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ABSTRACT

This thesis develops a new approach to processing transient electromagnetic data.
This approach is called time domain electromagnetic migration (TDEMM). The mi-
gration method is specifically designed to process multidimensional time-domain elec-
tromagnetic data in order to obtain a resistivity image of subsurface structure which
clearly indicates the spatial location of the targets and estimates their anomalous
conductivity.

The theoretical foundations of migration, a model study illustrating the method’s
stability and resolution, and an application of the migration procedure to real data

interpretation are subsequently considered in this work.
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1. INTRODUCTION

1.1 Time domain electromagnetic soundings

Transient electromagnetic methods are widely used in exploration geophysics and
environmental studies. These are inexpensive and reliable nondestructive methods
of subsurface and borehole investigations. Transient electromagnetic soundings can
indicate the location of structures with anomalous conductivities with respect to the
surrounding medium.

Classification of transient sounding methods is based on transmitter type and sur-
vey design. The transmitter is usually a square or circular loop or coil, excited by
an abruptly terminated current. Surface and borehole surveys can be done in many
different ways. In the fized transmitter technique the induced magnetic field is mea-
sured at many receiving points, located at a variable distance from the transmitter.
A second survey possibilily, the slingram mode, requires the receiver and transmitter
to be a fixed distance apart, moving together along the profile.

Transient electromagnetic data are most often interpreted using conventional one-
dimensional (1D) inversion techniques, or approximate, fast imaging techniques.

The theory of 1D inversion is based on fitting the theoretical response from a 1D
structure to the real data in a least-square sense (Farquharson and Oldenburg, 1993).
It is conventionally applied to every survey point. Combining 1D images together
forms the resistivity-cross section.

Fast resistivity imaging techniques have been developed in (Eaton and Hohmann,
1989; Macnae and Lamontagne, 1987; Barnett, 1981). The majority of these papers
have been based on equating the transient response, measured at the surface of the
earth, to the electromagnetic (EM) field of current filament images of the source. This
approach was originated in the pioneering work of Nabighian (1979), which describes

the transient currents diffusing into the earth as a system of ”smoke rings” blown by



the transmitting loop into the earth.

1.2 Introducing time domain electromagnetic
migration

This thesis focuses on an approach to processing transient EM data, based on
downward data extrapolation in reverse time. This method is called t:me domain
electromagnetic migration. The principles of EM migration have been formulated
originally in the pioneering works of Zhdanov and Frenkel (1983) and they have been
developed in several publications by Zhdanov and coauthors (Zhdanov and Frenkel,
1983a,b; Zhdanov and Podchufarov, 1988; Zhdanov et al., 1988; Zhdanov and Keller,
1994).

The migration method is a multidimensional imaging method, which is the major
advantage in comparison with the conventional 1D inversion and the ”smoke ring”
approaches. In this thesis a 2D migration algorithm is considered, but it can be
readily generalized to the 3D case.

Comparison of migration with 1D imaging is done by Traynin (1995). This work
concludes that the migration method has better resolution of localized bodies. How-
ever, the ”smoke ring” imaging could be used for an estimation of background resis-
tivity.

In this work we modified a preceding time domain electromagnetic migration
algorithm, and developed an effective numerical method and a computer code for
resistivity imaging. We then tested the migration method on a set of numerical
models and real TDEM data.

Electromagnetic migration is similar in many aspects to seismic migration (Zh-
danov et al., 1988; Claerbout, 1985) but differs in that electromagunetic migration
is done on the basis of a diffusion equation rather than a wave equation. Seismic
migration is based on downward continuation of the source field and the scattered
field on the basis of a wave equation. At zero time the phases of the incident and
the scattered fields are typically coincident at the boundary of the scatterer, and

the ratio of incident and scattered field amplitudes is proportional to the reflection
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coefficient for this boundary. The wave field backward continuation problem could
be formulated as a boundary value problem for the same wave equation, but with a
changed boundary condition for the vertical derivative of the seismic field. Reversing
the time affects only the boundary condition, but not the form of the wave equation.
Thus, upward and downward continuation of the wave field do not differ much from
one another. Physically, propagation of seismic waves in rocks is characterized by
some attenuation, with a large amplitude decrease caused by geometrical spreading
and losses from reflections. In fact, the wave equation which is successfully used in
most cases, does not contain an attenuative factor at all. That is why it is relatively
casy to backward propagate the seismic field.

It was demonstrated in the literature that seismic migration can be treated as the
first iteration in the process of minimizing the waveform misfit functional (Tarantola,
1987). This also can be shown for the electromagnetic high-frequency field (Cai et
al., 1995). We expect that the same type of generalization can be developed for
the quasi-stationary EM field as well. However, this consideration lies outside the
framework of this thesis.

Electromagnetic field propagation is characterized by strong attenuation. For low
frequencies the attenuation dominates over the wave propagation, which provides the
basis for a quasi-stationary approximation that describes low-frequency electromag-
netic field propagation as a pure diffusion process. Although the same downward
continuation could be done on the basis of the diffusion equation for the electromag-
netic field, such a transformation would be unstable, for it dramatically amplifies
high frequencies. To avoid instability, electromagnetic migration is defined as down-
ward continuation of the diffusive field in reverse time. This transformation correctly
reconstructs only the phase of the backward propagating field, but not the ampli-
tude. Migration selectively suppresses frequencies too high for penetration at the
given depth, and preserves the frequencies that can penetrate to this depth. The sup-
pression makes migration stable in the presense of high frequency noise, but limits
the resolution. Analogous to the seismic case, the ratio of the backward propagated

scattered electromagnetic field and the primary field is proportional to the reflectivity
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coefficient at a geoelectrical boundary. This property is used to image geoclecfrical
structures.

Thus, formulating the electromagnetic migration problem as a backward propa-
gation of the diffusive field in reverse time, we need to solve numerically a boundary
value problem for the diffusion equation. This could be done, for example, using a
finite-difference approach. This approach is attractive because it allows us to back-
ward propagate the field through inhomogeneous media. We, however, have chosen a
simpler approach, which is based on Green’s theorem. According to Green’s theorem,
the field at any point inside some domain could be expressed via the values of the field
at the domain’s boundaries. Approximating the earth surface by the plane and con-
sidering the lower half-space as a domain for analytic continuation, one can express
the value of the backward propagating field at any time moment at any particular
depth via an electromagnetic analog of the Rayleigh integral. This integral has the
same form as the well-known seismic Rayleigh integral, the only difference being that
instead of the wave equation Green’s function we use the diffusion equation Green’s
function, expressed in reverse time.

Thus, the backward propagated field focuses the secondary field on the boundary
of a scatterer. At this point, the migrated field should be transformed into a resistivity
image of the resistivity ingomogeneity. The key step in such a transformation is
estimation of the incident field, because the ratio of the incident and the scattered
field gives the reflectivity function, which could be recomputed to give the anomalous
resistivity.

[t is possible numerically to downward continue the primary field from the surface
to the lower half-space. However, for the sake of simplicity, in this work we approx-
imate the primary field by the plane wave propagating in a homogeneous medium.
This approach allows us to analytically estimate the primary field at every point in the
lower half-space at the zero time moment, thus providing a simple algorithm which
transforms the amplitudes of the migrated field to the migration apparent resistivity.

Based on this theory, the computer code was created. The code consists of two

major parts. The first part of the code takes the values of the field component on
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the surface and computes the migrated field at zero time moment at every point of
space, using a Rayleigh-type integral. This part of the code was tested by comparing
the analytic solution for the planc wave in a two-layered model with the numerical
solution.

