Chapter 17

Electrical Resistance Tomography—Theory and Practice
William Daily', Abelardo Ramirez', Andrew Binley?, and Douglas LaBrecque®

Historical Development

During the last two decades, the United States govern-
ment has emphasized the environmental remediation of the
subsurface contamination which is a legacy of the previous
decades of the U.S.-Soviet Cold War. This legacy includes
radioactive, chemical, and biological contamination at
thousands of sites across the country. The cleanup was, and
remains, costly, with many problems solvable only with
the development of new technologies. The early develop-
ment of electrical resistance tomography (ERT) was main-
ly in response to the need for new technologies to generate
high-resolution images of the shallow subsurface. Also,
much of the early use of ERT was site characterization or
process monitoring for soil and groundwater cleanup.

ERT is a method that calculates the subsurface distri-
bution of electrical resistivity from a large number of
resistance measurements made from electrodes placed in
an arbitrary geometric pattern. For in-situ applications,
ERT uses electrodes on the ground surface or in boreholes.
ERT may also be utilized in a similar manner for imaging
biomedical targets, rock or soil core, and block structures.
The method has contributed to the fields of hydrogeology,
soil science, o0il reservoir management, engineering inves-
tigations, and glaciology. Developments in instrumentation
and data inversion algorithms have led to applications of
3D imaging of time-dependent processes and, more recent-
ly, extensions to incorporate induced-polarization effects.

This chapter contains several ERT case studies of sub-
surface clean up, site characterization and process moni-
toring, applied at a range of scales and in a range of geo-
logic environments. We will also outline the historical
development of ERT and present an overview of data
acquisition and data processing techniques. Our aim is to
provide a review of the method, highlighting strengths and
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weaknesses, in addition to including theoretical develop-
ments and important practical issues.

In the early 1900s Conrad and Marcel Schlumberger
pioneered exploration of the subsurface using galvanic cur-
rents (Schlumberger, 1920). At the time, seismic methods
were already a popular method for probing the subsurface,
especially on a scale of hundreds to thousands of meters,
and were used extensively in oil and gas exploration. The
new electrical resistance method was quickly found to be
useful for sulfide mineral exploration. It also became
apparent that this method was going to be an important tool
for the geophysicist because of its value in the identifica-
tion of other rocks and minerals and its sensitivity to sub-
surface liquids.

From the 1920s until the 1970s, electrical prospecting
was developed and applied to geophysical problems, but
with severe limitations in both the measurement equipment
and interpretation strategies. Even into the 1970s, one of
the most popular engineering resistivity systems consisted
of little more than a box of batteries, a galvanometer and a
mechanically balanced Wheatstone bridge. Interpretation
consisted largely of comparing field plots of apparent
resistivity to curves derived from simple analytic models or
scale model studies (e.g., Keller and Frischkneckt, 1966).
To apply these crude interpretation techniques, field meas-
urements had to be taken using one of a few standard con-
figurations or arrays. Data were generally collected as
soundings using the Schlumberger or Wenner arrays or
using the dipole-dipole or pole-dipole array. Data were
sometimes displayed in a two-dimensional array using a
simple but useful scheme called a pseudosection (see Mar-
shall and Madden, 1959).

In the 1970s things began to change rapidly. First, by
the late 1970s virtually all research institutes and most
large corporations had access to increasingly powerful
mainframe computers. Second, relatively inexpensive,
low-power microprocessors were becoming widely avail-
able. Along with other advances in electronics, micro-
processors made sophisticated data acquisitions systems
practical. The advent of high-speed computers made prac-
tical new modeling methods developed by Coggon (1971),
Hohmann (1975), Dey and Morrison (1979 a,b) and were
used either to enhance or supplement older model catalogs.
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During this same period, initial work began on applying
inverse methods to sounding data and later to two-dimen-
sional model fitting (Tripp et al. 1984).

During the 1970s, tomographic reconstruction of
cross-sectional data was first applied in medical diagnos-
tics (Hounsfield, 1973) and numerical calculations on
high-speed digital computers made computed tomography
practical. This initial work was for reconstruction of X-ray
attenuation using the concept of back projection of X-ray
transmission intensity. However, it was shown that a simi-
lar back projection algorithm could be used to reconstruct
two dimensional electrical resistivity for medical imaging
(see Lytle and Dines, 1978; Barber et al., 1983). Related
methods were also developed for increased sensitivity (see
Gisser et al.,, 1987) and for three-dimensional analysis
(Wexler et al., 1985; Goble and Isaacson, 1989). A good
review of the early work in medical electrical tomography
is given by Webster (1990).

Concepts borrowed from the medical use of computed
tomography soon migrated to geophysics (Lager and Lytle,
1977; Dines and Lytle, 1979). X-rays, practical for probing
density structure of humans, were replaced by radio fre-
quency energy for geophysical imaging. This change made
geophysical tomography practical for probing electromag-
netic properties of soils and rocks on a much larger scale
than that needed for medical diagnostics. As a result of that
early work, cross-borehole GPR (ground-penetrating
radar), as it is known, remains today a useful geophysical
imaging tool (e.g., Daily and Lytle, 1983; Hubbard et al.,
1997; Binley et al., 2001a).

This work also inspired the development of seismic
tomography (Aki et al., 1976; Anderson and Dziewonski,
1984) and later, low-frequency electromagnetic tomogra-
phy (Wilt et al., 1995). The first significant work on ERT
began in the 1980s. Notable work at this time was the 2D
modeling of Shima and Sakayama (1987) and Shima
(1990) based on the alpha center method and inverted
using back projection methods and finite element modeling
of Sasaki (1989, 1994). Lytle and Dines (1978) and Daily
and Owen (1991) borrowed some of the methods of elec-
trical tomography being developed for medical diagnostics
(Yorkey et al., 1987) and showed that geophysical electro-
static (or galvanic) electrical imaging was possible.

Electrical resistance tomography, as it became known,
was a marriage of traditional electrical probing as intro-
duced by the Schlumberger brothers and the new data
inversion methods of tomography. Tomographic inversion
added important new capabilities because it provided more
general, quantitative, and rigorous spatial imaging of geo-
physical electrical resistance data than was the earlier
pseudosection or curve fitting methods.

The initial application of geophysical ERT was to
image laboratory core samples under test (Daily et al.,
1987). Practical field scale use of ERT was delayed by the

need for suitable measurement and test equipment. ERT
requires the same four electrode resistance measurement
used by the Schlumberger brothers (two electrodes to
inject current and two other electrodes to measure the
resulting potential), however, tomography requires
addressing tens or hundreds of electrodes and making hun-
dreds or thousands of such measurements. Clearly, the
available manual measurement systems that were designed
for one, or perhaps a few measurements at a time, were not
practical for ERT. High-speed, automated systems were
needed.

The first system for practical application of geophysi-
cal ERT was constructed at Lawrence Livermore National
Laboratory by two of the authors (Daily and Ramirez) in
1989. This system combined a commercial geophysical
resistivity instrument (capable of producing the switched
DC source and making the synchronous voltage measure-
ment on four electrodes), a commercial multiplexer capa-
ble of connecting the resistivity instrument to 20 elec-
trodes, and a computer to control the process and archive
the data (Ramirez et al., 1993). The system was much
faster than manual data acquisition and eliminated elec-
trode connection and data transcription errors. Today,
measurement systems are commercially available that are
10 to 20 times faster (up to a few thousand measurements
per hour) and that can simultaneously address hundreds of
electrodes (Shore, 1992; Daily et al., 1996).

Following the development of robust inversion rou-
tines and suitable data acquisition systems, ERT was
applied to a wide range of environmental and engineering
problems including the monitoring of vadose zone water
movement (Daily et al., 1992; Schima et al., 1996), steam
injection (Ramirez et al., 1993) and air sparging (Schima et
al., 1996, Lundeguard and LaBrecque, 1995).

Data Acquisition Systems

In ERT, four electrodes are used to make the measure-
ment to minimize the effect of contact resistance (Brown
and Seagar, 1985; Yorkey et al., 1985) at the interface
between the soil pore water and the electrode. A known
current is forced through two electrodes and the potential
difference is measured on the other two electrodes. Figure
1 schematically represents how this might be done for a
cross-borehole case. In the frequency domain, the trans-
mitted current /(w) and measured voltage V(w) are related
by Ohm’s law to the impedance Z(w), where these quanti-
ties are complex to account for both magnitude (resistance)
and phase (polarization). In the time domain, the current
and voltage are related by a magnitude and chargability
(see Telford, et al., 1976 and Kemna, 2000). The imped-
ance is then often represented as a quotient p (w)/G of the
complex apparent resistivity and a geometrical factor,
which accounts for the arrangement of the electrodes. The
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Figure 1. Schematic of ERT measurement and image recon-
struction. (a) Electrode array and example 4 electrode meas-
urement for cross-borehole ERT. Electrodes can be along the
surface, in boreholes, or both. (b) Typical finite element
mesh used in data processing.

imaginary part of the impedance accounts for the electrode
or membrane polarization induced in porous media even at
these low frequencies (e.g., 1 Hz). Marshall and Madden
(1959) provide a good review of the various mechanisms
responsible for induced polarization.

To obtain the large number of independent impedance
measurements necessary for tomographic inversion, all
possible linearly independent combinations from an array
of electrodes are used. For n electrodes there are n(n — 1)/2
such combinations (Yorkey et al., 1987). These combina-
tions can be obtained using various strategies. One popular
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approach for field measurements is a pole-pole measure-
ment scheme where one remote electrode (at “infinity”) is
used as one current pole and another remote electrode is
used as a voltage reference pole. The two other poles, one
for current and one for potential, are used in all the combi-
nations possible in the array. For n electrodes in the array
(not including the remote electrodes) there are n(n — 1)
transfer resistance measurements. Only half of these are lin-
early independent, because when the current source and
voltage electrodes are interchanged, the measurements are
reciprocal (defined below) and, except for nonlinear effects,
should be identical. Another approach is the dipole-dipole
measurement scheme, where two electrodes are used to in-
ject current and two electrodes are used to measure a dif-
ferential potential. Again, all independent combinations are
usually taken and half of these are reciprocal.

