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KEYWORDS Summary Cross-borehole electrical resistance tomography (ERT) experiments utilize
Electrical resistance downhole electrodes, typically placed in a borehole filled with material of contrasting
tomography; resistivity to the host rock. The circular geometry of the boreholes is three-dimensional,
Borehole inversion and inversion routines are typically two-dimensional. Because of the resistivity contrast,
effects; artifacts in the form of borehole inversion effects develop in the resistivity images. Other
Shadow effects; 3D effects resulting in inversion artifacts are shadow effects caused by use of a 2D code to
Numerical modeling invert data from a 3D body located outside the image plane. In both cases the inversion

model misrepresents the spatial change in voltages as a corresponding spatial change in
resistivity. Borehole inversion effects and shadow effects result as the forward solver
attempts to resolve the discrepancy in the voltages for numerous electrode pairs into a
meaningful resistivity distribution. Borehole inversion effects are shown to be related
to the resistivity contrast between the borehole fill and the host medium, and to borehole
diameter.

Borehole inversion effects do not materialize with small diameter boreholes (e.g.
<0.1 m) when the fill resistivity contrast is one order of magnitude or less; however, a
borehole fill resistivity contrast of two orders of magnitude causes artifacts in the form
of sheaths near the boreholes, and a conductive artifact between the boreholes. Larger
diameter borehole (e.g. 0.2 m) induce significant borehole inversion effects with as little
as one order of magnitude fill resistivity contrast. The general resistivity patterns are sim-
ilar for the borehole inversion effects. However, the artifacts are amplified as resistivity
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contrast and/or borehole diameter increase. These results are significant because bore-
hole inversion effects may mask a target heterogeneity or an artifact may be confused
for an anomaly resulting in improper actions for site characterizations or remediation
strategies. Suggestions of best practices for experimental design to prevent or minimize
borehole inversion effects include: minimizing borehole diameter, minimizing borehole
fill resistivity contrast, measuring and inputting the resistivity of the borehole fill/water
into the model, and inverting changes in resistivity for time-lapse ERT data.

Shadow effects are shown to be related directly to the distance of the target heteroge-
neity out of the image plane. Our results show that shadow effects become insignificant
when the target is between 3 and 5 m outside the 10-m wide image plane. Because the
size of the target and resistivity contrast of the target to the host rock are site-specific
variables, the actual distance at which shadow effects become insignificant will vary from
site to site. To reduce misinterpretations by shadow effects reduce the dipole length of
the four electrode measurements and supplement data from other well pairs and/or other
methods.

Published by Elsevier B.V.

Introduction

Statement of the problem

Cross-borehole electrical resistance tomography (ERT) is a
useful tool to monitor subsurface hydrological and remedia-
tion processes (e.g. LaBrecque et al., 1996). However, two
common occurrences related to the collection and inversion
of cross-borehole ERT data can lead to erroneous interpre-
tations. Typically, the subsurface resistivity distribution be-
tween two wells is estimated using an inversion code based
on 3D current flow but only 2D resistivity distribution (this is
usually referred to as 2.5D inversion). Use of a 2.5D code
where 3D structures prevail (e.g. boreholes and contami-
nant plumes) may result in image artifacts. The second
ERT limitation is a weak sensitivity in the center volume be-
tween the columns of electrodes (boreholes). Image resolu-
tion is poor in the center volume relative to the areas near
the electrodes, as shown by Day-Lewis et al. (2005).

One type of 3D effect results from the cylindrically-
shaped discontinuities formed by boreholes (Osiensky et
al., 2004). In most cases, the only access to the subsurface
for placement of electrodes is through boreholes. The 3D
nature of the borehole itself presents an issue when using
a 2.5D inversion model to interpret the data. Furthermore,
electrodes generally must be positioned below the water ta-
ble, or in a backfilled portion of the borehole, or another
form of coupling mechanism must be used (e.g. flexible
tubular liners to press a string of electrodes against the
borehole walls) to create reliable, electrical contact with
the host material. Often determination of the resistivity
contrast between the borehole fill and host material is not
as high a priority as maintaining good, reliable, electrical
continuity with the borehole walls. In addition, the actual
resistivity of the fill may not be known or may change over
time. Even with detailed knowledge of the electrical prop-
erties of the fill material, incorporation of this information
into the inversion procedure would necessitate the use of a
3D forward model within the inversion routine. If the resis-
tivity contrast of the borehole fill, and the volume of the
borehole are disregarded, the 2.5D inversion code generates
spatial image artifacts as part of a numerical solution to a

technically ill-defined problem. These borehole inversion
effects may develop from a combination of factors including
irregular current flow near an irregularly shaped borehole,
cylindrical current flow through the borehole fill, heteroge-
neity of the borehole fill, poor electrical continuity between
electrodes and borehole walls, and/or 3D/2D model treat-
ment of boreholes as absent or as element shaped prisms.
Borehole inversion effects often are included under the cat-
egory of noise. Other forms of noise result from poor elec-
trode coupling with the host rock, random errors
associated with the transmitter/receiver, and errors caused
by extraneous effects (Slater et al., 2000).