The second part of the code takes values of the horizontal component of electric
field at the zero time moment in the lower half-space and computes the migration
apparent resistivity, approximating the primary field by the plane wave. The whole
code is tested on 2D numerical models. The stability and resolution of the EM

migration procedure are illustrated by the results of numerical modeling.

1.3 Waste site characterization

EM migration was applied to the interpretation of a TDEM data set acquired at
the Cold Test Pit site within the Radioactive Waste Management Complex (RWMC)
at the Idaho National Engineering Laboratory (INEL) (MacLean, 1993).

The Cold Test Pit was specifically constructed to investigate the ability of TDEM
systems to characterize DOE nuclear waste sites. The prime goal of the geophysical
survey at the Pit was to locate conductive drums, simulating nuclear waste containers.

The containers were buried at known places in the Pit. The data were obtained
as a result of a high density TDEM profiling survey with the Geonics EM47 along the
set of profiles, intersecting the Cold Test Pit. As a result a large volume of TDEM
data were acquired.

TDEM migration was employed to process and interpret the 3D TDEM data.
TDEM migration and resistivity imaging made it possible to outline the boundaries
of the Cold Test Pit and characterize the distribution of the anomalous conductivity,
thus directly pointing to the location of the drums. Migration results were compared
with 7smoke ring” imaging, which was done on the same data. ”Smoke ring” imaging
failed to resolve separate conductive bodies, but provided a reasonable estimation of
the background resistivity. In contrast, migration apparent resistivity maps indicate

not only the thickness of capping but also the depth extent of the Pit.



2. THEORY OF EM MIGRATION

In this section the theory of the EM migration method is considered. The fol-
lowing three subsections deal with the mathematical formulation of the migration
problem, the extremal properties of the migrated field and estimation of the anoma-
lous conductivity using the migrated field. The last two subsections outline important
theoretical aspects of algorithm realization and describe the analytic solution which

was used to test the code.

2.1 Downward continuation in reverse time

Consider a model in which the horizontal plane, z = 0, separates the conductive
earth (z > 0) from the insulating atmosphere (z < 0). The conductivity in the earth,
o(7), is represented as the superposition of a constant normal (background) conduc-
tivity, o, = const, and an anomalous conductivity function, Ac(7) (Berdichevsky

and Zhdanov, 1984): -~

o(F) = o, + Ao (7). (1)

Everywhere in the earth outside the anomalous region, the electromagnetic field sat-

isfies the diffusion equation:

— —

- oH = oE
AH — ﬂoO’nE = 0, AL — ﬂoO'nE = 0. (2)

For this model, we can discuss the problem of migration of any scalar component,
P(7,t), of an observed electromagnetic field.

Let us define the migrated field, P™, obtained from a specific scalar component,
P°, of the electromagnetic field observed at the earth’s surface as being the field that

satisfies the following conditions:



S _J PY(r,T—7),=0 for0<7<T,
P™(#,7) |.=0= { 0 forr <0, 75T (3)
- IOP™ (7,
AP™(7, 1) — ;toaM =0 for z > 0, (4)
or

and

P™(r,7) — 0, ' (5)

for | ¥ |— oo, 2 > 0, where 7 = T — t is reverse time, and T is the interval of

electromagnetic signal recording.
Note that if we exchange the reverse time, 7, for ordinary time, ¢, in eq. (4), we

have an equation which is the adjoint to the diffusion equation:

OP™ (7 1)

AP™ (7t
(Ta )—I_:U'OO- (?t

= 0. (6)

[f the ordinary diffusion equation describes field propagation from the sources to
receivers, then eq. (6) describes the inverse process of propagation from receivers to
sources.

The problem of establishing the migrated field reduces to the downward extrap-
olation of the field P° from the earth’s surface into the lower half-space in the re-
verse time, 7. This procedure is called electromagnetic field migration (Zhdanov and
Frenkel, 1983; Zhdanov and Keller, 1994).

It can be seen from these considerations that the calculation of a migrated field
is reduced to a boundary value problem described by eqgs. (3) through (5). This
boundary value problem can be solved using Green’s theorem and the Green’s function

G for the 3D diffusion equation (Morse and Feshbach, 1953):

1o _ (#00)1/2 —pgo|r!=r|2 f4(t'—1)
Gt t) = T8 — 1)t " H(t' —1), (7)

which satisfies the equation:



oG

A
Gt oo 5 =

=§(F—7)8( —1t). (8)
Here H(t' —t) is a Heaviside excitation function (step-function):

.
R N
The problem of downward continuation of the field P (the field observed on the
surface) can be solved using equation (6) (Zhdanov and Keller, 1994). Let us denote
the lower half-space as D, and the surface of the earth as S. Introducing a hemisphere
O of large radius R we can construct a closed contour S + O around the domain D.
Multiply the the left and right sides of equation (6) by G and integrate both sides
over the infinite time range and over the space domain D. We then transform the
volume integral over D to a surface integral over S + O using Green’s formula and

taking equation (6) into consideration. Thus we have

(AN e

for all 7’ inside domain D. The same equation remains valid if we replace G with the
sum (G + g), where g is an arbitrary solution to the homogeneous diffusion equation

in D

//Sw( G:g) (G + )gp)dsdt

Assume that the auxilary field g goes to zero as R goes to infinity. The S is the

surface of observations, thus the normal derivative is equal to vertical derivative, so

// ( G+g) G+ )%P)dsdt (10)

If we take g as
g=-G{" =71,
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where the point r” is located symmetrically to r’ with respect to the plane z = 0.

Then

oG +g) _,0G

:0 : =
Gty ’ 0z 0z’

for z = 0. (11)

Substituting equations (11) in equation (10), and after some algebraic operations we

have the following representation for the migrated field:

T oo a~ e ARV I el
P, T ') = 2/ / P(7,t) G(T’at 177 fdyan, (12)
' J—o0 4

where G is the adjoint to the Green’s function G for the diffusion equation (Morse
and Feshbach, 1953; Zhdanov et al., 1988). The vector 7 ’ represents the image point
of the migration field, and the vector 7 represents the integration point on the surface.

Equation (12) is the electromagnetic counterpart to the Rayleigh integral (Schnei-
der, 1978; Claerbout, 1985). Just as in the seismic application, eq. (12) defines in
space and normal time a field propagating towards the surface of observation (that
is, upgoing waves), as can be seen from the fact that eq. (12) contains the function
G, adjoint to the Green’s function G of the diffusion equation. Hence, just as in
the seismic case, a migration transformation of the electromagnetic field yields the
upgoing field.

Let us consider the special case of the 2D model of the electromagnetic field (for
example the I polarized mode) and a profile observation. We assume that the axis
X coincides with the profile, and axis Y 1is orthogonal to the profile of observations.
In this case the expressions for the different components of the migrated magnetic
field, H) ,(x,0,1), observed along the profile X on the surface of the earth, will have

the form:

H (2,2, T —t") = ()O'nZ/ /H (z, Ot — X
’ # _t/)

X exp {—4807% [(;r' —z) 4 (7 — z)Q]} dzdt, (13)
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and analogously for the electric field:

1
(-7

X

El(«,2, T —t) = ,M040n / /EOxOf)
tl

xexp{—% [(m’—m)2‘|‘(2"_z)2J}d$dt- o (14)

Note, that typical EM equipment uses receiver loops for measuring the compo-
nents of the magnetic field. Therefore, the actual data are proportional to the time-
derivative of the magnetic field variations %ng(x,o,t). Thus we have to modify

(13):

0 ,ugan 1
E?sz(x 2T —1t) /t, /th th)( —t’)x

Holn 2 ' 2
xexp{—m [(m'—m) + (2 — z) }}dmdt. (15)
The last expression gives a possibility in the 2D case of calculating the migrated
electric field from the observed vertical component of the magnetic field, since from

the second Maxwell’s equation for the migrated field we have:

oET oHT
= —lo )
Jz or
and
EMNz,2,T-1) —,uo/ —H;”(sz—t)d (16)
ey, Ot

where (Z,2') is a current point of electrical field calculations, and zy, is a horizontal
coordinate of the left end point on the profile.