A very large number of other measurement schemes is
possible, some of which have been found useful (i.e.,
Schlumberger and Wenner arrays). There has been some
discussion about the relative merits of these sampling
schemes (see Zhou and Greenhalgh, 1997) regarding sen-
sitivity patterns for various electrode configurations.
Recently, Bing and Greenhalgh (2000) have studied sever-
al sampling schemes by comparing inversions of synthetic
data. They conclude that pole-pole and some forms of
pole-dipole schemes are suitable for cross-borehole ERT.
Such synthetic studies are very valuable; however, we
believe that the concept of a “universal” measurement
scheme for ERT is probably not achievable. In any case, it
is critical that real measurement error be considered in any
analysis. Measurement errors are generally not random and
data inversions are strongly dependent on them, as will be
shown later. Furthermore, measurement errors will be
strongly dependent on the environment to which ERT is
applied, and sensitivity and resolution will depend on the
resistivity structure itself. At this time we are certain of two
things:

1) It is important to sample the electrode array to obtain
all the linearly independent data. This has been
achieved when any additional measurement can be
constructed by linear superposition of measurements
already taken.

2) Itis important to sample the array to obtain each meas-
urement and its reciprocal. A reciprocal measurement
is made by interchanging the electrode pairs used for
voltage measurement with the electrode pair used for
current injection. The transfer impedance for these two
cases will be identical if the system is responding lin-
early (i.e., according to Ohm’s law) and there is no
measurement error. Therefore, a comparison of a
measured resistance in a reciprocal provides an esti-
mate of data error that is a more reliable indicator of
error than repeatability. The importance of having a
good estimate of this error cannot be overstated.



528 Near-Surface Geophysics Part 2: Applications and Case Histories

LaBrecque et al. (1996) showed that, because of the
statistical nature of the more sophisticated and reliable
inversion algorithms, it is better to have higher data
error but know the character of that error than have a
lower data error and not know the magnitude of the
error. The reason for this will be apparent from the dis-
cussion of inversion methods that will appear later.

ERT electrodes may be on the surface, in boreholes, or
both. Early work was cross borehole—sampling electrodes
were placed into two or more boreholes. Later, other
modalities quickly evolved including single borehole,
borehole to surface, surface only, and all combinations of
these possibilities. Possible sampling combinations are
usually limited by the cost of electrode installation and the
flexibility of numerical modeling codes. However, some-
times the sampling scheme is limited by physical con-
straints such as surface conditions (e.g., buildings, steel
structures) ruling out remote electrodes or asphalt ruling
out surface electrodes.

The basic components of any acquisition system are
transmitter or current source; receiver which measures the
resulting electrode potentials; multiplexer for quickly and
automatically connecting the electrodes to the transmitter
and receiver; and a computer for system control and data
archival. A block diagram of a typical system is shown in
Figure 2. Details of one commercially available system can
be found in Ramirez et al. (1999).

Data collection rates are determined by the number of
channels (detectors) in the receiving unit, source frequen-
cy, gain ranging by detectors, and waveform stacking
requirements. Under typical conditions for a system of 16
channels at 4 Hz and stacking for 1 s, it is possible to
acquire data with about 1% error in the magnitude (as
determined by comparing reciprocal measurements) at a
rate of about 2000 measurements per hour. This data rate
can be increased by premeasuring the analog amplifier
gains for each measurement and using these gain settings
instead of allowing the system to determine them before
each measurement. Using prerecorded gains, the data rate
increases to about 3000 measurements per hour. Of course,
as the current injection frequency increases gain setting
and staking require less time and data rates will be higher.

Data accuracy is usually defined as “the conformity of
an indicated value to an accepted standard value, or true
value” (Considine, 1983). As one measure of system accu-
racy, we use a simple system calibration against a standard
resistor. One channel is used to measure the current through
a standard resistor (with a NIST pedigree), while another
channel is used to measure the resulting potential drop. Cal-
ibration accuracy is typically better than 1%. We routinely
use this procedure as a measurement system check.

Within the past few years, several data acquisition sys-
tems have become available on the commercial market, and
as could be expected, there is a strong correlation between
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Figure 2. Schematic of a typical ERT data acquisition sys-
tem.

price and capabilities. The more expensive systems are
capable of addressing many electrodes (30 and more), mak-
ing many (16 and more) simultaneous voltage measure-
ments, and offer a wide dynamic range. The first two of
these capabilities translate into higher data acquisition rates,
which can be an important consideration when thousands or
even tens of thousands of measurements are required to
monitor dynamic processes such as a steam flood. The wide
dynamic range offered by more expensive systems permits
a wider range of ERT applications in a wide variety of geo-
logic environments. This is particularly important for bore-
hole deployed electrodes that may suffer from high contact
resistances and transfer resistance values ranging over sev-
eral orders of magnitude.

One important design difference between various sys-
tems is the way in which the source and detectors are mul-
tiplexed to the electrodes. Some systems have “active”
electrodes wherein the switching is done in a small elec-
tronics package at each electrode location. This arrange-
ment requires only four wires to run between the electrodes
along the array—two for the current source and two for
differential voltage measurement. Active electrodes are
easy to install, especially in surface arrays, although they
are expensive when used (permanently placed) in bore-
holes. Other systems make use of a “dumb” electrode
wherein the switching is done in a switching location away
from the electrode, and a single wire is needed to connect
each electrode to that set of switches (multiplexer). This
arrangement usually requires many long wires and is there-
fore more difficult to install. However, because the elec-
trodes are usually inexpensive pieces of metal (e.g. stain-
less steel, copper, or iron) and because copper wire is rela-



tively inexpensive, this arrangement is usually chosen for
downbhole use.

Although older systems only measured the amplitude
of voltage divided by current (which we will refer to as the
transfer resistance), most systems now measure some form
of induced polarization as well. Induced polarization meas-
ures the time or frequency dependence of resistivity. His-
torically, geophysicists have used three different quantities
for induced polarization: percent frequency effect, phase,
and chargeability (Telford et al., 1976). Percent frequency
effect compares the independent measurements of the
amplitude of resistivity at two different frequencies. Such
measurements are generally considered obsolete as phase
and chargeability measurements can be made more quick-
ly and accurately.

Frequency-domain systems are designed specifically
to measure phase and amplitude of a single frequency f,,, or
series of harmonic frequencies (1 f, 3 f; , 5, ...). Alterna-
tively, a time-domain waveform can be discretized and
Fourier transformed to provide the phase and amplitude for
a range of frequency spectra (see Kemna, 2000). Time-
domain systems, measure the voltage while the transmitter
is turned on and that voltage is used to calculate the resis-
tivity amplitude. Chargeability is obtained after the trans-
mitted current is turned off by measuring the integral of the
voltage decay waveform.

Data Processing—Forward and
Inverse Algorithms

In order to calculate a resistivity image from ERT data,
it is necessary to carry out an inversion procedure that pro-
duces a model (that is, a spatially varying distribution of
resistivity) that gives an “acceptable” fit to the data and sat-
isfies any other prescribed constraints. Unfortunately, an
acceptable fit may be viewed as subjective, as we shall see
later. We may start from the view that an objective function
defines how well the model would reproduce the field
measurements subject to a level of uncertainty in the data.
Thus, the numerical procedure requires three elements: a
forward model that computes transfer impedance (or resist-
ance for the DC problem) given a 2D or 3D distribution of
resistivity; an objective function that states the model fit-
ting criteria that will be adopted; and a search algorithm
which determines the way in which the “optimum” resis-
tivity model is found.

We show here details of these elements for the gener-
al 3D complex resistivity case, highlighting, where appro-
priate, how 2D and or DC resistivity implementation may
differ. The approach is described using conductivity (re-
sistivity inverse) as the variable of interest in order to sim-
plify notation and remain consistent with examples in the
literature. In the following, the symbol * is used to indicate
complex variables, for example, o* is the complex conduc-
tivity and o is the real value (as determined in DC ERT).
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Forward model

Assuming a 3D distribution of isotropic, complex con-
ductivity 0*(x,y,z), the forward model may be defined by
the equation for point source current / as:

A, o
ox ox dy dy

o .o
+g(" a_z):_m(x)a(y)s(z), (1)

subject to boundary conditions:

O'*al+[3*l/*:0, ()
on

where v* is the complex potential, 0 is the Dirac delta
function, n is the outward normal, and * defines the
boundary type. In most cases, we have Neumann boundary
conditions as the surface (8* = 0) and mixed boundary con-
ditions (B* finite and nonzero) along the remaining bound-
aries. In this case, equation (2) defines a mixed boundary
condition also called a nonreflecting boundary. The pur-
pose of mixed boundary conditions is to remove the neces-
sity to model current flow at significant distances from the
zone of interest when approximating a semi-infinite region
(Dey and Morrison, 1979a).

Simplification to 2D conductivity distributions re-
quires Fourier transformation in order to account for 3D
current flow. The model may be expressed as

i G*a_v* + i Gxa_v*
ox ox | oz 0z

2 % %

AoV =—16(x)0(z), 3)
where 4 is the Fourier-transform variable corresponding to
the strike direction y, v* is the complex potential in the
Fourier domain. Adopting this approach, an inverse Fouri-
er transformation must be applied to the solution of equa-
tion (3) to recover potentials V* (see for example, La-
Brecque et al., 1996; Kemna, 2000).

Analytical solutions to equation (1) or (3) are not
available for arbitrary conductivity distributions, and thus
numerical solutions are required. Typically, finite-element
(FE) or finite-difference (FD) approaches are used. In both
cases the region is discretized into discrete points (nodes)
and an approximate solution is determined at these points.
Variation in conductivity is achieved by assigning values
on an element by element (FE) or cell by cell (FD) basis.
By positioning nodes at electrode locations, it is possible to
compute transfer impedances for arbitrary measurement
configurations.
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The FE approach allows flexibility in discretization
and thus may be preferred for irregular electrode position-
ing. In addition, treatment of irregular topography and
other boundary features is easily achieved in comparison to
the FD method. The FD approach, however, is by far sim-
pler in operation and computationally more efficient for
regular geometry. Sasaki (1994) illustrates the flexibility of
the FE approach for surface electrode DC resistivity mod-
eling in contrast to the FD method presented by Dey and
Morrison (1979a,b). Kemna (2000) provides a thorough
analysis of how the FE method may be applied to 2D com-
plex resistivity models.

