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The borehole-fluid effect in ERT

ABSTRACT

Fluid that fills boreholes in crosswell electrical-resistivity investigations provides the
necessary electrical contact between the electrodes and the rock formation, but it is also the
source of image artifacts in standard inversions that do not account for the effects of the
boreholes. The image distortions can be severe for large resistivity contrasts between the rock
formation and borehole fluid and for large borehole diameters. We have carried out 3-D
finite-element modeling using an unstructured-grid approach to quantify the magnitude of
borehole effects for different resistivity contrasts, borehole diameters, and electrode
configurations. Relatively common resistivity contrasts of 100 : 1 and borehole diameters of
10 and 20 cm yielded, for a bipole length 5 m, apparent resistivity underestimates of
approximately 12% and 32% when using AB-MN configurations and apparent resistivity
overestimates approximately 24% and 95% when using AM-BN configurations. Effects are
generally more severe at shorter bipole spacings. We report here the results obtained by either
including or ignoring the boreholes in inversions of 3-D field data from a test site in
Switzerland, where approximately 10,000 crosswell resistivity tomography measurements
were made across six acquisition planes between four boreholes. Inversions of raw data that
ignored the boreholes filled with low resistivity fluid paradoxically produced high resistivity
artifacts around the boreholes. Including correction factors based on the modeling results for a
1-D model with and without the boreholes did not markedly improve the images. The only
satisfactory approach was to use a 3-D inversion code that explicitly incorporated the
boreholes in the actual inversion. This new approach yielded an electrical resistivity image
that was devoid of artifacts around the boreholes and that correlated well with co-incident

crosswell radar images.

1.1 INTRODUCTION

Crosswell and borehole-to-surface electrical resistance tomography (ERT) is a popular
and powerful method of subsurface imaging in engineering and environmental investigations
[LaBrecque et al., 1996a; Slater et al., 2000; Linde et al., 2006a; Wilkinson et al., 2010 and
references contained therein]. The boreholes used for such ERT investigations are usually
partially filled with water, either naturally if below the water table or artificially if
measurements are made in the unsaturated zone. The water provides electrical contact
between the suspended electrode string and the surrounding rock formation (i.e., the rock

matrix with its associated pore-filling fluids). Other methods of installing the electrodes less



common but still provide adequate electrode coupling. For example, electrodes can be
mounted on the outside of a PVC tube that is lowered down the well and held in firm contact
with the borehole wall (mandatory in air-filled holes), or the borehole can be back-filled with
mud or moist sand after the electrode string is deployed.

In most common near-surface geological settings, the rock has a higher electrical
resistivity than its contained fluid [Keller and Frischknecht, 1966]. Regardless of the method
of electrical contact used (fluid-filled or soil-filled holes), there is usually a substantial
contrast between the resistivity of the rock formation p, and that of the borehole fluid p pe
This contrast usually results in a narrow cylindrical conductive anomaly that influences the
ERT measurements. The current from a borehole source will preferentially flow within the
more conductive fluid rather than out into the rock. The p, :p, contrast, and hence the
associated borehole effect on ERT measurements, will be particularly large if the borehole is
filled with saline fluid or clay and the host material is hard rock. In a later section of this
paper we investigate an ERT field example involving a saturated gravel aquifer. Using
Archie's law [Archie, 1942], and assuming a porosity of 0.25, a cementation factor of 1.5, and
the same salinity water in the borehole as in the pore space of the rock, the expected
resistivity contrast p :p  between the saturated gravel and water-filled borehole is about
8:1. Even such a modest contrast has a significant effect on the cross-hole apparent
resistivities. It should be remarked that a resistive air-filled borehole also constitutes a 3-D
anomalous structure that will affect the measurements (when electrodes are held in direct
contact with the formation), but not as severely as in the conductive case.

The borehole fluid effect is well known in electric-well logging, in which the influence of
not only the borehole fluid but also that of the mud cake and mud filtrate surrounding the
borehole are taken into account [Darling, 2005]. Special focused well-logging resistivity tools
incorporate additional guard electrodes to force the current to flow radially outwards into the
formation, rather than axially within the conductive fluid.