Thus, from the observed vertical component of the magnetic field we can calculate
the migrated magnetic field at any level z’ and then determine the migrated electric

field E;“ at the same level.

In a TDEM sounding one typically measures the electromagnetic response of a
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step-function current waveform. However we will see below that for migration imaging
it 1s important to have a capability of converting these data into the delta-pulse
current response. The conversion of electromagnetic measurements due to a step-
function current to that due to delta-pulse current can be done in the process of
migration.

The delta-pulse response can be obtained from the step-pulse response by differen-
tiation with respect to time. Therefore we can use equation (15) and alter integration
by parts obtain the time derivative of the migration field, which is equal to the mi-

grated step response electrical field:

ZPHTsP (2! 2 T — 1) =

mé _
H:L‘,Z (‘(EI72I7T_t) 5t

—8(t=t")+moon[(z'—2)* +('=2)°]
(t—t")*

meas’ [T [ H2(,0,1)

167

X (17)

X exp { o, [(m’ — )’ (2 — 2)2] } dzdt,

where I3 are step-function responses and H™ are migrated delta-pulse responses.

2.2 Resistivity imaging by TDEM migration

At this point we will give a description of the basic concepts in which migration
imaging of geoelectric structures is based.

To illustrate the ”EM radiating-inhomogeneities” concept, we represent the ob-
served electromagnetic fields E, H as being the sum of a primary field, EP, ﬁp, and
a secondary field, Es, He .

B =iy i,
i = i + i, (1)

where the primary field is defined as being that field which is generated by a spe-
cific source in the earth with the normal distribution of the electrical conductivity
o.(r) (say, in a homogeneous half-space) and the secondary field is due to the anoma-

lous conductivity distribution. In other words we can treat the secondary field as
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the field generated by the extrinsic (anomalous) currents concentrated in localized
inhomogeneous domains.

The fact that the integral formula (12) contains the adjoint Green’s function for
the diffusion equation means that, as in the wave case, a field determined in the
space by these integrals represents an assembly of electromagnetic “waves” moving
towards the observation surfacec. However, in view of the specifics of the diffusion
equation, this field does not fcaturc such simple and effective geometrical properties
as the Claerbout upgoing wave, which ensures a direct reconstruction of reflection
boundaries by the location of backpropageted wavefront at the instant ¢ = 0. We
will see nevertheless that the migration electromagnetic field also can be used for
detecting local inhomogeneities in a conducting medium, and for determination of
geoelectrical boundaries.

To simplify our discussion we assume that the secondary field is generated by
the delta-pulse currents switching on at zero time. This [ield propagates in different
directions, and is observed on the surface of the earth. The idea of electromagnetic
migration consists of reverse downward extrapolation of the observed field in reverse
time. When the time reaches zero, the extrapolated field is at the location of the
scatterer. Thus, in the case of the secondary field this downward extrapolation in
reverse time will result in the focusing of the migrated field at zero time at the
location of the source.

Note that in reality the behavior of the sources of the secondary field is more
complicated than the delta pulse. Since the propagation is dispersive, these sources
"switch on” instantaneously, and the field builds up to the maximum with some delay,
related to the time of propagating the primary field from the earth’s surface to the
geoelectrical inhomogeneties. That is why we have two options: 1) to reconstruct the
migration field in the lower halfspace not at zero time, but at a retarded time, or 2)
to use for the downward extrapolation not the actual background conductivity, but
instead some effective migration conductivity o,, proportional in the general case to
the normal conductivity o, = 70, where v is called the migration constant. De-

tailed analysis of geoelectrical models shows that in the second case we can select the
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migration conductivity o, in such a way that the extremum of the migration field at
zero time coincides with the geoelectrical boundaries. Using the migration conductiv-
ity instead of the background conductivity allows us to keep the traditional imaging
conditions, namely to construct the image as a function of the migration secondary
field at zero time moment. It is shown in the Appendix A that such an imaging
condition is correct for the earth with slow horizontal variations of conductivity and
plane wave excitation. In the Appendix B the migration apparent resistivity concept
is discussed. The migration procedure is used to focus the field at the anomalous
structure, then the analytic formula for the two-layered model and the quasi-plane
wave exitation is used for an arbitrary earth model and an arbitrary source to image
the conductivity structure.

Approximation of the source field by the plane wave is valid for two cases. The first
case is the far-field of the fixed transmitter (Zhdanov and Keller, 1994). The source’s
far field consists of the part propagating through the air and the part propagating
through a conductive earth. The air field can be approximated by the plane wave
because it arrives at every point simultaneously, and the part propagating through
the ground can be neglected because it attenuates in the conductive earth (see Figure
la.)

The second case is a slingram mode survey design. For the slingram mode we can
use an analogy with seismic migration. As it is shown by Claerbout (1972), suming
up records from many receivers (homogeneusly distributed along the profile) one can
obtain a single record corresponding to a plane wave incident field. The primary field
propagation for this case is shown in Figure 1b.

To illustrate the focusing properties of the migration, we migrate the ficld gener-
ated by an infinitely long conductive cable. The electrical field excited on the surface
by the buried electrical cable could be computed using the Green’s function of the
diffusion equation G, which is given by formula (7). The field of an electrical cable
on the surface is presented in Figure 2. The background resistivity is 100 2m and
the cable depth is 100 m.

The result of migration is shown in Figure 3. It indicates that the migrated field
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has a maximum at the point of the cable location. This illustrates how the migrated
field represents the location of a subsurface target. The actual field has a singular
point at the source location, whereas the migration field has a maximum at the source
location. In the real case where the subsurface inhomogeneous structure is excited
by the field source located on the surface, the migration field still has a maximum at
the point of an anomalous structure, which acts like a secondary source.

Furthermore, we develop the technique to transform the EM migration fields and
their dilferent components into resistivity images of the vertical cross-section.

It was shown in (Zhdanov and Booker, 1993; Zhdanov and Keller, 1994) that in
the frequency domain for plane wave secondary (upgoing) and primary (downgoing)
fields everywhere inside the conducting layer are characterized by different amplitudes
and phases. On the geoelectric boundaries their phases coincide (or shifted by =),
while the amplitude of the upgoing wave is proportional to the amplitude of the
downgoing wave and the proportionality factor is equal to the reflectivity coefficient
8. When passing into the time domain the above regularities manifest themselves in
the fact that the time pulses of the upgoing and downgoing waves differ everywhere
inside the conducting layer and mutually proportional to the coefficient 3 only at the
geoelectric boundary (see Appendix A).

We can introduce a time domain apparent reflectivity function, S, (', ¢), defined

as the ratio of the secondary E;(7,t) and primary E?(7,t) fields, as the following:

Bua(7,t) = E3(F,t) [ EF(F,1). (19)

The determination of this function, obviously, depends upon the procedure for
downward extrapolating upgoing and downgoing fields in the lower half space. How-
ever, it can be generalized to the results of time-domain electromagnetic migration.

