Lawrence Berkeley National Laboratory
Recent Work

Title
Three-dimensional interpretation of electromagnetic data using a modified extended Born
approximation

Permalink
https://escholarship.org/uc/item/77k2d8s§
Journal

Geophysics, 68(1)

Authors

Tseng, Hung-Wen
Lee, Ki Ha
Becker, Alex

Publication Date
2002-07-10

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/77k2d8s8
https://escholarship.org
http://www.cdlib.org/

Three-dimensional interpretation of electrorr_lagnc_atic data using a modified extended
Born approximation
Hung-Wen Tseng
(formerly University of California at Berkeley,
currently Lawrence Berkeley National Laboratory)
KiHalLee
(Lawrence Berkeley National Laboratory)

Alex Becker

(University of California at Berkeley)

ABSTRACT

We present a new method, dubbed the modified extended Born approximation
(MEBA), for efficient three-dimensional (3-D) simulation and inversion of geophysical
frequency-domain electromagnetic (EM) data for atargeted object lodged in alayered
half-space. Based ontheintegra equation method and modified from an extended Born
approximation technique, the MEBA method calculates the total electric field in an
electrical conductivity inhomogeneity without any need for solving a huge matrix
equation. Thisisdone by multiplying the background electric field by a depolarization
tensor. The Fourier transform and the convolution theorem are used to dramatically
increase the computational efficiency. Comparisons of MEBA generated numerical data
for tabular targets with data generated by other means are used to verify the scheme and
check itsrange of validity. The results indicate that the MEBA technique yields better

accuracy when current channeling in the conductivity anomaly dominates over the



induction process. The MEBA agorithm has been incorporated into a least-squares
inversion scheme which is used to interpret borehole-to-surface EM tomography field
data. The survey served to monitor the subsurface conductivity change associated with

the extraction of avolume of saltwater previoudly injected into aknown aquifer.

I ntroduction

Three-dimensional (3-D) interpretation of geophysical e ectromagnetic (EM) field
resultsis very difficult because of the richness and complexity of the data and the very
large number of discretized conductivity elements needed to represent arealistic
geophysical model. Its success depends on the efficiency of afast 3-D forward
simulation as well as a sound inversion strategy. Complex, three-dimensional
conductivity structures can be modeled using the finite element or the finite difference
methods. However, the solution of the attendant huge sparse matrix eguation necessary
to obtain the electric and/or magnetic fields is very computationally intensive. The
computational efficiency for these methods can be improved by solving the system
matrix equation using massive parallel computing techniques (Alumbaugh and Newman,
1995). Unfortunately, the necessary resources for this approach are not yet generaly
available. Another way to moddl afinite inhomogeneity buried in alayered earth
involves the use of the integral equation method. The advantage here isthat only the
solution for the electric field in the volume of interest needs to be considered. Inthis
method (Weldelt, 1975, and Hohmann, 1975), two major steps are involved:
determination of the total electric field in the confined inhomogeneity and the calculation

of the scattered electric EM field at the observation locations. The latter isa



straightforward process while the former requires the solution of a Fredholm integral
equation and forms a bottleneck in the computational flow.

To avoid solving the huge matrix equation one can apply atechnique based on
either the Born or the Rytov approximation. Both methodsinvolve the direct
replacement of the total electric fields by their background values so that matrix inversion
isunnecessary. The efficiency of the algorithm is thus dramatically improved. Based on
the similar approach, Zhdanov and Fang (1996) present a quasi-linear approach that now
replaces the total electric field by the background field modified by areflectivity tensor
that is obtained via an optimization process.

Habashy et a. (1993) calculated the el ectric field inside an inhomogeneity by
transforming the background electric field using a small 3x3 depolarization tensor. Itis
derived from the EM coupling within the anomaly itself and accounts for the
depolarization effect. Their method is superior in accuracy to the Born approximation,
and nearly as efficient. Based on this approximation, Torres-Verdin et a. (1994a, and
1994b) developed agorithms to image 2-D and 2-1/2D electrical anomalies and a
modified version, with increased accuracy, for axial-symmetry models encountered in
single-hole surveys (Torres-Verdin and Habashy, 2002). Because of its ssimplicity and
efficiency, we have adapted this approach to develop anew EM 3-D modeling and
inversion agorithm.