Indurated rock, such as limestone, quartzite, lavas, gran-
ite or gneisses, may have resistivities as much as three or-
ders of magnitude greater than nonindurated materials
(Keller and Frischknecht, 1966; Telford et al., 1990; Park-
homenko, 1967; Bear et al., 1993), thereby creating a signif-
icant resistivity contrast with a backfilled borehole or a
borehole filled with water. Most backfill materials and water
have lower resistivities than the native materials they re-
place. Consequently, 3D effects should be of more concern
in fractured, resistive rocks than in nonindurated sands,
silts, clays and gravels.

Some researchers have identified borehole inversion ef-
fects in their cross-borehole ERT images. Daily and Ramirez
(1995) conducted an ERT experiment to monitor in situ tri-
chloroethylene (TCE) remediation by air sparging. Their
tomograms revealed resistive sheaths around the boreholes.
Bentonite drilling mud was interpreted to have seeped into
the formation sands forming a conductive skin. Bentonite
infiltration is a common occurrence and often forms a
mud-cake on the walls of the borehole. On the basis of
numerical modeling, the authors concluded that complex
current flow conditions attributed to the presence of the
bentonite mud caused the reconstruction algorithm to pro-
duce a resistive sheath artifact because the borehole condi-
tions violated the 2D restriction in the finite element
forward algorithm. Slater et al. (1997) used a 2.5D code
to invert ERT data collected during a conductive tracer test
in fractured limestone to delineate fractures. The downhole
electrodes were located in fresh-water filled boreholes.
Some of the results from Slater et al. (1997) have been rein-
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Figure 1 Resistivity image of borehole inversion effects
(shown as relative resistivity high in red) modified from Slater
et al. (1997).

terpreted by Daily et al. (2005) as artifacts resulting from
borehole inversion effects. Fig. 1 presents an image of the
2.5D inversion results from Slater et al. (1997) where the
heavily fractured zone at around 25-m depth can be seen
as a low resistivity contrast to the background, but the large
high resistivity (>2 x 10° Qm) in the center of the image ap-
pears to be a result of the 2D resistivity model compensating
for the low resistivity along the borehole.

Another type of 3D effect results from the use of a 2.5D
code to invert ERT data for a target body with contrasting
resistivity (e.g. solute plume), where the body is located
outside the image plane. These shadow effects are artifacts
generated by the 2D model as a numerical solution to data
derived for an incomplete 3D problem (i.e. the effects of
disturbance of the electric field within the image plane from
a heterogeneity located outside of the image plane), com-
bined with the reduced resolution of the model at the cen-
ter volume compared to areas near the electrodes.
Vanderborght et al. (2005) noted this effect as causing the
deviation of breakthrough curves between simulated and in-
verted data; they showed that the inverted images had
more of a diffuse character.

Purpose and overview of the experiments

The purpose of this paper is to evaluate the potential signif-
icance of ERT 3D effects on potential tomogram misinter-
pretations by examination of (1) borehole inversion
effects, where the resistivity of the borehole fill contrasts
with the host material and (2) shadow effects, where a 3D
heterogeneity is located outside of the image plane. The re-
sults presented herein have important ramifications relative

to the application of ERT data to calibrate flow and trans-
port models (e.g. Binley et al., 2002; Kemna et al., 2002;
Vanderborght et al., 2005; Singha and Gorelick, 2005).

Synthetic data are created using a 3D forward model.
The data are then inverted using a 2D code to generate a
resistivity array along the image plane between two bore-
holes. Borehole inversion effects are evaluated by simulat-
ing two boreholes filled with material with contrasting
resistivity relative to the host material. In addition, the sig-
nificance of borehole diameter is demonstrated by incorpo-
ration of a buried, cubic-shaped, conductive heterogeneity
("target’) between the boreholes to illustrate how borehole
inversion effects influence target image resolution. Shadow
effects are evaluated by comparing the results of simula-
tions with the target centered and off-centered in the x-
direction (left—right), and shifted out of the image plane
in the y-direction. While the 3D effects evaluated in this pa-
per are specific to the conditions modeled, the results
should be applicable at the field scale.