In Appendix A we show that the migration apparent reflectivity function at zero
time, ™ (7), can be determined also from the values of the migrated secondary field,

—
2

calculated at zero time and normalized by some function D(F)
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B (7) = £ (7,0)/ D(7), (20)
where D(r) is the convolution of the migrated primary field at the same depth and

the analytical function (z,1)

- +o00
D(7) = D(x. ) =/0 H™(x, 2, g (2, 1) dt, (21)

where

o(z,1) = a; exp l——27r2 (;)2] i (22)

In the last equation:

712 55/ . 9
a= 2—:7”:—2 and 7 = 27 /2t [ po,. (23)

The function 8" is equal to the actual reflectivity coefficient 8 exactly at the position
of the boundary:
B () = B. (24)
This result is based on the fact that the migrated secondary (upgoing) field has a
local extrernum exactly at the geoelectric boundaries. This extremum is proportional
to the reflectivity of the boundary and to the magnitude of the downgoing (primary)
field at the same point.
The reflectivity coefficient is connected with the conductivity contrast Ao at the

geoelectrical boundary by the simple formula ( see Appendix A):

_ Vo= Von+ Ac
VOt o+ B0

From the last formula we can determine the resistivity below the geoelectrical hound-

p

ary (within the anomalous domain or layer):

_[1+8) .
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where p, is the background (normal) resistivity. The last expression gives the exact
value of the resistivity of the second layer in a two-layered model (see Appendix A).
However, we can use this expression for an arbitrary model to define the migration
apparent resistivity.

So, the migration apparent resistivity p,, can be calculated using the formula (40)
at any point of the profile. Since the migration apparent resistivity p,, is a function
of depth, we obtain immediately the geoelectrical cross section.

The migrated secondary field in expression (48) (Appendix A) is calculated at
zero time, which corresponds to the secondary field in the vicinity of the source.
We can compare this situation with the time domain field, where the depth of the
field penetration inside the earth is proportional to the square root of the time after
the current pulse in the transmitter: for early times the field is concentrated in the
near surface layers; for later times the field penetrates deeper in the earth. In the
case of the migrated field at early times this field is in the vicinity of its sources
- the geoelectrical boundaries. At later times this field propagates upward to the
earth’s surface. So at early time the migrated field behavior is determined only by
the properties of the medium near the boundary between two layers. Therefore it
is plausible that eq. (19) could be used for determining the conductivity contrast
between these layers.

In the case of a multilayered cross section we can start from the first layer and
determine the resistivity of the second layer, then find the conductivity contrast
between the second and third layer and determine the resistivity of the third layer, etc.
This layer by layer process opens the way for direct imaging of complex geoelectrical
structures. In a model with a complex multilayered structure we can take as p, an
apparent resistivity of the earth p,(¢) obtained by averaging along the observation
profile. The formula connecting the time ¢ with depth d for the apparent resistivity
calculation is provided by the following approximate expression for the skin-depth

(Zhdanov and Keller, 1994):

d % \/2t0.(1) o (26)
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Thus an inhomogeneous profile of the earth’s resistivity can be approximated by
an homogeneous model which is used as the background (normal) resistivity for the
migration. We call this normal resistivity profile the mean resistivity model.

This approach is similar to the one used in seismic prospecting where the real
velocity distribution is replaced by the mean velocity (Claerbout, 1985) Also, as
in seismic prospecting, we can use recursive migration algorithms which are based
on successive downward extrapolation from level to level with different background
resistivities.

The algorithm described above has been coded. Sample computations using this

code are presented in the next section.

2.3 Numerical realization of the migration
algorithm

For numerical realization of the EM migration algorithm, equations (15) and (17)
must be reformulated in a discrete sense. These equations are essentially convolutions
of the field observed on the surface with the Green’s function or a derivative of the
Green’s function. Implementing these convolutions one can expect certain problems
connected with the Green’s function behavior. These problems are related to the
fact that depending on the background conductivity value and migration depth, the
Green’s function and especially its time derivative can vary much faster than the
observed [ield. Besides, in practice electromagnetic data are usually represented in
logarithmic time, and the observed field is approximated by the average value within
each specific interval or ttme gate.

So, rewriting time and spatial integrals in (15) over the whole integration domain
as a sum of integrals over subdomains (time gates Af(¢) and x-intervals Az(k) ) we

have:

o /loffmZI Nz N; 0 1
T H (¢ T — ) = / / LH (2,0,t)———
ot s 2 ) Am Z Z At(3) Jaz(k) Ot “(x )(t —t)? %

=1 k=1
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X exp {—% [(':c' —o) 4+ (2 = 2)2] } dxdl.

We can express the second termn as a time derivative, assuming that H? (x,0,¢)

1s a step-response, {o get

+ N Ny

%) floOm 2
Lpgm (2 o7 gy = HOImZ / / HO.
o ze( ) 4 ZZ ALY J Ax(k) 2e(,0,1)

=1 k=1

0 1 L0 , R / ,
! (meXp {_42"*—‘1') [(E —x) 4 (2 ~z) ]}) dadi.

Assuming that H? (z,0,t) is constant within each time gate Af(:) and each x-
interval Az(k) we can take it out of the integral and after that calculate the integral
over t, of the time derivative of the Green’s function. As a result we obtain a discrete

form of the continuous convolution integral (15) as

9 g (ot T 1) =

at’ T,
N: N,
S5 (H (1,0, 1) % GIM&', 2y Tar Ly B s 2 = 2)) (27)
i=1 k=1

where 241 and 2 are x-interval boundaries

Aalk) = zpp — 24y

and 1;¢, and t; are time gate boundaries

A{(l) == t,‘+1 - tu‘
The function GT(z', 2k, Trar, i, besr, Uy 2" — 2) is called the migration kernel

7
HoOm2
m X
47

] ] B 7 !
GMx' ag, Trg iy by ligy U2 — 2) =
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y /::H m exp {_4—(:fj": m [($' — )+ (2 = 2)2}} _

! 00m / 2 ' 2
e e I R EEE )

To obtain the formula for the delta-pulse excitation it is enough to replace the
kernel (28) in the formula (27) by its time integral, (which could be calculated ana-
lytically)

T4t z’

m / ! !
Gol(fE,$k,$k+1,tk,tk+1,t,z —Z):/

o w((2'—2)24 (2 —2))? ~

HoOm

X (exp {—m (@ =) + (' = zﬂ} -

— exp {—% [(a:' —2)? 4+ (' — 2)2] })da: (29)

The migration computer code is based on formulas (27) and (28). The code
precomputes values of the migration kernel G7*(xx, Tk41, tr, ths1,t', 2’) for all sampling
intervals Az(k) and At(z) at particular depths z’. These values are stored as a
matrix G (¢, k) . Sampling over time and space should be chosen according to survey
parameters. Then the migration program convolves matrices G7'(7, k) with the matrix
of magnetic field values I} (i, k), thus obtaining a migrated field at the depth 2'.

Repeating this procedure over all values 2’ one obtains a migrated field at each depth.

2.4 Testing of the algorithm

To check the accuracy of the migration algorithm we compared the secondary
field in a two-layer earth model excited by a plane wave, migrated analytically and
numerically. The analytical solution for the migration problem for a plane wave in a
layer covering a homogeneous half-space is in Appendix A.

The E, component of the secondary electric field for the model with one layer of
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thickness h and conductivity oy covering an infinite half-space with conductivity oy,

excited by a plane wave with amplitude @ is expressed on the Earth’s surface at any

time moment ¢ using the following formulas:

By(= = 0,0) = Qfageap(~2x( ) (30)

where variables ¢ and 7 are given by the expressions

97/2,.5/2
a =

b

1o
T =2m\/2t/(por),

and f is the reflectivity coeflicient, which is given by the formula
/3 _ /01 — ‘/0'2.
Vo1t /02

The migrated electrical field amplitude at any depth and at zero time moment

can be expressed as

EP(2,t=0) = W;(i?ﬁmzjy. (31)

The parameters for the test are oy = 0.01 S/m, g5 =0.02 S/m, and &, = 0.01333
S/m. The first layer thickness is 100 m, and @=0.05 V/m.