In ERT investigations, the borehole effect is rarely considered. Data are generally
inverted and interpreted without due account for the resistivity contrast between the rock
formation and borehole fluid. Yet, a number of studies [Daily and Ramirez, 1995; Osiensky et
al., 2004; Daily et al., 2005; Nimmer et al., 2008] have demonstrated that this approach can
produce serious artifacts (i.e., fictitious features in the inverted resistivity images). One reason
why this effect is often ignored in crosswell ERT is that to adequately incorporate the

boreholes in both the forward modeling and inversion codes requires a 3-D representation of
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the subsurface that allows the narrow boreholes and adjacent regions to be very densely
meshed. This can only be achieved satisfactorily with an unstructured finite-element mesh,
such as described by Riicker et al., [2006], Giinther et al. [2006], and Blome et al. [2009].
Most ERT forward modeling and inversion codes are based on structured (regular) grids or
meshes that cannot adequately or efficiently represent boreholes, particularly when they
deviate from the vertical or horizontal. With structured meshes, it is computationally
prohibitive to use very fine grids, especially in 3-D. As a consequence, most ERT
reconstructions are based on 2.5-D modeling that treats the boreholes (if at all) as infinite
sheets (2-D structures) rather than as cylinders (3-D structures).

By means of a regular 3-D finite-difference modeling approach, Osiensky et al. [2004]
compute the equipotential pattern surrounding a current source placed at the bottom of a
square borehole located within a homogeneous rock formation. They present results for the
borehole being either fully air-filled (i.e., more resistive than the host formation) or partially
liquid-filled with fresh or saline water (i.e., more conductive than the host formation). The air-
filled hole yields quasi-circular equipotential contours, whereas in the case of a conductive
fluid the equipotentials are more elliptical and elongated in the direction of the borehole. The
ellipticity increases with the resistivity contrast. Voltage levels in the rock formation differ
substantially for the two cases (air-filled versus saline-fluid-filled) in the near-vicinity of the
borehole, but the equipotentials appear quite similar in shape and magnitude at a distance of
two to three times the borehole depth. Osiensky et al. [2004] suggest that failure to consider
this “noise” in crosswell or borehole-to-surface measurements can lead to incorrect
interpretations of the apparent resistivities.

Nimmer at al. [2008] used a structured finite-element method (FEM) approach to
numerically compute the spatial variations of voltage ratio for a downhole current electrode in
either an air-filled or a partially liquid-filled borehole. The ratio was taken relative to the
situation of no borehole at all (i.e., current electrodes buried in a half-space). They show that
the increased current density in the liquid-filled borehole results in lower current density in
the formation and therefore anomalously reduced voltages (i.e., ratios of < 1). Conversely, the
air-filled hole results in slightly higher voltages in the formation (i.e., increased current
density) due to the resistive cylinder. They also present inversion results for synthetic
tomography experiments involving roving bipoles of 3 m length in two 15-m-deep boreholes
placed 10 m apart. Each 10 % 10 cm square borehole, which is represented by a regular FEM
grid of 2 x 2 x 30 cells, is occupied by 16 electrodes. Nimmer at al. [2008] consider p, : p,



values of 10: 1 and 100 : 1. Inversion results based on the lower contrast differ little from
those obtained for a medium without boreholes (i.e., current electrodes buried in a half-space),
whereas the results based on the higher contrast contain significant artifacts. They repeated
the experiments for 20 x 20 cm square boreholes (using four times as many cells to represent
each borehole) and found the artifacts to intensify. The image discrepancy compared to the
no-borehole case was a consequence of the inversion algorithm trying to compensate for
increased current density in the liquid-filled borehole.

Nimmer et al. [2008] caution against ignoring the borehole-fluid effect whenever the
distances involved are small, when the borehole diameters exceed 20 cm, or when the p : p E
approaches 100 : 1. In such situations they recommend measuring the borehole fluid
resistivity and incorporating it in the forward modeling as part of the inversion. However,
they suggest that the borehole effects are far less severe in time-lapse tomography
investigations, such that they can possibly be ignored if the ratios of voltage (or apparent
resistivity) data acquired at different times are inverted, rather than the individual data sets
themselves. In this way, the problem of creating biased time-lapse inversion results is
effectively hidden.