Computational efficiency of the forward model is
essential for large (> 10° nodes) 3D problems. For such
large problems, the solution of the discretized equations
must be achieved through iterative methods, the conjugate
gradient method being the commonest approach. For com-
plex resistivity modeling, variants of the conjugate-method
are available (see for example, Hestenes, 1980). For the
DC case, Bing and Greenhalgh (2001) compare different
finite element discretization methods for 3D forward mod-
eling and provide a useful comparison of matrix solution
techniques. Attempts have been made to improve modeling
of singularities in the forward model created at the current
electrode locations. Lowry et al. (1989) offers an approach
to account for such effects, while Zhao and Yedlin (1996)
suggest a refined solution. These methods have been incor-
porated into forward modeling codes, but they have not
seen widespread use in inverse solutions. Although these
methods improve the accuracy of the solution for simple
cases, there is some question as to their accuracy in arbi-
trary 3D models particularly when source or receiving
electrodes lie on or near the edges or corners of 3D regions
of anomalous conductivity or when the source and
receivers lie in different regions of high-conductivity con-
trast.

Inverse model

For the inverse model the region is discretized into
parameters, denoted here as vector m*. These may be
assigned to blocks of elements, or they may be assigned to
individual elements (or cells). Because of the large possi-
ble range in earth conductivity, log-transformed conductiv-
ity is normally used as the inversion parameter:

m =g, (j=1...,M), 4)

where M is the number of parameter blocks.

The inverse model attempts to determine the “best” set of
parameters m* that match the data using the forward
model [equation (1) or (3)] to compute the transfer imped-

ances for the given measurement configurations. If we
denote the transfer impedances as Z’;, i=1,... N, where
N is the number of measurements, then a log transformed
data vector d* may be used, where

d'=-In(Z) (i=1,...,N). (5)

The log transformation in equation (5) is used because of
the wide range in measured impedances for arbitrary elec-
trode configurations. Note that use of the log transforma-
tion in equation (5) requires the polarity of measured and
modeled impedances to be identical, which is not neces-
sarily guaranteed for the general ERT problem. Conse-
quently, if such an approach is used, then those measure-
ments not satisfying this criteria must not be included in
the inversion process, or be temporarily neglected in the
inversion until they satisfy the criteria. Because of the extra
bookkeeping required, the log transformation of data in
equation (5) is often not used.

The L, measure of data misfit may be used as an objec-
tive function which the inverse solution seeks to minimize.
This is expressed as

v =W la-rad][. ©

where f* is the forward model operator and W7, is a com-
plex data weighting matrix.

Assuming uncorrelated data errors, the data weighting
matrix may be expressed in terms of the data errors €; (i =

1,...,N)as:
W, =diag(1/¢].....1/e}). (7

Unfortunately due to the ill-posedness of the inverse solu-
tion for ERT, using the objective function in equation (6)
usually results in unstable solutions. To constrain the inver-
sion, regularization is normally adopted. To achieve this, it
is necessary to modify the objective function to include
stabilizing terms that constrain the parameter search. In
general terms, this composite objective function may be
written as

P(mY) =, (m)+ W, (m), ®)

where Y (m*) is a measure of the model misfit. It can
contain a measure of “roughness,” that is, how variable
adjacent parameter values vary, and also a measure of how
much the parameters differ from some specified model,
such that deviation away from this model is penalized.
Equation (8) may be expressed as

v - o o)
+0£||Wm(m* -m,) ’ ’

€))



where « is a regularization parameter, W is a weight (or
roughness) matrix that defines the spatial extent and nature
of smoothing between each parameter and its neighbors,
and mé is a reference parameter vector, not necessarily uni-
form. Penalizing relative to a reference vector can be re-
moved by assigning m:; to the null vector. Similarly, smooth-
ing between adjacent parameter blocks can be avoided by
making W_ a unit diagonal matrix.

The weight matrix W may be constructed to permit
anisotropic smoothing, for example, forcing greater hori-
zontal smoothing than that in the vertical. The vector mj,
may be expected values of log conductivity within the
region or may be the result of a previous inverse model—
the latter is useful for study of temporal changes with time-
lapse data. The second penalty term in equation (8) may
then be viewed as a means to incorporate a priori informa-
tion into the inversion. The principle role, however, is to
stabilize the inversion. Care must be taken when applying
these terms, in some cases, for example, a smooth model,
although stable, may be inappropriate (e.g., layered media
where adjacent layers have vastly different resistivity).

Regularization of this type has been well established in
the literature (Tikhonov and Arsinen, 1977); however, the
work of deGroot-Hedlin and Constable (1990) brought
wider appreciation through their applications to magne-
totelluric data and coined the term Occam’s inversion.
Numerous variants on this approach have been used since.

Minimization of equation (9) may be achieved through
application of gradient search methods. Using the Gauss
Newton approach, minimization of equation (9) results in
the iterative equations (Kemna and Binley, 1996; Kemna,
2000):

(3 WIWT + o W, W, ) Am;
=3 "W, W, [d" -1 (m})]
—aW/' Wm(m}; —mZ)

s

mk+1

=m,+Am, k=12.3,.... (10)

In equation (10), J Z is the complex Jacobian (or sensi-
tivity) matrix evaluated for the current model mz. This
matrix may be computed using the principle of reciprocity
(Geselowitz, 1971) as described in detail by Kemna
(2000). The solution of equation (10) may be obtained by
direct or iterative methods, the latter being preferred for
large problems. Zhang et al. (1995) show, for DC resistiv-
ity inversion, that it is not necessary to form the entire
Jacobian matrix for conjugate-gradient type solutions, and
thus, significant storage restrictions are avoided. Similar
algorithms can be applied to the general complex resistivi-
ty problem.

Satisfactory solution of equation (10) is dependant on
appropriate assignment of regularization parameter & and
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data errors in W, . The two terms are implicitly linked (see
LaBrecque et al., 1996). Whereas a number of studies have
adopted fixed values of the regularization parameter, in the
approach of deGroot-Hedlin and Constable (1990), a
search is made at each iteration k of the solution of equa-
tion (10) to find the optimum value. As the iterative proce-
dure progresses, the value of a decreases as data misfit
becomes more dominant towards the end of the iterative
search.

Underestimation of data noise will result in poor con-
vergence or significantly rough images. Overestimation of
data noise will result in overly smooth images with degrad-
ed sensitivity and resolution. LaBrecque and Ward (1990)
proposed a scheme that allows reweighting of data during
the iterative process in equation (10). Morelli and
LaBrecque (1996) have shown how this scheme may be
used for 3D DC resistivity ERT. Kemna (2000) utilized this
scheme for 2D complex resistivity inversion and further
incorporated a means of accounting for phase angle errors
in the complex inversion.

Alternative inversion approaches

The literature contains a number of apparently differ-
ent schemes to invert ERT data; however, most follow es-
sentially the same components as above. Examples of 3D
resistivity inversion can be found in Park and Van (1991),
Ellis and Oldenburg (1994), Sasaki (1994) and Lesur et al.
(1999). A number of more significant modifications to the
general procedure are worth noting, however.

Quasi-Newton approximation

One modification to the general approach, which still
utilizes a regularized gradient search solution but incorpo-
rates an approximated Jacobian matrix, has been widely
used for surface imaging. Since the formation of the Jaco-
bian matrix in equation (10) accounts for much of the com-
putational effort in any Gauss-Newton type inverse proce-
dure, attempts have been made to minimize computational
costs by using approximations to the sensitivity coeffi-
cients in quasi-Newton schemes. Loke and Barker (1995)
describe such a scheme that has proved useful for imaging
using only surface deployed electrode arrays. Although no
attempts to follow such procedures for the general ERT
case are apparent in the literature, it is likely that these
approximations would be unsatisfactory due to the high
contrasts in resistivity encountered using borehole elec-
trode arrays.

Stochastic inversion

Another variant of the Occam’s type approach has
been devised which replaces the regularization matrix with
a data covariance matrix. The stochastic inversion method,
often called the maximum-likelihood method (Zhang et al.,
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1995), seeks to maximize the a posteriori probability den-
sity function of model parameters. Although the method
itself is very general, all of the implementations of this
method for ERT rely on several rather restrictive assump-
tions:

e The data errors and the parameters themselves are sta-
tionary, random variables

* Both the data errors and the parameters have normal
(Gaussian) distributions

¢ The data errors are uncorrelated with known variances

e The parameters have known covariance, which depend
only on the distance between the physical locations of
the parameters; in other words adjacent cells are strong-
ly correlated, distant cells poorly correlated

With these assumptions, maximizing the a posteriori prob-
ability density function is equivalent to minimizing the
objective function given by
(m')= (@ ~f'(m")"C,(@ ~f'(m")
+(m' —m;)"C,/(m" —m), (11)
where C,, is the data noise covariance matrix and C,, is the
model parameter covariance matrix (Tarantola, 1987; Yang
and LaBrecque, 1999). This is very similar to equation (9)
with C,, being equal to the inverse of the matrix W, W,
In much of the work on stochastic inversion, the parame-
ters are assumed to be uncorrelated. In this case, equation
(11) can be reduced to the same form as equation (9) and
solved using the system given in equation (10). Although
this is not a particularly reasonable assumption, it greatly
simplifies the computation of the equation. In fact, the
framework of stochastic inversion would provide little
more than a formal method of choosing the values of the
terms of WIW .

