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ABSTRACT

A new electrical method for monitoring contaminant plumes in
groundwater is presénted. The technique involves the use of a three-
dimensional grid of electrodes installed in the ground. Current is
introduced through any pair of electrodes with voltage rec.orded between
the two intermediate electrodes. Using all possible combinations of
electrodes, this operation is repeated in both a downhole and crosshole
hanner, thereby scanning the entire region covered by the grid. By
assembling all of the voltage measurements, an apparent conductivity
distribution of tﬁe subsurface is produced using a simple analytical
equation.

In the absence of fiel&: data, the method was evaluated
theoretically with the use of a numerical model. Results from a
sensitivity analysis indicate that crosshole and downhole scans can be
used in combination with each other to infer the location of a plume
based on the conductivity pattern provided by each one. Crosshole scans
are not particularly useful in resolving the vertical position of a
plume, but rather its horizontal location. For this to occur, however,
the horizontal extent of . plume must be roughly equal to, or exceed,
the horizontal spacing between boreholes. Downhole scans can more
accurately determine the vertical positicon of a plume, limit its
probably horizontal extent and, because of its smaller "a" spacing,
provide a closer estimate of the actual conductivity. A downhole scan,
however, must pass through a portion of the plume to obtain results

which could be consicered as significant.
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Simulated background noise created by heterogeneities in the
medium, were eliminated from the cornductivity pattern by employing the
concept of residual mapping. Normalizing the data with a proper set of
background conditions serves to highlight any variation iﬁ conductivity
which could arise from the introduction of a plume in the subsurface.

By introducing current and measuring voltages within the ground,
this technique provides for a more focused and systematic investigation
of the subsurface. This also avoids the loss of information with depth
which inevitably accompanies a conventional surface methed. It is
suggested that the borehole electrode network could assume the role of
providing low-cost detection duties for a site, in combination with

chemical data given by wells.
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1. INTRODUCTION

One of the purposes of groundwateyr monitoring is to document, over
time, any change in the groundwater chemistry. In the at;sence of a
defined problem of contamination, monitoring wells are installed around
all or part of the perimeter of a potential contaminant source. By
carefully observing the long-term behavior of these wells in terms of
particular contaminants, or certain "indicator" parameters, the
development of a contamination problem will be apparent. In this
manner, the wells serve as sentinel devices producing a reasonably
effective warning system for the site. When a problem of contamination
is known to already exist, monitoring with a system of properly located
wells will document the pattern of continued spreading, or the
success/failure of efforts to clean up the site.

Conventional monitoring in this manner is not without its limita-
tions. First, the information from each sample is representative of
only a small volume of the sibsurface and therefore it |is
point-specifie. Although point sampies are desirable from the stand-
point of accuracy and describing the position of a; plume, they
irherently have no capability of providing an early warning of the
future arrival of a plume front. Unless a sufficient number of closely
spaced wells are properly located near the potential contaminant source
and sre frequently sampled, the presence of a plume may go undetected
until it reaches a considerable size. The resulting cleanup costs would
therefore be higher than if the plume were detected sooner when it was

less extensive. In fact, depending cn how well the monitoring network



was laid out, a plume could go complately undetected. A second impor-
tant limitation with conventional wonitoring is the high ongoing opera-
tiomal costs. These costs include the manpower requirements for carry-
ing out well purging and sample collection as well as the actual costs
of performing the laboratory analyses.

Another possibility for monitoring is to employ some kind of
electrical method. These techniques exploit the relation between
increacsed electrical conductance and elevated disso_lved solid conm-
centrations usually associated with a contaminant plume. However, given
the generally mixed record of success with surface techniques, it would
be difficult to recommend that they be used for monitoring. The
greatest problem is the ambiguities inherent in this method which arise

mainly from its inability to:

(1) separate the influence on current flow produced by heterogeneities
in the geologic medium from that produced by the variable
distribution of the contaminanc, without some form of geologic
control (Klefstad et. al., 1975).

(2) resolve the electrical conductivity distribution in detail because
by restricting the electrpdes to the ground surface, neither
current flow or voltage measurements can be focused about a plume

at depth.