In this contribution, we demonstrate that accurate forward modeling using a singularity
removal technique for the borehole sources and an unstructured mesh for representing narrow
boreholes are essential for reliable inversions of crosswell-ERT data. Our study differs from
that of Nimmer et al. [2008] in that we (1) only consider borehole-related artifacts in the
forward modeling of a homogeneous half-space and not other models, (2) consider a wider
range of bipole electrode configurations, (3) invert an extensive field data set rather than a
synthetic one, and (4) explore the possibility of eliminating the borehole-fluid effects from the
apparent resistivity data by calculating and applying correction factors.

After describing the homogeneous model, assumed borehole geometry, and very brief
details on the computer code, we present simulated apparent resistivities and related statistics
for a range of p :p  ratios, borehole diameters, electrode configurations, and bipole
separations. We then introduce our observed 3-D crosswell-ERT data [Coscia et al., 2010]
and show, for the very first time, the results of inverting data with the boreholes explicitly
included. For comparison, we also show the results of inverting the data without accounting
for the boreholes (i.e., the common practice in crosswell-ERT experiments). In an attempt to

minimize the computational effort, we next examine whether correction factors based on
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forward modeling studies enable corrected data to be inverted without the need to include the

boreholes in the models.

1.2 MODELING THE BOREHOLE-FLUID EFFECT

To investigate the borehole-fluid effect, we used a 100-Qm homogeneous half-space
model penetrated by two 10-m-deep vertical boreholes separated by 5 m (Figure 4.1). This
geometry matched that of the crosswell-ERT experiment at our field test site described later in
the paper. Modeling was performed for borehole diameters of 5, 10, and 20 cm and various
resistivities of the borehole fluid, such that the p, : p, contrasts ranged from 1: 1 to 600 : 1.
Depending on the objectives of the simulation, electrodes were placed at regular intervals of
0.25 or 1 m along the length of each borehole. Two basic recording configurations were
simulated (Figure 4.1). Either both current electrodes A and B were placed in one hole and
both potential electrodes M and N were located in the other hole (i.e., the so-called AB-MN
configurations) or the current electrodes were placed in separate holes, as were the potential
electrodes (i.e., the so-called AM-BN configurations). The spacings between the active
electrodes were varied from 1 to 9 m.

The modeling is carried out with the versatile 3-D FEM library DCFEMLIB [Riicker et
al., 2006], which uses an unstructured finite-element mesh. To achieve sufficient accuracy, a
singularity removal technique [Lowry et al., 1989] was used to accommodate the rapid decay
of electric potential around each point source position and a high density of elements is
automatically meshed around the boreholes (Figure 4.2). The singular potential can be
calculated either analytically for homogeneous flat-topography models or numerically using a
boundary-element method when surface topography is significant. The singular potential is
based on the true resistivity at the point source position (i.e., the borehole-fluid resistivity).
The non-singular potential is then computed numerically by the finite-element method.
Details on the procedure are given by Riicker et al. [2006] and Blome et al. [2009]. Final
results are presented as apparent resistivities.

We begin by examining apparent resistivity distributions for the three borehole diameters,
each p :p, contrast considered, and all possible recording configurations of the AB-MN and
AM-BN types (with electrode spacings incremented progressively by 1 m). If the borehole-
fluid effect is negligible, then the apparent resistivities would equal the true 100 Qm
resistivity, such that differences from 100 Qm are a measure of the borehole-fluid effect.

Figure 4.3 shows, in a simplified frequency-polygon form, illustrative data corresponding to a



contrast :p. equal to 10: 1. The spread of apparent resistivities around the true rock-
p. P, €q p pp

formation resistivity of 100 Qm increases with increasing borehole diameter. Even for this

narrow borehole-diameter, the variation in values is significant (of the order of 10%) at this

modest resistivity contrast. The discrepancies grow to 40% for the large diameter case.

