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Abstract. A magnetotelluric (MT) sounding method that involves a tensor impedance 
relationship between the surface electric and magnetic micropulsation fields of the earth has 
been developed. The role of the tensor impedance, including the vertical magnetic field rela
tionship, is discussed. MT soundings made at 7 sites along a sixty-mile traverse east of Austin, 
Texas, in the frequency band 10-< to 10 Hz are analyzed. The traverse bears notthwest-south
east and crosses the Ouachita fold belt system on the flanks of the Llano uplift. The sounding 
covers the approximate depth range of 0.1 to 100 km. An earth model is derived from the 
sounding and includes a vertical cross section of the estimated conductivity distribution and 
estimates of the strike directions of the various formations represented by the cross section. 
The model is compared with available geological information, and an attempt is made to 
explain some of the observed three-dimensional properties of the impedance function. The 
model is in good agreement with expected geology to depths for which surface -and borehole 
data can be reasonably extrapolated. The sounding responds to materials ranging from 
Cretaceous sediments through the upper mantle and provides reasonable definition of a high
resistivity region which appears to be tile Precambrian granite basement. Along the traYerse, 
the top of this basement occurs at depths ranging from 3 to 10 km. In the upper mantle, a 
resistivity decrease to about 1 O-m or less is found to occur at depths of about 60 to 100 km. 
An apparent northwesterly rise in the conductive substrate is found. This and other evidence 
seems to suggest an uplift in the conductive mantle in association with the Llano uplift. 

Southeast of the Llano uplift in central Texas, 
the Precambrian granite dips sharply toward the 
Gulf coast beneath a thickening overburden of 
sedimentary rocks. The surface of the granite 
basement becomes indeterminable within a few 
tens of miles from its outcrop in Llano County. 
An MT survey along a traverse extending from 
near a point of outcrop southeastward toward 
the coast was performed for two purposes. 

The first purpose was to extend the knO\vn 
depths to the granite basement beyond the 
boundaries within which it was defined by bore
hole penetrations. It was reasoned that the 
Precambrian material would, on the average, be 
more resistive than the sedimentary rocks, so 
that a sharp contrast in the electrical resistivity 
would occur at the base of the sediments. Such 
an interface, as well as other significant conduc
tivity features both wit hin and below the sedi
ments, should be defined by the 1fT survey. 

The second p1lfpose of the study was to ap
nlv Bnd (~'.'~,L:ate the tCllsor-imped:mcc method 

of MT analysis to data acquired over reasonably 
well known inhomogeneous geologic structures. 
The Ouachita folr! belt and the overlying sedi
ments provide such structures in the sedimen
tary rocks beneath the survey path. The Oua
cllit:t system is a major Paleozoic orogenic belt 
of se\-erely folded and faulted Paleozoic rocks 
that has several boreholc penetrations in thc 
frontal zone near the Llano I1plift. The inhomo
geneity of the lithology in this system le:lds one 
to suspect corresponding inhomogeneities in the 
electrical conductivity. The Ouachita system is 
overlain by Cretaceous and younger sediments 
within which the lithological units are fairly 
planar and dip southeastward. Electric well logs 
indicate a corrcsponding tendency toward strat
ification of the electrical conductivity. 

In his original disctls3ion of the magnetotel
luric method of subsurface resistivity sounding, 
Cagniarrl [1953] assumed th:lt the conductive 
earth is horizontally stratified :lnd is illuminated 
by plane eleCtromagnctic waves prop:lgating 
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vertically downward. The frequent failure of this 
model to explain the measured data and to pro
duce repeatable results has brought about two 
main criticisms. The first of these was directed at 
the source assumption, and the second was di
rected at the one-dimensional earth model. 

Regarding the source, Wail [1954], Price 
[1962], and Sn'vastava [1965] discussed the ef
fects of horizontal variations in the primary 
fields due to limited spatial dimensions of the 
source. They pointed out that field variations 
must be small over a lateral distance comparable 
to a skin depth in the conductive earth at the 
frequency of concern. The degree of source effect 
is still in questiou and possibly is considerable 
at times and in some situations, especially at 
high latitudes where the source amplitude for 
some frequency bands is usually much larger 
and peaked near the auroral zone [see, for ex
ample, McNish, 1964; Heirtzler, 1964], where 
large lateral gradients might become significant. 
However, empirical measurements and coherence 
analyses of rnicropulsation signals at widely 
separated stations [Bloomquist et aI., 1967; 
Orange and Bostick, 1965; Swift, 1967], as well 
as theoretical source studies [Prince et al., 1964], 
lend credence to the assumption of large source 
dimensions for low and middle latitudes, often 
of continental extent or greater. Based on this 
evidence, the effects of finite source dimensions 
were ignored in this study. This omission is un
doubtedly responsible for some of the mild scat
ter in the processed MT data. 

Of more direct concern here is the question 
of a multidimensional earth model. The scalar 
impedance described by Cagniard for his one
dimensional earth model is inadequate for the 
interpretation of lateral inhomogeneities or an
isotropies in the conductive earth. The result of 
these "patial irregularities is that the electric 
and magnetic fields at the earth's surface are no 
longer orthogonal. Cantwell [1960] suggested 
that the. ta:lgential fields can be related in gen
eral by a two-dimensional tensor quantity that 
rebtes e[,ch electric-field component to the total 
tangent ial magnetic field. Bostick and Smith 
ll\;J62] also recognized the tensor nature of the 
surface impedance and demonstrated the be
havior with axis rotation; they pointed out 
means for determining the apparent strike of an 
earth Hnomaly from the principal direction of 
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A considerable amount of experimental MT 
evidence has been reported since the Cagniard 
theory was first proposed [Bostick and Smith, 
1961; Bryunelli, 1964; Cantwell and Madden, 
1960; Fournier, 1963; Hopkins and Smith, 
1966; Parkinson, 1962; Pokityanski, 1961; Po: 
peyev, 1965; Spitznogle, 1966; Srivastava et cit., 
1963; Swift, 1967; VozotJ et al., 1963, 1964J i 
however, many of the questions and problems 
involved, particularly with interpretive methods, 
still remain. To date, there has been reported 
only limited experimental evidence using the 
tensor impedance method. 

Interpretation of the MT tensor impedance, 
once it has been measured, needs further study. 
Analytical solutions for three-dimensional geom
etries are almost non-existent and unobtainable 
with present methods. Analog solutions are feasi
ble, but they are usually cumbersome and are 
seldom attempted. Consequently, interpretation 
has been limited to two-dimensional geometries. 
Approximate analytical solutions have been ob
tained for a few simple two-dimensional models 
such as the vertical plane contact or the dike 
[d'Erceville and Kunetz, 1962; Rankin, 1962; 
Weaver, 1963] and the small-amplitude sinu
soidal horizontal interface [Mann, 1964]. Num
erical solutions can be generated for almost any 
two-dimensional model [Patrick, 1969], but 
there is an obvious need for improvement in 
interpretive techniques for three-dimensional 
geometries. Three dimensionality in earth struc
ture is readily identified in the measured im
pedance [Swift, 1967; Sims, 1969], but thus fE 
the resulting data have only been rejected and 
not interpreted. 