These ti7o problems mean that a considerable amount of interpreta-
tive effort is required to produce even a relatively uncertain estimate

of where a contaminant might be distributed. Delineation of a deep



plume is particularly 'difficﬁlt because the volume of the medium
through which the current passes increases relative to the volume of
the plume. This occurs because the separation of the electrodes must
increase to provide appropriate penetration. Essentially, the plume
exerts less and less of an influence on the electric potential with
depth and therefore becomes masked in the process.‘ 2

As a means of resolving the first problem, Hackbarth (1971) mapped
the lateral variation in apparent conductivity prior to the
introduction of a contaminant in the subsurface. By applying the
concept of residual mapping he was able to examine the movement of a
plume over time without the noise introduced by heterogeneities in the
medium. He thus demonstrated the application of the electrical method
as a true monitoring tooi. One recent study which attempts to address
the second problem regarding the resolution capabilities of the
electrical method is the impedance computed system by Wexler and Mandel
(1985). They described an inverse procedure which provides an estimate
of the true conductivity distribution of a subsurface using an analogy
with computed tomography as its theore£ica1 basis. At this time, the
main limitation in transferring its application from the laboratory to
the field appears to lie in the assumption used in their algorithm of
no-flow boundaries surrounding the perimeter of the subsurface grid
(Tamburi et. al., 1985).

Borehole electrical methods appear to offer some important
advantages over surface methods. However, they have been used only to a
limited extent in contaminant studies because any borehole drilled

could be better utilized as a monitoring device by completing it as a



well. Nevertheless, the main features of this approach are the ability
to introduce current directly into the ground and, depending on the
method, the opportunity to obtain precise vertical control on any
variation in electrical conductance. This is in contrast to the surface
method which is restricted to current excitation from the ground
surface. Recently, Wilt and Tsang (1985) proposed an electrical method
of mapping contaminant plumes using a borehole source and measurements
of dipole voltages at the ground surface. Intended as an exploratory
tonl, they presented a series of simulations designed to show the
sensitivity of the technique to various plume geometries and concluded
improved results were obtained over surface arrays. This application is
a continuation of the earlier work by Dey and Morrison (1979) in this
field.

Given a means to resolve the deficiencies previo;sly described for
the surface method and noting that the borehole method is based on the
same underlying theory as its surface counterpart, it ‘should be pos-
sible for the electrical method to play a greater complementary role in
monitoring. The goal of this research is to evaluate‘the feasibility of
a new electrical technique for monitoring contaminanﬁ plumes in ground-
water. The technique which is proposed here involves the use of a
three-dimensional grid of electrodes installed permanently in the
ground. Current can be introduced into the ground through any pair of
appropriate electrodes comprising the subsurface grid (Figure 1) with
the voltage recorded at the two intermediate electrodes. Using all

possible combinations of neighboring electrodes, this operation could
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Figure 1. Unit section of the electrode grid showing the two current
excitation patterns. Note, in application the "a" spacing for the
crosshole scans will usually exceed that used for the downhole scans.



be repeated both in a downhole and crosshole manner, thereby scanning

the entire region covered by the grid.

More specifically the objectives of this study are to:

(1) use a three-dimensional numerical model to simulate "hypothetical”
electrical data under a known distribution of electrical
conductivity.

(2) develop an analytical code to convert the set of electrical data
into an apparent conductivity distribution.

(3) remove the influence of outside factors on the apparent conduc-
tivity distribution by employing the concepf: of residual mapping.

(4) undertake a sensitivity analysis to assess the performance of the

technique.

This study is the first application of a new borehole electrical
method. Its scope was therefore limited to theoretically evaluating
the general concept of the technique without field or experimental
validation. This approach was adopted in order that the test results
could eventually serve as a guide for further work.