Clearly, some recording geometries are more sensitive to the borehole-fluid effect than others,

as indicated by the outliers on the frequency polygon plot. The variations become larger as the

resistivity contrast increases (not shown). We found that the apparent resistivities can become

negative for certain asymmetric AB-MN configurations. Negative apparent resistivities are

neither uncommon nor unphysical and have been reported in previous studies [e.g., Marescot

et al., 2006; Jung et al., 2009].
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Figure 4.1. Model and crosswell recording geometries used in computing synthetic borehole responses. (a) AB-

MN configuration: both current electrodes in one hole and both potential electrodes in the other. (b)

AM-BN configuration: each hole contains one current electrode and one potential electrode.
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Figure 4.2. Typical unstructured mesh used to represent the subsurface within, around, and between boreholes

in a crosswell-ERT experiment.
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Figure 4.3. Frequency polygons of apparent resistivities obtained for all possible recording configurations (i.e.,
all combinations of A, B, M, and N electrode depths) and p :p . = 10: 1. The three curves

correspond to borehole diameters 5, 10, and 20 cm.
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Figure 4.4 shows apparent resistivities for electrodes at fixed depths of 1 m and 6 m in
both boreholes and varying p, :p, contrasts. The 5 m bipole length and 5 m hole separation
equate to 25 times the largest borehole diameter that we tested. The borehole-fluid effect
produces anomalously low apparent resistivities for the AB-MN configurations (Figure 4.4a),
which means that the voltages are smaller than if the boreholes were not present. The effect is
substantial (i.e., apparent resistivities too low by up to 80 %) for large resistivity contrasts and
large borehole diameters. Even for p :p  contrasts of just 100, the effects are ~12% and
~32% for the 10 and 20 cm borehole diameters. The reason for the decrease in apparent
resistivity over the no-borehole situation is that current density is increased in the source
borehole and reduced elsewhere, including within the borehole containing the potential
electrodes. Since the measured voltage is proportional to both the current density and the true
resistivity in the immediate vicinity of the potential electrodes, having the potential electrodes
in the low resistivity borehole fluid remote from the current source and sink results in
anomalously low voltages and hence anomalously low apparent resistivities.

For the AM-BN configurations (Figure 4.4b), the apparent resistivities are anomalously
high relative to the no-borehole situation. For a p, :p, contrast of 100, the effects are ~24%
and ~95% for the 10 and 20 cm borehole diameters, markedly higher deviations than for the
AB-MN configurations. The reason for the increase in apparent resistivity is that each
potential electrode shares the same hole as either the current source or the current sink where
current density is increased because of the conductive fluid. The increase in current density
overwhelms the effect of the low resistivity of the borehole fluid, such that it is sensed by the
potential electrodes as anomalously high voltages and apparent resistivities.

Plots of apparent resistivity versus bipole size for a 10-cm borehole diameter and a
resistivity contrast of 30: 1 are displayed in Figure 4.5 for the AB-MN and AM-BN
configurations; an electrode spacing of 0.25 m was used to generate these plots. The bipoles
were centered at the midpoint of the holes and their common sizes were varied. This Figure
reveals that the borehole-fluid effect increases with decreasing bipole size (AB, MN, AM, and
BN). It is more pronounced for the AM-BN configurations, with apparent resistivities
anomalous by as much as 36 % for a bipole spacing of 1 m. We also examined the influence
of bipole-midpoint depth in each hole. There is essentially no difference (not shown) for
symmetric configurations, as in normal scanning where each bipole is at the same depth, but
there are effects associated with the bottom and top of each hole. For asymmetric

configurations, in which the two bipoles do not share the same depth, the pattern is fairly



stable for AM-BN configurations but erratic for AB-MN configurations, with negative
apparent resistivities appearing when the depth difference between the two bipoles exceeds

half the borehole depth. This means that the AB-MN configurations can produce singularities
4r

in the geometric K factor, which is defined as K =—

and is thus a function of the distances between the potential electrodes M and N, and the true
underground sources A and B as well as the above ground mirror image sources A' and B'
[Giinther, 2004, page 45]. Physically this means that the voltage differences are very small
(i.e., potential electrodes lie close to the same equipotential surface) and can even change
sign.