The secondary field, given by formula (30) and the migration kernel, both at z=0
are presented in Figure 4. Here the constant time discretization (At = 1ps) was
used. We can see that the migration kernel changes with time much faster than the
secondary field. This is the reason why we cannot directly discretize formula (15) for
its numerical realization, applying instead the formula (27). Formula (27) uses the
discrete migration kernel (27), which is an average value of the Green’s function over
each particular time gate.

The comparison of the analytical formula (31) with the migrated field computed
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Figure 5: Analytic solution (solid line) and numerically migrated field. Aperture is
1000 m (dashed line) and 500 m (dots).

numerically for different apertures (see Figure 5) shows that the error in the algo-
rithm is small and significantly decreases with increasing integration limits. For the
numerical realization the time gates were chosen with 12 points per decade. Spatial
sampling interval was equal to 40 m. The study has shown that the algorithm is
sensitive to the spatial limits (aperture) of integration. To produce a reliable picture
the limits of integration must be approximately 10 times wider than the depth of the
target.

Figure 6 compares the migration results obtained for an aperture of 2000 m and
grid spacings of 40 and 100 m. We can see that error decreases with decreasing
spacing.

An empirical conclusion from this study is that spatial sampling interval must be

less than half of the depth of the target to avoid significant integration errors.
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Figure 6: Analytic solution (solid line) and numerically migrated field. Grid spacing
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3. MODEL STUDY

3.1 Modeling strategy and method

In this section the effectiveness of the TDEM migration method is analyzed for dif-
ferent geoelectrical models that can be considered typical for geophysical exploration
and environmental studies.

The set of models under investigation includes: 1) models with local conductive
bodies; and 2) models with local resistive and conductive bodies. These models
simulate anomalous zones which are targets for geophysical surveys.

The theoretical survey in these models was conducted in the transmitter offset
mode with fixed transmitter - receiver separation.

Time domain electromagnetic data are obtained as a result of forward model-
ing using computer code developed by J.I. Adhidjaja, G.W. Hohmann, and M.L.
Oristaglio (1985). This code is based on the finite-difference method which gives a
forward time domain solution for a 2D body in a conductive earth. This code is a
reformulation of the TEM modeling method of Oristaglio and Hohmann (1984) in
terms of the secondary field. The EM field in the models is generated by an infinitely
long cable. The observed field is dH,/dt and the transmitter-receiver separation (off-
set) is equal to 20 m. The cross-sectional dimensions of all anomalous bodies in the
models (representing local inhomogeneities) are 20 x 20 m?.

The results of numerical modeling and TDEM migration demonstrate the effec-
tiveness and stability for imaging different geophysical targets. We will demonstrate
that TDEM migration is a fast and stable method of geoelectrical imaging, satisfac-
torily resolves the local inhomogeneities and gives a good estimate of the location,
dimension and resistivity of the anomaly. The method, however, requires a good
initial estimation of the background distribution of the conductivity. It is also based

on the availability of the spatially dense measurements along the profile (2D) or over
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a surface area (3D).

3.2 Model with one local conductive body

The steps of the migration can be illustrated using the following model. One local
conductive body with resistivity 10 Ohm — m is embedded in an homogeneous half-
space with resistivity 100 Ohm —m. The vertical cross-section of the body is 20 x 20
m, while the depth to the body’s top is 100 m (Figure 7). The numerical modelling
code simulated a survey in slingram mode with a fixed 20 m transmitter/receiver
separation, where the transmitter and receiver were moving together along the profile.
It is assumed that the transmitter is excited by a step pulse and the receiver measures
the time derivative of the magnetic field.

The modeling program produces a primary field which does not change along
the profile (Figure 8). The time derivative of the secondary field, however, clearly
indicates the spatial location of the anomaly (Figure 9). The migration procedure
performed with a known background resistivity using formula (27) produces the time
derivative of the migrated magnetic field, which is shown in Figure 10. Applying the
transformation which is given by formula (16) one obtains the migrated electrical field,
which is shown in Figure 11. This field indicates the depth of the anomalous body, as
follows from the extremal properties of the migrated field. The estimated reflectivity
function is shown in Figure 12. Using relationship (40), Appendix A, one finally
arrives at the migration apparent resistivity cross-section (Figure 13), which could be
viewed as a final result of the migration procedure. One can sce that the migration

apparent resistivity indicates the position and the resistivity of the conductive body.

3.3 The separation of primary and secondary
field

An important problem arising in the practical realization of the migration algo-
rithm is the separation of the secondary (scattered) field, i.e., the field associated
with targets (scatterers), from the primary field. EM receivers measure the total

field, which could be represented as a sum of the primary field (the field which is
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Figure 7: Local conductive body in a homogeneous media.
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Figure 8: Time derivative of primary field for the model of Figure 7.
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Figure 9: Time derivative of secondary field for the model of Figure 7.
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Figure 10: Migrated time derivative of magnetic field for the model of Figure 7.
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Figure 11: Migrated electric field for the model of Figure 7.
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Figure 12: Apparent reflectivity function for the model of Figure 7.
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Figure 13: Migration apparent resistivity for the model of Figure 7.

35



36

observed in the absence of inhomogeneities), and the secondary field. In the case
of slingram mode survey design and homogeneous media the primary and secondary
field can be separated easily. We can see in Figure 8 that the primary field does not
change along the profile. Figure 9 shows that the secondary field varies in both space
and time. A plot of the secondary field values at 0.2 usec versus X is shown in Figure
14. We can see from the plot that the area bounded by positive portions of the curve
and the X-axis is equal to that bounded by the negative curve segments and the X
axis. In Figure 14 we can see that the curve has mirror symmetry with respect to
the point right above the anomalous body (X=0). We can understand the behavior
of the primary and secondary fields by analyzing the model presented in Figure 15.

For a constant separation between transmitter and receiver, the primary field does
not change as the system moves along the profile, since the geometric relationship
between the source, the receiver and the horizontal layers do not change with respect
to the source-receiver pair position.

However, the secondary field changes along the profile. Let us assume, for example,
that the separation between the transmitter and receiver is small in comparison with
the target depth. In this case, considering secondary fields we can assume the offset
is zero. Now, consider two points X; and X5, symmetrically located about the center
of the body. The transmitter (in this case the infinite cable) located at the point
X1 produces an anomalous current in the body, with exactly the same direction and
amplitude as if we place it at the symmetrical point X;. The schematic vector lines of
magnetic induction vector B are shown as dashed lines in Figure 15. The receiver (a
small horizontal loop in this case) measures the inductive current which is proportional
to the vertical component of magnetic field. We can see that vector lines at point
X are oriented upward, whereas at the point X, they are oriented downward. This
means that the B, components at the points X; and X, have opposite signs. But,
because the geometry is symmetric, they have exactly the same amplitudes. Looking
at Figure 15 we can conclude that the spatial spectrum of the anomalous magnetic
field does not contain an harmonic with zero spatial frequency. In contrast, the

spatial spectrum of the primary field contains only the zero frequency component.
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Thus, using spatial filtering, we can separate primary and secondary fields. This
filtering can be realized by calculating the average value of the total field 8—53%2 along

every time interval

oBe(t) 1 &= 0Bt ;)
ot _N:vz ot

i=1

where %@represents the primary field. The secondary field can be obtained for

cvery point z; using the formula

0B;(t,z;) 0B[(t,z;) 0BL(t, x;)
o ot ot

(32)

Formula (32) gives an exact solution for horizontally-layered media containing
local inhomogeneous bodies. In spite of the fact that the real situation is more
complex, application of spatial filtering for primary/secondary field separation has

produced a reasonable result for the field data.