A more reasonable estimate of parameter covariance
yields a large (often over 10° elements for large 3D prob-
lems), full matrix for C,;. Yang and LaBrecque (1999) give
an alternate solution method that avoids the direct inver-
sion of this large matrix:

(CMJ;“C;;J; +1) Am

=C,J."Cy (d" = £ (mp))+(my—m, ) (12)
The result, is a nonsymmetric system which, though less
efficient than the symmetric system of equation (10), can
still be solved fairly efficiently using iterative methods
such as the quasi-minimum-residual-biconjugate-stable
algorithm (QMRCGSTAB). Yang and LaBrecque (1999)
found that the stochastic inversion routine required about
twice the computation time of an Occam’s inversion rou-
tine that used the same forward algorithm and the same
algorithms to create the sensitivity matrix.

Regardless of the inversion method, ERT tends to
show poor sensitivity in the center of 3D volume away
from the electrodes. However, Yang and LaBrecque (1999)
found that this problem appeared to be much more severe
for the unmodified stochastic inversion algorithm than for
the comparable Occam’s inversion algorithm. In both
analysis of field data and synthetic model studies, the sto-
chastic algorithm was unable to reconstruct 3D features
located in the center of the volume between wells. It is
important to note that the models used in the study con-
tained layered sequences and strongly contrasting 3D
anomalies that clearly violated the underlying assumption
of stationary, Gaussian-distributed parameters. To over-
come this problem and provide more uniform image qual-
ity, Yang and LaBrecque (1999) used an empirical scheme
from Morelli and LaBrecque (1996) to alter the parameter
standard deviations:

’

ol =a o, {diag(5,";)} " (13)

where 0, is the a priori standard deviation of ith model
parameter, 0, is the model standard deviation after apply-
ing the empirical correction, a is an empirical factor
defined as in equations (9) and (10), and » is an empirical
weighting factor which ranges from 0.10 to 0.30.

The method removes one disadvantage of the stochas-
tic method in dispensing with the formal framework for
picking the weights within the parameter covariance
matrix. Overall, the method of Yang and LaBrecque pro-
duces images comparable to those of Occam’s methods
though requiring considerably more computational effort.

Decoupled DC resistivity—Induced
polarization inversion

The complex resistivity inverse model in equation (10)
requires data in the form of complex impedances, normal-
ly measured as magnitude and phase angle (frequency
domain). There is an alternative approach that is acceptable
as long as the IP effects (imaginary part of the impedance
for frequency domain, or off-time voltages for time-
domain chargeability) are very small compared to the nor-
mal (real or on-time) voltages. In this approach, the
induced polarization can be estimated as a linear perturba-
tion of the normal, real resistivity forward model, and the
induced-polarization effect can be estimated using the
Jacobian given in equation (10) (LaBrecque, 1991; Li and
Oldenburg, 2000).

In this approach the DC resistivity problem is first
solved, and then, using the image of resistivity, a linearized
gradient search is made to determine an image of charge-
ability that is consistent with the observed IP response.
Oldenburg and Li (1994) propose a more general nonlinear
approximation to the problem and show the effectiveness



for 2D surface arrays. This uncoupled solution is more
comparable to the general complex resistivity problem
defined earlier.

Inverting time-dependent data

One of the main strengths of ERT is that resistivity
(and induced polarization, to a degree) is dependent on
hydraulic, chemical, and thermal changes in the subsur-
face. Thus, monitoring natural or artificially induced
changes in resistivity can often provide valuable informa-
tion about flow and transport processes, including the
effectiveness of remediation strategies for clean up of con-
taminated sites (as shown later).

To assess changes in ERT images with time, it is clear-
ly possible to simply carry out independent data inversions,
each representing a snapshot by the “impedance camera” at
different times during the processes. By subtraction of
pixel values from some reference, or background, image
changes are easily computed. However, in many cases
changes may be very small in comparison with the natural
spatial variability within the region of interest. A cross-
borehole survey in near-surface sediments may reveal con-
trasts over several orders of magnitude, for example,
whereas an increase or decrease in saturation in the vadose
zone, say, due to some process may change the resistivity
by only a few percent. Since the inversion process is
strongly influenced by data errors, the subtraction of inde-
pendent images may then reveal little about the process of
interest.

To image small changes in a background of large con-
trasts, attempts have been made to invert for changes in
resistivity using coupled data sets. Clearly, from examina-
tion of the objective function in equation (9) or equation
(11) areference parameter set mo* may be used to constrain
the inversion against some reference state. LaBrecque and
Yang (2000) developed a modification of this approach
using what they call difference inversion, which also incor-
porates a modified data vector formed from differences in
measurements at two time levels. Their approach not only
conditions parameter estimates on some background state
but also significantly reduces computational effort in the
inversion—an aspect that is essential for real-time process
control, as shown later in the steam flood case study .

A more common approach utilizes a ratio of two
impedance data sets in the inversion. In this method, a new
data vector dt is formed from

d * *
T f(Ohm), (14)

0

*
13

d =

where df) 1s the data vector at some reference state, df is the
data vector at some time ¢ and azom is an arbitrarily chosen
homogenous conductivity.
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Inversion of the new data set d”; in the normal manner
then results in an image that will reveal changes relative to
the reference value o} . Most applications of this ap-
proach have been in DC resistivity problems (see Daily et
al., 1992; Ramirez and Daily, 2001); however, it may also
be applied to the general complex resistivity problem. In
fact, for polarization problems, frequency, rather than tem-
poral, effects may be of wider interest.

This “ratio” approach has proven to be invaluable for
many ERT applications, in particular when 2D inversions
are applied to 3D problems. Borehole effects due to overly
conductive or resistive backfill, commonly observed in
images of cross-borehole data are often removed by such a
transformation. More importantly, however, changes in the
data (and their errors) are easily transformed into the input
of the inversion process.

Image resolution

ERT image resolution is a complicated function of
many factors including the regularization scheme used, the
parameter block size, data signal-to-noise ratio, electrode
array geometry, measurement scheme, and the resistivity
distribution. The resolution matrix R, formally defined as

R=(J"W W, I +a W,"W, )"
JUWIW (15)

may be computed to assess the extent of smoothing caused
by the regularization and how each pixel parameter value
is constrained by the data. In an ideal case, R will be the
identity matrix—indicating perfect resolution of the entire
model—in practice, it will differ significantly from this.
The deviation of a diagonal term in R from unity indicates
an increasing volume averaging effect on the determination
of the corresponding parameter. Off diagonal terms in R
may be used to display the effect of smoothing on each
parameter (see for example, Alumbaugh and Newman,
2000), but normally only the diagonal of R is used, as in
Ramirez et al. (1993, 1995), in this case using a scaled
function of the diagonal of R.

Unfortunately, the computation of R is numerically
intensive. Furthermore, iterative solvers used for large 3D
inverse solutions are inefficient for such multiple right-
hand-side matrix vector solutions. Consequently, many
large-scale applications of ERT often fail to report on the
characteristics of the resolution matrix. Because of the
computational burden in forming R, Park and Van (1991),
for the DC resistivity problem, used the matrix product
(J7J), which is easily computed, to assess spatial sensitivi-
ty in the inversion. The use of such a quantity was also rec-
ognized by Kemna (2000) in his development of 2D com-
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plex resistivity inversion procedures. Kemna computed the
vector,

r=(J WEW ), (16)

as a surrogate for the diagonal of R, where k is the final
iteration of the inversion. The vector r will show high val-
ues where sensitivity of the measurements is greatest and
low values where smoothing terms in the inversion will be
more influential. Figure 3 shows a comparison of the two
approaches for a 2D DC resistivity inversion carried out at
as part of a characterization program in the vadose zone of
a sandstone aquifer (Binley et al., 2001b). In Figure 3a the
inverted resistivity structure is shown, from which a dis-
tinctly layered environment is apparent (in this case caused
by contrasting fine and medium grained sediments). In
Figure 3b the diagonal of the resolution matrix R is dis-
played indicating high image resolution close to electrode
sites, which for this example are located in boreholes and
on the surface. Figure 3¢ shows how the vector r in equa-
tion (16) shows similar characteristics. In this case the
effect of conductive layers (including a relatively conduc-
tive near surface) on measurement sensitivity can be seen
clearly.

An alternative procedure for characterizing image res-
olution is the depth of investigation (DOI) index proposed
by Oldenburg and Li (1999). In this approach the objective
function in equation (9) is minimized for two different ref-
erence parameter sets, m, and m,; the difference between
the final model from these two inversions (m, and m,,
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respectively) is then used to determine the index for each
parameter block i using

|mai_mb 7'|

pol, = e Tl (17)

|m0a,i - mOb,i|
In areas of the image where sensitivity is low, the index
DOI will be close to unity, revealing regions where the
final model is weakly constrained by the measurements.
Similarly, low DOI values will indicate high sensitivity and
consequently allow greater faith in modeled values.
Although this approach has only been applied to surface
imaging problems, the generalized nature of the concept
permits utilization to any electrode geometry. For more
discussion on image resolution see Jackson (1972), Aki
and Richards (1980), and Vasco et al. (1997).

Case Histories

We now present some case histories to illustrate the
potential value of ERT for subsurface imaging. Our objec-
tive is to show the flexible nature, and identify potential
areas of weakness in the technique. This collection repre-
sents a small fraction of many investigations where the
method has been used successfully. The examples have
been selected in order to cover a wide variability of imag-
ing capabilities, illustrating both temporal and spatial reso-
lution and showing the range of scales, environments, and
processes (natural and artificial) to which ERT has been
applied successfully.

Distance (m)

L o JEEE L SR

100 1000 10000

Scaled sensitivity map r

Figure 3. Illustration of ERT resolution estimation for a 2D DC case. (a) Final resistivity model, (b) diagonal of resolution
matrix R in equation (14), and (c) sensitivity map r in equation (16).



Unexploded ordnance (UXO) detection

Locating unexploded ordnance has become a serious
problem, especially on military bases that are being closed
so that the lands can be returned to public use. UXO targets
can range from small arms ammunition to large bombs,
and may be neatly staked before burial, or may be scattered
over a large area. Often the goal is a rapid reconnaissance
of large areas, and for this use, ERT is not particularly use-
ful because of the need for electrical contact with the
ground. For reconnaissance applications, magnetometry or
electromagnetic induction methods have proven useful.
However, these traditional methods fail when investigating
the subsurface beneath buildings or other structures that
have structural metal close to the ground.