The vertical magnetic field is of considerable 
importance. Its linear relationship with tangen
tial fields has been known for some time [Bryu
nelli, 1964; Parkinson, 1962] as well as its po
tential for determining strike direction in the 
anomaly, especially in connection with the sea
coast effect [Weaver, 1963]. However, it has 
not been used to any extent in interpreting MT 
soundings. 

THEORY 

For the analytical model used here in the in
terpretation of the MT data, the conductive 
earth is assumed to occupy the half space z 2 0, 
a3 shown in Figure lb. Unless otherwise noten. 

lateral coordinates x and y is north and east 
respectively. The half space z < 0 is considered 
to be free space. Electromagnetic excitation is 
assumed to be prO\"ided by plane waYes prop
agating yertically down\l'ard; this assumption 
eliminates the ,-ertical components of the electric 
and magnetic fields from the primary waves. 

)Secondary fields caused by reflections from 
lateral variations in the cond~cti"ity of the earth 
are the only source of the vertical components 
of the electromagnctic fields. 

The MT analysis im'olves the estimation of 
various relationships between the Fourier re
solved elcctromagnetic field components mea
sured at the earth's surface. The "ertical and 
two orthogonal horizontal components of the 
IWIg-netic field plus t,,"o orthogonal horizontal 
('omponpnts of the elef'lrir field con;:titute the 
sct of field ('omponents l1]('asured at (,:tch site 
for this "tud~·. The \'erti{'al field in the air space 
abo\'e the earth was not mraoured. hecause it is 
strongly aff('eted b,' static atmospheric elec
tricity at the relatiwh' low :'1fT frequcncie.,. nor 
,,-as an attempt made to meas1Il'e the \'ertical 
field just within the smfacp of the conductive 
parth. At t he low frequencie~ involved in the 
:'1fT study, displacrmrnt Cllrrcnts within the 
eonductive earth mn,' be neglected in fa"or of 
j he conduction C1]rrents. Con~'equently. there is 
very little "ertical component of current densitv 
and thus of '-ertical electric field within th~ 
('onductive earth just beneath the surface. Since 
all the measur('d components of the elrctromag
nctic field are continuolls at the earth's 5llrfacp, 

)t is necessnry to measure them only near the 
IIlterfnce on either side. 

The frequenc~' domain rela t ions bet'iH'cn the 
Fourier resolYed tangent inl components of the 
surface elpclrolJ1agnetic fields are written as 
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Fig. 1. Coordinate system and earth model. 

tial electric and magnetic field \'ectors, respec
tively, and 

[Zj = r Zrz Z,vJ 
Lzvr Zvv 

is the rank two tensor impedance. 
(E] = [Z][1IJ (1) 

where 

and 

[H] = [;:J 
are t he column "cctors representing the tangen-

It i~ assumed that, if (1) were derived for some 
arbitrary earth model, the impedance elements 
would be a function of position, the sonrce field 
configuration and, of course, the frequency. For 
an example of the source dependence, see TV ait 
[1954], in which the nature of a scalar imped
ance estimate that is derived for a horno!7eneous 
isotropic earth model with a complex sou;ce dis
tribution is examined. It is further assumed here 
that, since the source fields are geomagnetic 
rnicropulsations :11](1 since the spatial configura
tlOn of these fields \':Jrip, with tim" th, ,lo~~~ 



dence of the impedance elements on the source 
is reflected as a time variation of the elements 
themselves. The experimental estimates of the 
impedance elements obtained along the central 
Texas traverse do vary from one data sample 
to another, but this variation is relatively small 
except at the very lowest recorded frequencies. 
It is assumed that this temporal stability of the 
estimates indicates that they are only a slight 
function of the configuration of the source fields 
having the spatial extent of the geomagnetic 
micropulsations. This is not to say that the 
total micropulsation fields are uniform over any 
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Fig. 2. Loci of impedancE' and admittallce ele
'lIenta in the complex plane with respect to rotn-
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large area. On the contrary, the total fields, in
cluding both the relatively uniform source or 
incident fields and the possibly complex reflected 
fields, may have rather large spatial derivatives 
producing the functional dependence of the im
pedance estimates on position. For the reo 
mainder of this paper, the dependence of the 
impedance elements on the character of the 
source is suppressed. 

Subject to the same considerations concerning 
the source, the vertical component of the mag
netic fipld, Hz, can be related to the tangential 
electric field components with the expression 

[H.] = [Y,][E] (2) 

where 

[Y,] = [Ya Y,.] 

is a tensor admittance function. 
Both [ZJ and [Y.J are estimated from the 

measured field data and are used for the pur
pose of constructing an interpretational model. 
All six elements of the combined tensors [ZJ 
and [Y,J can be estimated from two indepen
dent time sequences of the recorded field compo
nents or, effectively, from two different polariza
tions of the source field [Sims, 1969]. 

Rotation of coordinates. If [77J is the co
ordinate rotation matrix for a vector in the xy 
plane, then in the primed coordinates of Figure 
la, rotated clockwise by the angle <P, 

(3) 

The loci of the [Z' (<p) J elements in the com
plex impedance plane as a function of rotation 
angle <P are generally elliptical, as recognized by 
Sim.s [1969], who suggests the graphical rep
resentation of Figure 2, showing the impedance 
behavior with rotation. Here, the ellipses are 
the loci of the impedance element phasors. All 
ellipses for the [Z'J element have the same 
dimensions and orientation. Thc ellipses for 
Z./, Z,z', and Z.r' are centered at ±Z, and Z" 
respectively, as shown in Figures 2a and 2b. Z, 
and Z, are invariant with axis rotation. Z, is the 
value of the major axis, and Z, is the minor axis 
for each ellipse. The impedance loci have a 
rotation period of 180 0 in <P. With <Po as defined 
in Figure 2. the major and minor axis inter
~ents rorrcsnnnd to th" onlY),.., <P == if> +~ .go 

) 
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Complex plane loci for [Y.'(<I»] are also el
liptical, in general, as illustrated in Figure 2c. 
For a given frequency, the ellipse is centered 
on the origin, and the angle between the major 
axis of the ellipse and the real axis is designated 
as ~ ... Y. and Y, are the values of the major 
and minor axes, respectively. The rotation pe
riod for these loci is 3600 in <P, and the major 
and minor axes correspond to <P = (<p •• ± 
n 90°) n = 0, 1, 2, ... , where <p.o is as defined 
in the figure. 

One-dimensional earth. When the earth con
ductivity is a function of z only, the surface 
impedance is representable as a complex scalar 
Z. = Z, that is invariant with <P, and the ele
ments of [Z'J become 

Z.: = 0 

-Z.z' = Z. 

(4a) 

(4b) 

for all <P. The rotation loci for [Z'J elements 
are thus point ellipses in the complex plane cen
tered at the origin and ±Z,. 

There is no vertical magnetic field, H, = 0; 
so that the rotation loci for elements of [V,,] 
are point ellipses centered at the origin. 