Forward and inversion models

A 3D forward model is used to simulate a dipole—dipole ERT
measurement array, and generate the transfer resistances
(the voltage between an electrode pair divided by the cur-
rent injected between another pair) based on the input
resistivity values. The 3D forward model within the code
R3 (Binley, 2007b) is used. The resistance values generated
by R3 are used as input for a numerical, 2.5D inversion mod-
el R2 (Binley, 2007a) to generate a single 2D resistivity dis-
tribution that best represents the ‘measured’ data.

Forward model

Assuming a 3D distribution of isotropic conductivity, the for-
ward model may be defined by the equation for point-source
current | as:

o (1aVy o 1ovy 2 1oy
ox \p 0x oy \p oy 0z \p 0z

= —16(x)d(y)d(2), )
subject to boundary conditions:
10v
o an + BV =0, (2)

where V is the potential, ¢ is the Dirac delta function, n is
the outward normal and f defines the boundary type. For
the cases here Neumann boundary conditions (f = 0) are de-
fined along all size faces of the boundary of the mesh.

R3’s forward model is based on a finite element solution
of Eq. (1) using linear hexahedral finite elements in an irreg-
ular mesh. The resistivity can vary from element to element
but is uniform within each element. Electrodes are simu-
lated as point locations, defined at nodes within the finite
element mesh. The linear equations resulting from each fi-
nite element formulation are solved using a diagonally pre-
conditioned conjugate gradient algorithm. The R3 code has
been tested and utilized in a number of ERT studies to date
(e.g. Binley et al., 2002; French and Binley, 2004; Singha
and Gorelick, 2005; Looms et al., 2008).
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Inversion model

The inverse model attempts to determine the distribution of
resistivity that best matches the observed voltage potential
data subject to specific constraints or penalty functions.
The R2 code is based on the widely used Occam’s approach
of deGroot Hedlin and Constable (1990). The area under
investigation is parameterized using a 2D finite element
mesh: parameters are defined as cells of uniform resistivity,
each cell being a finite element or group of adjacent finite
elements. The resistivity distribution is solved by the model
using a minimization of the objective function:

®(m) = [D — F(m)]"W~'[D — F(m)] + «m"Rm, 3)

where m = loge(p~") in each parameter cell; D is the vector
of measured transfer resistances; F(m) contains the corre-
sponding forward model resistances due to parameters m;
W is the vector of data variances used to weight individual
measurements; R is the roughness matrix used to force
smoothing of the resistivity distribution and to stabilize
the inverse solution; « is a smoothing parameter.

In R2 the forward model F(m) is computed on an irregular
quadrilateral finite element mesh and accounts for current
flow in 3D using the Fourier transformation defined in Kem-
na (2000). Eq. (3) is minimized in R2 using a Gauss Newton
approach, which results in the iterative equations (Binley
and Kemna, 2005):

(JIW™'Jy 4 aR)Am, = JJW™'[D — F(m)] — «Rm
My = Mg+ Amy, k=1,2,3,...

(4)

In Eq. (4) J is the Jacobian (or sensitivity) matrix evaluated
for the current model. This matrix is computed using the
principle of reciprocity, as described in detail by Kemna
(2000).

In order to obtain a stable solution of Eq. (4) regulariza-
tion through the combination of the smoothing parameter a
and roughness matrix R is essential. In R2, the ‘roughness’
matrix, R, in Eq. (3) is based on a three-point (in each direc-
tion) quadratic filter. The smoothing parameter « is opti-
mized at each iteration, k, of the inversion using a line
search (as in, e.g. deGroot Hedlin and Constable, 1990).
As the iterative procedure progresses, the value of o de-
creases as data misfit becomes more dominant towards
the end of the iterative search.

Modeling artifacts
Borehole inversion effects

The voltage near a buried, single point-source of current in
an infinite, homogeneous medium is represented by (Telford
et al., 1990):

v ("1_?)} (5)

where V is the voltage, p is the resistivity, r is the distance
from the current electrode and / is the current. Current flow
near a single, point-source of current embedded in a bore-
hole filled with a conductive material is dependent on the
shape and depth of the borehole, and the conductivity con-
trast between the fill material and the geologic material

forming the borehole walls (Osiensky et al., 2004). Current
flow near the electrode generally is not spherical as indi-
cated in Eq. (5). No direct analytical solutions exist for this
problem. Therefore, the analysis of borehole effects is per-
formed through numerical modeling.