The advantages of this kind of system are readily apparent. By
inti‘oducing a current into the ground using this proposed monitoring
grid, electrical theory could be applied to resolve the apparent
conductivity distribution in greater detail than offered by the surface
method. Furthermore, if background conductivity conditions were
obtained prior to contamination, the influence of the medium could be

eliminated by mapping the residual conductivity (Hackbarth, 1971). This



technique is not viewed as a replacement for monitoring wells but
rather is.envisioned as an inexpensive and rapid means of handling most
of the monitoring chores at a site. This would not only reduce the
overall number of monitoring wells required, and hence the associated
sampling costs, but would also provide between-point bulk conductivity
information to accompany the point-specific chemical data given by
wells. This latter argument emphasizes the technique as a leakage
detection system. kfﬁis permanent installation would be particularly
appropriate for any type of 1liquid storage facility such as holding
ponds or tanks where disruption of the monitoring grid is not antici-

pated following their installation.



2. INTERPRETING ELECTRICAL MEASUREMENTS

In this study, there are three important theoretical issues: (1)
how an analytical expression can be used to interpret observed current
and voltage measurements in terms of an electrical conductivity
distribution; (2) how to deal with those variables which exert an
influence on the determination of electrical conductivity and thus the
successful delineation of a contaminant plume; and (3) how to simulate
representative data resembling that which could come out of an actual
field survey involving a contaminant plume. The first two questions are
examined here while the third is discussed in the following chapter.

Electrical methods, which are based upon analytical solutions,
have remained largely unchanged 'in concept since perfected by
Schlumberger in 1912 (Kunetz, 1966). Only different electrode arrange-
ments have been devised and the nature of the prospecting problems they
have been applied to have varied over the years. Essentially, they can
all be considered as an inverse technique, albeit simple omnes.

As applied to an electrical method, an inverse problem is one of
resolving the conductivity distribution of a medium, given a set of
current and voltage measurements obtained from a particular electrode
configuration. The following are the components of this inverse

problem:

(1) the data set is the current strength and voltages measured at

specified locations in, or on, a medium.



(2) the unknown parameter is the conductivity distribution of the
medium.

(3) the model is the equation used to transform one into the other.

In this study, the evaluation of electrical measurements will be
based on a conventional analytical method. The advantage in using this
method over a more sophisticated inverse technique lies in its
simplicity. It is a straightforward task to directly convert each set
of current and voltage data into an apparent conductivity value. This
calculation only requires the additional knowledge of where the current
and potential electrodes are located relative to each other and the
ground surface. By assembling a set of conductivity determinations made
in three-dimensional space, the required overall distribution is
obtained.

Other more sophisticated inverse methods do exist, such as the
inpedance computed system by Wexler and Mandel (1985). In this study,
ilowever, the analytical approach has been adopted because its useful-
ness has been demonstrated for years in a variety of studies. The
numerical inverse techniques are much more difficult mathematically,
and because of the sensitivity of the solution to features of the data

set, can exhibit problems of instability.

Formulation of the Interpretive Hodel

Analytical expressions describing the distribution of the electric

potential in a uniformly conducting medium due to the passage of a



steady direct, or low frequency alternating, current have been
developed for both the surface and borehole electrical methods (see
Jakosky, 1950 or Keller and Frischknecht, 1966). These expressions were
derived from the point of view of being able to determine potential
differences between points in a conducting medium, given its electrical
conductivity and current strength. However, they can also be easily
rearranged to yield the conductivity of the medium using measured
voltages and known currents.

To begin a detailed discussion of the procedure used to develop
the required analytical equation, consider now the equation of flow.
The partial differential equation governing the three-dimensional
steady state flow of current in aﬁ isotropic, homogeneous medium is the

Laplace equation (Jakosky, 1950):

—_— — == =0 (L
ax2  ay? 322
where V is the electric potential and x, y and z are the cartesian
coordinates. Examination of this equation shows that the left side
represents the sum of the rate of change in the electric potential
gradients in the three principal coordinate directions while the right
side indicates that charge is conserved. Together with the specified
boundary conditions, a solution to equation (1) describes the distribu-
tion of the electric potential anywhere within a medium.

The starting point in obtaining an analytical solution to equatiomn

(1) is to examine only the flow of current due to either a point source
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or sink in an infinite medium and consider this term as a boundary
condition. Using a source and assuming that the outward flux of current
is radially symmetric about the source, it is advantageous to express
the Laplace equation in spherical coordinates with the source located
at the origin. This form of the equation can be written as (Karplus,

1958):

1 3 av 1 8%y 1 3 av
- = (2= + —_— - {sinf =} =0 (2)
2 3r ar r2sin2g 3a? r2sing 48 38

where r, B8 and a are the spherical coordinates. Because of the radial
symmetry of the current flow, the derivatives, which account for the
change in the voltage as a function of the coordinate angles, are zero.