The information contained in Figures 4.3 - 4.5 together with the results of earlier
synthetic studies by Osiensky et al. [2004] and Nimmer et al. [2008] demonstrate that
apparent resistivities in crosswell-ERT experiments are significantly influenced by the
borehole fluid. Unless the effects of the borehole fluids are accounted for, either by explicitly
including the boreholes in the finite-element mesh or possibly by applying correction factors
to the raw data, regularized tomographic inversions are likely to yield images contaminated
with artifacts. Some of the artifacts will be obvious (e.g., anomalous features along the
lengths of the boreholes), whereas others may not be easy to identify. In the following, we
explore both approaches for handling the borehole-fluid effect, namely: (1) explicitly
including the boreholes in the computational mesh, and (2) determining correction factors that

can be applied to the raw data, so that the boreholes can be ignored in the inversion process.

1.3 MULTI-HOLE 3-D ERT DATA SET

As part of a multidisciplinary effort to map changing aquifer conditions associated with
flood events in an adjacent river, we have recorded a large number of crosswell-ERT data sets
at a test site in Switzerland. The geology at this location includes a 3-m-thick surface layer of
alluvial sandy loam successively underlain by 1 m of unsaturated gravel, 6 m of water-
saturated gravel, and lacustrine clay of considerable thickness. The electrical characteristics

are listed in Table 4.1.
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Figure 4.5. Apparent resistivity versus bipole length (the same in each borehole) for a 10 cm borehole diameter
and p :p . = 30 : 1. The bipoles are centered at a depth of 5 m in each hole. Results are given for
the two recording configurations AB-MN and AM-BN.

Table 4.1. Layered (1D) model at the test site.

Unit Thickness [m] Resistivity [Qm)]

Loam 3 40

Unsaturated gravel 1 1000

Saturated gravel 250

Clay > 20



During a period of stable hydrological conditions when no flood events occurred (and
thus no temporal changes in electrical properties of the subsurface), we acquired one large 3-
D crosswell-ERT data set using four vertical boreholes located at the corners of a 5x 5 m
square. The 11.4-cm-diameter boreholes penetrated the entire geological section down to the
upper part of the clay-rich aquitard. Ten electrodes equally spaced at 0.7 m intervals were
installed along the screened part of each borehole that passed through the gravel aquifer. At
the time of the experiment, 9 of the electrodes were located within the water-saturated part of
the aquifer. The primary purpose of this experiment was to define resistivity variations within
the water-saturated part of the aquifer and to investigate the resolving capabilities of different
electrode configurations. Complementary crosswell radar and seismic experiments were
carried out between the same boreholes over the same depth range for hydrogeophysical
characterization of the aquifer (see Chapter 2).

Electrodes within the saturated zone of the gravel aquifer were used to give 3-D coverage
across the six possible acquisition planes provided by the 4 boreholes (see sketches at the top
of Figure 4.6). Of the 10,224 electrode combinations we employed, 2,464 configurations were
of the AB-MN type and 7,760 configurations were of the AM-BN type. The recording
instrument allows the repeatability of each voltage reading to be determined from multiple
measurements over each current cycle. Data having measurement deviations of more than 1%
were eliminated, reducing the data set to 10,035 measurements. We also eliminated
potentially noisy data acquired with electrode configurations distinguished by geometric K
factors > 1000; in fact electrode configurations with high K factors usually have low signal
levels, because the two potential electrodes are close to the same equipotential contour. The
remaining 9,203 raw measurements formed the full dataset.

Although it is possible to invert data sets with >9000 values, it is relatively time-
consuming. For this reason, we employed an optimized experimental-design procedure to
reduce the number of values without significantly reducing the resolution capabilities of the
data set. The sensitivities for each electrode configuration were first calculated using a 4-
layered earth model (Table 4.1) derived from previously acquired surface- and crosswell-ERT
data. The rows of the Jacobian matrix of sensitivities, each one corresponding to a particular
configuration, were then compared and used in an optimized experimental-design procedure.
Those configurations having the greatest degree of linear independence were added to the
base set of 1,000 most sensitive combinations. Details about this optimization approach are

described by Stummer et al. [2004] and Coscia et al. [2008]. In this way, we selected the
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5,000 most independent measurements. Our inversions were based on this reduced data set of

5,000 measurements.