Two hypothetical borehole conditions were simulated
numerically to illustrate equipotentials about a point-source
of current. Fig. 2 presents two example cross-sectional-con-
tour maps of voltages near a current electrode buried 1.5 m
below ground level for a current of 0.5 A. Case 1 shows the
voltages about the current electrode in a homogeneous for-
mation without the presence of a borehole. Case 2 is more
realistic with the current electrode placed in a borehole
with fill of contrasting resistivity relative to the formation.
The 0.15-m diameter borehole has a fill resistivity of 1 um.
The resistivity of the formation is 100 um. These values,
e.g. may represent a clay-filled borehole within a sandstone
unit. The contour maps illustrate differences in current flow
due to the presence of the partially penetrating borehole
with two orders of magnitude contrast in resistivity. A
point-source of current in a conductive, partially penetrat-
ing cylinder causes preferential flow in the borehole where-
by the current density is decreased (i.e. decrease in current
per unit area of cross section). In effect, the filled borehole
approximates a cylindrical electrode compared to a true
point-source. Fig. 2c is a contour map of voltage ratios (case
2/case 1) to depict spatial changes in the voltage distribu-
tion between the two cases. Based on Eq. (3), the addition
of a low resistivity fill material results in a lower voltage at a
given distance than would be predicted for the native mate-
rial alone. Thus, ratio values greater than 1.0 depict areas
that appear to be more resistive; ratio values less than 1.0
depict areas that appear to be more conductive. It is obvi-
ous that the existence of the filled borehole for case 2 chan-
ged the distribution of voltages about the current electrode
compared to case 1 without a borehole. Unless information
about the borehole characteristics and borehole fill are pro-
vided as input data, the inversion model incorrectly inter-
prets spatial changes in voltages outside of the borehole
as a spatial change in apparent resistivity. Thus, borehole
inversion effects result as the forward solver attempts to re-
solve the discrepancy in the voltages for numerous elec-
trode pairs into meaningful changes in resistivity.

Shadow effects

During the forward model simulations of a buried conduc-
tive heterogeneity without the presence of boreholes, the
electric field is refracted relative to the homogeneous case.
When the target is located outside of the 2D image plane
(e.g. as during cross-hole ERT between two boreholes),
the resultant refractions in the electric field are misinter-
preted by 2.5D inversion algorithms as a body within the im-
age plane. The inversion attempts to resolve the cause of
the refraction without adequate information. The algorithm
generates reasonable resistances for the refracted electric
field to produce a resistivity array that includes shadows
of the heterogeneity. Shima (1989, 1992) suggests that the
effect of anomalies lying outside the interest area can be
reduced, and the uniqueness of the inversions can be im-
proved by using a combination of measurements from along
boreholes and cross-borehole. Shima (1989) also suggests
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(a) Case 1 — voltages (mV) for a buried current electrode without a borehole (100 um homogeneous half space). The

current electrode is located at a depth of 1.5 m. (b) Case 2 — voltages for a buried current electrode in a conductive borehole with a
resistivity of 1 um; boreholes are 6 m long. (c) Ratio of case 2/case 1 depicting the spatial changes in apparent resistivity due to the
presence of the borehole. Contour interval for (a and b) is 1 mV, and (c) is 0.2.

examining a larger area to include outside the objective
area for a more enhanced interpretation within the objec-
tive region. Sasaki (1992) recommends choosing a block dis-
cretization consistent with the resistivity ranges inside and
outside the target region.

When a heterogeneity with a contrasting resistivity lies
outside, but near, the image plane, the effects of the elec-
trical field refraction propagates through the image plane
resulting in false changes in apparent resistivity. Fig. 3 pre-
sents a cross-sectional contour map of voltage ratios near a
current electrode showing changes from a homogeneous
resistivity distribution caused by a hypothetical target het-

erogeneity located completely out of the image plane
(v =0) (target case/uniform case). The outer edge of the
target (2 mx2mx2m)is located 3 min front of the image
plane; the geometric center is located at a depth of 1.5 m.
The resistivity of the target is 1 um, and the uniform back-
ground resistivity is 100 um. The presence of the target
caused refraction of the electric field. Both resistive and
conductive changes are detected in the image plane with
poor resolution of the actual target. Fig. 3 shows an exam-
ple for one current electrode location. Errors exist for all
the electrode pair combinations. Although the errors may
small, they constitute another source of additive errors.
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Figure 3

(a) Orthogonal view of a target heterogeneity, side located 3 m in front of the image plane (y = 0), (b) ratio of voltages

(target case/uniform case) for (a) (x = 0) depicting the spatial changes in voltage caused by the addition of the target (represented

by dashed box). Current = 0.5 A.
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Cross-borehole synthetic data models

In our synthetic ERT experiments, two boreholes are fitted
with several electrodes to image the resistivity distribution
in the volume between the boreholes. Forward and inverse
model grids are used to simulate field experiments contain-
ing possible borehole inversion effects and shadow effects.
Several simulations are performed to evaluate various bore-
hole conditions, and positions of a single heterogeneity, on
the inversion results.