3.4 Migration of noisy data

In order to examine the effect of noise on the resolution of the migration method,
we have added 5% random noise to the secondary field dH, /dt computed on the
Earth’s surface. Figure 16 shows the same secondary field as in Figure 9, but with
random noise added. The amplitude of the noise was distributed with constant prob-
ability between -5% and +5% of secondary field maximum.

Figure 17 represents the apparent resistivity image produced after the migration
of this noisy secondary field. The migration resistivity image produced for the same
model without adding noise is shown in Figure 13. As we can see, comparing the
two pictures, the migration apparent resistivity calculated from the noisy data is very
close to that calculated from the noiseless data. Similar results are obtained from the
migration of noisy data for other models, discussed in the following sections.

This model illustrates the stability of the migration procedure for high-frequency

random noise. This type of noise is typical for geophysical data. However, it does
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Figure 16: Secondary field with 5% random noise to field’s maximum.
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Figure 17: Migration image produced from noisy data.
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not truly represent geological noise, produced for example, by near-surface inhomo-

geneities.

3.5 Resolution of migration method

In order to investigate the capability of migration method to resolve targets located
close to each other, we compute a set of models with two conductive bodies, gradually
changing the distance between the bodies.

The starting model consists of two conductive bodies with resistivity 20 Ohm-m
and separation 100 m, embedded in an homogeneous medium of resistivity 100 Ohm-
m at a depth of 100 m. Figure 18 shows the geoelectrical cross section of this model.
Figure 19 shows that these two conductive bodies produce one single spot on the
migration apparent resistivity image. Thus, for this separation, migration does not
allow us to distinguish the two bodies separately.

The next model is similar to the previous one with the difference that the separa-
tion between the two conductive bodies is now increased to 200 m (Figure 20). The
migration apparent resistivity image on Figure 21 shows that the two bodies can now
be distinguished.

In the next model the separation between the two conductive bodies is increased
to 300 m, as Figure 22 shows. The migration apparent resistivity image on Figure 23
demonstrates that for this separation the two bodies are very clearly distinguished
and migration gives a good estimation of their location, resistivity and dimensions.

The analysis of these models suggests that for resolution of two conductive struc-
tures the distance between them should be at least two times greater than their

depth.

3.6 Resolution of conductive and resistive bodies

It is known that a resistive body generally produces a much smaller anomaly than
a conductive one. In order to demonstrate the capability of migration to distinguish
a resistive body in the presence of a conductive body, we consider a model consisting

of one conductive (20 Ohm-m) and one resistive (1000 Ohm-m) body embedded in a



Depth (m)

20
40 -
60
80
100
120
140
160
180

200
0 200 400 600 800 1000 1200 1400

Distance (m)

20 100 100
Ohm-m

Figure 18: Conductive bodies with 100 m separation.
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Figure 20: Conductive bodies with 200 m separation.
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homogeneous medium of resistivity 100 Ohm-m at the depth of 100 m. The separation
between the two bodies is 300 m (the resolution distance for two bodies as shown by
the previous set of models). The geoelectrical cross section of the model is shown
in Figure 24. The migration apparent resistivity image in I'igure 25 gives a good
estimation of the bodies’ location, dimensions and resistivity. Of course it is more
difficult to see the resistive body on the migration image, because the conductive body
is ”illuminated” much more brightly. The model presented in Figure 26 is similar to
the previous one, but now the resistive body is located at a depth of 50m from the
surface, whereas the conductive body is located at 110 m under the surface. The
migration apparent resistivity image in Figure 27 gives again a good estimation of
the bodies’ location, dimensions and resistivity. Thus, migration can be used not only

for detecting a highly conductive structure but a resistive structure as well.

3.7 Background resistivity influence on the
EM migration image ‘

One of the requirements of the migration method is a knowledge of the background
resistivities. Until now, we have used for the migration of our models the true back-
ground resistivity. However, in real cases it is not usually known well and can only
be approximately estimated. In order to examine the dependence of the migration
results on the choice of background resistivity, we have applied the migration with a
different background resistivity. The model used in this test is that of one conductive
and one resistive body (Figure 24). The migration apparent resistivity image ob-
tained for this model using the ”true” resistivity (100 Ohm-m) is shown in Figure 25.
The migration images for the same model computed with the background of 80 and
300 Ohm-m are shown in Figure 28 and 29 respectively. In these cases, the position
of the two bodies is shifted upwards or downwards. This effect is very similar to the
one known in seismic migration. This is why velocity analysis is an important part
of seismic data processing before migration. In EM migration, it is also important to
correctly determine the background resistivity in order to obtain best results. One

approach to this problem is discussed in the paper by Traynin (1995).
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Figure 24: Resistive and conductive bodies with 300 m separation.
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Figure 25: Migration image for resistive and conductive bodies with 300 m separation.
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4. EM MIGRATION IN WASTE SITE
CHARACTERIZATION

This section describes the application of TDEM migration to the characterization
of a US DOE waste site. A large volume of TDEM data was gathered over an
existing DOE buried waste facility, the Cold Test Pil, where the location of targets
was specified. Transmitting loops that were comparable in size to the targets were
used for the TDEM survey. Because of this, 1D interpretation fails to resolve separate
objects, but it does provide a reasonable estimation of the background resistivity. The
data, however, reflect the lateral location of the targets, thus indicating that more
information could be potentially extracted. Since the nature of migration is essentially
multidimensional, it was hoped that its application could better resolve the targets.
Each profile was migrated separately. After that a composed 3D image of the Pit was
constructed. Migration not only resolved separate objects laterally, but also provided

reasonable vertical resolution and estimation of anomalous resistivity.

4.1 INEL Waste Complex Characterization Project

Nonintrusive methods of characterizing waste sites and waste forms at U.S. De-
partment of Energy (DOE) operational areas were investigated through a subtask of
Technical Task Plan (TTP) AL911201, ” Nonintrusive Sensing of Environmentally Sig-
nificant Objects and Sites” (Chem-Nuclear Geotech 1992a). The subtask (AL911201-
G2, "Three-Dimensional Site Characterization Using Broadband Electromagnetics”)
was developed to investigate various broadband electromagnetic (BBEM) systems
that potentially could characterize DOE waste sites in a 3D sense and to demonstrate
promising systems under actual field conditions. The BBEM methods investigated
were intended not only to locate conductive objects and zones but also to locate
accurately the lateral and vertical boundaries of the conductive zones, measure the

thickness of any capping material, and provide a qualitative estimate of the type of
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waste contained in a particular pit.

A full-scale field demonstration of the PROTEM 47 system at an existing DOE
waste site facility was proposed. The Buried Waste Integrated Demonstration (BWID)
supported this demonstration at three waste sites in the Radioactive Waste Manage-

ment Complex (RWMC) at the Idaho National Engineering Laboratory (INEL).

4.2 Survey design and data description

The locations of objects in the Pit were known a priori, which provided an oppor-
tunity to check interpretation results. The Pit contains conductive objects simulating
waste. The location of the objects is shown in Figure 30. Overall, the Pit possesses
two important features, namely conductive objects located near the Os (South) profile
and a conductive zone near the 35s profile. Objects (stacked conductive drums) were
buried at depths from 3-5 m.

