FINAL REPORT

Magnetotelluric Interpretations in a

Crustal Environment

DOE Contract No. DE-ALO2-77ET 28357

Theodore R. Madden
Professor of Geophysics
Massachusetts Institute of
Cambridge, MA 02139

617/253-6384

Technology

DISCLAIMER

This book was orepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, ar assumes any legal liability or responsibility for the accuracy,
completencss, or usefulness of any information. apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endersement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Abstract

Problems that arise in interpreting magnetotelluric measurements in
complex geologic environments are approached by considering the low fre-
quency approximation where the upper crust can be considered a thin layer
of varying conductivity. The formulation of the thin layer problem,
originally presented by Price, is modified to allow resistive coupling
between the upper crust and the mantle. This is an important modifica-
tion that is necessary to realistically model situations such as those
that arise in geoelectric exploration for geothermal resevoirs. A new
parameter arises, called the adjustment distance, which is the distance
required for the current to readjust itself between the upper crust and
the mantle when changes in crustal conductivity are encountered. This
distance is given by the square root of the product of the integrated
conductivity and the integrated resistivity across the crust (and some
of the upper mantle). Layered media interpretations made on magneto-
telluric data from areas that are closer to a conductivity boundary than
the adjustment distance can be very misleading. Since the adjustment
distance is often greater than 100 km, one has to consider more complex
modelling in many situations. In order to.simplify the modelling of the
large region dictated by the adjustment distance we have applied the
concept of a multiple scale analysis to the thin layer calculations. This
phase of the study is not finished, however.

A simple interpretation of actual field data from the Snake River
Plains is given which illustrates the adjustment distance effect on

magnetotelluric fields.



Introduction

A technique for dealing with the electromagnetic response of a
thin conducting zone was introduced by A.T. Price over thirty years ago
(Price, 1949). His method needed certain modifications, however, to be
applied to real geologic situations. These modifications must account
for a finite resistivity of the lower crust and upper mantle. When such
modifications are made one finds that low frequency magnetotelluric re-
sponses in complex geologic settings are sensitive to the resistivity
of the lower crust. This comes about because the crustal current levels
are modified by resistive coupling to the mantle, and the distance required
for the current adjustments to take place depend in part on the crustal
resistivity. Thus modelling the lower crustal resistivities becomes as
important as modelling the upper crustal conductivities. We have developed
such a modelling for low frequencies when both the upper and lower crust
can be considered thin. This method we call a generalized thin sheet
analysis.

In the first section we review the basis of the generalized thin
sheet analysis and present approximate analytic solutions for simple
geometries. In the second section we briefly introduce the concept of
a multiple scale analysis to lessen the computations needed to solve
realistic models. In the third section we illustrate the applications
of these methods by conéidering,magnetotelluric data obtained in the Snake
River Plains (Stanley, Bochl, Bostick, and Smith, 1977).

I. The generalized thin sheet approximation

Starting from Maxwell's equation$s for low frequencies (no displace-
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we can write from equation (1)
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where

When the layer is thin we can change equations (4) and (6) into difference
equations and using the following boundary conditions

at the base of the thin layer

~ A
Es = 7 HS
at the surface
Hs y Qj+ HS

where Z is the mantle magnetotelluric impedance

H

Y' is the air magnetotelluric admittance for all but the

source wavelength

obtain, after eliminating HS, the following equation for the surface E field
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We can illustrate the behavior of solutions to equation (8) by considering
a two dimensional model with a source field polarized with E perpendicular
to strike which is taken in the Y direction. If the source field is
uniform in the Y direction both Y'ES and K?s x E_ are identically zero
and equation 8 simplifies to
)(w“b)ccﬁ’\o)‘ 5 [jx - _'th;)(H - ")5EX> (9)
The right hand side is essentially the Cagniard solution for the local
conductivity, EX°. In a uniform region where Ps and(fé are constant we

can write
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These solutions show the adjustment distance effect. If two such regions
abut each other we must impose the boundary conditions of continuity of
. o —»Ex . -
(_E_ and continuity of C?,(T' A . The former is due to the continuity
s7x SNS Tox
of Hy across the boundary and the latter is due to the continuity of EZ.