Forward solution

A model was defined to simulate ERT data collected in two
15-m long vertical boreholes, 10 m apart, each containing
16 equally spaced electrodes. The 3D forward model utilizes
a 61x45x47 hexahedral mesh covering a region
260 m x 254 m x 140 m to account for current flow towards
infinite boundaries. Within the 3D mesh, element sizes in
the x- and y-directions increase away from the centrally lo-
cated boreholes. In the (vertical) z-direction, element sizes
increase with depth below the bottom of the boreholes.
Accuracy of the solution was tested by comparing numerical
model results with those from a uniform half space, for
which an analytical solution can be derived. The grid was
considered appropriate when all simulated measurements
showed errors less than 2%.

Cross-borehole ERT experiments are conducted in bore-
holes, typically with a 0.1 m or greater diameter attributed
to common drilling limitations, and to allow for multiple
uses (e.g. monitoring, sampling and injection). Because of
the hexahedral finite elements used in the 3D model, the
two boreholes for the modeled ERT experiments are simu-
lated as prismatic heterogeneities, and not as actual cylin-
ders. Therefore, the results of the study are not
geometrically exact. Although not tested, it is anticipated
the differences are minor. Boreholes with 0.1 m diameters
are simulated except where noted. Prisms composed of
2 x 2 x 30 cubic elements are used to simulate the 15-m long
boreholes. Fig. 4 shows a cross-sectional view of a small
portion of the forward model mesh in the borehole area.
Prisms composed of 4 x 4 x 30 elements are used to simulate
0.2 m-diameter boreholes for comparison.

A ’skip-2’ measurement schedule is applied in which two
electrodes separate the current electrode pair (or potential
electrode pair), i.e. a dipole length of 3 m is used. This mea-
surement schedule is used to increase the resolution further
away from the borehole compared to an electrode pair with
a smaller separation distance, while maintaining good reso-
lution near the boreholes. In addition, this skip schedule im-
proves the signal to noise ratio (Slater et al., 2000).
Evaluation of different electrode configurations is described
by Zhou and Greenhalgh (2000).

A baseline forward model was developed with a uniform
resistivity of 100 um. Two percent random (Gaussian) noise
was added to approximate conditions typical of field data.

Numerical inversion

The inverse problem uses a different mesh than the forward
model, which is common practice (Binley et al., 1996). The

Borehole 1 Borehole 2
Z=0m
Z=15m
6 .4 -2 0 2 4 6
Meters
- Target A

Figure 4 Cross-sectional view of a small portion of the 3D
forward model mesh showing the grid spacings near the two
boreholes. The location of a single, 8 m® cubic heterogeneity
(target A) is shown between the boreholes. Boreholes are
located 10 m apart. One electrode is located in each 1 m thick
layer in each borehole.

inversion model uses a node-centered, 2D, quadrilateral
mesh composed of 52 x 46 square elements (Fig. 5) and
was chosen based on previous ERT experiments. Outside
the area shown in Fig. 5 the elements increase in size away
from the boreholes. The mesh is parameterized into resis-
tivity blocks of four (2 x 2) elements. Each borehole loca-
tion is defined by a column of 16 electrodes on 1-m
spacings. The data weight matrix, W, in Eq. (3) was set to
be consistent with the applied random noise.

Model simulations and results analysis

Selected conditions were simulated to evaluate potential 3D
borehole inversion effects and shadow effects in ERT exper-
iments. Borehole inversion effects were examined by mod-
eling several sets of conditions, each simulating ERT
between two boreholes. The first set of conditions has a
one order of magnitude contrast between the borehole-fill
material and the host formation. The next model simulates
a borehole-fill material with two orders of magnitude con-
trast with the host formation. The borehole diameter is dou-
bled to evaluate the potential significance of hole size on
borehole inversion effects. A cubic heterogeneity (target
A) is introduced between the boreholes (see Fig. 4 for loca-
tion) to evaluate the significance of borehole inversion ef-
fects on the ERT image precision.
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Figure 5 A small portion of the finite element inversion
model mesh and inversion parameterization in the borehole
areas for the inversion process. Mesh extends beyond what is
shown to reduce the effects of boundary conditions. Scales are
in meters.

To study shadow effects, target A, centered in the y-
direction (v =0) in previous simulations, is repositioned at
distances of 1, 3and 5m (i.e.y=1m, y=3mand y=5m)
away from the image plane in separate simulations. In the
x-direction, target A was centered (x=4 to 6m) and
off-centered (x=2 to 4m) in separate simulations. The
background resistivity for all simulations was 100 pm
(logqo-resistivity =2 um) All tomograms are presented on
log,o-resistivity scales for visual clarity. Not all the resultant
tomograms of the model simulations presented share a com-
mon resistivity scale because the purpose of this work is to
illustrate characteristic artifacts and subtle differences that
otherwise might be masked.