1.4 3-D INVERSION RESULTS WITH AND WITHOUT BOREHOLES

We first inverted the 3-D data set using the BERT code [Giinther et al., 2006], with an
unstructured mesh that incorporated an adequate representation of the boreholes. Each
borehole was treated as an independent inversion region with spatial regularization five times
stronger than for other inversion regions, but there were no assumptions regarding the
electrical resistivity of the borehole fluid (for a discussion on region constraints, see Giinther
and Riicker [2009]). Although the active electrodes were limited to the water-saturated part of
the gravel aquifer, the resistivities of the overlying and underlying units as well as the
resistivities of immediately adjacent regions outside the cuboid defined by the boreholes will
influence the inversion results [Maurer and Friedel, 2006]. Accordingly, the inversion
domain was defined to be a cuboid of 10 x 10 m horizontal extent and 13.0 m depth.

For reliable and consistent inversion results, it was necessary to decouple the smoothness
constraints between the different layers, separating the unsaturated zone and the clay layer
from the principal zone of interest. The boundaries at the top and bottom of the saturated zone
were known to be sharp, such that smoothing across such boundaries can introduce spurious
features. It was therefore important to preserve the abrupt nature of the known lithological and
hydrological boundaries (based on the borehole geological logs) to allow subtle but important
3-D variations in resistivity within the gravel aquifer to be mapped. Inversions in which the
sharp boundaries were not enforced yielded highly variable and unrealistic resistivities within
the aquifer. By adopting this inversion approach, data misfit at the 3 - 4% error level was
achieved after four iterations. The starting model for the inversions was a 1-D layered
sequence (Table 4.1), based on the average resistivities determined from surface ERT and
borehole logs.

Results of the inversion are depicted in 3-D perspective view in Figure 4.6a and b for the
4 outer observation planes. To take advantage of the full color spectrum to represent the
relatively narrow but significant 100 - 270 Qm range of resistivities in the water-saturated
aquifer (the primary target of our investigations), the results for the overlying and underlying
layers are not presented in Figure 4.6. The inverted values for the lumped loam-unsaturated
zone are in excess of 500 Q@m and those for the clay are less than 50 Qm. The former are

consistent with results from companion surface ERT surveys, which yielded values of 60 Qm



for the loam and approximately 1000 Qm for the unsaturated gravel. Figure 4.6a and b reveal
quasi-subhorizontal resistivity layering near three of the boreholes and a rather diffuse
relatively high resistivity feature near the fourth borehole. The resistivity of the borehole fluid
has an average value of 27 Qm, only eight times lower than the average for the rock
formation.

Figure 4.6¢ and d show results of the unstructured BERT inversion with layer decoupling
of the gravel-clay and the saturated-unsaturated gravel interfaces, but completely ignoring the
boreholes (i.e., by not including them in the mesh generation). Even though the data misfit is
similar to runs that included the boreholes, this image is visually different to Figure 4.6a and
b; the correlation coefficient between the log resistivities in the two models across the six
borehole planes is 0.88. This coefficient might at first sight seem rather high but it should be
appreciated that the actual resistivity variations in the aquifer are quite small, and the
differences are further compressed when taking logarithms. The quasi-subhorizontal
resistivity layering seen in Figure 4.6a and b is not evident in Figure 4.6c and d.
Paradoxically, artificial high resistivity zones have been introduced at and around the
borehole locations, where in fact the resistivities are low. This is a consequence of the
majority of measured apparent resistivities being of the AM-BN type, which have
anomalously high values because of the increased current density within the borehole fluid
(Figure 4.4b). When the boreholes are not taken into account, the inversion algorithm cannot
differentiate whether an increased voltage is due to an increase in current density or an
increase in ground resistivity.