Two- and three-dimemional earth. Arbitrary 
conductivity structures usually produce ele
ments of [Z'] and [Y.'J whose rotational loci 
are characterized by the open ellipses shown in 
Figure 2. Suppose, however, that there exists a 
vertical plane of symmetry through the measur
ing point (i.e., a plane containing the z axis, 
about which the structures on either side are 
mirror images of each other); this also includes 
the possibility of a two-dimensional earth as a 
special case. As the coordinate x'y' axes are 
rotated, the tensor [Z'J must diagonalize when
ever the x' axis or the y' axis lies within the 
plane of symmetry (i.e., for 90 0 increments 
of <p) [Word et ai., 1970J such that 

Z./(<I» = Z./(<p) = 0 <P = <Po ± n90 0 

(5) 

Z./(<1'» = - Z • .'(<1'» 

where n = 0, 1, 2, .... This causes the rota
tion loci for Zu' and Z • .' to be a straight line 
ellipse centered on the origin. The loci for Z.r' 
and Z,.' are straight line ellipses also and are 
centered at ± Z,. 

'T'hp v.nrtlf'pl rnQI)"'THlot;,., hol,l J.J '\'"'n,-"" ....................... .,. 
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In any case, each element of [Y.'] must vanish 
for some value of <I> = <P1 and for <P, + 1800• 
This requires that the loci be in general straight
line ellipses centered on the origin. For a two
dimensional structure, the x' axis is aligned with 
the plane of symmetry for <I> = <P .. and defines 
the characteristic dip direction of the structure. 
Note that for a two-dimensional or symmetrical 
structure the angle <p", is a function of geometry 
only and is thus a useful diagnostic parameter. 

In summary, the various conditions relating 
to a.'Cis rotation are the following. 

For earth conductivity (T,(x, y, z) arbitrary, 
rotation loci must be primarily elliptical, as pic
tured in Figures 2a, 2b, and 2c. 

For earth conducti,-ity (T,(x, y, z) symmetrical 
about some Yertical plane of symmetry, first, 
[Z' (<I» J must and can only diagonalize for 90 0 

increments in <P. Rotation loci are line ellipses 
centered at the origin and ±Z,. Second, [Z'(<p)] 
lUust diagonalize when the x' axis or y' axis is 
within the plane of symmetry. Third, [Y.'] 
elements each must and can only vanish at 180 0 

increments in <P. Rotation loci are line ellipses 
centered at the origin. Fourth. an element of 
[Y/] must vanish whenever the x' axis or the 
y' axis lies within the plane of symmetry. 

For earth conductivity (T,(x, y, z) = (T,(z), 
rotation loci for [Z'], [Y.'J are all point ellipses 
centered at the origin and ±Z,. 

Three-dimensionality indicators. Precise in
terpretation of the two-dimensional tensor im
pedance [ZJ is limited at best to two-dimen
sional or simpler geometry. Some parameters 
can be defined that indicate departure from two
dimensionality; they thus serve as guidelines 
for interpretation. 

The 'skew' index as defined by StLift [1967J 
is given by 

(ZIZ' + Z • .') 
a=(, ') Zzv - Z .. 

(6) 

The index C/ is invariant with <P. It may be 
noted that a is the ratio of the displacements of 
the centers from the origin of the rotational el
lipses for the diagonal and cross tensor im
pedance elements. The condition lal = 0 is a 
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sionality, since it requires only that the Z./, Z,: 
loci be centered on the origin. 

Another indication of three dimensionality is 
the eccentricity of the loci ellipse for [Z' (<fl)]. 
Consider the parameter defined as 

/3(4)) = (Zu; - Zn? (7) 
(Z.. + Z.z) 

If the rotation loci are line ellipses, then the 
numerator must vanish for some <fl = <Po and, 
thus, (J(<fl.) = 0 for a two-dinlensional earth. 
It is easily shown by substitution of (3) that 
(Z./ - Z.,') and (Z.: + Z,/) of Figure 2 
must be in time phase in order for (J(<flo) to 
vanish. Therefore, (J (<fl) is real for a two-dimen
sional earth and complex in general for a three
dimensional earth. The 'ellipticity index' [Sims, 
1969], defined as 

(8) 

is the ratio of minor to major axes of the im
pedance ellipse. A nonzero value for I{Joi is 
indicative of three dimensionality. 

The condition 

lal = 0 lt10l = 0 (9) 

is a necessary and sufficient condition for two 
dimensionality that is used here to mean that 
[Z'(<fl)] is antisymmetric and will diagonalize 
for some value of <fl. 

As the three-dimensional effect becomes small, 
it is possible for the axes of the rotation ellipse 
to become vanishingly small compared to the 
elements of [Z'] , and this must be considered 
in judging the degree of three dimensionality. 
It might be desirable to weight the importance 
of {Jo as 

R _ R (Z,.' + Zy/) 
/J 00 = /JO (Z ' ') I •• - Zu (<1>-<1>.) 

(Z,/ - Z./) (10) 
= , 'I (Z.. - Z.z) (<1>_<1>.) 

Ellipticity indices Gan also be defined for 
[Y.'J in a similar manner. If 

1(3"i iq zero for an app~rrnt two dimensionality 
b1lt i, not n('r(',.'~ril~· noml'ro for an apparent 
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interpretation technique. MT interpretation 
is based primarily on the point relationships: 

[E] = [Z][H] 

[H.] = [Y.][E] 

(12a) 

(12b) 

which ideally would be known as a function of 
:r and y as well as frequency. 

The most practical approach to MT inter
pretation is to first synthesize a 'best' one
dimensional conductivity distribution <T(z) from 
the tensor impedance [ZJ at each data site. A 
set of <T(z) models for a grid of data sites can 
then be contoured or otherwise assembled to 
produce an initial estimate of the three-dimen
sional structure. Two- and three-dimensional 
model solutions are of little \"alue at the outset, 
at least on a trial-and-error basis, but they 
serve more appropriately as a means of verifica
tion and refinement of the initial interpreta
tion. Further refinement of the earth model can 
hopefully be accomplished by considering the 
coordinate rotation properties of [ZJ and [LJ 
for each data site in view of the initial estimate 
of the structure with attempts then to achieve 
agreement. 

Principal-axis estimates. The dip axis and 
principal directions of [Z] are found from the 
coordinate rotation properties of the tensors in 
(12). The dip-axis estimates are defined by the 
x' axis for <fl = <fl.o, obtained from 

1>,0 ~ I Y • .'(4))llD&X (13) 

The higher impedance principal direction of [ZJ 
is defined by the x' axis for 1> = <fl., obtained 
from" 

The rotation angles are Ilsu~lly functions of fre
quency. 

For symmetrical geometry, the x' axis defines 
the vertical plane of symmetry (x' z plane) and 
the dip axis for the angle <fl, •. The maximum
impedance axis at angle <Po is either along or 
normal to the dip axis, depending on the con
ductivities invoh·ed. 

For nonsymmetrical geometry, the angle <fl", 
defined as in (13) responds to an average or 
pseudo dip axis of the m:Jferial to which the 
electromagnetic field measurements RTf> ,pn,jtj\"I' 
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<fl .. (w) then tends to describe variations in 
pseudo dip axis with depth. 