BBEM survey traverses were conducted over a grid consisting of 5 m spaced
traverse lines crossing the Pit. The grid was extended over a sufficiently large area
to cover the region of interest. The survey was conducted in the transmitter offset
or slingram mode as described in MacLean (1993) and as illustrated in Figure 31.
In this mode of operation, the transmitter and receiver coils are offset by a fixed
distance. The receiver is placed outside of the transmitter loop and is separated from
the nearest side of the loop by a distance of 10 m. The reading point is taken at the
midpoint of the two coils, because of the reciprocal relation between transmitter and
receiver.

Unlike FDEM systems, the coil separation is not critical to the depth of investi-
gation because the primary or inducing current is off during the measuring period.
For the same reason, the TDEM system is not sensitive to noise and signal variations
caused by small changes in the system geometry. |

TDEM readings were taken over a broad range of time delays on these lines at 2
m intervals. The initial set of readings was recorded over the earliest available series
of 20 time delay windows. This initial data set was reviewed in the field; additional

data sets at longer time delays were recorded if a measurable signal was observed.



Distance (meters)
O 10 20 30 40 50 60 70 80 90
------------------------------------------------------------------------------------------ -10

e e e B T 0

T --------------------------------------------------------------------- 10

3
North [ 7 20
30

40

50
60

70

1) Conductive objects

2) Earth berms
3) Nonconductive objects

Figure 30: Location of anomalous objects in Cold Test Pit.

(SI919W ) QOUBISI(Q



59

S
Transmitters, 8-turn
Sm square loops

1.9 A current Grid spacing 2m

o
Aoﬁlc

spacing Sm

Transmitter/receiver separation 12.5 m

Figure 31: Slingram mode TDEM survey design at Cold Test Pit.
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The BWID Cold Waste Pit was covered by the profiles located 5 m from each
other. The grid for the Cold Test Pit survey is shown in Figure 30. Two samples of
collected data are represented in Figure 32 and Figure 33. We can see from these
figures the clear anomaly within the pit borders. Figure 32 presents the total field
while Figure 33 presents the secondary field, which was separated using the algorithm
described in subsection 3.3.

The ”smoke ring” image, obtained using the program written by Eaton and
Hohmann, (1989) is presented in Figure 34. The conductive zone is outlined lat-
erally in Figure 34, but no vertical resolution is achieved. The image starts below 4
m depth, because according to the 1D assumption which is the basis of ”smoke ring”
concept, there is no information in the data above 4 m. The upper part of the image
is distorted for the same reason. On the part of the profile without the anomaly,
at a depth of 6 m the resistivity is about 100 Ohm-m. This value was taken as the
background resistivity for the migration procedure.

1D inversion for these data was also done by MacLean, (1993). No vertical reso-
lution was achieved.

Having a known background resistivity, in spite of random noise, these data have

sufficient quality to be migrated.

4.3 Application of migration for data interpretation
Thirteen profiles were processed, numbered from the North to the South (see
Figure 30): 15n, Os, 5s, 10s, 15s, 20s, 25s, 30s, 35s, 40s, 45s, 50s, 60s. An effective
background resistivity of p, = 100 Ohm — m was used. As a result of processing the
TDEM data by the migration method a set of vertical cross sections in the Cold Test
Pit was obtained. Cross sections of migration apparent resistivity along the profiles
0s and 33s (see Figure 30) are presented in Figure 35 and Figure 36. We can clearly
see not only the lateral extent of the anomalous targets, but also the vertical extent
ol the bodies, which is better than the results obtained by 1D interpretation. The
profile images have been interpolated horizontally to obtain the 3D resistivity volume

image of the Pit. As an example, the maps of resistivity at the depth 3 and 5 m are
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Figure 34: ”Smoke ring” image of 0s profile.



Depth (m)

10 20 30 40 50 60 70
Distance (m)

10 18 27 35 43 52 60 68 77 85 93 102 110
Ohm-m

Figure 35: Migration apparent resistivity for Cold Test Pit (profile 0s).

64



Depth (m)

10 20 30 40 50 60 70
Distance (m)

10 18 27 35 43 52 60 68 77 85 93 102 110
Ohm-m

Figure 36: Migration apparent resistivity for Cold Test Pit (profile 35s).

65



66

presented in Figure 37 and Figure 38.

The heavy lines on these maps show the known boundary of the pit. Let us
analyze, for example, the migration resistivity map at the 5 m depth (Figure 38). We
observe on this map several conductivity anomalies that correlate very well with the
pit’s sections filled with the drums and boxes. Note that elongation of the conductive
anomalous zone in the northern section of the pit outside the formal boundary of the
pit (shown as a solid line) could be explained as an interpolation effect, since there is
no profile in between profiles 15n and 0s.

A 3D image was obtained from the set of 2D profiles using simple linear interpo-
lation. Thus, the conductive structure from profile 0s could be formally extrapolated
outside the pit by the interpolation code. However, comparing the map on Figure 38
with the known overall Pit scheme (Figure 30) we can see that in general the prin-
cipal boundaries of the pit and its internal structure, that is the two characteristic
conductive zones along the profiles 0s and 35s and the slightly conductive zone along
15s are reasonably well represented on this map.

Also, 3D resistivity images were constructed on the basis of resistivity maps at
the depth 3, 5, 7 and 9 m (see Figure 39). One can see on this map that conductive
structures appear near 3 m deep, and disappear between 7 and 9 m deep. The
maximum of the conductive structures on the resistivity images lies at the depth about
5 m. These pictures provide a reasonable volume image of the bulk Pit conductivity.

At this point it will be appropriate to outline all the assumptions made in this
application. The principal assumption is that TDEM migration theory was developed
for the 2D case, yet it was applied to 3D data. We assumed a known background
resistivity, while there were no reliable data available for shallow depth range (0-4
m), because the useful image produced by "smoke rings” starts from the 4 m depth.
However, comparison of the results of the time domain electromagnetic migration and
resistivity imaging with the known object locations demonstrate that this method
could be used to determine the structure of anomalous resistivity distributions in the

cases where the conductivity distribution is 3D.
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5. CONCLUSION

The main goal of this thesis research was to apply the method of TDEM migration
to synthetic and field data. Results suggest that TDEM migration and resistivity
imaging make it possible to locate anomalous geoelectric zones and estimate their
resistivities. The resistivity images can be obtained from the vertical component of
magnetic field H,, which is the component routinely measured in practice.

The TDEM migration is a stable and fast method of geoelectrical imaging. It
provides better resolution of local objects than conventional 1D imaging. It does
not require repetitive costly forward modeling as do 2D inversion techniques. The
application of migration is limited by the necessity for spatially dense measurements
of EM responses along the profile or over an area on the surface of the earth. Errors
of estimating the background resistivity affects the accuracy of the migration method.

The results of testing TDEM migration at the Cold Test Pit within the Radioactive
Waste Management Complex at the Idaho National Engineering Laboratory demon-
strated the method’s effectiveness for interpretation of data acquired under real field

conditions.



APPENDIX A
APPARENT REFLECTIVITY FUNCTION

The ratio of the primary and secondary fields is equal to the reflection coefficient
at a geoelectrical boundary. In the migration concept the actual secondary field
is replaced by the field in the reverse time. However, it is still possible to find a
reflectivity coefficient using a ratio of migrated secondary field and primary field, as
we show here.