The resulting equation thus simplifies to:

1 d Lav
- = [r?e] =0 (3)
r2 dr dr

Total derivatives have replaced the partial derivatives since r is
the only independent variable in the equation. Integrating this equa-

tion gives the following general solution:

av
2 e = § - (4)
dr

and:
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Ve =+ (5)

The electric potential (V) is now simply a function of the radial
distance (r) from the source, and the constants of integration (S and
C) which must be evaluated in terms of the specified boundary condi-

tions. The two boundary conditions are:

V=0atre=ow (6)
dv -I
—-—atr-o (7)
dr Ao

where I is the current flowing through a cross-sectional area A in a
medium of conductivity ¢. The first boundary condition at the infinite
boundary is a Dirichlet type boundary. If V approaches zero as r
approaches infinity then, from equation (5), C must equal zero. Hence
it can be eliminated from this equation. The second boundary condition
at the source is a Neumann type boundary which is Ohm's iaw in

differential form. Equating (7) with equation (4) gives:

dav -1 S

-——— . (8

dr Ao rz

therefore:

12



S = e ' (9

For current flowing radially outward from a source, the
cross-sectional area through which it flows is equal to the surface

area of a sphere. This allows (9) to be rewritten as:

-1r2 -1
4xr20 4wo
Substitution of (10) into equation (5) then yields:
I .
V o e (1)
4xro

which is the desired specific solution to Laplace’s equation. This
solution relates the electric potential at any point in an infinite,
uniform medium not only to the radial distance from the source, but
also to the current strength at the source and the conductivity of the
medium. Note from equation (11) that as r approaches zero, V approaches
infinity and therefore the solution becomes irwvalid close to the
source. It is for this reason that in applying equations of this form
all electric potentials are analytically determined at points away from
the source. In practice this also avoids problems of contact resistance

at the current electrodes (Keller and Frischknecht, 1966).
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Equation (11) also applies if current is withdrawn from a point
sink. The only difference is a change in the sign of the equation.
Hence this same equation can be used to derive the total potential at a
point (m) due to both the source (a) and sink (b) by invoking the

principle of superposition, or:

Vg - = (A - L (12)
4xc \Tam Thm

where r,; is the distance from the source to point and rpp is the
distance from sink to point. To find the potential difference (AV)
between two points, this approach is taken one step further by applying
(12) to a second point (n) and then subtracting the results from each

other. Hence, expanding this equation now gives:

VAR e S | R S N R S (13)
bxo Tam Tbm Tan Tbn

or, rearranging it in terms of the conductivity:

o= L -l- + -L- - -l- + -E- (14)
4mAV Fam Tbn Yan Tbm

Because equation (1l4) is developed for an infinite medium, it
cannot be used where the source or sink are situated either on, or in
close proximity to, a no-flow (Neumann type) boundary such as the

ground surface. However, the effects of the boundary can be accounted

14



for using the method of images. Incorporating the image points shown on

Figure 2, the equation is now:

1 1 1 1l 1
0 = oo — o o— - — t — +
4xav Yam Tbn Tan Tbm
1 1 1 1
— t —] - | — — (15)
Ta'm Tb'm a'n Tb'm

Equation (15) is a general expression for the conductivity of a
uniform medium which is semi-infinite in extent. It permits the current
and potential points (electrodes) to be placed anywhere within the
medium in any configuration. It is the same formula given by Daniels
(1977) except that it is shown with derivatiom.

Figure 2 typically illustrates the location of the image elect-
rodes relative to the ground surface for the two curreat excitation
modes used in this study. The reference point for any conductivity
calculation lies at the midpoint between the m and n potential
electrodes. A conductivity anomaly is shown as the cross-hatched square
in this diagram. Note that for the case where the electrodes are situ-
ated on the surface boundary, the additional image distance terms in
equation (15) can be ignored and the 4x term in the equation reduces to
the more familiar 2x term used in the surface method.