Frequency function for determining a one
dimensional model. If for x'-axis rotation angle 
<fl. the diagonal elements of [Z'J are normally 
s:mall, the orthogonal E and H components are 
essentially related by 

(I5a) 

(15b) 

The impedances in (15) wiII be called ZII and Z, 
for E-field components that are approximately 
parallel (Ell) and perpendicular (E,) to the esti
mated strike direction. The strike direction as 
used here is defined as the normal to the vertical 
plane of symmetry. The dip axis lies within the 
plane of symmetry. For a symmetrical structure, 
equations 15 become precise equalities and ZII 
and Zi become precisely the impedances for E 
polarizations parallel and normal to the strike, 
respectively. 

Consider a two-dimensional situation. If ho
mogeneous isotropic material surrounds the 
origin or measuring point, ZII and Z, become 
equal in magnitude in the high-frequency limit. 
As frequency is decreased ZII and Zi are equal 
until a lateral inhomogeneity or anisotropy is 
sensed. The two functions respond differently 
to an anomaly and will thus begin to split apart. 
The behavior of these impedances for still lower 
frequencies must be considered in synthesizing 
a <T(z) model. 

Z, tends at first to be less sensitive to material 
off the Z axis. This effect is crudely explained by 
the fact that, for a secondary (reflected) wave 
front incident on the origin at some angle B to 
the Z axis, the influence of the secondary electric 
field lying within the plane of incidence is pro
portional to cos O. Consequently, Zi tends to 
have a sensitivity lobe that is directed along the 
Z axis, a property that makes Z, a good locator 
of a first horizon in conductivity of the struc
ture and probably a good delineator of lateral 
changes along the dip axis. The influence of a 
secondary E field nomlal to the plane of inci
dence does not have a geometrical factor that 
depends on B; thus, ZII is more sensitive to ma
terial off tlie z axis and tends to respond to 
some lateral a\'eraging of the conductivity. 

As freollpn('\' i~ rlp('rp~~(>(1 Cllf'h 11l'1! n"nr·' co 
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E, and Z, remain permanently affected by the 
nearest anomaly for all lower frequencies; Ea 
and Z~ are continuous functions along the dip 
direction and become laterally constant in the 
low-frequency limit as though the sliallo~'er 

material were homogeneous. Zft tends to become 
independent of shallow material in the two
dimensional structure for lower frequency as it 
would for a one-dimensional stmcture. It is thus 
able to represent the effect of deeper material in 
the structure without accumulative errors due 
to shallower anomalies. A one-dimensional inter
pretation of ZO({O) would therefore seem to 
define a <T(z) more nearly approximating the 
actual conductivity distribution along the z a:\is. 
Patrick [1969] discusses this point and demon
strates the phenomenon by fitting one-dimen
sional models to both Zu and Z" which were 
computed for two-dimensional structures at 
various positions along the dip axis .. \ line of 
<T(z) models produced from Z:r seems to repro
duce a reasonable smoothed version of the orig
inal structure. Z, models are more in error be
yond the first horizon of the struct ure and 
reflect lingering effects of a shallow anomaly on 
low-frequency values of Z,; this pattern causes 
a constant bias if the deeper structure becomes 
one-dimensional again. 

For three-dimensional structures, the argu
ments set forth abo\"C tend to apply as long as 
departure from two dimensionality is not too 
severe. Both E-field polarizations Err and Ei will 
usually retain some distorting effects of shal
lower anomalies, but E'I will probably be less 
distorted. In any case, corrections for such ef
!ects can be attempted only after some estimate 
of the structure has been obtained. Severe de
parture from two dimensionality cvn cause con
siderable error in the estimation of a a( z) model, 
and such a condition can be anticipated when 
three-dimensionality indicators of [Z] become 
large. Real geological structures, ho\\"e\"('r, can 
often be approximated by an assemblage of two
dimensional or symmetrical structures whose 
effects are sometimes separable (at least qualita
tively) in the resulting three-dimensional im
pedance tensor [Word et al.. 1970]. 

One-dimensional model synthesis. Suppose an 
impedance funct ion Z" (,,), 8.1:'>' Z'" has been 
cho.~f"n from rZJ 3t a gl\"Cn measurement site 
-"nh .l, .. 7 1.~1 
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model u .. (z), approximating the conductivity 
below the site. The next step then is to perform 
the inversion process: 

Z.(W) -+ U,.(z) (16) 

If Z. is known for all w, unique inversion is 
made possible by the skin-effect phenomenon 
[Bailey, 1970]. In fact, the range on w need only 
be such that effective penetration depths encom
pass the z range of interest in most cases. 

The sensitivity of Z. to a particular portion 
of u .. (z) and, consequently, the relative impor
tance of that portion of the model as obtained 
in the inversion process are of considerable in
terest. The sensitivity is usually a complicated 
function of u .. (z) and of measurement noise 
and is difficult, if not impossible, to formulate 
analytically. Qualitatively, a particular region 
of the model is reasonably well defined if it pro
duces flux exclusion (i.e., attenuation of the elec
tromagnetic fields in the z direction is rapid 
compared to the thickness of the region) over 
some frequency range. It is of some use to 
implement this rule as follows. Let U.,(z) be of 
the discrete form in Figure 3, let S_ be the Rkin 
depth in Un, and let Wn denote the frequency for 
which layer n would become effective in Z. (i.e., 
at Wn the E field at the.surface of layer n is about 
lie of its value at z = 0). Confidence in layer n 
of the model can be based on the following 
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qualitative rule: 

dn > ko"(wA ) -+ layer n well defined (17a) 

d,. < ko.(w.) -+ layer n not well defined (17b) 

That k depends on measurement noise IS Im
plicit in this rule; k = 0.75 to 1.0, determined 
empirically by the authors, can be used as a 
rough guideline for present measurement capa
bilities. Layer n meets condition 17b when either 
d. or Un is small. The layer may still affect the 
value of Z., although one or both of its param
eters is not well defined by the inversion. 

A closed-form solution for the inversion prob
lem in (16) is not presently available. All meth
ods now used involve iteration of the forward 
problem to achieve a fit to the frequency func
tion Z.. Such methods are well covered in the 
literature [Cagniard, 1953; Wait, 1962; Price, 
1962; Hopkins and Smith, 1966; Swift, 1967; 
Patrick, 1969]. For the layered model in Figure 
.'3, the solution for Z. can be found from the 
easil~' obtainable expression: 

Z._I = F(Z,,' un-/ dn-I) (18) 

by iterating up the z axis, on n, beginning with 
the bottom layer impedance Z.v. Manual fit of 
the data requires a considerable amount of skill 
in manipulating the model pammeters. Hopkins' 
and Smith, [1966] have devised an orderly pro
cedure to accomplish this. Wu [1958] and Pat
rick [1969] have written computer programs to 
achieve automatically a minimum mean square 
fit to the impedance function by·minimizing the 
function 

'¥ = ~ /dol 2 IZo - Z",1 2 
(19) 

with respect to all model parameters. Z .. is the 
model impedance. Variables to which 'l' is in
sensitive can be made constant to eliminate in
stabilities in the process. The program written 
oy Patrick [1969] was used on the results pre
sented in a later section and has proven to be 
a very useful tool. 