The U. S. Navy, at the former Mare Island Base near
Vallejo, California, must search for UXO that may have
been buried under ordnance assembly buildings before the
buildings were constructed. ERT was tested as a possible
method to accomplish this. Of course, most ordnance is
metal cased and will be more electrically conducting than
soils. However, relatively high conductivity was not the
diagnostic thought most likely to identify the UXO, be-
cause this effect would be difficult to separate from natural
heterogeneity in the soil conductivity (Daily et al., 2000).
Instead, the signal of interest was the polarization induced
at the metal-soil boundary, known in geophysics as elec-
trode polarization (Van Voorhis et al., 1973).

The phase difference between the applied current and
measured voltage provides information about the electrical
polarizability of the soil and is sensitive to soil type (Mar-
shall and Madden, 1959), but also the presence of metal
(Van Voorhis et al., 1973). It is the latter that is of interest
for UXO detection. The strategy, therefore, is to recon-
struct phase tomographs and identify large negative phases
that may be associated with the presence of buried metal.
To be useful, however, the phase anomalies due to buried
metal must be discriminated from the phase anomalies due
to other polarization sources from certain soil types such as
clay.

To test the utility of ERT to locate UXO and discrimi-
nate its [P signal from that produced by soil, a test site was
chosen with representative soil types. At this site an assort-
ment of UXO, taken from other locations at Mare Island,
were buried at 1-2 m depth. About 10 kg of assorted mate-
rial (from metal fuses about 1 cm diameter and 10 cm long
to shell casings about 20 cm diameter and over 30 cm long)
were buried in the same condition as originally exhumed,
except for being rendered inert. After the soil in the hole
was compacted, the site was left undisturbed for about 3
weeks before the ERT measurements began.

A 2D array of 30 copper-copper sulfate electrodes
[which have a low intrinsic polarization (see Keller and
Frischknecht, 1966)] was placed on the ground surface
over the buried target as might be used if electrodes could
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be placed underneath a building (most buildings of interest
at Mare Island stand on pillars about 1 meter above the
ground surface). The results of 3D inversion of a volume
beneath the array are shown in Figure 4.

The impedance magnitude, or resistivity, reconstruc-
tion shows natural variations over the image block that are
probably due to variations in soil type, compaction, mois-
ture content, pore water salinity, etc. There is no evidence
of a conductive anomaly associated with the UXO that is
distinguishable from this natural variation. The phase
reconstruction, on the other hand, shows an anomaly of
—15 mrad close to the buried mass in an otherwise relative-
ly uniform background of -3 to =5 mrad. The depth of the
reconstructed anomaly is very close to what we expect
although the lateral position is displaced 0.3 to 0.6 m. This
error could be from smoothing done by the inverse algo-
rithm, or from data errors, or simply from inaccuracies in
the positioning of the UXO mass boundaries.

This controlled test was encouraging and Daily et al.
(2000) report another successful controlled test similar to
the one reported here. Unfortunately, these tests were not
fully conclusive because a blind test, conducted under a
building without prior knowledge of what was buried, pro-
duced large phase anomalies that did not correlate with
UXO locations. Clearly, this work is encouraging but more
development is needed to discriminate between IP anom-
alies caused by UXO and those caused by other conditions.
Perhaps, for example, the spectral IP generated by the
metal in UXO is unique from that produced by natural geo-
logic sources of IP.

Characterization of municipal landfills

A significant amount of data has now been acquired
over a variety of buried landfills, confirming a correlation
between buried waste and IP effects. In delineating land-
fills, ERT often has significant advantages over several
other geophysical methods, including greater flexibility in
depth of investigation than ground penetrating radar and
better vertical resolution than most existing conductivity
systems. In addition, IP measurements have also been suc-
cessful at delineating buried waste that is nonmetallic and
could not be detected with a magnetometer.

A comparison of ERT data, collected using surface
electrodes only, over a typical background area without
waste and an area subsequently proven to contain buried
waste is shown in Figure 5 (taken from Carlson et al.,
1999). Both lines of data are from the Rio Nuevo North
Landfill in Tucson, Arizona. Lines are approximately
425 m apart. Figure 5a shows the IP and resistivity inver-
sions for the background area (called line 180). Notice that
all TP chargeability values are less than 2 ms, and resistiv-
ity data are relatively layered. In Figure 5b, however, an IP
anomaly is clearly evident in the central portion of line
450, and this area has since been confirmed as containing
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Figure 4. Three-dimensional impedance tomograph for a controlled test at Mare Island. Impedance phase [parts (a) through
(f)] and impedance magnitude [parts (g) through (1)]. The UXO is buried under the dashed square. There are two voxels
between adjacent electrodes and the measurement frequency is 0.25 Hz. (a) Phase in milliradians (mrad) in the reconstruction
block. (b) Reconstruction volume in part (a) is rendered transparent between 0 and —13 mrad, and the buried mass of UXO is
imaged as a phase anomaly between —13 and —20 mrad. (c)-(f) Plan view sections of the reconstruction block. (g) Impedance
magnitude in ohm-m in the reconstruction block. (h) Reconstruction volume is rendered transparent between 16 and 63 ohm-
m. (i)-(1) Plan views of depth sections in the reconstruction block.

buried waste with approximately 3 m of soil cover. Note
also that the DC resistivity data are very irregular and are
not layered similar to line 180. Historical photographs
from the 1950s and 1960s of the line 450 area indicate
numerous pits and excavations from gravel operations.

A more extensive example can be seen in a compila-
tion of all the Rio Nuevo North Landfill ERT data. Figure
6 (taken from Carlson et al., 1999) shows the grid of data
in more detail on lots 17 and 18, with the interpreted waste
outlined with a red dashed line. (Note that the interpreted
outline of the waste is from the IP data at all depths.) Bor-
ings confirmed the outline of the waste based on the IP
data, as well as the thickness of soil cover (> 4.5 m for

most the anomalous area). Some borings were positioned
very close to the edge of the anomaly to verify the resolu-
tion of the IP data, and in all cases, the IP data were con-
firmed.

Outside of the anomaly attributed to waste, several
other anomalous areas were identified. In some cases,
these anomalies could be attributed to other cultural fea-
tures; the linear anomaly in the southeastern part of the
grid on Figure 6 is an old utility line, for example. A weak,
shallow anomaly near the northwestern edge of the grid
was drilled, but no waste was found. This anomaly, and a
small number of other small features, are attributed to pos-
sible clays or unknown cultural features.



This relationship between buried municipal waste and
IP/resistivity has been relatively consistent on work at six
different buried landfills, and is supported by 145 bore-
holes and trenches. At some sites, trenching had been done
prior to the surveys, while numerous borings were per-
formed after the surveys to confirm the geophysical work.
Undisturbed background areas tend to show very small or
no IP effects (< 1 or 2 ms) with layered or homogeneous
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resistivity. Disturbed areas with no subsurface waste tend
to show very small or no IP effect also, but irregular resis-
tivity (laterally and vertically). Areas of subsurface waste
show well-defined IP anomalies (> 3 ms) and irregular
resistivity. Both resistivity and induced polarization imag-
ing have been shown to be important in locating the sub-
surface waste and reconciling the geophysical data with
historical records.

Rio Nuevo North
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Figure 5. Resistivity and IP inversion (2D) for two surveys at the Rio Nuevo landfill site in Tucson, Arizona. (a) Inversion for
the background area (lots 1, 2, and 3, line 180) where no waste is buried. (b) Inversion for a survey over the landfill (lots 17
and 18, line 450) where waste was confirmed buried (the central portion of the image) with approximately 3 m of soil cover.

(taken from Carlson et al., 1999)
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Figure 6. Plan view of the 2D IP inversion for the entire Rio Nuevo site at a depth of 6.1 m. These results required more than
14 000 measurements at 3767 locations along lines spaced 9.1 m apart (black dots). The dashed orange line outlines the inter-

preted waste location. (taken from Carlson et al., 1999).

Monitoring dynamic processes:
Visalia Pole Yard steam injection

The Visalia Pole Yard is about 4 acres in size and was
the site of a wood treatment plant from the 1920s through
the 1970s. Operations resulted in both soil and groundwa-
ter contamination with creosote, pentachlorophenol, and
diesel fuel to depths of 30 m. Through a collaboration
between Lawrence Livermore National Laboratory (LLNL)
and the California Edison Company, the site was used for
a full-scale demonstration of one of the latest technologies
for in-situ remediation, dynamic underground stripping
(DUS).

With DUS, the temperatures of contaminated soils
were raised to (or above) the boiling point of water
throughout most of the site by injection of steam. At times,
as much as 22 000 kg per hour of steam were injected. Air
was co-injected with the steam and both vapor and liquids
were aggressively extracted. During the 25 months of oper-
ation, a total of 512 000 kg of creosote were removed or
destroyed in-situ (4700 kg/wk).

ERT was used at the site along with strings of thermo-
couples to monitor the movement of steam and overall
temperature of the site. Previous work by Ramirez et al.

(1993) showed that tomographs of resistivity could be used
to monitor steam progress. The goal at the Visalia site was
to provide this information both faster and at higher reso-
lution than traditional hydrological monitoring. This meant
that a great deal of data had to be collected, processed, and
interpreted very quickly. In addition, the data had to be of
good quality; there was no time to polish or reprocess data.
This was complicated by the fact the site was often
extremely noisy, containing numerous power systems,
pipes, boilers, and metal wells.

Although there were significant challenges, there were
also some significant advantages in this environment. First,
much of the emphasis here was on monitoring changes
over time. It is easier to monitor changes than to measure
absolute quantities. Second, the entire site was wired so
that all data were collected from a single location.