For 3-D forward modeling, we will use the nonlinear approximation introduced
by Habashy et d. (1993), and then show how its formulation and basic assumptions must
be modified to improve numerical stability of the computation. The performance of the

modified nonlinear approximation technique is greatly improved by repeated application



of the Fourier transform and the convolution theorem. The forward modeling method is
then incorporated into a least-squares optimization scheme for inversion of EM data.
This scheme is then used to successfully recover a conductivity image from a set of
borehole-to-surface (BTS) EM data acquired during an environmental remediation

experiment (Tseng et al., 1998).
The modified extended Born approximation

Assuming an €' time dependency and following Weidelt (1975) and Hohmann
(1975), for an angular frequency of o , the ectric field solution in a conductivity
inhomogeneity for an electric or a magnetic source can be expressed as a Fredholm

integral equation of the second kind:
E(r) = Ey(1)- i04,Q) G (r.r)Aa (1)E(r)ar )

Here, E(r) and E, (r) are respectively the total and primary electric field at agiven
location r in the anomaly and V. is the volume which contains the confined conductivity

anomalies, Ac . As the frequency range used in this study does not exceed 100 kHz, the

displacement current can be neglected, and the medium magnetic permeability is

=E
assumed to be that of the free space, |1,. The Green’sdyadic, G , isthe electric field of
an electric dipole source. Once the total electric field E(r) is obtained from (1),

calculation of magnetic fields at an observation location, r, is straightforward using

H(T) = Hy(r) - ity G (1 )AG () E(r)ar. @



Here, EH , iIsthe Green's tensor which relates the magnetic field at the receiver location,
r,, to the electric current element at r' in the inhomogeneity. Equation (1) is non-linear
inthe electric field E(r) and usualy its solution is obtained numerically by dividing the
anomalous region into a number of sub-domains and solving amatrix equation. This
process requires a computing time that is proportional to the cube of the number of cells
used to represent the anomalous body and quickly becomes impractical as the number of
cellsisincreased. An approximate solution, using the Born approximation, can be
obtained by reformulating equation (1) so that computing effort can be dramatically
reduced.

Habashy et al. (1993) suggest an alternative way to linearize equation (1) by
adding and subtracting, on the right-hand side, one additional term containing the total
electric field E(r):

R - T~ 8l
E(r) +iou, QQSG (r,r)Ac (r’dr Q>E(r)

. 3)
= Ey(r) - i) G (r,r)Ac (r) fE(r)-E(r)]dr

If the integral on the right-hand side of (3) is small compared to the background electric

field E,(r), it can be neglected and the total electric field at any point in the

inhomogeneity can be expressed as

E(r) » GIr)E,(r), (4)

where

a(r) = g|=+iwm)(‘\)/ G (r.r)Ds (r')dr'gl. 5)



The 3x3 dyadic Gin (5) isthe depolarization tensor introduced by Habashy et al. (1993).
It has a DC limit which accounts for the difference in amplitude between the total internal
electric field and the background field caused by charge accumulations on the boundaries
of the inhomogeneity. This approximation is equivalent to assuming that the electric

field at any point in the region of the inhomogeneity, r', is equal to the value at the
location r for which it isbeing calculated. The dominant contribution to the second

integral in (3) comes from pointsin the vicinity of r dueto thelocally singular nature of

EE(r ,r') a r'=r . Asaresult, the approximation is appropriate as long as the internal
electric field is a smoothly varying function of position so that the local difference in the
electricfield, E(r')—E(r) , issmall when r' approaches r .

Habashy et al. (1993) have demonstrated that, for a sphere of uniform
conductivity located in a homogeneous conductive whole space, this approximation is
more accurate than the Born approximation where larger electrical structures, alarger
conductivity contrast between the anomaly and the background host, and awider
frequency range are involved. However, one can reasonably expect that this
approximation is likely to be inaccurate at |ocations that are close to a source or the
conductivity interface in an anomalous region. Torres-Verdine and Habashy (2002)
introduced a correction term to evade the source proximity problem for axially-
symmetric models in awhole space but did so at the cost of computing efficiency. This
technique is called the localized nonlinear approximation by Habashy et al. (1993) and
the extended Born approximation (EBA) by Torres-Verdin (19944). The latter
terminology will be followed in this study because it isindicative of thistechnique's

relationship to the Born approximation.