Although strictly valid only under the assumptions used to derive
this expression, equations of this type are routinely applied to

non-uniform regions of flow (i.e. containing varying types and forms of
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conductivity anomalies) with the qualification that the calculated

conductivity represents an apparent conductivity.
Conductance Considerations

Before outlining the method used to generate the data set for this
study, it is necessary to discuss the various factorg vhich affect the
determination of the bulk conductivity of a medium. These factors, some
static and some variable, create the background conditions against
which all. subsequent monitoting data are compared. They must be recog-
nized and properly handled, both in time and space, so as not to
erroneously infer that any deviations in the data set are entirely due
to -the presence of a contaminant plume.

The conduction of an electrical current through an electrolytic
porous medium is a function of several parameters, some of which are
interrelated to one another. Accérding to McNeill (1980), these
include:

(1) mineral assemblage comprising the solid matrix, m (mainly the
amount and type of clay minerals)

(2) size, shape and tortuosity of the void space, e (governed by
arrangement and structure of solids)

(3) moisture content of the void space, ¢

(4) amount and type of dissolved salts, c

(5) temperature of the pore fluid, T
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Thus we have, K = f(m,e,¢,c,T)

where K is the electrical conductance.

All of these parameters can in turn vary in space and the last
three with time leading to a complex, three-dimensional, time-dependent
distribution of K. The conductance decreases as the following decrease;
the clay mineral content in m, the cross-sectional area in e normal to
the flow of current, ¢, ¢ and T (particularly below the freezing point
for water). Conduction increases as the length of the current path in e
decreases.

When the electrical method is simply used to provide an estimate
of the distribution of a contaminant at a particular time (i.e. a
"snapshot" of a site), then the time variation in ¢, ¢ and T can
usually be ignored. Also, if a representative background reading of the
site is taken (for any given electrode spacing), then all measurements
can be considered as deviations from this reading. This step effec-
tively normalizes the data. Thus, the spatial variation in m, e, ¢ and
T can also be neglected. Note, however, that this implies the geologic
medium is homogenous. Nonhomogeneities, such as clay lenses, could
locally influence the voltage readings and result in misleadingly high
conductance values. Therefore, some form of confirmation of the physi-
cal characteristics of a site is usually required to verify the assump-
tion of uniform conditions. If it is valid, then any remaining spatial
variation in K can be attributed to ¢ as a result of electrolytic dis-

placement by a contaminating fluid.
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In a monitoring application of the electrical method, those para-
meters that can vary over time cannot be ignored (i.e., ¢, c¢ and T).
However, because the main interest in monitoring is to examine any
variation in conductance at a particular point over time, each point
will have its own unique set of background readings. Any spatial varia-
tion in the conductance parameters is therefore of no consequence
because this will be individually reflected in the background data set.
To successfully separate out the temporal influences on K, a suite of
seasonal background readings will be required for each point prior to
any contaminant being introduced into the subsurface. Thus, through
judicious selection of the appropriate background reading at a given
point, any change in K can again be attributed to c.

As an example of the aforementioned point, consider a site under-
lain by a sandy aquifer. It contains a shallow unsaturated zone with
several clay lenses within the sands themselves. After installing the
inground electrical grid, routine electrical measurements are collected
over a period of time to establish the background conditions and any
temporal variation in them. The static influence of the clay lenses
always manifests itself in each set of electrical readings (and there-
fore is taken into account), while subsequent variations which are
recorded largely reflect seasonal changes in the moisture and tempera-
ture conditions in the unsaturated zone. Following a leak from a stor-
age tank on the site, an uncharacteristic voltage drop is observed in
some of the readings. To highlight this, an appropriate set of back-
ground readings is selected and compared with the anomalous data. The

residual conductivity approach clearly shows the presence of a
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significant anomaly, an anomaly which is correctly attributed to a
change in the dissolved solids content as opposed to other influences.
If an incorrect set ;:f background readings were used then the anomaly
could have gone undetected through misinterpretation of the data or

perhaps may have been dismissed as some unusual variation in the

seasonal data.
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3. SIMULATION OF DATA