The resolution of ERT is a function of many factors
including data accuracy, electrode geometry, electrode
sampling schemes, and other factors (Daily and Ramirez,
1995). Changes in the measurement scheme, number of
electrodes, and the variables in the model itself (e.g.
smoothing factors) lead to different solutions. Four grid ele-
ments compose the smallest area that can be resolved by
the inversion model developed for this investigation be-
cause a single parameter is 2 x 2. Although the model simu-
lations  represent  simplified conditions, general
characteristics of borehole inversion effects, and shadow
effects are illustrated relative to tomograms typical of
cross-borehole ERT field experiments.

Borehole effects

Two simulations of ERT between two 0.1-m diameter bore-
holes were conducted with contrasting borehole fill from

the host formation to illustrate borehole effects a function
of the fill contrast. One simulation with a borehole fill resis-
tivity of 10 um (logqo-resistivity =1 um) and the second
simulation with a borehole fill resistivity of 1 um (log;o-resis-
tivity = 0 um). Fig. 6a shows the image of a borehole fill/for-
mation resistivity contrast BHpcontrast = 0.10. There is very
little change from the uniform case. Fig. 6b is an image with
a value of BHpcontrast = 0.01. Artifacts resulting from bore-
hole inversion effects are evident as the highly resistive bor-
ders that frame the image, particularly the columns that
parallel the boreholes and the conductive zone that is imaged
between the boreholes. These artifacts result from preferen-
tial current flow up and down the borehole rather than di-
rectly into the formation, causing the inversion algorithm
to generate artifacts to account for the apparent decrease
in current density within the borehole relative to the absence
of borehole fill, and distortions in the electric field.

Two 0.2 m-diameter boreholes with contrasting fill resis-
tivities were simulated to illustrate the significance of bore-
hole diameter on borehole inversion effects. Each borehole
was represented (in plan) as four elements wide in the x-
and z-directions. This required a slight modification to the
model grid used to simulate 0.1-m diameter boreholes.

The first model used BHpcontrast = 0.1 and the second
model used BHpcontrast = 0.01. Fig. 6c shows the results
for BHpcontrast =0.1. Fig. 6d shows the results for
BHpcontrast = 0.01. Comparison of Fig. 6a with Fig. 6c and b
with Fig. 6d demonstrates that increasing the borehole
diameter causes the resistive artifacts to intensify. The
resistivity patterns between Fig. 6c and d are similar be-
cause the geometry of current flow is similar for both sce-
narios. Inaccuracies created by the 2D forward solver
during the inversion process are greater for the larger diam-
eter boreholes, resulting in greater borehole effects.

Borehole inversion effects plus heterogeneity

A2 mx2mx2m cubic heterogeneity is modeled initially in
a homogeneous medium without boreholes, and then again
with boreholes of contrasting resistivities in order to evalu-
ate interferences by borehole inversion effects. Fig. 7 shows
the locations of the four named targets. Target A. is cen-
tered in the x-direction; target A,c is non-centered in the
x-direction. The resistivity contrast of the target (the
ratio of the target resistivity/formation resistivity) was
Tocontrast = 0.01 for these model simulations. The target
resistivity was 1 um (log;g resistivity = 0 um) within a forma-
tion of resistivity 100 um (logqo resistivity = 2 um).

Centered target (target A.)

Fig. 8a is a tomogram showing the resolution of target A.
with Tpcontrast = 0.01 within a uniform formation without
boreholes (i.e. BHpcontrast = 1.0). Target A. is imaged as a
resistivity low. However, an increase in resistivity is seen
outside the target area due to the regularization of the
inversion. The large size of the anomaly relative to the ac-
tual target body, and the weakness of the recovered con-
trast in resistivity relative to the background is indicative
of the weak sensitivity of ERT away from the electrodes
coupled with the limited extent of the target (2 m) normal
to the image plane.
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Figure 8 Tomograms of a centered 8 m* cube (represented by box), target A, with Tpcontrast = 0.01: (@) no boreholes, (b) two
boreholes with BHpcontrast = 0.1 and (c) two boreholes with BHpcontrast = 0.01.
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Two additional model runs were completed to simulate
target A. between two conductive boreholes. Fig. 8b shows
the resultant image for BHpcontrast =0.10 and Tpcon-
wast = 0.01. Target A. is detected at the correct location
as a resistivity low. However, by increasing the contrast of
the borehole resistivity BHpcontrast = 0.01 by one order of
magnitude (smaller ratio value), the perimeter of the image
in Fig. 8c reveals significant borehole effects. A conductive
artifact also materializes above the target. Despite these
artifacts, there is a better definition of the inverted target
resistivity. Table 1 lists the arithmetic-mean resistivity val-
ues (of four center-most elements) derived by the inversion
model at the location of the geometric center of Target A.
for various modeled scenarios. Based on the images in Fig. 8
and/or data from Table 1, the following observations are
noteworthy: (1) BHpcontrast = 0.01 causes the inverted resis-
tivity at the geometric center of target A, and the target
size to be reproduced more accurately than without bore-
hole inversion effects and (2) BHpcontrast = 0.10 improves
the resolution of target A. inverted resistivity, and target
location is reproduced accurately; however, target size is
overestimated significantly for the reasons described above.