A magjor advantage of this approximation techniqueisthat it is as efficient as the
Born approximation but only requires the solution of a 3x3 matrix for the depolarization
tensor in each discretized cell to obtain the total electric field. Additionally, the
depolarization tensor in (5) is not related to the source type or source location but only
depends on the geometry of the inhomogeneity and the wave propagation constant of the
medium. This makes the technique very appealing for computations involving multiple
SOurces.

A closer investigation of the EBA approach, however, reveals a numerical
instability problem when the conductivity in the anomal ous volume is discontinuous.
This can be seen considering a sketch of a discretized conductivity anomaly, shown in
Figure 1, which consists of only two cubic cellslocated in a0.1 S/m whole space. If the
anomalous conductivity of cell one, Ac ,, is0.2 Sm whilethat of cell two, Ac,,is1.23
S/m, thereal part of the tensor computed from the integral of (5) for cell one, at 100 Hz
(with the imaginary part neglected), is approximately

&10 Ou
é a
20150
g0 0 1.5
The calculation of (5) involving integration over the source region was carried out based

on Chew (1989). Thetensor element T, for cell number one istherefore amost singular

and it maps the background electric field, E,, , near infinity. This cannot be physically

correct, and resultsin erroneous electric field values in the conductivity inhomogeneity.
In other words, when the conductivity gradient of the inhomogeneity is parallel to any
component of the background electric field, the EBA approximation may fail. Thisisa

critical factor for inversion methods based on this forward calculation since the inverted
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domain is usually inhomogeneous in conductivity. From a physical perspective, the
failureis caused by the assumption that the electric field is constant over the entire
conductivity anomalous region. However, this cannot be true if the conductivity
distribution in the inhomogeneity is discontinuous. The physical parameter that is
continuous across the conductivity boundary is the normal electric current density, which
isthe product of the conductivity and the total normal electric field.

To improve the numerical reliability for EBA, we replace the added E(r) termin
) witho(r)/o(r')-E(r) and obtain the following form that evades the singularity

problem:

. e, =F . nS(r) U
E(r)+|wrrg)8QSG (r,rDs (r") r')dr H><E(r)

S
( . ®
=E,(r)- wvmd G () 2 [s (1) 5E(r)-s () ()]
; 0.7 T s 1)
Again, if the second integral on the right side of (6) is negligible compared to the
background electric field, the total electric field in the anomal ous region now can be
approximated by
E(r)»G (1), (), ©
where
=m é= =E Ds (r') u
G (r)=al +iwms(r)o G (r,r) —=dr'y . (8
§ Q. s() 4

The superscript m attached to the two tensorsin (7) and (8) indicates that they are
'modified' from the extended Born approximation to form the MEBA. The electric

current density within the inhomogeneity must vary smoothly to ensure the quality of the

=m
approximation. If the conductivity in the anomalous region is uniform, the tensor, G , in

8



(8) isthe same as the tensor Gin (5). Though the MEBA stabilizes the extended Born
approximation numerically, the assumption of the constant electric current density forces
the electric field tangentia to the conductivity variation boundary to be discontinuous,

which is also physically incorrect. For example, if 6, inFigure1lischangedto 0.01, I'

iscloseto—1 and (7) will fail aswell. However, the contrast between ¢, and 6, now is

aslarge as 120 and this can be controlled by smoothing the conductivity in the inverted

domain.

Use of the Fourier transform

A further study of the modified extended Born approximation (MEBA) exposes
two problems that limit its practicality for three-dimensiona EM modeling as the number
of the discrete cellsincreases. First, the computing time increases at arate proportional
to the square of the number of the discretized cells. Also, the memory required for
storing the Green's dyadic used in (8) increases dramatically. These difficulties can be
overcome by identifying the MEBA integralsin (8) as convolutions of the Green's dyadic
and the normalized anomalous conductivity, and applying the Fourier transform to them
(Tseng et al., 1996). A similar approach has been used in the work of Lgoie (1975) to
obtain the EM response of an arbitrary source on alayered earth.