An important aspect of this study is that the simulated data
obtained from an electrical survey of various types of contaminant
plumes reasonably represent field measurements. The approach adopted
here has Been to create this data set by using a three-dimensional
numerical model. In effect, the model simulates the three-dimensional
voltage pattern that would be produced by equipment in the field and
the values an operator would record at the potential electrodes. Use of
a numerical model enables any conductivity distribution to be
constructed within the flow domain comprising the model grid. This
flexibili.ty makes it possible to examine systems involving different
forms of contaminant plumes in a subsurface of varying geologic
complexity. Hypothetical measurements using the electrode network were
made in accordance with the scanning mode of operation described in
Chapter 1.

Figure 3 is a flow chart which shows the overall modeling proce-
dure. The hypothetical voltage measurements produced by the numerical
model were used as input for the analytical solution. This was used to
transform this data set into tllne resulting apparent conductivity
distribution. The test of how well the permanently installed electrode
system functions comes from evaluating a large number of model runs
under a variety of conductivity distributions. It can then be
determined to what extent the interpreted conductivity distribution

matches the known original distribution.
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Figure 3. Schematic diagram illustrating the modeling procedure.
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Numerical Model

A modified version of the groundwater computer code MODFLOW
(McDonald and Harbaugh, 1985) was selected to simulate the three-dimen-
sional wvoltage pattern. Although this code was developed to simulate
groundwater flow it was easily adapted for this study on the basis of
the analogy between the flow of groundwater and electrical current. As
discussed by Rushton and Redshaw (1979), the following parameters are
analogous: (1) electric potential and groundwater potential; (2)
current and groundwater flow rate; and (3) electrical conductivity and
hydraulic conductivity (electrical resistance is inversely proportional
to transmissivity).

One advantage in using this code is that it is written in a con-
venient modular form. This feature permitted many of the options not
required by this study to be easily removed from the program, thereby
reducing the computer storage requirements. Another advantage is that
the volumetric budget summary accompanying each numerical solution
provides a check on the accuracy of the results.

Recall that the governing equation of flow used to develop the
analytical solution wi's the Laplace equation. In applying this
equation, the concept of apparent conductivity provides reasonable
justification for disregarding heterogeneities in the medium thereby
simplifying the assumptions concerning the properties of the region of
flow. Furthermore, by partitioning the equation, sources and sinks were
treated as boundary conditions rather than internally distributed

energy within the medium.
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In attempting to simulate realistic data with the numerical model,
it is not sufficient to simply solve Laplace’s equation for a homogen-
eous medium. This is because, for the sensitivity analysis, voltage is
to be determined in a non-uniform medium containing intermal sources
and sinks. The governing equation of flow in this case is the Poisson

equation:

3 av a av d av
ax ax ay ay dz dz

where oy, oy and oy are the electrical conductivity tensors in the
three priﬁcipal coordinate directions, i is the current per unit volume
and the other terms have been previously define.d. By subdividing the
region into a three-dimensional grid, a finite difference approximation
of Equ'ation (16) can be written for each point in the grid.

By using known current and conductivity distributions and by
specifying the boundary conditions, the resulting set of simultaneous
equations can be solved for the electric potential using MODFLOW.
Because the method is not restricted to simplifying assumptiomns, a wide
variety of current patterns and electrical conductivity scenarios can
be simulated,

Input to the code consisted of a specified distribution of
electrical conductivity representing a natural system containing a
conductive plume (an anomaly), and specified fluxes of current intro-
duced at appropriate source and sink electrodes (nodes). Each

simulation run actually involved a large number of measurements,
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representing the compilation of data from all individual pairs of
current and potential nodes. Thus, each run mimics an actual field
survey where the location of the current electrodes is moved through
the electrode network (numerical grid) while calculating the voltage
drop between each of its intermediate potential electrodes. This
systematic relocation of the current and potential nodal positions was
done in both a downhole and crosshole manner. Thus, when in use during
the scanning process, any given node within the grid can serve in a
dual role; a current node during one voltage determination or a
potential node during another. For each particular simulation, voltages
were calculated for the entire region covered by the grid. However,
only the voltage between the corresponding potential nodes was actually
recorded as numerical output. The strongly implicit procedure (SIP)
employing a block-centered nodal mesh was used as the solver for all
simulations.