Due to limitations in both the collection and interpre-
tation capabilities at the time, data were collected and in-
terpreted in 2D “planes,” where a plane is the data col-
lected between two wells. In a typical field day, 60 to 70
planes of data were collected. For a typical plane, there
were 13 electrodes per well (26 electrodes total) and the
system collected 598 data points. Hardware available at
the time could collect four to five such data sets per hour.



Collecting a full set of data for the site took roughly 16
hours.

The site design required that all materials in the sub-
surface be able to withstand temperatures of at least 150°C.
The electrodes consisted of short pieces of stainless-steel
tubing fixed to temperature-resistant fiberglass rods, each
electrode connected to the surface using a Teflon-coated
cable. To place electrodes, a small-diameter steel tube with
the electrode string placed in the center was pushed to
depth with a cone-penetrometer (LaBrecque et al., 1995).
The steel tubing was then removed leaving the electrode
string and a disposable tip in the hole.

At Visalia, the goal was to provide interpreted ERT
images within 24 hours of data collection. To achieve this,
automated data processing was nearly as important as
automated data collection. Figure 7 shows a graphical
overview of the data processing system used at the site. As
soon as a complete plane of data was collected, the ERT
operator transferred the data file into the output folder and
processing would begin while the next plane of data was
collected.

Processing began by comparing reciprocal DC-resist-
ance data values to provide a point-by-point check on sys-

Figure 7. Chart showing flow of data during processing of
the Visalia Pole Yard steam injection.
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tem operation. The next step (Figure 7) was to add a unique
header to the data file. This header controlled the inverse
process, providing the finite-difference mesh, the locations
and radii of nearby metal wells, and the locations of all of
the electrodes. The file with the header appended was then
placed in a process queue where it could be accessed by
several processors. The first available processor then invert-
ed the data contained in the file. When the inversion was
completed, the processor placed the results back in the
queue. In the final stage of processing, the inverse results
were compared with the images for the background data set
and several types of images were created. These included
images of the absolute resistivity, the logarithm of the resis-
tivity, the change in resistivity, and the percent change in
resistivity from background. These images were sorted and
stored separately for each image plane.

The 3D DC resistivity Occam’s inversion routine of
LaBrecque et al. (1995) was used to invert the data since
the routine allows for incorporation of metal well-casings
in the inversion routine. Figures 8 and 9 show examples of
using ERT to monitor a rapidly changing steam front. In
order to create steam within the subsurface, the formation
must first be heated until the vapor pressure equals or
exceeds the hydraulic head in the formation. For the injec-
tion depth at the site, this required heating the formation to
about 110° C. Heating the fully saturated formation from
ambient temperatures (about 20°C) to 110° C decreases the
bulk resistivity by about a factor of three (see for example,
Waxman and Thomas, 1974a). When the pore water is
replaced by steam, the formation becomes desaturated and
extremely resistive. By comparing images with back-
ground, it is then possible to track both the increase in tem-
perature (decrease in resistivity) and the presence of a
steam front (increase in resistivity).

Figure 8 shows the resistivity changes after steam
injection had been stopped for approximately four weeks
and then restarted. Data for this image were collected on
the same day that steaming resumed. Due to the previous
steam episode, the temperature of much of the site was still
close to 100” C, but as yet, no distinct steam zone was pres-
ent. Dark areas indicate areas where resistivity has more
than doubled from that of the background images. The

Figure 8. Visalia Pole Yard
steam injection results. Three-
dimensional composite of 60
planes of ERT data shown for
the day when steam injection is
resumed. Only those regions
with increases of 90% or more
of the background values are
shown. Injection and extraction
wells are also shown.
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small, scattered anomalies do not represent steam but occur
for several reasons. A number of them occur in close prox-
imity to injection and extraction wells and may indicate
changes in the formation or well grouting during the injec-
tion, or entrapped air that was injected with the steam. At
least some of these anomalies occur due to noisy elec-
trodes.

Images on the following day (Figure 9) show a rela-
tively extensive steam zone that appeared literally
overnight. The steam zone (shown as the dark zones in the
figure) is relatively narrow and elongated indicating that it
is following a preferential pathway. Over the next several
days (not shown) the steam zone expanded somewhat but
maintained essentially the same shape and orientation.

Depth (m)

80 90 100

4
X=90 Anomaly (26)

Figure 9. Visalia Pole Yard steam injection results. Three-
dimensional composite of 60 planes of ERT data shown one
day after Figure 8. Only those regions with increases of 90%
or more of the background values are shown. Injection and
extraction wells are also shown.

Monitoring leakage from
underground storage tanks

In 1994 and 1995, field experiments were conducted
under a 15 m diameter steel tank mockup located at the
Hanford Reservation, Washington, to evaluate the capabil-
ities of ERT to detect leaks from large metal storage tanks;
the details of this work can be found in Ramirez et al.
(1996). Both government and industrial activities require
thousands of storage tanks for fuels, solvents, and other
chemicals. The test reported here was designed specifical-
ly to address the issues of leaks from the single shell tanks
built by the U.S. Department of Energy during the cold war
for storage of highly radioactive mixed wastes. The con-
tents of these tanks are typically highly saline liquids and
therefore electrically conductive. The ERT method em-
ployed by Ramirez et al. (1996) was based on mapping the
resistivity around and below a tank mockup. The hypothe-
sis was that spilled liquids change the electrical resistivity
of the soil in a measurable way, and that electrical resistiv-
ity tomographs can be used to map the resistivity changes.
This strategy required that prespill measurements be avail-
able so that the prespill and postspill resistivities could be
compared.

The presence of a metal tank with a resistivity of
approximately 10 ohm-m embedded in soil with a resis-
tivity of 102 to 103 ohm-m results in resistivity contrasts
that are much larger than those found in most natural geo-
logic settings. One consequence of this large contrast is
that a large fraction of the electrical current transmitted
during a survey is shunted through the metal tank. Further-
more, voltage gradients caused by the presence of conduc-
tive anomalies in the soil are flattened by the proximity of
the tank. Both of these effects contribute to a significant
reduction in the sensitivity of the measurements to the soil
properties and in the ability to resolve the anomalies. Also,
many of the assumptions made in formulating the forward
and inverse problems are only valid for smaller electrical
contrasts.

The field experiments were performed under a 15.2 m
diameter steel tank mockup located at the Hanford Reser-
vation (200 East Area) near Richland, Washington. Figure
10 shows that sixteen boreholes with eight electrodes in
each surrounded the tank, the bottom of which was 1.5 m
below grade. The electrodes were located in 10.7 m deep
boreholes starting at the ground surface and spaced every
1.52 m. The diametrical distance between boreholes was
20.7m.

ERT data surveys were collected in each of eight hor-
izontal planes beneath the tank, before and during a brine
release. Plane 8 is a horizontal cross-section at the ground
surface 1.5 m above the bottom of the tank (so it contained
the tank itself). Plane 7 is 1.5 m lower, a cross-section level
with the tank bottom. Plane 6 is 1.5 m below the tank bot-



tom, and so on to plane 1 which is 10.7 m below the ground
surface. This arrangement provided a series of 2D image
planes at many levels which, when assembled together,
gave an overall 3D view of the plume formed beneath the
tank during the release and which could be used to deter-
mine the effects of imaging current shunted through the
tank bottom. To calculate the changes in the soil’s electri-
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Figure 10. Schematic of experimental set up for leak detec-
tion. A 15-m diameter steel tank shell, the lower 1.5 m of
which is buried, is surrounded by 16 boreholes with 8 elec-
trodes in each. Eight electrodes at a common depth are used
for each ERT image plane.
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cal resistivity, data from when the plume caused by a tank
release is present were compared with a corresponding
data set measured for the case when there is no plume [see
equation (14)].

Figure 11 presents two-dimensional tomographs col-
lected during the course of a salt water (conductivity 3
S/m) release of 3970 liters. The location of the release
point is on the side of the tank as indicated on the figure.
Each column of images shows the changes detected for a
given time at various depths; the depth of images on each
column increases from top (0 m depth) to bottom (10.7 m
depth). The images for 27 July, after injecting 1200 1 of
brine, show clearly detectable electrical conductivity
increases directly below the release point between 3.0 and
7.6 m depth. This suggests that the brine is moving almost
straight down as may be expected in reasonably homoge-
neous sandy soil present at the site. Note that the changes
observed increase in magnitude as time and released vol-
ume increase. Also, note that the bottom of the changing
region deepens as time increases. The resistivity decreases
become stronger over time implying that the flow paths are
becoming more saturated with salt water. The position of
the flow paths also appears to be stable over the period of
the experiment.

This experiment used highly conducting salt water that
provided a very good electrical tracer for ERT. Other fluids
will provide different contrasts and therefore yield differ-
ent sensitivities. However, the conditions for the work
reported here (Ramirez et al., 1996) demonstrated that,
despite the interference of the metal tank, ERT can be used
to not only detect the presence of a leak, but also can be

3975 liters
1050 gals
7/31/94

Figure 11. A series of 2D ERT
tomographs which show how the
electrical resistivity of the soil
decreases during a side release

y of 3970 1 of brine. When the
1.5m resistivity ratio is 1.0 the resis-
tivity is not changing—a ratio
less than 1.0 indicates a resistivi-
ty decrease. The vertical lines
show the trajectory the brine
would follow if it moved straight
down.
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useful to locate its source and estimate the size and migra-
tion of the associated plume. Of course, in actual applica-
tion, a tank may have a long history of leaking before this
method is used to detect the leak. Rameriz et al. (1996)
also show that very slight changes in an existing plume can
also be detected and used to determine if a tank continues
to leak.

Imaging preferential flow and transport
of solutes in soil and rock cores

One of the earliest geophysical applications of ERT
was that of Daily et al. (1987) in a study of flow processes
in laboratory samples of fractured Topopah Spring Tuff
from Yucca Mountain, Nevada (see also the following case
study). In this lab scale study Daily and colleagues used
relatively simple imaging tools based on backprojection
techniques developed for biomedical applications. Never-
theless, this early work demonstrated the potential value of
ERT to assist in the hydraulic characterization of flow and
transport in laboratory scale samples and thus aid in
improving conceptual and mathematical models of in-situ
processes.