Let us consider, for the sake of simplicity the two-layered model with a slowly
varying conductivity o, (z,z) within each layer and a sharp conductivity contrast
on the horizontal boundary S between two layers. Consider a 2D model of the
electromagnetic field (E-polarization). In a model with a slow horizontal variation
of both the conductivity and the field we can represent the different components of

the electromagnetic field in the frequency domain approximately by the following

formulas (Smith and Booker, 1991; Zhdanov et al., 1994)

(2, 2,w0) = Q¥(z, z,w)e** + Q¥(x, z,w)e~
Hy(z,2,0) = Q(z, 2,w)e™ + Q¥(z, 2, w)e~Hn?, (33)
Ey(z,z,w) = Qz(m’ 2, w)eikne 4 Q*(x, 2, w)e~knz,

u,d
x!y"’z

where the coeflicients vary relatively slowly with the depth, &, (z,z,w) =
iwpeo, (z,2) is a wave number and o, (z, 2) is a background conductivity.

Here the terms associated with the downgoing exponential function correspond

to the primary field and the terms associated with the upgoing exponential function

correspond to the secondary field:
Hg(:C’ Z7w) = Qg(:b’ Z’w)GZk"’Z’ H;(SC’ Z7w) = QZ(:C’ Z’w)e—zknz7
Hi(z,z,w) = Q%(z,z,w)e™, H(z,z,w) = Q%z,z,w)e (34)

E;j(m, Z,w) = Qi(m, z,w)en? Bz, 2,w) = Qu(x, z,w)e " Hnz
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We will analyze {he behavior of the horizontal component of the electric field at
the quasi-horizontal boundary {S: (z,d(z))} between two layers. Ov the first-layer

side of the boundary we have:

L, (r,dw)= Qz(:r’d)w)eiknd + Q;(.T, d, w)eiknd,

_ (35)
E(x,dw) = ke @iz, d,w)e™? — ik, Q4(x, d,w)e~ 4,
while on the second-layer side we have:
E,,(.T, d,w) = Qy(a;’ d“w)el‘kn-}ld’
(36)

E!:/(l\ d: w} = Z»kfn-i-lQ'z(-TU» d, W)eik"‘“d,

where ”prime” denotes the vertical derivative of the electric field.
On the boundary S in the case of E-polarization both components £, and E, are
continuous. Therefore, the corresponding right-hand sides of (35) and (36) are equal.

Solving this system of equations, we find:

Q—E = B(z,d) ™, (37)
¥

where

Vo (2,d) = \/one (2,4) 59
\/crn(z.d) + \/Un+1 (I\d)’

Bz, d) =

is the reflectivity coefficieni. The [requency domain apparent reflectivity (unction as

the ratio of the secondary and primary fields is:

E;‘(r\z,w) Q;(I»za""’) o= 2iknz

als 721 ) = = - 39
fonl®:2:9) = Bl 20) ~ Qi) )
According to (37) at. the boundary:

Bun(x, dyw) = B(a,d). (40)

So. at the geoelectrical boundary the apparent reflectivity function is equal o the

true reflectivity coefficient.
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Now let us find the way to calculate the apparent reflectivity function {rom the
migrated fields. According to the definition (Zhdanov el al., 1994a), the migrated
secondary field is equal to:

B;M(l‘, zw) = QU z,w)e‘k"‘z, (41)

Y

and the migrated primary field is equal to:

ET(z,z,w) = Q4 (z,z,w)erm?, (42)

Y

where k., (¢, z,w) = \Jiwpoo, (2, 2) 1s a migration wave number.

We can introduce the frequency domain migration apparent reflectivity function

as .

_ E;"s(z,:,w) R Q;(CE,Z,U))
Bz zw)  Qie,z,w)

m
wau

(43)

(£,z,w)

Calculating the ratio of the apparent reflectivity function and migration apparent

reflectivity function using (39) and (43) gives:

Bua(zy z,w)

N 17 y
In(mow) (44)
Thus we obtain:
By 3,w) = Bua(z, 2,w)e? ", (45)
According to eq. (40) at the boundary § :
BT (2. d,w) = Bualz,d,w)e? ™ = B (x, d) . (46)

This mmeans thal the migrated secondary and primary fields are proportional at

the boundary:



E™ (2, d,w) = B (z,d) E™(2,d,w)e? 47
y . vy

Equation (47) can be used for calculating the time domain migration apparent reflec-

tivity function at zero time :

Ems(z,z,t = 0)

BT (z,2) = B(z,2,L =0) = D(z.2) (48)

[leve 3;2(z, z,¢) is the time domain migration apparent reflectivily function obtained
from 7 (x,d,w) by inverse Fourier transform from the frequency domain to the time

domain, and

+oo
D(x,z) = /0 ETP(x,z,L)p (2, 1) dl, (49)
where
z 2 [Z\?
w(z,0) = (=g exp l-27r (;) l . (50)
and

57)2,5 ]2
= %; T =27/2l/poy. (51)

The function B (x, z) is equal to the actual reflectivity coefficient 3 exactly at the

position of the boundary:

B (e, d) = 8 (z,d). (52)



APPENDIX B
MIGRATION APPARENT RESISTIVITY

As shown in Appendix A, the apparent reflectivity function is equal to the re-
flectivity coeflicient at a geoelectrical boundary. Substituting a plane wave for the
primary field and considering a two-laycred model, one can have an expression con-
necting the reflectivity function with the amplitude of the migrated field. Using this
relationship one can express the anomalous resistivity via the migrated field ampli-
tude. Although derived for the plane wave and two-layered model, this expression
can be used in the general case, thus leading to a migration apparent resistivity.

Let us consider the model that is based on the assumption that the coeflicient

Qz (z,z,w) in equation (36) does not depend on w and very slowly changes with z :

Qz (z,z,w) = Qo (). (53)

These conditions for example take place in the case of constant conductivity of the
first layer and if the primary field can be approximated by the plane wave with a
d—pulse waveform on the surface of the earth. Under these conditions we can write

approximately:

EZ (z,2,0) = Qo (z) e, (54)

Therefore from (37) and (36) we have:
EY (z,2,w) = Qo (z) fra (z,d) e**rde, (55)

According to definition, the migrated secondary field in the frequency domain is equal
to
B (2, 2,0) = Qo (@) B (z,d) erte™m, (56)
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If we apply the inverse Fourier transform from the frequency domain to the time-

domain, we find the migrated secondary field in the time domain:

1 Foo | . )
EM(x,z,t) = %Qo (x) B (z, d)/‘ Pkl pmkmz —iwty (87)

(2]

4

The last integral can be reduced to a tabulated one, if { = 0. Omitling long calcula-

tions, we write:

S VB (x,d)dv/?z
E;M(:zr,z‘l:()):—- QO(I)IB( ) ‘YZ (58)
Tpoy (4d? 4 42?)
where v = 0,,/0, 1s the migration constant.
Let us find now the depth of the extremum of the migration field. Since

2, 8 2 (z,d)dy' 2z
D Epie im0 = DI D2 (1 gy (5g)
Oz 7 uoy (4d* + yz?y

the vertical derivative of the migrated field is equal to zero exactly at the depth of
the boundary z = d, if the migration constant ¥ = 4/3. The value of the migration

ficld in the exiremum is equal to

Er(e,d i = 0) = —Llled) (60)

A% o m d?

From the last formula we can find g (2, d)

‘ __47r,ucrma” msy B
fland) = = ZE S B (@, dyt =0), (61)

and calculate the resistivity of the second layer:

]+ﬂ(a:,d)]'pw (62)

Pr+l (:E) = ll _ B(I,d)
Expression (62) gives the exact solution for determining pn\ (2) only for the simple
model under consideration. However, {ollowing a traditional approach to electro-

magnetic sounding, we can introduce the migration apparent resistivity, which is
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determined by the same formula:

14 8™ (2,2)]
( ’)] . (63)

pm (2,2) = [Tu

In the last expression 87" (z, z) is given by eq. (48).
Note in the conclusion that expression (61) can be obtained directly from equations

(48) and (49).
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