Rearrange the integral of (8) and one obtains

-1

=—m S =E _ ..
G (x,y,2) = gl +iwms (x,Y,2) ¥FT, . , ic‘)e (kx,ky,z)Q(kx,ky,z')dz'ig . (9)
u
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Here, k, and k, are the spatial wavenumbers for the X- and Y -coordinates, respectively;

IFT «, Standsfor the two-dimensional inverse Fourier transform applied to the result of

the integration in the bracket; and éE and (5 are the wavenumber counterpart of G° and
the normalized conductivity anomaly, Ac (X,y',z)/c (X,Y,Z) , respectively. The
convolution is not applied in the vertical Z-coordinate because the Green's dyadic is not
invariant in thisdimension for alayered half space. Since the calculation of the scattered
magnetic fields at the receiver locations is also a convolution of the Green's function and
the electric current density, convolution theory also applies as well.

With the FFT technique, the computing time is now proportional to
(N, log, N,)(N, log, N,)NZ, where N,, Ny, and N, are the numbers of samples used to
represent the 3-D model. In addition, Green's functions in awhole space or in a
horizontally layered host medium have a closed form in the wavenumber domain (Ward
and Hohmann, 1987). Thisresultsin asignificant reduction in the amount of memory
required and associated /O activity during the calculation.

Extra care must be exercised to alow for the behavior of the Green's function in
its closed form asit is not band-limited and does not have a Nyquist frequency in the

(ky,ky,z) domain. As aresult, alow-pass Blackman-Harrisfilter (Harris, 1978) is

applied to the transformed conductivity anomaly to eliminate any aliasing error.
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Accuracy of the MEBA method

To assess the accuracy of the MEBA technique in typical working conditions, the
MEBA simulation results for a borehole-to-surface survey over a plate-like model are
compared with those derived with the 3-D integral equation method (Wannamaker,
1984).

Asshown in Figure 2(a), a horizontal 13x13x1 m thin plateis placed at a depth of
30 min ahomogeneous 0.1 SYm half-space. Its conductivity, as presented in Figure 2(b),
varies linearly from 0.33 S/m at the edgesto 1 S/m at the center. A vertical magnetic
dipole source operating at afrequency of 10 kHz islocated at the level of the conductive
plate. Nineteen magnetic field sensors are deployed along a surface profileat 5 m
intervals, for a distance of 45 m on either side of the transmitter borehole. The total

electric field amplitudes on the thin body in the Y -direction, E,, computed with the three

methods. 3-D integral equation method (EM3D), MEBA, and EBA, are shown for
comparison in Figures 2(c), (e), and (g), respectively. The corresponding differencesin
E, with respect to the results derived with EM3D are presented in Figures 2(d) and (f),
respectively. At internal locations al three numerical codesyield similar results.
However, at the plate edges norma to the primary dominant E-field, the electric field
obtained with the MEBA is off by about 30%, while the EBA results are about twice as
large as those computed with the integral equation method. A comparison of the
corresponding vertical and horizontal components of the scattered magnetic fields at the
surface receiver positions at 10 kHz is shown in Figure 3. With the MEBA technique, the

normalized rms error in amplitude is about 3.5% whileit is 12% for the EBA technique.
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The corresponding rms errors in phase are 0.6 and 1.2 degrees, respectively, for the two

methods.

Range of validity for the MEBA

As indicated by Waker and West (1992) for a conductive host medium, galvanic
current (or current channeling) as well asinductive current in the target contributes to the
observed fields. The latter isavortex current that islocated within the conductivity
anomaly, while the former flows through the anomaly-host boundary. This raisesthe
possibility that the MEBA method may be more accurate when used in situations where
current channeling is dominant than in those where EM induction prevails. Since the
bounded induced electric current flowsin acircular pattern, it violates the constant
current density assumption. To verify this hypothesis and to examine the relationship
between the range of validity for the MEBA technique and the relative importance of the
two current modesin an EM scattering problem, we examine the MEBA results for two
thin plate models, one with a current-channeling dominance and the other with strong
induction.

Based on Walker and West (1992), the relative significance of the current
channeling to the induction effect can be described by a dimensionless current-excitation
ratio (CER). If the CER valueis greater than one, the galvanic effect dominates
induction, and vice versa. Since the CER value for any given model depends on host
conductivity, target conductance, frequency, the geometry of the model, and its position

relative to the exciting source, it should prove to be a useful tool for evaluating the



accuracy of the MEBA method. In general, CER valuesin aclosed form are not
available. Consequently, we have calculated the CER values for the chosen model using
program SHEETS (Zhou, 1989) where the total electric surface current density on the
thin sheet can be decomposed into its galvanic and the inductive components. The CER
number is obtained by dividing the rms value of the galvanic current density on the plate
by that caused by induction.