Binley et al. (1996) extended the work of Daily et al.
(1987) in their study of solute transport in undisturbed soil
cores, in order to assess preferential flow pathways in nat-
ural soil structures. For this study, soil cores approximate-
ly 30 cm in diameter and 50 cm high were extracted. In
each core four circular planes of 16 electrodes each were
fitted to the boundary walls. Having created steady-state
upward vertical flow through the soil core, a salt tracer was
injected in the base of the core and ERT measurements
taken during and after injection of the tracer. For this
experiment 2D ERT data were taken; that is, measurements
were taken on each of the four horizontal planes. Because
of the likely rapid development of flow pathways, Binley
et al. (1996) used a high-speed data acquisition system
designed for small scale industrial process monitoring.
This system permitted data collection at a rate of 200
measurements per minute. Approximately 300 frames of

34 hours

Figure 12. Selected 2D ERT tomograms
showing change in resistivity across a
horizontal plane of a soil core (after Bin-
ley et al., 1996). The circular plane is 32
cm in diameter and 28 cm from the posi-
tion of a saline tracer source. The plane is
surrounded by 16 electrodes (as shown).
The tracer was injected between 7 = 0 and
97 hours.
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data (including reciprocals) were collected for each plane
for the duration of the experiment that lasted approximate-
ly 200 hours.

Figure 12 shows sample tomograms of one of the four
image planes at selected times, relative to the background
(pretracer injection) conditions. The results show the
migration of the electrically conductive tracer through the
core at this plane, and that the permeable (connected) pore
space is significantly different from the impermeable bulk
porosity (approximately 45%) with distinct zones showing
rapid increase during injection and rapid recession after
tracer injection ceased.

These core scale studies have been further developed
to image 3D core volumes, as reported in Olsen et al.
(1999), who also attempt to use changes in voxel proper-
ties to quantify solute transport model parameters. Such
linkage between geophysical imaging and hydrological
modeling is ongoing (see for example, Slater et al., 2000).

Mapping moisture migration in fractured
tuff at the large block test

The Large Block Test (LBT) was a multidisciplinary
field scale experiment performed by researchers from
Lawrence Livermore National Laboratory with other labo-
ratory and university collaborators, whereina 3 X 3 X 4.5m
block of rock was studied as it was heated from ambient
temperatures to approximately 145°C. The purpose of the
test was to study coupled thermal, hydrological, chemical,
and mechanical processes in response to heating at a scale
significantly larger than what was possible in laboratory
studies. Detailed descriptions of the test design, instrumen-
tation, results and interpretation, and relevance to the
nuclear waste isolation program can be found in numerous
reports (e.g., Wilder et al., 1997; Lin et al., 1998).

A monolithic block of densely welded tuff was exca-
vated from a site on Fran Ridge near Yucca Mountain,
Nevada, so that coupled thermo-hydrological processes
could be studied in a controlled, in-situ experiment. A
series of heaters were placed in a horizontal plane about
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3 m below the top of the 4.5 m high block. Temperatures
were measured at many points within and on the block sur-
face, and a suite of other measurements was taken to define
the thermal and hydrologic response. Electrical resistance
tomography was used to map 2D images of moisture con-
tent changes along four planes in the block.

Interpretation of ERT resistivity images in terms of
moisture content is possible by using laboratory data estab-
lishing the relations between moisture, temperature, and
resistivity, or by using a suitable petrophysical model of
electrical conduction in porous media. Roberts and Lin
(1997) have published data on the resistivity of Topopah
Spring tuff as a function of moisture content. Ramirez and
Daily (2001) combine these approaches and compare the
saturations obtained using a petrophysical model with
those using an activation energy relationship calibrated
with laboratory data. Both approaches were compared with
observed neutron probe estimates of moisture content dur-
ing the test.

Waxman and Thomas (1974a,b) describe a model for
electrical conduction in partially saturated shaly sands typ-
ical of oil reservoirs (intended for oil field data) which
accounts for conduction through the bulk pore water as
well as conduction through the electrical double layer near
the pore surface. It can be shown that their model can be
reduced to two bounding models: a model where the elec-
trical double layer is the primary conduction pathway, and
a model where the primary conduction pathway is through
the pore-space volume (Ramirez and Daily, 2001). Tem-
perature data were interpolated to construct temperature
maps along each ERT image plane, and these maps were
used to account for the effects of temperature on the meas-
ured resistivities. Calculation of changes in volumetric
water content requires rock porosity and initial saturation
values. Based on neutron log data, a uniform initial satura-
tion of 75% and a porosity of 12% were assumed. The
petrophysical model used to convert resistivity change to
saturation assumes that the primary conduction pathway is
through the pore-space volume.

Figure 13 compares changes in the volumetric water
content inferred from ERT measurements with those
inferred from the neutron probe data. The five black circles
on the lower third of the image indicate the location of the
heaters; also shown is the location of the borehole used for
the neutron log comparison.

The main feature in both data (ERT and neutron probe)
is the development of a large drying zone around the heater
that grows from 1 m to 2 m thick in six months. Notice that
from both of these measurements a maximum change in
water content near the heaters is calculated to be about
—0.07 volume percent. This close agreement is significant
since the neutron log and ERT are two completely inde-
pendent measurements. Another pronounced feature is the
large change in resistivity in the upper left in the image. A
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time-lapse sequence of tomographs in Ramirez and Daily
(2000) indicates that this feature gradually develops and
persists throughout the duration of the test and is sugges-
tive of a communicative fracture or fracture network that
has allowed moisture to escape with subsequent dry-out of
the adjacent matrix. There are also examples of compact
anomalies of wetting. Some of these appear to be water
accumulation in fractures that drain condensate from the
block. Others may be due to rain water entering a fracture
at the top of the block.

A second approach that can be used to estimate satu-
ration from electrical measurements is based on the work
of Roberts (2001). He discovered that laboratory measure-
ments of welded tuff resistivity, taken as a function of tem-
perature and saturation, can be represented using an Arrhe-
nius relationship (see Roberts, 2001) connecting activation
energy and temperature to electrical conductivity. We will
compare this approach to the bounding models derived
from the Waxman-Thomas model.

Neutron
borehole

Volumetric
water
difference

7/23/97 Volumetric water [+
based on ERT tomographs .{;_

Py

7/8/97 Neutron
survey difference

Volumetric water difference from baseline
(before heating)

L F——

-0.09 0.0 0.09

Figure 13. Comparison of changes in moisture content
inferred from neutron logs and from ERT at the Large Block
Test. The image plane is a 3 m (horizontal) by 4.5 m (verti-
cal) 2D plane. The open circles indicate positions of the
heater elements.
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Figure 14 compares the saturations obtained using the
three different approaches. The leftmost image was calcu-
lated using the Arrhenius equation method, calibrated with
laboratory measurements of electrical properties versus
temperature and saturation. The center and rightmost
images were calculated using the two bounding models
(based on the Waxman-Thomas model): a model where the
electrical double layer is the primary conduction pathway,
and a model where the primary conduction pathway is
through the pore-space volume. A comparison of these
three images indicates that the rightmost image (surface
conductance dominant) shows the driest conditions near
the vicinity of the heaters and the wettest conditions above
the heater. Large regions of the block above the heaters are
above 100% saturation (nonphysical). The left image
(Arrhenius equation) shows less drying and less wetting
than the other two. In particular, it shows that the wet
regions at the top of the block reach 100% saturation and
seldom exceed that value. Also, it shows that the dry region
around the heaters has a saturation of approximately 15%,
which compares favorably with saturation based on neu-
tron data (approximately 10%). These results lead us to
conclude that, of the three methods considered, the Arrhe-
nius equation approach yields the most reliable estimate of
saturation change for this particular example. The results
also indicate that inference of hydraulic properties, in this
case changes of water saturation, using ERT imaging is
possible. However, the method is subject to several uncer-
tainties that point to a need for improved petrophysical
models relating electrical properties and moisture content.

Waxman-Thomas,

Arrhenius equa-

Waxman-Thomas,

tion calibrated pore volume surface conductance
with laboratory conductance dominates
data dominates

Saturation during heating assuming
preheating saturation = 75%
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Figure 14. Comparison of three different methods for calcu-
lating moisture content changes from resistivity changes.

ERT imaging in fractured media

Characterization of fractured rock and transport
processes in fractured media is a necessary prerequisite to
many environmental investigations. Because of the high
contrasts in resistivity likely to exist in such dual porosity
media, ERT may offer useful insight into the nature, extent,
and connectivity of fracturing. However, because of the
limited spatial resolution of ERT it is unreasonable to
expect detection of individual fractures unless they are rel-
atively large features. Slater et al. (1997b) have shown that
the effects of networks of small fractures may be resolved
using cross-borehole ERT imaging in chalk. In this work,
saline tracers were injected in the vadose zone and the
changes in electrical resistivity monitored over time. Slater
et al. (1997b) conclude that they were unable to detect
solute transport in the fractures, but were able to observe
the effect of such transport, probably as a result of diffu-
sion into the low permeability matrix.

In contrast, Slater et al. (1997a), in a study of a frac-
tured carboniferous limestone, were able to identify a sin-
gle fracture feature extending over tens of meters from
cross-borehole ERT images. Figure 15a is an example of
imaging capabilities in this environment. Using borehole
televiewers, the cavities were observed to be several cen-
timeters wide. Because of the high contrast in porosity,
ERT is able to resolve a “feature” corresponding to the
main fracture, but offers poor spatial resolution. Note also
the borehole effects resulting from the use of electrode
arrays in water filled (i.e., electrically conductive) open
boreholes.

Slater et al. (1997a) studied the changes in ERT
images following a large scale pumping test, carried out to
investigate the local impact of dewatering to lower the
floor level of an active quarry. This pumping test involved
abstracting approximately 6500 1/hr from a trial excavation
for a period of three weeks. The pumping created increas-
es in local fluid conductivity by a factor of three due to the
coastal proximity of the site. Slater et al. (1997a) were able
to demonstrate that the fracture features observed from
background imaging (as in Figure 15b) were hydraulically
active since significant changes in ERT tomograms were
observed. These results proved useful in assessing which
units in the limestone are hydraulically significant and
helped formulate a comprehensive environmental state-
ment about the likely impact of quarry floor lowering at
this site.