We have compared the two 3-D ERT models in Figure 4.6 with the coincident but
independently derived 3-D radar and seismic velocity models in Chapter 2. There is excellent
correspondence between the resistivity pattern depicted in Figure 4.6a and b and the radar and
seismic velocity patterns. The quasi-subhorizontal layering near three of the boreholes and the
diffuse feature near the fourth borehole are characteristics of all three 3-D tomograms. We can
quantify the correlations. For example, since electrical resistivities likely decrease and radar
permittivities likely increase with increased porosity within the saturated gravel, we expect
these two parameters to be strongly anti-correlated in the region of interest (even though
spatial variations of clay content will probably decrease this anti-correlation). Cross-
correlations of the radar permittivity model with the resistivity models based on the ERT
inversions with and without the boreholes yield correlation coefficients of -0.66 and -0.52,

demonstrating that the ERT inversion with boreholes produces a model that corresponds more
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closely to the radar permittivity model than that produced by the inversion that ignores them.
These results indicate that the model that ignores the borehole is of limited value to make

inferences about internal lithological variations within the gravel aquifer.
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Figure 4.6. Crosswell-ERT data were acquired between 4 boreholes located at the corners of a 5 x 5 m square (a
total of 6 planes; see sketches at the top) and inverted using the program BERT with an unstructured
mesh. (a) and (b) Two perspective views of a model derived from a 3-D inversion that explicitly
incorporates the boreholes (the outer 4 planes are shown). (¢) and (d) Corresponding views for a 3-
D inversion that did not incorporate the boreholes. Note the high resistivity artifacts along the
boreholes in (c) and (d). Note that the color bar is clipped at each end so that any resistivities lower
than 100 Qm remains blue and any resistivity higher than 270 Qm remains red. The actual

recovered borehole resistivity is 27 Qm.

1.5 THE INADEQUACY OF CORRECTION FACTORS

To avoid the extra computational effort and sophistication that results from including the
boreholes in the finite-element meshes, we now investigate the possibility of calculating and
applying borehole-fluid correction factors to the data prior to inversion. If this approach
proves to be viable, standard schemes based on structured meshes that do not incorporate the

boreholes could be used to invert the corrected crosswell-ERT data. We determine the first



suite of correction factors by applying the forward component of the BERT software to the 1-
D layered model shown in Table 4.1 with the boreholes and then without the boreholes. The
correction factors are the ratios of apparent resistivities from the two forward modeling runs.
They are shown in frequency polygon form by the dashed line in Figure 4.7 for the various
electrode configurations. The values range from 0.7 to 1.15.

These correction factors were applied to the observed apparent resistivity data and the
corrected data were then inverted using the BERT code and an unstructured mesh that ignored
the boreholes. The inverted model shown in Figure 4.8a and b is quite different to both the
model obtained incorporating the boreholes (Figure 4.6a and b) and the one obtained without
applying correction factors (Figure 4.6c and d). The correlation coefficient between this
model and the model that explicitly incorporates the boreholes is 0.93. The artifacts along the
boreholes in Figure 4.8a and b are not as pronounced as in Figure 4.6¢ and d, but they are
sufficiently strong to obscure the pattern of resistivities between the boreholes. This result
clearly shows that corrections based on a layered model are inadequate for this data set.

We repeated the calculation and application of correction factors, but this time we
replaced the 1-D model (Table 4.1) with the final 3-D model of Figure 4.6a and b. The
distribution of these correction factors is shown by the solid line in Figure 4.7. The shape of
this histogram is notably different from that generated for the 1-D model. These 3-D-model-
based correction factors were then applied to the field data and an inversion was performed
ignoring the boreholes. The resultant model displayed in Figure 4.8c and d is very similar to
that presented in Figure 4.6a and b, with a correlation coefficient of 0.98 between the two
models.

