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Research Obj ective

El ectromagneti c i nduction tonography is a prom sing new tool for

i mgi ng el ectrical conductivity variations in the earth. The source field
is a mgnetic field generated by currents in wire coils. This source
field is normally produced in one borehole, while the received signals

are the neasured small changes in magnetic field in another, distant

bor ehol e; however, the nethod may al so be used successfully in

conbi nati on with surface sources and receivers.

The goal of this procedure is to inmmge electrical conductivity variations
in the earth, nmuch as x-ray tonopgraphy is used to inmage

density variations through cross-sections of the body. Although field

t echni ques have been devel oped and applied to collection of such EM data,
the algorithns for inverting the magnetic data to produce the desired i mges of
el ectrical conductivity have not kept pace. Prior to this project,

the state of the art in electromagnetic data inversion was based on

the Born approximation (requiring a | ow contrast assunption), or extensions.
However, it is known that conductivity variations in fact range over
several orders of nmgnitude and therefore require nonlinear analysis.

The goal of this project has therefore been to join theory and experi nent
to produce enhanced i mages of electrically conducting fluids underground,
all owi ng better |ocalization of contam nants and inproved planning
strategi es for the subsequent remediation efforts. The resulting

field systemcan, after sonme nore required work on calibration and
reliability, be applied directly to EM characterization and

remedi ati on probl ens.

Research Progress and | nplications

Proj ect #55011 consisted of three major activities, with the najor goa
of developing EMT into a mature field tool for environnenta

i magi ng applications:

(1) Devel opment of an el ectromagnetic forward nodeling capability

in the appropriate frequency range (1-20 kHz) at LLNL for the first
tinme.

(2) Devel opnent of a new el ectromagnetic data inversion nmethod

at LLNL and Stanford for the first tinme.

(3) Further devel opment and upgrading of the field capabilities for
EMT, as well as use of these capabilities at an appropriately chosen field
site.



(1) Forward Mbdeling Capability

Qur forward nodeling efforts are summarized in papers by

Chanpagne et al. (1999; 2000) and Berryman {\emet al.} (1999).

The resulting code is a 3D finite-difference Fourier-donain code

that has been extensively tested agai nst analytical results and
results obtained fromother codes. W call the code FDFD

because of its finite-difference Fourier-donmain character

As will be nmentioned again in the next subsection, our forward
nodel i ng capability had special requirenments, because it needed

not only to produce the forward predictions of electrical and nmagnetic
fields for given source configuration, but also to

provi de a sinple nmeans of conputing the adjoint operator

that was to be used in our new inversion nethod.

This requirenent was net by the code FDFD sumuarized in the papers already
menti oned. The forward nodeling capability devel opment was one of the
maj or achi evenents of the first two years of the project.

(2) EMT Data Inversion Methods

Qur nobst recent work on data inversion

has devel oped an "~ “adjoint nethod'' for inverting these data
(Chanpagne et al., 1999; 2000; Berryman et al., 1999;

Dorn et al., 1999), thereby allow ng

hi gher resolution and hi gher contrast inmages than were previously
possi bl e.

The paper by Dorn et al.(1999), which was recently

published in Inverse Problems summarizes a major new

direction for research on EMT data inversion problens of the type required
for this project. The forward nodeling efforts of

Chanpagne et al. (1999; 2000) and Berryman et al. (1999)

were critical for the devel opnent

of the adjoint nmethod because the adjoint nmethod requires a nethod of
conputing the operator adjoint. CQur forward nodeling code

was designed to make this set no harder than that of

conmputing the forward result for the operator

The adj oi nt nethod of data inversion was one of the mmjor achievenments
of the second and third years of the project.

We al so have produced rel ated work on el ectrica

resi stance/ i npedance i magi ng nmethods for high contrast nedia

(Borcea et al., 1996; 1999)

and

on approaches to the analysis of both our own nmethods and those of others
to quantify the attainable resolution in each situation

(Berryman, 2000a, b).

(3) Field Wrk and Data Interpretation

Fi el d equi prent was acquired and assenbl ed

into a coherent data acquisition systemfor use by LLNL personnel for
the first tine. Some of our equi pnment was used by

Ber kel ey students at the LLNL ACI site in both crosswell and
surface-to-borehole tests and this project shared that data

and the analysis of the data.

One field experinment was performed at Lost Hills, CA, in April, 1998,



and the results

were presented at SAGEEP by Buettner and Berrynman (1999).

At the Lost Hills site, steam had been injected into upper, mddle, and
| ower zones of the Tulare formation since 1991 using injector 5035.
More recently injector 5035 was refractured with steam and

service well O35 was conpleted as an injector for the mddle and | ower
zones in order to increase the injection rate. The object of our
nonitoring was the shall ow zone which extends from about 60 mto 85 m
depth. Further details about the field site and the results nay be
found in the paper by Buettner and Berryman (1999) and in its

ref erences.

The data acquisition systemintegration and the field test were

two of the mmjor achievenents of the first and second years

of the project. Analysis of the field data using the new inversion
met hods

will be one of the first itens to be addressed in the renewal project
if the renewal proposal is successful

Pl anned Activities

The project was conpleted, including a no cost extension of three

mont hs, at the end of Decenber, 1999, so no further work is planned or
contenplated at this tinme until new funding arrives. A renewa

proposal was submitted March 15, 2000. |If the proposal is successful
the renewal project will lead to a well tested and cali brated

field system and i nagi ng tool that can subsequently be applied directly
to EM characterization and renedi ati on probl ens.
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