Practical application of ERT

The case histories we have discussed are typical exam-
ples of ERT results. The examples chosen represent work
that was generally successful, but we recognize that there
have been failures as well. This admission suggests the
question: what makes the difference between success and
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failure? Of course, this question does not have a single
answer. However, the answers are important, for knowing
them could make the difference between success and fail-
ure with ERT. We list here some guiding principles that
will help increase the probability of success with ERT:

* The ERT inverse process is inherently underdetermined
so that more data is better than less data, provided the
errors are known (see point 2). It is important that the
data are internally consistent (e.g., the target’s resistivity
is stable during a measurement sequence—particularly
relevant for process monitoring applications) and com-
plete (contains all the linearly independent combina-
tions).

* It is better to know the errors in the data than to have lots
of data with uncertain errors. This rule is counterintuitive
but it is true that a good measure of data errors is need-
ed, because most of the inverse methods rely on statisti-
cal criteria to stop the inverse process when convergence
is achieved. Without a noise estimate, the algorithms
either end prematurely without using all the information
in the data or end too late and spend iterations fitting the
forward model to the data noise. In short, it is very
important to know when to stop (demonstrated by Binley
et al., 1995 and LaBrecque et al., 1996). Our experience
leads us to believe that it is more important to spend
valuable field time collecting the reciprocal for each
measurement than collecting more dependent data. Forc-
ing a model to fit measured data to 1% that has errors of
10% will result in tomographs that show unrealistic
roughness—the reconstruction will have regions that
look like a checkerboard.
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Figure 15. Example cross-
borehole ERT image from
the study of Slater (1997b)
in fractured carboniferous
limestone. (a) Baseline
resistivity distribution
before pumping began. (b)
The change in resistivity in
the borehole plane follow-
ing induced salinity from a
large scale pumping experi-
ment.

% change in electrical conductivity
caused by large-scale pumping

A comparison of repeated measurements, despite this
being a very popular approach, will not produce a good
measure of data errors. In fact, some very common
sources or measurement errors (such as ground loops,
electrode polarization, and amplifier saturation) can be
extremely repeatable and completely missed by this test.
All of our experience has convinced us that the best
method of estimating error is to compare two reciprocal
measurements. This method is sensitive to errors from
electrode noise, electronic noise, grounding problems,
common mode measurement problems, and any nonlin-
ear effects in measurement system or subsurface.

The need for an accurate forward solver is obvious; how-
ever, the problems from inaccurate forward solutions can
be subtle and create artifacts. Some conditions that can
lead to problems include 3D structures being modeled by
a 2D forward model (e.g., a highly conductive annulus of
grout around a borehole electrode array, as demonstrated
in Figure 15a), differences between the actual electrode
location and the modeled location, resistivity anisotropy,
unknown or uncertain boundary conditions, and a mesh
that is too coarse to accurately calculate the potentials
near electrodes where high gradients exist.

There is no strong evidence that a particular measure-
ment scheme is superior. Several schemes have been
used and compared, but it is likely that other factors
dominate the reconstruction quality. On the other hand,
there is good evidence that it is desirable to completely
sample the image volume. A simple rule to achieve this
is to distribute as many measurement electrodes as pos-
sible, as uniformly as possible through the volume. If
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sampling is constrained to the perimeter of the image
volume, it is best to completely surround the region of
interest with electrodes. Of course, practical constraints
usually limit electrode placement.

A variety of experimental problems can degrade image
quality. A common one is high electrode contact resist-
ance resulting from installing electrodes in a borehole
and filling the hole with dry sand. The ideal material will
match the native soil conductivity. A good borehole com-
pletion material is native soil (it usually has some fines
resulting in higher conductivity) or grout. A related prob-
lem can be caused by using highly conducting grout to
cement an array in a highly resistive formation. When
processed using a 2D algorithm, the electrical contrast
will cause a resistive artifact along each borehole array
that can only be removed by properly accounting for the
grout anomaly in the model.

Because ERT requires high-speed data collection on a
large array of electrodes, the ideal electrode is inexpen-
sive, rugged, long lasting, nontoxic, and electrically
quiet (nonpolarizing). This last requirement means that
an electrode can be used to measure a potential soon
after it has been used to transmit a current (Dahlin,
2000). Tests to assess an acceptable delay time prior to
full data collection are invaluable. A popular electrode
material is stainless steel, but copper, iron, or steel are
also good. Noisy electrodes are galvanized steel and alu-
minum. For surface arrays, the best data (good recipro-
cals for both magnitude and phase) can be obtained from
nonpolarizing copper-copper sulfate electrodes (from
our experience they can be used as current sources as
well as potential electrodes).

Care must be taken to avoid electromagnetic effects that
violate the electrostatic approximation made in the for-
ward model. For example, common electromagnetic
coupling, which occurs when inductive currents become
important compared to galvanic currents, can be avoided
by keeping the induction number quOLz small, where L
is the characteristic length, w is the angular frequency
and o is an effective conductivity.

Summary and Conclusions

Often several geophysical methods are used together,
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array of voltmeters, control of electronics, data storage
and transmittal, and even data processing to a recon-
structed image are all easily accomplished automatically
under computer control. In fact, various parts of this
automation have already been accomplished for long
term monitoring of steam injection (see Ramirez et al.,
1993). A data collection system has even been built to
work remotely—it can be called up over a phone line,
acquisition parameters set, acquisition started, data
downloaded to a remote computer, and the system shut
down. Automated or remotely controlled operation of
ERT is ideal for long term (monitoring) and unmanned
(and low cost) operation.

Automatic data acquisition also promises the advantage
of high-speed operation. The rate at which data can be
acquired is a function of many conditions such as the fre-
quency and staking, but typical acquisition rates at 1 Hz
for commercially available systems can be as high as
2000 measurements per hour. High-speed acquisition
can be more than a time saving convenience. For exam-
ple, it can be critical when monitoring a rapidly evolving
subsurface process such as a steam flood (LaBrecque
and Yang, 2000) so that the data are self-consistent (all
the data represent the same system state).

Recent developments in computer technology as well as
inversion algorithms have made for fast ERT data pro-
cessing. Of course, improved computer technology
encourages the solution of larger and more complex
problems using larger and more complex software. The
fact remains, however, that significant 3D inverse prob-
lems can now be routinely handled in a matter of hours.
This, coupled with high-speed data acquisition makes
real-time ERT for process control practical, as discussed
earlier in the Visalia steam flood case study.

Commercial data acquisition systems are now available
at reasonable costs making ERT within the reach of uni-
versities and small geophysical service companies. Of
course, more expensive equipment is also available for
those needing more power and flexibility. Combined
with the fact that ERT data processing algorithms are
more sophisticated and robust, ERT is becoming widely
available, in much the same way that ground penetrating
radar matured over the past three decades.

ERT imaging of galvanic electrical properties is a good

each lending its strengths to the problem at hand. We believe
that electrical tomography will be used increasingly in this
mode as it has some unique capabilities to offer the geo-
physicist. Of course, the method has limitations. We list here
some of the strengths and weakness of ERT to help put the
method in geophysical perspective. First the strengths:

complement to other geophysical methods. Resistivity is
especially sensitive to porosity, pore connectivity, and
conducting porefluid content. It is therefore a good com-
plement to seismic velocity measurements that are very
sensitive to lithology type and overburden pressure. Gal-
vanic currents are also sensitive to the presence of fines
and clays through surface electrochemistry effects (Mar-

* Because it is not necessary to move the sensors, ERT can
shall and Madden, 1959; Telford et al., 1976).

be easily automated. Multiplexing of electrodes into an



ERT also has limitations:

* At the low frequencies required for the electrostatic
approximation, physical contact is required with the
ground. Several schemes have been used for accom-
plishing this (grouting electrodes in boreholes, burying
metal stakes at the surface, dragging metal electrodes
over the surface for quick profiling [Christensen and
Soensen, 1996]), but this requirement makes ERT im-
practical as a method for large-scale reconnaissance.

» Data processing codes have become increasingly more
sophisticated and are now implementing several different
algorithms. However, the inverse problem is intrinsically
ill-posed and nonunique. For those unaware of the pit-
falls, nonphysical (and absurd) results are common.
Some training and experience are necessary to be con-
sistently successful with current tools.

» Tomography requires interrogating the target from as
many ‘““views” as possible. Geophysical tomography,
therefore, often requires drilling or pushing boreholes
which are expensive and invasive. In many geophysical
applications, it is impossible to sample the target satis-
factorily (e.g., surround the image volume with elec-
trodes) which results in reduced sensitivity and resolu-
tion.

* Probably the most disappointing attribute of ERT is its
low spatial resolution, particularly when it is compared
with X-ray tomography. It has been the observation of
the authors that improvements in data density and accu-
racy have produced only modest improvement in spatial
resolution.

Unlike ground penetrating radar or controlled source
electromagnetic sounding, ERT is a relatively new tech-
nology. As a result, off the shelf hardware and robust soft-
ware are not readily available so that user experience is still
important for successful results. However, many groups,
with both private and public support, are working to make
ERT more user friendly and more widely available. Even
so, as the case histories reported herein testify, consider-
able progress has been made. It is noteworthy, however,
that twenty-four years ago Lytle and Dines (1978) stated
research and development goals for ERT that are relevant
even today. They noted in their pioneering paper on the
impedance camera,

Items worthy of future research include an assess-
ment of the influence of noise in the data, a study of the
accuracy of the reconstruction and its spatial depend-
ence, an evaluation of the degree of dependence of var-
ious measurement configurations, an analytic study of
the resolution limit, and a determination of the extent to
which the use of a priori knowledge affects the inter-
pretation.

Many of these items are still the subject of research.
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