It is convenient to define an apparent-resis
tivity function for use in place of Z. as 

( . 1 1 2 Pa W) = - Za(W) 1 
Wil 

(20) 

WORD, SMITH, AND BOSTICK 

becomes the intrinsic resistivity of the medium. 
In the one-dimensional model, Z. behaves as a 
minimum phase function, and the phase adds no 
information not contained in p.. Minimum 
phase behavior seems very apparent in all 
multidimensional impedance functions measured 
by the authors, although it is doubtful that 
such could be expected in every case. The phase 
of Z. should certainly be considered in the 
interpretation. 

For a cursory interpretation of an apparent
resistivity function, standard sets of two- or 
three-layer apparent-resistivity curves [Cag
niard, 1953; Yungul, 1961J can be used for 
comparison. Also, approximate inversion methods 
[Sims, 1969; Niblett and Sayn-WiUgenstein, 
1960J have been devised that assume purely 
exponential decay of the E field in each layer. 
Such methods are good for mild conductivity 
contrasts but tend to ignore highly resistive 
layers, 

The initial estimate of subsurface structure 
formed by an assemblage of one-dimensional 
models can possibly be refined by considering 
the behavior of [ZJ for individual sites. For 
example, the estimated dip-axis direction at a 
particular frequency should be in agreement 
with the average dip axis of the corresponding 
portion of the model. Such a comparison provides 
a good cross check on the results and suggpsts 
possible steps for refinement. 

A N,J correspondence is desirable for inter
pretation of frequency functions such as <I>,o(w). 
There is no one-to-one correspondence between 
depth and frequency for a given conductivity 
funclion cr m (z); however, an approximate rela
tionship can be established on the basis of a 
composite skin depth Bn(w) or effective lie 
penetration depth into cr ",Cz) for frequency w. 

Let Bn be defined by 

aneW) = z /E(z) 1 = l/eIE(O) I (21) 

The function Bn(w) is monotonic for most prob
able situations, although it is not precisely so in 
general (e.g., it would probably not be unique for 
thick air space between two conductors). 

A computer program was written to evaluate 
Bn(w) and is applied to the results in this study. 
This depth frequency criterion is perhaps best 
suited for II, phenomena because of a tendency 
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source assumed throughout this study, and its 
existence is an immediate indicator of lateral 
inhomogeneity. H. is produced primarily by HJ. 
(precisely for two-dimensional cases); conse
quently, a normalized H. function defined as 

(22) 

should be time invariant for a given structure. 
A map of H." on an x-B. or x-w cross section 
tends to locate the position of an anomaly in 
that plane. Since the secondary wave front 
producing H. must propagate from the anomaly, 
the phase of H ,n is advanced or retarded as the 
measuring point is moved, respectively, toward 
or away from the anomaly. Insofar as Hz. can 
be associated with a particular anomaly, the 180

0 

directional ambiguity in the dip-axis estimate 
can be eliminated. In some cases the absolute 
value of Hzn phase seems to indicate whether 
the anomaly is more conductive or less conductive 
than the surrounding mediums . 

MAGNETOTELLURIC SOUNDING IN 

CENTRAL TEXAS 

Micropulsation measurements were made at 
seven sites along a 60-mile traverse east of 
Austin, Texas. Data were taken in the frequency 
band 0.0001 to 10 Hz, which corresponds to 
sounding depths ranging froI? a,bout 0.1 krn to 
over 100 km. Figure 4 shows·the traverse on a 
regional scale along a line bearing approximately 
N 40oW. Site locations are shown in Figures 5 
through 7 on a larger hori~ontal scale. The site 
numbers shown were assigned for reference 
purposes; also, the sites bear the names of 
nearby landmarks, The"e names are abbreviated 
in some figures and they are written out in 
Table 1. Texas counties are outlined in thin 
continuous lines in Figures 5 and 6; the MT 
traverse extends from northern Williamson 
County through Travis County to southeastern 
Bastrop COllnty. 

Geological background. The MT trayerse lies 
on the flanks of the Llano uplift and crosses the 
outer portion of the Ouachita fold belt system 
at the edge of the Texas craton. The Llano Up
lift is an exposed ('ryst~lline granitic uplift of 
the Precambrian basement and is associated with 
the Ouachita system [Flawn, 1964 ; Woods, 
1956J, extending from northern :'f",ir'o S(lJn" 
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Fig. 4. Magnetotelluric sounding traverse. 

The younger sediments overlying the Ouachita 
system strike about N 200E near the 1l'1T tra
verse and dip generally southeastward toward 
the Gulf coast. The Ouachita geosyncline is com
posed primarily of two structural salients, the 
east Texas and Rio Grande embayments [Flawn, 
1964J, respectiYely, separated by the San Mar
cos arch, whose axis extends from the Llano 
Uplift outcrop southeast to the coast [Fowler, 
1956; Halbouty, 1966J, as shown in Figure 4. 

Subsurface geology in the region of the \fT 

depths. Borehole penetration to Paleozoic ma
terial extends roughly southeast to the broken 
line in Figure 4. Flawn et al. [1961], using 
nearly all available geophysical evidence, derived 
a detailed map of the subsurface structure of 
the Llano uplift and the Ouachita system and 
provided the information for the contour map 
of the Paleozoic surface presented in Figure 5. 
The map in Figure 6 has been redrawn from 
Kenney [1967J. The Precambrian surface con
tours 8hown in Fir:me () one hi1~pd l:lrgely on 
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basement. This surface is not well determined 
oyer most of the region shown. Southeast of the 
zone of overthrust faulting in the Premesozoic, 
the basement surface depth is beyond reliable 
estimation; contours nre drawn on the Paleozoic 
or Premesozoic surface south of the fault lone. 

Figure 8 is a geological section along the :.IT 
traverse; it is deri,'ed from vnrious ;:;ources in
cluding data from maps of the Ouachita struc
tural belt by Flaten et ai. [1961]. This fipction 
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shows the various lithologic units along the tra
verse on a logarithmic depth scale. Since electro
magnetic fields tend to ~ttenunte exponellti:dly 
in the conducting earth, the logarithmic dcpth 
scale is a natural one for '\IT sounding. Paleozoic 
and Prec3mbrian surfaces were obtailled 3S de
scribed abo"e from the contour Illnps by Flawll 
[H)61J and Kenney [1967]. The Cretaceolls and 
younger sediments are rrasonabl~' well known 
from borehole penetrations. Contacts between 

...... PALEOZOIC OUTCROP 

TOP PALE OZOIC 

Sea level Dof urn 

E levof ions and ConI<) urs - FI. 
Contours on Precambrian Surface 

I I 
o 50 SCALE IDO Km 

3 - GTN 
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5 - NM 
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7!- SMV 
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Fig. 6. Rotation angle 4> .. for frequencies sensitive to the Precambrian surface. 

the various sedimentary groups seem to be 
fairly planar, except for occasional normal fault
ing, and they dip southeastward with a slope of 
about 0.01. Accurate estimates of contact depths 
were obtainable near sites 5 and 7. The inter
faces, broken lines in the cross section, were 
drawn with constant slope from known points 
of surface outcrop through the estimated inter
sections at sites,) and 7. An" fanlt displnrr·rncnts 

their effect is probably not pronounced, since a 
good fit with the MT data was obtained with 
the plane interfare assumption. Resistivity logs 
were available for boreholes designated WI 
through W4 at the locations shown in Figure 8. 
Their resistivity values correlate reasonably well 
with the broad range of values shown. 