The calculations were done for the model sketched in Figure 2(a) for afrequency
range of 100 Hz to 100 kHz. While the host conductivity being held constant, the
conductivity contrasts between the anomalous body and the background medium changes
by factors ranging between 2.5 to 40 in steps of 2.5. The relative difference between the
MEBA data and the EM3D results for the vertical magnetic fields at surface as afunction
of frequency and conductivity contrast and its relationship to the corresponding CER
numbers are shown in the form of faceted contour plotsin Figures 4(a) and (b),
respectively. Clearly, for this specific model, the normalized rms MEBA errors are
smaller at lower frequencies and for lower conductivity contrasts. An inverse correlation
is observed between the MEBA errors and the CER values: the larger the latter, the
smaller the error.

An extreme case where the inductive effect dominates the current channeling can
be obtained by placing the center of the plate at the borehole and by positioning the
source 15 m below it. Again, the normelized rms MEBA errorsin the vertical magnetic
field resulting from the MEBA and the corresponding CER values are displayed in
Figures 5(a) and (b), respectively. All the CER valuesfor this model are smaller than

0.3, indicating that the induction is much stronger than the current channeling and rms



errors are more than twice as big as that of the previous model. However, for
conductivity contrasts smaller than five and frequencies lower than 10 kHz, the errors do

not exceed 10%.

Three-dimensional Inversion using the modified extended Born approximation

An efficient iterative 3-D EM inversion algorithm based on the least-squares
criteria has three features. afast forward ssimulation algorithm for calculating the EM
system response to a conductivity distribution; an effective method of calculating the
Jacobian matrix which relates the calculated EM fields to any perturbation of the
conductivity model; and an effective scheme to solve the large, ill-posed, system matrix
equation for the updated conductivity structure. The MEBA technique easily meetsthe
first two requirements.

The goal of automatic interpretation isto find a discretized model, defined by its

parameter vector m=(m,, m,,...,m,,)" (in this case the subsurface conductivity

distribution), that can fit the magnetic field data, d®, as closely as possible. Here, M
denotes the total number of discretized cells composing the conductivity distribution, N is

the number of observed data and T denotes the transpose of the metrix. Following

Oldenburg et a. (1993), the desired model, m***, is derived by iteratively solving the

following system matrix equation:

TW_)m* =TTWIW, (Im* —d(m*) +d*). (10)

GWIW,I+AW,
Here, k isthe iteration number and d(m) is a one-dimensional vector representing the

calculated system response to the associated subsurface conductivity model, m"; Wd isa
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N x N weighting matrix that assigns a relative importance to each data point. The two-

dimensiona M x M weighting matrix, Wm, determines how the model isbiased. Inthis

study, smoothnessis used as the criterion and is defined as the first spatial derivative of

the conductivity in all three coordinates. The variable A in (10) is aLagrange multiplier
that controls the degree of smoothness of the model. Following Newman and
Alumbaugh (1996), itsinitial value is determined by an estimate of the largest eigen
value of the non-regularized |east-squares system matrix. |f the updated conductivity
structure reduces the data misfit, the Lagrange multiplier is reduced by half to alow for a

rougher conductivity structure.

Based on (2), the Jacobian matrix, j, which isthe change in the EM field for
each source-receiver pair due to the perturbation of each element of the discretized
conductivity model, is expressed as

dH(r,)

o :'i(’)”ona (r,,r)>E(r)dr, (11)

where E(r) isthetota eectric field in the inhomogeneity due to the transmitter source

and r, isthereceiver position. Following Brian & Habashy (1995), EH (r,,r) in(11)
may be replaced by the electric field due to afictitious magnetic dipole source at the
receiver location and is polarized in the direction of the observed magnetic field. Asa
result, the eement of the Jacobian matrix, the i-th source-receiver pair dueto the

conductivity perturbation of the j-th cell, can now be rewritten as

J; =- i(DHoQ E\(r)xE,(r)dr,



where E;(r) isthetotal electric field in the j-th cell due to the transmitter source, and

E*j (r) istheelectricfield, also in the j-cell, due to the fictitious unit moment magnetic

dipole. Sincetheelectric field isassumed constant over the discretized cell, the Jacobian

is approximated by:

Here, DV, isthevolume of the cell, and E, ; and E, ; are the background electric fields
in the inhomogeneity due to the two transmitter sources, respectively. Taking advantage
of the fact that background electric fields, E, and E, , are invariant throughout the

inversion process and that the depolarization tensors have been derived in the previous

forward simulation, the approximate Jacobian matrix can be efficiently evaluated.
Inversion of simulated data

To test the newly developed 3-D inversion code, we use a set of borehol e-to-
surface (BTS) numerical smulation data. The smulated model and the corresponding
data are the same as those used to interpreted the results of aBTS experiment previously
described by Tseng et a. (1998). Here, as sketched in Figure 6, two 0.2 S/m horizontal
thin sheets are located at depths of 26 and 30 m, respectively, in a0.1 S‘/m homogeneous
half space. The top conductor has adimension of 6x4x2 m and the lower one, 12x10x3
m. Both plates are intersected by atransmitter well at 1.3 and 2.5 m, respectively, from
their centers. The direction of their longer axis deviates from the X-coordinate axis by 30

degrees. InthisBTS configuration, the transmitter traverses the vertical borehole from a
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depth of 60 m up to 15 m with stations at 2.5 mintervals. The receivers are deployed at 5
m aong two orthogonal surface profiles centered on the top of the transmitter borehole.
Total vertical magnetic fields calculated with the thin sheet code (Zhou, 1989) aong the
two surface profiles are used as input data for the newly developed inversion algorithm.
The numerical simulation data were degraded to an accuracy of 1% amplitude and 1°
phase noise by the addition of random noise. The inversion domain, with its surface
projection centered at the transmitter well, is a 42x42x30 m volume discretized into
21x21x15 cubic cells and located in depth between 5 m and 35 mlevels.

The inverted conductivity distribution, based on data from both surface profiles, is
shown in Figure 7(a). The projections of the anomalous bodiesin the vertical plane,
which contains the surface X-profile and the transmitter borehole, and on the horizontal
dice at 28 m depth are outlined for comparison with the MEBA based data inversion.
The depth of the anomalous zone is recovered, so are the orientations of the two plates.
However, the interpretation results fail to show the vertical separation between the two
plates. Thisisdue to the smoothness constraint applied to the inversion process and non-
uniqueness inherent in the inversion. Another problem that should be considered in a 3-

D interpretation is the spatial coverage of the survey. If itisinsufficient, the resulting
inversion results may beincorrect. For example, Figure 7(b) shows the inverted image
derived only from the surface X-profile data only. While the depth of the anomalous

zoneis recovered, the orientation of the two platesis incorrect.



Three-dimensional inversion of the Richmond Bor ehole-to-surface EM data

We have attempted to invert aset of 10kHz BTS EM field data acquired at the
University of California Richmond Field Station, where a brine spill was simulated by
creating a saline water injection zone at a depth of about 30 m. The plume, whose extent
was to be determined from the post-injection BTS data, was later extracted and the
experiment was construed as a means for validating aremediation process. Thetest site
and thefield layout, along with the surface projection of the previoudly interpreted
saltwater plume, are sketched in Figure 8. Details relevant to the experiment, the geology
of the test site, the instrumentation, the acquired data, as well asits interpretation by trial-
and-error, are described in Tseng et al. (1998). The vertical component of the magnetic
fields was sampled at 4 m intervals aong two surface profiles, |abeled as NW-SE and the
SW-NE profilesin Figure 8. The SW-NE profile was so serioudly contaminated by the
presence of some very shallow metal debris so that only the data for the NW-SE profile
are useful for inversion. This profileis centered on the injection well INJ1 and runs for
44 min either direction. Measurements could not be made at the wellhead station.
Nineteen transmitter positions, at 2.5 mintervals, were located in INJ1 between the 15m
to 60m depth levels. Theinversion domain, based on a4 m cube grid, is an 88x88x64 m
volume with its surface projection centered on the injection well INJ1, and a vertical
extent from 2 to 66 m depth. Both data sets, acquired before and after the water
extraction, were inverted using a 12 ohm-m homogeneous half space asthe initial model.