Non-centered target (target A,.)

To evaluate resolution for targets not exactly centered
between two columns of electrodes, target A,. with
Tocontrast = 0.01 is offset 2m (see Fig. 7a for location).
Fig. 9a shows the inverted resistivity distribution for target
Anc in an otherwise uniform formation without the presence
of boreholes. The imaged resistivity low more accurately
represents the true target resistivity compared to that for
the centered target. This is attributed to a better sensitivity
near the electrodes, yet the lowest resistivity is shifted
1.25m to the left of the target’s geometric center. Fig.
9b shows the inversion model results for the target between
two boreholes with BHpcontrast = 0.01. Target dimensions are
better approximated by the imaged anomaly compared to
the results for target A, without the presence of boreholes.
Borehole inversion effects cause the resistivity low to be
shifted 1.75 m to the right in the x-direction from the posi-
tion of target A,. by overwhelming the influence of the tar-
get. These simulations demonstrate borehole inversion
effects could have positive ramifications relative to target
definition if some information about the target is known a

Table 1

priori; however, misinterpretations relative to interpreta-
tion of target details are also possible.

Reduction of borehole inversion effects for time-
lapse studies

Reduction of borehole inversion effects is crucial for ERT
experiments when the shape and character of the target
are not known a priori. Where the collection of time se-
quenced data is possible, analysis of ERT field data as in-
verted ratios of R.,: reduces the borehole inversion effects
if the resistivity of the borehole fill/fluid remains relatively
unchanged between data collection periods. R, is defined
as (Daily et al., 1995):

R
Ry = (R—Z) * R, (5)

where Ry transfer resistance at time t;, Ry, is the transfer
resistance at a subsequent time t;, and R, is the transfer
resistance for the homogeneous resistivity distribution pre-
dicted by the forward model synthetic test case.

Fig. 10 is an image of the inverted R, values, where the
baseline case has two boreholes with BHpcontrast = 0.01, and
the subsequent case also incorporates target A. (centered
target) with Tpcontrast = 0.01. These were simulated to eval-
uate the condition of a target developing between measure-
ment periods (e.g. during a tracer test). Though showing a
cleaner picture by reducing borehole effects significantly,
Fig. 10 shows that the details of target A. are lost in compar-
ison with Fig. 8c, the case of borehole inversion effects in-
cluded. These results suggest that borehole inversion
effects may actually be advantageous when the data are im-
aged both ways (single data sets plus ratio data sets) depend-
ing on the size, shape, orientation and location of the target.
Borehole inversion effects enhance the contrast of the tar-
get (Table 1), and result in an image that more accurately
represents its size in this case. In fact, the geometric mean
resistivity distribution at target A. derived by inversion of
R.at values is actually 10% greater than the resistivity for
the case of target A. without boreholes, whereby definition
of the target is diminished. Inversion of R, values provides a
means to differentiate anomalies from artifacts. One can
qualitatively determine the degree of the borehole inversion
effects by comparison of the data imaged both ways.

The arithmetic-mean resistivity values (of four center-most elements) derived by the inversion model at the location of

the geometric center of the targets for various modeled scenarios

Target name

Arithmetic-mean resistivity (2m) at geometric
center of target within y =0 plane

Centered Non-centered
No BH None 81.87 74.41
BHpcontrast = 0.10 Target A 87.08 77.09
BHpcontrast = 0.01 Target A 46.92 65.85
BH ratio Target A 90.06 NA
Shadow: out 1 m Target B 89.17 87.61
Shadow: out 3 m Target C 97.38 99.97

Resistivity of targets B and C is 1 Qm. Resistivity of the background is 100 Qm.

NA, not applicable.
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Figure 10 Image of inverted R, values, where R;; has two
boreholes with a BHpcontrast = 0.01, and Ry, also incorporates
target Ac with a Tpcontrast = 0.01.