Data. Field measurements were made of two 
~omponef, ,; of the (.I('{·tric f],.ld \E" E,) and 
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Site No. 

2 
3 
4 
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~ 
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! 

50 
I 

100 KM 
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Fig. i. Rotation angle .pro for frequencies sensitive to the conductive substratum. 

TABLE 1. Site Designations and Locations 

Name Abbrev. Location Elev. ft. 

Purcell peL 30°47 . 88'N, 97°55.48'W 1000 

San Gabriel SG 30042.45'N, 97°52.45'W 950 

Georgetown GTN 30°35. 25'N, 97°45.88'W 950 

PH ugerville PFL 30°27 .15'N, 97°35. 53'W 650 

N. Manor NM 30 022.45'N, 97~1.83'W 620 

S. ]llanor 8M 30°20 AO'N, 97°32.17'W 525 

Srnithvill., Sl\fV :woO'.UWN. (nOOR 2.')'W ~oo 
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Fig. 8. Geological section along MT traverse with electric log resistivities. 

H.) at each of the seven sites by using the MT 
instrumentation system developed at the Geo
magnetic Laboratory of The University of 
Texas at Austin [Word et aL., 1970J. The fre
quency range from about 0.0001 to 10 Hz was 
covered in three overlapping bands (low, me
dium, high). These were recorded with system 
responses adjusted to pre-whiten approximately 
the spectra within each range. An effort was 
made to obtain at least three good data se
quences for each of the three frequency bands; 
up to six or eight were usually obtained for the 
medium and high bands. Record lengths aver
aged about 20 hours for the low band, 2 hours 
for the medium band, and 15 minutes for the 
high band. 

Data analysis. All data sets were analyzed on 
a CDC 6600 computer using the techniques de
scribed by Sims [1969] and Word [1970]. In
cluded were the computations of power density 
spectra, cross spectra, coherency, and polariza
tion from which the following quantities were 
obtained: apparent resistivity and phase angle 
for the principal axes of [ZIJ; rotation angles 
<Po and <P", for the principal x' axes of [ZI] and 
rY.'l rp..c(T)Protl'·r.~'\'· d-\fl ,·1·" ... '",: fl,r. ~,l1:_.l~_~~ 

/30, for the measured impedance [ZJ, and the 
ellipticity /3", for the measured admittance [Y.]. 

RESULTS 

A criterion for accepting data points for ap
parent resistivity and phase angle was based 
mainly on the phasor coherency as defined by 
Sims [1969]. Only data points having values 
greater than 0.8 were used in the interpretation. 
Figure 9 shows a plot of the apparent resistivity 
and phase versus frequency for the principal 
elements of [Z'(<po)] at the North Manor site. 
The elements Po and Pi correspond to Ee and E i ; 
the continuous curves in this figure sho!v the 
model fit obtained for the pu case. Similar results 
were obtained for the other six sites and all 
curves are graphed on small scales in Figure 10 
for convenience in examining them collectively. 

A contour plot of PI in a horizontal distance 
\'ersus frequency plane along the MT traverse is 
shown in Figure 11. This is actually a plot of 
the best fit theoretical pn function for the model 
to be discussed subsequently; however, the 
theoretical function, appearing as the continuous 
line in Figures 9 and 10, serves as a reasonable 
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One-dimensional profiles. A measured imped
ance function Z.("') was chosen from each set 
of results as typified by Figurc 9. One-dimen
sional layered models of the form of Figure 3 
were obtained for all sites by two methods. The 
first method imolYed a computer visualization 
routine whereby a model fit was accomplished by 
successivc m:1nual adjustments of the model pa
rameters; the second method used an automatic 
computer program written by Patrick [1009], 
which minimizes the mean square difference be
tween the measured and model impedance func
tion with respect to all model parameters. 

Plots of p(z) for layered models satisfying 
the apparent-resistivity function p.(w) are given 
in Figure 12. The solid line curves represent the 
profiles to be used in the two-dimensional sec
tion and the broken curves are alternate models; 
the relati\'ely well defined parameters are drawn 
as thick solid lines. Certain parameters that were 
not well defined by the inversion were adjusted 
to probable values still in agreement with the 
sounding results: 11 surface layer of PI = 5 nom 
was used at each site; thin conductive layers 
were set to 1 nom; thin resisti\'e layers were set 
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to 100 D-m or 10' D-m; and at site 1, p, and 
d, were taken from borehole log WI. The above 
assumptions were used when required by lack 
of enough high-frequencJ~ data or by insensi
ti\'ity of the inversion to the value of the pa
rameter in question. 

The surface layer thickness d, was adjusted 
to n maximum permissiiJle value when it was not 
determined by Pl = 5 D-m. For sites 3 and 4, 
d, is determined by PI; the broken curve is for 
PI = 12 D-m and is a good estimate of the 
upper limit all {>l and el" For highly resistive 
l:1yers pn -? 00, the layer thickness d. is deter
mined by the inversion if d n » 8." ({Un), where 
On" is the effective skin depth in the medium 
below layer nand uJ. is the frequency nt which 
layer n would influence the surface impedance 
Z. (see (17)). For small dn, the layer is effec
tively transparent. The 10' D-m layers for sites 
3 and 4 are possibly not actually present. The 
dimensions shown represent upper limits for 
which these layers are transparent. Admittedly, 
transparent resistive layers could be placed any
where in the profile in this manner, and this 
always represents a potential source of error 

1)/-606. 

,01 - x + Y 

MODEL -

x 
@x 

0"'1-_, o.L_-:-. -...L...--'--'-..LL...LLJ.JIOl..._ ,:----'---'---'.-L.LLLll, 0-:-,:---LJ-lI---L' ....J1L..ILL.lil,o-_ -, -L..--L--L.l-LLUl..IO"'-o _-L---L--L.L.l...Ll...U,o' 

FREOUEII::'" (NT)·------



lOU 

2~J_PCI 

:~ , , : , , 
-3 -2 -I 0 I 

'33ft: 1 

:r-, :: :'" 
-3 -2 -I 0 I 

]:221 

CONTINENTAL RESI~TIVITY 

:~'-" 
o~ , 

3 -2 -I 0 I 

]::3=:-1 
:~ H~. 

o L::::: ,:::= , 
-3 -2 -I 0 1 

+::~I 
~ ~ 2 

§~ 
~ '- I 

~ ~ 

L egon d 

--- -~, 
----fJ.1. 

.... 

