering in conductive structures, dominate the
secondary electric field at low frequencies. Particularly sensitive are
E-field magnitudes, remaining distorted even as frequency approaches
zero. However, phases of the secondary electric and magnetic fields at
low frequencies reduce to that of the incident electric field E? .

"~ Neither amplitude nor phase of the secondary magnetic field contribute
materially to the total ﬁ-fie]d below certain frequencies, but the
nature of the layered host must be considered to understand just when

this occurs.

Tensor apparent resistivities and vertical admittance element
magnitudes, since they involve E-fie]d magnitudes, remain anomalous as
frequency falls. Apparent reéistivities outside the range of true earth
resistivities may exist, in particuiar very small values occur over
shallow conductors. Tﬁe distortion 6f apparent,resistivities documented
in our model studies indicates that one-dimensional inversion of
soundings, either near 3-D geological noise or near large-scale
sedimentary basins like those in the Basin and Range, offers estimates
of host layer resistivities.and interface depths that are potentially in
serious error. On the other hand, |K,, | and |K2yl, as well as all MT

function phases, below certain frequencies are Winima1ly affected by a
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given inhomogeneity. The tipper elements, both amplitude and phase,
exhibit a strong dependence on the layered host while by contrast the

vertical admittance elements are far less sensitive to the layering.

~Resistivity structure in nature is an ensemble of inhomogeneities
of different scales, and the small structures in this collection may
have MT responses as strong as those of the large ones. Superimposed
upon the apparent resistivities and the magnitudes of vertical
admittance elements measured over buried 3-D targets will be the
responses of any nearby geological noise to arbitrarily Tow
frequencies. Fortunately, the responses of the small and large bodies
have frequency dependencies that are separated as the square of the
geometric scale factor distinguishing the different structures, provided
corresponding resiétivities are similar. Since 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-l1imited, then these quantities may allow one to “see
throuéh" geological noise to observe the signature of a buried target if
the scales of the two types of structure are sufficiently different.
Such a separation of responses in frequehcy is evident for the
geological noise and sedimentary basin simulations we have performed,
although the picture is complicated a bit by dissimilarities in body

geometry and host layering.

Two-dimensional transverse electric modeling algorithms are of
limited value for interpreting 3-D measurements. The 2-D TE mode
includes no boundary charges, and hence no current-gathering, in its

formulation so that the secondary E-field in this case contributes
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neg]igibly to the MT response as frequency falls. Current-gathering in
a 3-D inhomogeneity corresponding to this mode leads to a widespread
depression of the total electric field to the side of the 3-D body that
is increasingly pronounced toward lower frequencies. Furthermore, while
current-gathering can enhance the secondary magnetic field compared to
that induced over an equivalent 3-D body in free space, it results in a
greatly subdued secondary H-field compared to that induced by a 2-D
structure of identical cross-section. Sedimentary basins constitute
very large inhomogeneities, yet only for frequencies above 1. Hz, and
sometimes even 10 Hz, do 2-D TE and corresponding 3-D responses for the

model we have chosen closely agree.

It is fortunate, therefore, that our model studies have shown that

profiles of apparent resistivity p,, and impedance phase ¢y across

¥X X

elongate 3-D prisms can be modeled accurately with a 2-D ™ algorithm.
Boundary polarization charges are included in both 3-D and 2-D T™
formulations, allowing a proper treatment of current-gathering effects
on apparent resistivity and impedance phase. To define pseudosections
for transverse magnetic modeling, we recommend employment of a
coordinate system based on tipper-strike. Since RZ(F) is band-1imited,
one may choose an optimal frequency for defining a tipper-strike to
minimize the contributions of secondary structﬁres much smaller or, for
that matter, much larger than one's target. We recognize the
limitations of this 2-D ™ philosophy but, until additional advances in
multi-dimensiona] modeling take place, this approach provides the only
rigorous means of interpreting magnetotelluric measurements in three-

dimensional environments.
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APPENDIX A
NUMERICAL TEST OF THE COUPLED BODY APPROXIMATION

Since a great number of conclusions in this paper are based upon
our coupled body theory, it is of great importance that the accuracy of
fhe approximation be verified. 1In Figure A-1, a small plate-like
conductor, 1860 m by 7 km by 350 m thick with a depth to top of 350 m,
1ies next to a much larger conductor 15 km by 36 km by 1143 km thick
buried 1Y, km. The intrinsic resistivity of the smaller feature is 40
Q-m while that of the bigger is 3 @-m. These small and large plates

represent structures A and B of the section on coupled body theory.

-

Initially, Js‘in the small and big plates coupled together was
computed for two polarizations of E? at 0.3 Hz. Using the scattering
current in just the small body, equations (11) and (12) were evaluated
numerically to obtain the secondary fields due only to the small body.
.These fields we refervfo as fhe “true" secondary‘fie1ds resulting from
structure A. Next, 3S_within the large and small bodies was calculated
separately, again for two polarizations of E? at 0.3 Hz. Secondary
fields were then calculated over the small body in the absence of the
bigger, are named the "unperturbed" fields, and correspond

50

=20 -
to ESA(r), HS

after the total E-field over the larger body in the absence of the

A7) and H2,(7) in equations (57), (58) and (65). Finally,

=

smaller was calculated, corresponding to ESB(FA) in (59), relations

78




X
PLAN
N
-
g
5 =z
? ®)
B' ' o
¥y
N
| =
|

A A->Y z
)
| )
L
B T
2
@)
l _J

| -

surface
=K
[ 3 o-m l 40 a-m
400 Q-m
0 5km

CROSS-SECTION

Figure A-1. Multiple inhomogeneity assembly used to test the5coup1ed
body approximation. The small and large bodies represent structures A
and B of the section on coupled body theory.
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Figure A-2. Plots of true (solid lines), unperturbed (dotted lines) and estimated (dashed lines)
secondary electric fields at 0.3 Hz over the smaller body of Figure A-1. The profile along which the
fields were calculated is labeled in the lower righthand corner of each graph. The values of the real
and imaginary parts have each been normalized by the magnitude of the incident electric field at the
surface E;.
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secondary horizontal magnetic fields at 0.3 Hz over the smaller body of Figure A-1. The values of the

real and imaganary parts have each been normalized by the magnitude of the incident magnetic field at
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(61), (62) and (66) yielded ESA(r), HSA(r) and HzA(r) . These are

referred to subsequently as "estimated" secondary fields.

Plots of true, unperturbed and estimated secondary fields at 0.3
Hz, normalized by the incident E- and H-fields on the surface, for the
profiles A-A' and B-B' of Figure A-1 appear in Figures A-2, A-3 and A-

4, For example, Egs stands for a secondary E-field in the x-direction

1 |
due to the first polarization of incident field. The first polarization

of E? is along the x-axis while the second is along y.

The agreement between true and estimated fields is quite close;
nowhere is it worse than 10% and in general it is much better. Slight
L -0 0
asymmetries in the true EysZ’ Hy
asymmetries in 35 within the small plate, which in turn is due to its

0 .
s1 and stl are due to slight

proximity to the larger inhomogeneity. Since the coupled body
approximation assumes, uniform source fields over the small body, the
estimated fields must be symmetric across its axes. Both the true and
the estimated fields disagree substantially with the unperturbed
fields. Hence, a simple addition of the unperturbed fields over the
small body alone to the total fields over the large body alone would

yield a poor approximation to the true coupled response.
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