Of course, in practice, the true model is not known in advance, so using correction factors
based on the final 3-D model is not feasible. Since correction factors based on a 1-D starting
model are demonstrably insufficient, the only satisfactory approach to account for the
borehole-fluid effect is to represent the boreholes in an appropriate unstructured mesh and

explicitly include them in the inversion process.
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Figure 4.7. Frequency polygons of borehole-correction factors based on apparent-resistivity ratios computed for
each electrode configuration with and without the boreholes. The two curves are for the layered (1-
D) model of Table 4.1 and the actual 3-D inverted model in Figure 4.6c and d. The difference in the

patterns is quite large.
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Figure 4.8. (a) and (b) 3-D inversion result using the program BERT with an unstructured mesh after first
correcting the input data for the borehole effects according to the layered model of Table 4.1 and
then ignoring the boreholes in the actual inversion. Note the high resistivity artifacts around the
boreholes compared to Figure 4.6a and b. (¢) and (d) As for (a) and (b), but first correcting the input
data for the borehole effect according to the 3-D inversion result of Figure 4.6a and b. The result is
quite similar to that of Figure 4.6a and b. Of course, one would not have the true model (i.e., Figure
4.6a and b) to make such corrections in practice, so the only purpose of doing it here is to emphasize
the inadequacy of corrections based on the 1-D model (albeit with the approximately correct
background resistivity). Note that the color bar is clipped at each end so that any resistivities lower

than 100 Qm remains blue and any resistivity higher than 270 Qm remains red.



1.6 CONCLUSIONS

We have undertaken a systematic investigation of the influence of fluid-filled boreholes

on the modeling and inversion of crosshole-ERT data. Our study is the first to include the

boreholes and their fluid fill in the inversion process. This was achieved by representing the

borehole by a dense network of elements in an unstructured mesh. The most important

conclusions to emerge can be summarized as follows.

The electrical resistivity structure of the ground, the resistivity contrast between
the rock formation and borehole fluid, as well as survey design/geometrical
factors (e.g., the borehole diameter, depth, hole spacing, electrode recording
configuration) all play an important role in the borehole-fluid effect. This effect
intensifies as the resistivity contrast p, : p, and borehole diameter increase, and as
the bipole spacing decreases. For AB-MN configurations, the apparent resistivities
are underestimated whereas for AM-BN configurations they are overestimated.

At our field study site, a very low resistivity contrast of 8 : 1 between the rock
formation and the borehole fluid in the 11.4-cm-diameter boreholes produces
artifacts that are much more significant than predicted by synthetic modeling; the
effect appears to be severe even for the S5-cm-diameter boreholes used in
complementary time-lapse ERT investigations at the site (results not presented
here). Our results show that the effect is minor for forward modeling borehole
diameters <10 cm and a resistivity contrast of 10: 1, but the effect greatly
intensifies for inversions, such that significant artifacts can be produced in an
inversion model; such error amplification effects are well known in seismic
tomography.

Correction factors based on simulations for a 1-D resistivity model with and
without boreholes does not allow an inversion procedure that ignores the
boreholes to recover the subsurface resistivity distribution.

Trustworthy models of minor electrical resistivity variations based on ERT data
acquired in fluid-filled boreholes can only be achieved by including the boreholes
in the inversion. This is not really feasible with structured grids and necessitates
an unstructured mesh approach. Time-lapse inversion utilizing ratios or
differences of apparent resistivities or voltages is likely to be less influenced by
the borehole effect and could be a partial remedy to the problem. However, this

requires further investigation. In a strict theoretical sense, the sensitivity kernels
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required in the inversion-parameter updates at each iteration to resolve subtle
electrical resistivity variations should be based on an accurate model that
incorporates the boreholes.

* Since the inclusion of particularly small boreholes increases the number of
tetrahedral, this could increase the memory and run time of the inversion process
considerably. In the case of a constant borehole fluid conductivity one could easily
combine the inversion cells of each borehole to one unknown, which is possible
with the code used.

¢ If unstructured-mesh numerical modeling and inversion capability is not available
to practitioners, then our advice would be to use an alternative to fluid coupling of
the electrodes in the boreholes. Examples would include electrodes mounted on
the outside of a PVC pipe in an air-filled hole and held in firm contact with air-

filled borehole walls.
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