Fig. 10. Summary of apparent rf'sistiYit~, and rotation Rng]" results (see ]m,er right hox for 
legend) . 

in depth (f's(,lution. N everthelpss, when there is 
reason to expect the presence of a thin resistive 
region, a useful estimate of the maximum pos
sible thickness can be obtained as aboye. 

For electrically thin and highly conducti\'e 
layers, only the product und. is determined b~' 

the inversion process; as a rC'iult, it is required 
that a condition such as the setting of thin con
.jlJ(:tive layers to 1.0 fl-m be Dl~Hle. Limits could 

_.~ 1 7 

since the byer \"ould be known electrically thin 
for the frequencies at which it is effective. 

Tlco-dimellsional sectioll. The one-dimen
sional profile estimate;: were assembled to pro
duce the "ertical cross ;:ection shown in Figure 
13. Vertical line3 repre~rnt the data site loea
tions, and the layered model parameters p. and 
d" are indicated at each ;:ite: the large numerals 
are layer resistivity in O-m and the shon cross 
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p(z) for all sites were correlated along the tra
verse and contoured in 5 resistivity ranges, with 
interpolation between sites, to form a smoothed 
estimate of the two-dimensional resistivity dis
tribution. A crude estimate of the horizontal 
averaging interval along the cross section at a 
depth z is about 2z or less, if a given u(z) is 
considered influenced by horizontally neighbor
ing material up to a distance z from the measur
ing site. At a depth of 100 km, the distribution 
is averaged over the entire traverse at each site. 

The relative importance of various features 
of the model can be gathered from Figure 12. 
Generally, the shallower portion of the cross 
section to the first horizon in resistivity is 
not well defined, owing to lack of adequate high
frequency data; frequencies of up to 10' and 10' 
Hz would be needed to obtain good definition 
for 0.01 < z < O. 1 km. The high-resistivity 
bed, marked 10' O-m, is questionable at sites 
3 and 4, and the thickness shown in that region 
represents an upper limit. 

Comparison of model with geology. Compari
son of the MT model with the expected geo
logical structure described earlier shows good 
agreement for most major features of the con
ductivity distribution, including estimated dip 
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axes. A comparison of the MT profile in Figure 
13 with the expected geological section in Figure 
8 is facilitated by, the superposed sections in 
Figure 14. 

The first horizon in resistivity seen by the 
sounding is the Austin limestone and lower 
Cretaceous formation, at sites 1 to 6 and the 
Wilcox sandstone, at site 7. There is particularly 
good correlation between the Navarro and Tay
lor shale beds and the associated conductive 
streak on the model, which is clearly defined by 
the sounding at sites 6 and 7. 

The Paleozoic surface presents no discernible 
contrast over the lower Cretaceous and there
fore is not defined by the sounding, nor are the 
various Ouachita facies of the folded Paleozoic 
material defined, although longer signal averag
ing in the sounding might detect this material. 
The lower resisti-'ity regions of the Paleozoic 
and Cretaceous toward either end of the tra
verse are possibly associated with different for
mation facies. The interpolated boundaries be
tween the regions are of course open to question 
between data sites; however, the geological and 
electrical boundaries are not expected to con
form necessarily. At site 1, near z = 1 km, the 
8 O-m and underlying 100 O-m materials prob-

PFL NM SM SMV 

4 5 6 7 

10 r-----------~_+~~----~~~----~~~----~~--_+--+_--------~ 

;: 

>-
u 
z 
w 
::> 
0 
w 
cr: .,.' 

.1 

.01 

001 

15 
10 -r--__ 

;>-(f2-M) 
II 

,0001 L-------------kO----L-------k-------,-,o~~~~-----------=I(~,O~KM~------~ 
I ':', ~ !' ;:-



162 

!; 
I 

~ 
'-

--.. 

'" '-

" "" <> 
--J 

)... 

..... 
:;: 
~ 

..... 
V) 

i;j 
l<J 
ct: 

4 
3 

2 

I 

o 

4 

3 

2 

I 

o 

4 

:3 

2 

0 

4 

3 

2 

0 

4 

3 

2 

0 

4 

3 

2 

I 

0 

4 

3 

2 

0 

01 

Site' 

1- Pcl 

=-=-r-- --

2-SG 

- --

3- GIn 

I - _.J 

4-Pfl 

l- I - - .J 

5-NM 

6-SM 

7-Smv 

CONTINENTAL RESISTIVITY 

J 
J 

I 
I 
I 

I 

I 

I 
I 

I 
L 1. 

1 1 
l 

~ 

1. 

10 100 1000 

WORD, SMITH, AND BOSTICK 

ably correspond, respectively, to the Upper and 
Lower Paleozoic rocks of foreland facies. 

The resistive bed, 500-co a-m, is thought to 
correspond in part to the Precambrian granite 
basement. The basement surface was detected 
somewhat deeper than expected at sites 2, 3, 
and 4. However, discmsion with Flawn [1961] 
and other geologists familiar with the Ouachita 
system would indicate that the model depths 
are not unreasonable and are within tolerances 
of the expected surface estimates. The granite 
is not known to exist over the entire traverse; 
however, the resistive bed is definitely observed, 
except possibly between sites 3 and 4. 

The thin conductive bed overlying the resis
tive basement region is found to be a necessary 
part of the MT model. It may represent a 
severely weathered granite surface or granite 
wash. Although a conductive granite surface is 
not seen at sites 1 and 2, it probably exists but 
to a lesser extent; the resistivity log for bore
hole WI penetrated the granite surface some 
tens of feet and indicated much lower resistivity 
than would be expected for granite, i.e., ap
proximately 100-200 a-m. 

Below the resistive bed, penetration depths 
are thought to extend into the upper mantle. 
The lower two conductive layers of the model 
are a source of concern. The parameters as
sociated with these layers are reasonably well 
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defined in the MT inversion and do not appear 
to be unduly affected by the influence of noise. 
However, the indicated resisth'ity grade-off with 
depth is much more rapid than is found by deep 
resistivity soundings in most other areas. Keller 
et al. [196G] show a resi"t h·it ~'-depth dist ribll
tion compiled from the several methods includ
ing, in order of increasing depth, borehole 
electric logs, gah-anic resistivity sun'ers, mag
netotelluric sounding, and studies of long-period 
magnetic field variations by Lahil'i and Price 
[1939] and McDonald [1957J. 