Shadow effects

Inversion artifacts may also result from the use of 2D inver-
sion codes for 3D structures located outside the 2D image
plane. Development of inversion shadow effects is evalu-
ated for an 8 m?, target heterogeneity with Tpcontrast = 0.01
where the edge is located out of the image plane (y =0 m)
by distances of y=1m (target B), y=3m (target C) and
y =5m (target D) (see Fig. 7 for locations).

Modeled results for target B are shown as images in Fig.
11. Fig. 11a shows the image for target B. (centered in the
x-direction between two columns of electrodes), and Fig.
11b shows the image for target B, (2 m to the left of cen-
ter) between the same two columns of electrodes. In both
instances the resistivity low is a shadow of the target and
is actually an artifact rather than the true anomaly. The
2D inversion code interprets the refracted electric field as
a change in the resistivity distribution causing a shadow of
the target to be generated within the image plane. There-
fore, what appears to be an accurately located target actu-
ally is located 1 m away in the y-direction.

Table 1 lists calculated arithmetic-mean resistivity val-
ues within the image plane (y = 0) at the center of targets
B and C in the x- and z-directions; there is no change from
the homogeneous distribution with the inclusion of target

D. In comparison to the data for target A, the shadow resis-
tivities for targets B and C are greater (i.e. the effects
weaken, as expected, as the target is moved away from
the image plane). The centered and non-centered targets
show some minor contrast in shadow effects for the cases
considered. Target C results in less than 5% change from
homogeneous conditions with the absence of the target
(Fig. 12). Target C,. causes essentially no change from the
homogeneous resistivity distribution. Fig. 12 illustrates that
the model response to target B is affected more when the
target is located nearer to the electrodes and less than
1.5 m from the image plane. However, the shadow of target
C. is detectable at a distance of 3 m from the image plane
unlike the target C,.. These results demonstrate the impact
of the 3D sensitivity of ERT data, which is also likely to be
dependent on the measurement scheme adopted: larger di-
pole lengths are likely to lead to greater sensitivity to off-
plane subsurface heterogeneity.

Conclusions

Conventional 2.5D inversion algorithms misinterpret the
voltage distribution from a 3D body causing errors in the
resultant resistivity distribution. The modeling results re-
ported here show that borehole effects are proportional
to the contrast in borehole resistivity relative to the forma-
tion resistivity. 2.5D inversion algorithms may misrepresent
the location of a target heterogeneity located between two
boreholes or completely mask it altogether due to borehole
effects. A significant potential ramification of artifacts
being confused for anomalies may be the incorrect place-
ment of monitoring, extraction, or treatment wells. For
example, an apparently conductive zone could lead to well
sitings intended to take advantage of a possible preferential
pathway that may in fact not exist. However, analysis of
time-sequenced data sets, e.g. using ratioed resistance
data, may help to reduce borehole inversion effects, and
thus the risk of misinterpretations.

The presence of a heterogeneity located outside the im-
age plane can influence cross-borehole ERT data. Our re-
sults demonstrate that shadow effects are dependent
upon the target location within the plane and distance from
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the plane. Although not tested in this study, the distance to
which shadow effects are inconsequential will be site-spe-
cific, and depend also on the size of the heterogeneity
and its resistivity contrast to the host rock. The algorithm
incorrectly represents the true homogeneous resistivity of
the image plane through shadow effects and may result in
misleading interpretations. This is a potentially a significant
problem in site characterization and remediation design as
described above for the borehole inversion effects. These
results are also significant for analysis of tracer data using
ERT: off-plane tracer mass may be incorrectly interpreted
to be in-plane. Failure to account for such effects may re-
sult in inaccurate estimates of transport parameters, e.g.
advection and dispersion.

3D effects in 2D electrical imaging will likely lead to false
impressions about the size, shape and location of the target
heterogeneity. Many downhole electrical geophysical exper-
iments are conducted in boreholes with contrasting resistiv-
ity to the formation, and where the objective of the
investigations is to locate or track a migrating contaminant
plume between two boreholes. It will therefore be
necessary for investigators to resolve the 3D impact by well
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Image of shadow effects (resistivity low) caused by target B (8 m® cube represented by box) with Tpcontrast = 0.01 out of

designed experiments. The following steps could be consid-
ered as helping to reduce borehole effects in the inversion:

1. minimize borehole diameter;

2. minimize the contrast between borehole fill materials
and the native formation materials;

3. measure the resistivity of the borehole fill/water and use
this within a 3D forward model as part of the inversion
approach;

4. model changes in resistivity, e.g. using data ratios, for
time-lapse studies.

Shadow effects can be reduced by reducing the dipole
length of four electrode measurements; however, this may
be detrimental to data quality and resolution within the im-
age plane. One should, however, attempt to quantify the
off-plane sensitivity in all cases where shadow effects may
occur.
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