Figure 9(a) illustrates the pre-extraction magnetic field amplitudes, in units of dB

above 1 nA/m, along the surface profile in the form of a contoured section where each
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datum position is defined by atransmitter depth and surface receiver station position.
The data misfits of the inversion results relative to the measured data are al so displayed
in Figure 9(b). A vertical section containing the NW-SE profile, and a horizonta dlice, at
28 m depth, of the pre-extraction conductivity distribution obtained from the inversion
procedure are shown in Figure 10(a). The corresponding post-extraction results are
displayed in Figure 10(b). The two distinct units with aboundary at about 40 m depth
correspond respectively to the already known sediments and the basement at the test site.
The injected saltwater plume manifestsitself asa small conductive region, absent in the
post-extraction results shown in Figure 10(b), of about 0.12 S/m located next to the
injection well at 30 m depth. The conductivity change due to the water removal is
expressed in Figure 10(c) in percentage terms relative to the conductivity before the
pumping. Clearly, the effect of the pumping has reduced the conductivity of the injected
zone by as much as 35%. Due to the poor quality of the other surface profile, there is not
enough spatial coverage to define properly the conductivity changein that lateral
direction. However, the pre-extraction inversion results do indicate that the distribution
of the saltwater was asymmetric about the transmitter well with its center shifted to the

northwest of the injection well.

Discussion

Based on the assumption that the electric current density is constant within the
anomalous region asthe EM coupling between any two points in the inhomogeneity is
calculated, the MEBA technique improves the numerical validity of the extended Born

approximation. However, like the Born approximation, the MEBA method tends to be



more accurate for low frequencies and at low conductivity contrasts. More specifically,
its accuracy depends on the relative dominance of the galvanic and the induction effects
in the scatterer. The stronger the current channeling, the better the simulation results.
The utility of the MEBA technique is much improved with the use of the Fourier
transform and convolution theory. Convolution of the Green's function and the
normalized conductivity anomaly (or the current density) in the wavenumber domain
makes the computation much more efficient.

When incorporated into a least-squares optimization process, the MEBA method
offers aremarkably efficient way to compute the Jacobian matrix for updating the
conductivity structure. With proper space coverage the inversion results for the
simulati on data show successful recovery of the 3-D conductivity anomaly. The
interpreted results of the BTS field experiment, even with data along just one surface
profile, are consistent with those obtained by atrial-and-error fit to the field data.
However, solving the system matrix equation in the inversion requires more than 90% of
the memory and 95% of the computing time. This arises because of the memory needed
to store the Jacobian matrix and the results of the multiplication with its own transpose,
while most of the computing time is spent to invert the matrix equation for updating the
conductivity structure. Consequently, the model sizeislimited and depends on the
available system resources. Animproved performance strategy for the inversion is under

development.
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Figure captions
Fig. 1 A smplified model to demonstrate existence of a possible singularity in the

depol ari zation tensor.

Fig. 2 Comparisons of simulation results computed with the integral equation method
(EM3D), the modified Born approximation (MEBA), and the extended Born
approximation (EBA), respectively; (a) Model geometry; (b) plan view of the
conductivity distribution in the anomaly; (c), (€), and (f) are contoured Y -component total
electric field in the anomaly derived with the three methods; (d) and (f) are the relative

difference in E, derived from MEBA and EBA, respectively, with respect to EM3D.

Fig. 3 Comparisons of horizontal and vertical magnetic secondary fields calculated with

the three numerical methods at surface receiver locations as sketched in Figure 2(a).

Fig. 4 Faceted contour plots of (a) rmserror in the vertical magnetic field component,
and (b) corresponding CER vaues as a function of conductivity contrast and frequency

for the galvanic effect dominance model.

Fig. 5 Faceted contour plots of (a) rms error in the vertical magnetic field component,

and (b) corresponding CER values as afunction of conductivity contrast and frequency

for the model with strong induction.
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Fig. 6 A two-sheet model used to produce simulation data for testing the 3-D inversion

code.

Fig. 7 Inversion results using (a) both surface profiles, and (b) the X-profile only.

Fig. 8 Field map of the Richmond Field Station test site (after Tseng et a., 1998).

Fig. 9 (a) Measured pre-extraction vertica magnetic field amplitudes expressed in units
of dB above 1 nA/m. (b) Datamisfits of the inversion results with respect to the

measured pre-extraction field data.

Fig. 10 Three-dimensional MEBA inversion results using (a) pre-extraction BTS data
and (b) post-extraction data. The vertical section contains the transmitter well and the
surface profile while the horizontal diceisat the depth of 28 m. (c) Conductivity

change, in percentage with respect to the pre-extraction conductivity.
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