These conditions determine the magnitude of A in the adjacent regions as

follows
O
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Thus the boundary anomaly is due to variations in(js, but the parti-

(13)
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tioning of the anomaly between the regions and the geometry of the anomaly
depends on Eg as well as G;.

Figure 1 shows such solutions for a conductive zone sandwiched between
less conductive zones assuming an excitation field of 1 amp m-'l (795.82)

-4
at 10 ~ Hertz.

These solutions are quite frequency independent so that magneto-
telluric profiles within the adjustment zone would all be similar except
for the changes in level. One dimensional interpretations of these data
would be completely misleading however.

IT. Multiple scale calculation methods

The fact that the adjustment distance can often be hundreds of kilo-
meters means that realistic modelling of magnetotelluric references must
often include a very large region around the measurement sites. This
would seem to make the modelling problem a huge undertaking. On the other
hand one does not need to know the solution in the outer regions in great
detail, only their average effects are important. One approach then to
such modelling is a multiple scale method. The region in question can
be subdivided into large blocks and the average property of each block
determined by a small scale calculation. A large scale calculation is
then made on the model using the average properties for each block. A
small scale calculation is then made for the block of specific interest,

using the large scale results for all the other blocks as knowns. Figures
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2 and 3 illustrate this concept. Figure 2 is a histogram of the resis-
tivity model which represents a resistive 'island' surrounded by a con-
ductive 'ocean'. The whole region is represented by 35 large blocks. The
inner region of interest is represented by 35 small blocks. 1In this case
the average property of each large block is known since they were homo-
geneous, and Figure 3a shows the large scale solution. The inner group

is then solved again fixing the electric field values outside this region
at their values as obtained in the large scale solution. The solution

for the inner region is shown in Figure 3b.

These methods work very well for two dimensional problems or for
problems where the region of interest was more resistive than the outer
regions, but severe problems arose in other situations. The difficulty
mainly stems from the Y' operator which is sensitive to the details of
the outer region solutions. The problem is akin to the Gibbs phenomena
due to the sharp cutoff in wavenumber that occurs when a jump in scale
is made. We have not solved this problem and it may be necessary to
reformulate the problem so as to avoid impedance conditions at the surface.

III. Snake River Plains: dn example of adjustment distance effects

Figure 4 shows magnetotelluric data and the station locations from
the Yellowstone-Snake River Plain area. This is a subset of the data
shown by Stanley et al (1977) chosen to illustrate the self similarity

that is typical of adjustment distance effects, i.e., the shape of the

appérent resistivity levels are similar, but the levels are
displaced. Because of this one suspects that the apparent
resistivity leyels are not representative of a layered media

model. If the Sanke River Plain region was more conductive than the
surrounding regions or at least the regions to the NW, N, and NE, one

would expect the apparent resistivities at the low frequencies to be
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depressed. The similarity of the curves at the higher frequencies must
indicate that local inhomogeneities also exist. Cagniard layered media
interpretations of this data led to anomalously low resistivity values
for the lower crust, but it is very likely that these interpretations: are
quite false. To see if such data could result from near surface con-
ductivity variations we attempted to model the data with a normal lower
crust and upper mantle conductivity structure. We assumed that station
12 gave the regional result and that the depression of the other curves
was due to more local features. Under this assumption we can expect
the high frequency behavior of station 12 to faithfully represent the
layered media solution, but the low frequency response would reflect the
influence of the outer regions which prevent the current levels from
reaching those expected if the station was far from the boundaries. A
quasi three dimensional interpretation can then be made by a) finding a
conductivity structure for the Plain that satisfies that high frequency
data, and b) finding a conductivity structure for the outside region that
causes the appropriate decrease of apparent resistivity at the low
frequencies. This is illustrated in Figure 5. The curves marked 1-D
are layered media solutions and the curves marked 2-D are thin layer
calculations. These curves merge well into the actual data with very
reasonable conductivity models.

To interpret real data one really needs three dimensional modelling,
but this example illustrates the pitfalls of ignoring the regional
conductivity structure and attempting to use one dimensional interpre-

tations of magnetotelluric data.
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