Five major zones of electrical conductivity 
with depth are recognized by Keller et al. [1966J 
and are labeled A to E from the crust to the 
core of the earth. Zone A is the "urLlce layer 
of sedimentary, igneous, and metamorphic rocks. 
Zone B, probably granite and basalt, is highly 
resistive, 3 X 103 to 105 Q-m and above. Zone 
C represents the first significant drop in re~i~

tivity for z :;:::: 35 km or so to \'alues found a::' 
low as approximately 30 Q-m, determined b~' 

::vIT in the Colorado Plateau area. Zone D is 
estimated to begin at z ;:::::; 200 km, with further 
decrease in resistivity. Zone E, the mantle rc
sistivity of 1 Q-m or less, is eolima ted to exist 
for z :;:::: 600 km or so, b:lsed on magnetic field 
variation studies. Swift [1967] found a similar 
conductivity profile with deep l\1T soundings in 
Arizona and ~ew Mexieo. The low-frequcncy Pii 
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Fig. 14. Superposed geological section. 

results in the Swift sOllnding ha\'e a mild de
crease with decreasing frequency and are still 
15 to 30 O-m or so at 10-' Hz, whereas, for the 
Texas soundings, p,: :::::; 10 O-m at 10-' Hz and 
generally the PI results ha\'e a more rapid de
crease with decreasing frequency (see Figures 9 
and 10). Hopkins [1066J made two MT sound
ings in the Delaware hasin of \\'e5t Texas at 
Pecos and Fort Stockton and synthesized layered 
models to depths in excess of 100 km. The re
sistivity at Pecos and Fort Stockton was found 
to decrease to approximately 50 f2-m at 14.6 
and 31 km, respectively, and an ultimate layer 
of 2.5-10 Q-m was found at depths of 77 and 
106 km, respectinly, in reasonable agreement 
with the results herein. 

There is some suggestion of correspondence 
between the deep (zone B and below) resistivity 
boundaries and seismic boundaries [Keller et 01., 
1966 J; howe\'er, there is still insufficient evi
dence to determine a definite correspondence. 
According to Keller [ID66J, a decrease in re
sistivity has been observed at several locations 
for depth corresponding roughly to the Conrad 
discontinuity from 10 to 35 km. The resistivity 
of the basalt or gabbro material below the 
granite is still placed at over approximately 
3000 f2-m. For the ~IT section herein, the Con
rad di~continuity is possibly within the resistive 
500--:0 n-m bed. The \rnhorn\'i~;~ di<N)ntin,,;'" 

km [Cram, 1062; Dietz, 1964J near the Llano 
uplift is within the conductive region between 
10-100 km (see Figure 13). 

The deep-resistivity profiles for sites 4, 5, 6, 
and 7 of Figure 13 are in particularly good 
agreement with the Hopkins sounding and pos
sibly with the zone B and zone C transitions of 
t he Keller [1066] model. The conductive sub
strate appe3.rs to be about 1/10 as deep as ex
pected, and there is strong evidence of a rise in 
both conductive substrata to\\'ard t he northwest. 

Dip axes. The principal axis angle <P,o was 
used as an estimate of the p3eudo dip-axis bear
ing, to imply the nature of v3.riations off the 
cro&s section. Comparison of <P", with the ex
pected subsurface contours in Figures 5, 6, and 
7 appears to support the speculation that some 
of the two- and three-dimensional properties of 
the sounding were attributable to sloping inter
faces between formations. 

Figure 5 shows the dip axes for a frequency 
of 1 Hz on the Paleozoic surface contours. The 
sounding at 1 Hz is thought to be sensitive to 
material near to and shallower than the Paleo
zoic surface. It is affected by an area roughly 
the size of the circles marking the sites in Figure 
5 and is expected to be influenced by very 
local features perhaps at odds with the regional 
trend. Correlation with the contours in Figure 5 
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formation, which at site 7 possibly has the ap
parent dip axis shown by the arrow, if we judge 
by the shape of the surface outcrop. 

Figure 6 shows the dip axes on the Precam
brian surface contours for frequencies corre
sponding to the peak in the mid band excursion 
(rise or dip) in cf> •• for each site. The mid band 
excursions are confidently attributable to the re
sistive bed surface. 

Figure 7 shows the dip axis for a frequency 
of 10-4 Hz where the sounding is sensitive to the 
conductive substrate. The tendency for the dip 
axis to align with the Llano uplift granite out
crop is interesting, particularly in view of the 
apparent northwesterly rise in the substrate. 
This pattern would appear to suggest a rise in 
the conductive mantle associated with the up
lift. Additional soundings would be helpful in 
a study of the nature of the conductive anomaly. 
A northwest e,,'tension of the sounding trayerse 
is planned for the near future. 

CONCLUSIONS 

In the present study, the conductivity cross 
section along the central Texas traverse is ob
tained by contouring the conductivity profiles 
obtained at each site. Each conductivity profile 
is obtained by inverting an impedance-versus
frequency function into an estimate of conduc
tivity versus depth. This inverted conductivity 
estimate is taken to be representative of the true 
conductivity profile beneath the recording site. 
Although a quantitative evaluation of the errors 
involved in construct ing such a cross section is 
quite intractable, it is possible to make a few 
statements pertaining to the over-all accuracy. 

The sensitivity of the 1\1T im'ersion process to 
a given earth model p:nameter is a complicated 
function of the conductivity structure and the 
noise influences. Consequently, resolution of the 
structure will depend on the situation involved, 
the amount of data ayailable, and the method of 
interpretation, For a one-dimensional structure, 
a tolerance of ± 10% in depth, thickness, and 
conductivity is not uncommon for a layer or 
region meeting the conditions in (I 7 a). 

The one-dimensional inversions are subject 
to additional error in the presence of multi
dimensional geology, If the estimates of the 
impedance tensor give clear evidence of the 
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derived by one-dimensional inversion. Fortu
nately, however, all the 1fT soundings along the 
central Texas traverse produce impedance ten
sors that have a strong tendency to diagonalize 
over a considersble range of frequencies. This 
feature signals the presence of a nearly two
dimensional earth. In the general case, however, 
even two-dimensional inversions are almost com
pletely out of the question. If a two-dimensional 
model were almost completely known, then one 
or two parameters of that model may possibly 
be estimated by iterating the numerical evalua
tion of the almost specified model, but a full 
two-dimensional evaluation is far too unwieldy. 
However, the effects of two-dimensional geom
etry can, to some extent, be accounted for in 
the one-dimensional treatment by selecting for 
inversion only that impedance element that is 
generated by the electric-field component paral
lel to the strike of the two dimensionality. This 
strike direction may, of course, be different for 
structures at different depths beneath the earth's 
surface. This can be interpreted from the im
pedance tensor if the angle for which it diag
onaliz('s is distinctly different at different fre
quencies. In other words, one could interpret 
a three-dimensional st meture if the three di
mensionality in fact consists of stacked two 
climensionalities whose two-dimensional proper
ties are manifest in the impedance tensor in 
different portiollE of the frequency spectrum. In 
such cases, however. it is necessary to morlify 
the inversion for the d('('per of the two struc
tures, because the ,'haJlower feature tends to be 
interactive with the impedance function fea
tures of the deeper one. 

We conclurle that the :\IT method in its 
present state of development c~n become a 
valuable tool for geophysical exploration if its 
capabilities are carefully balan(, d against its 
limitations. 
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DISCUSSION 

Madden: You showed a conductive zone in 
the mantle with resistivity less than 1 ohm-m. 
Were you working at low enough frequency to 
measure this? Your longest period was about 
two hours? 

Bostick: All we can say is that we were 

heading into a conductive zone. The absolute 
value of the conductivity is not well defined. 

Porath: I am not against the conductive 
zone in the mantle, but it appears to come too 
shallow under the Precambrian uplift. 