For reasons which will be subsequently discussed, two versions of
the original MODFLOW code were made. One version was designed to carry
out a complete sweep of the grid used for the downhole scans ("z"
vertical direction). The other was devised for the grid used for the
crosshole scans. The scanning directions for this latter version
“included the two orthogonal "x" and "y" directions and two 45 degree
diagonal directions. The only significant modification required for
each version of the code was the insertion of a number of DO Loops in
the main program. These were placed in the code in order to repeatedly

update the current and voltage nodal locations along the various
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scanning directions during each run. This then automatically enabled a

complete sweep of each grid to be made.
Boundary Conditions and Model Exror

In the numerical model, a non-uniform conductivity distribution
can be adequately represented by assigning particular values of conduc-
tivity in each cell surrounding the nodes of the grid. With respect to
the boundary conditions, however, the model treats all outside
boundaries of the grid as no-flow boundaries (unless otherwise
specified). These boundary conditions pose a simulation problem
because, in a real-world system, the boundaries are effectively
infinite in all directions except for that above the ground surface.
Care is therefore required to ensure that the model boundaries do not
intrude on the solution. To address this concern, the approach which
was followed was to expand the grid system horizontally and vertically
away from that part of the domain in which the measurements were being
made. Although this expanded system was not an infinite one, the
boundary effects could be minimized.

The actual number of additional cells required to create a region
of the appropriate size was determined using a set of simulated runs.
For these rune, the source and sink nodes were fixed in one corner of a
grid consisting qf 25 columns, by 25 rows by 8 layers. This grid repre-
sents the size of the medium to be used for recording voltage measure-
ments during the sensitivity analysis. For the downhole scans, the

source and sink were located in layers 1 and 4 along column 1, row 1.

26



For the crosshole scans, they were positioned in columns 1 and 4 along
rov 1, layer 1. All runs involved the use of a conductivity of 0.01
mho/m for the medium, a current of 10 mA and a Wenner array employing
"a" spacings of two and 12 m for the downhole and crosshole scans,
respectively.

In each successive run, the size of the region was increased in a
step-wise manner by adding an extra cell to each side and bottom
boundary. In effect, shells one-cell in width were successively wrapped
around the aforementioned grid thereby increasing the overall size of
the flow domain. Eventually, no significant difference was observed in
the voltage output between successive runs. From these serial test
runs, it was found that seven additional shells per boundary would be
sufficient to reduce the numerical-analytical error in the voltage to
about 10 percent for the downhole scans. Numerical-analytical error is
defined as the difference (expressed as a percentage) between the
voltages predicted by each solution divided by the analytical, or true,
voltage. Due to the greater "a" spacing of the crosshole scans, more
shells were needed for this scanning mode. Eleven shells were required
to reduce the error to about 13 percent for an orthogonal scan and
about 30 percent for a diagonal scan. These additional shells repre-
sented the upper limit in terms of computer time and storage capabili-
ties. Therefore, no further reduction in error due to the presence of
the boundaries was possible for the crosshole scans using this array.

Figure 4 shows the effect of adding an extra shell to each
boundary and the corresponding reduction in voltage for the downhole

and orthogonal crosshole scans. All of the numerical results shown on
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this diagram are the voltages recorded between the potential nodes
intermediate to the source and sink nodes. The analytical voltage,
vhich provides an exact solution to the problem, remains the same for
all of the serial runs. As can be seen from this diagram, voltage
decreases as the overall size of the flow domain increases. Because
current is allowed to flow through a greater volume, the overall net
resistance of the region is reduced and therefore the measured voltage
is lowered. Nevertheless, some error will always remain. This is
because the analytical solution applies to an infinite medium while the
numerical results correspond to a finite medium which, through the
addition of shells, only approximates an infinite medium.

The downhole scan results from Figure 4 are interesting in that an
asymptotic value was reached after about four shells were added to each
boundary. This suggests a part of the error arises from numerical
discretization of the flow domain. For the most part, however, the
error is considered to occur as a result of replacing an infinite
medium with one that is finite in extent.

Figures 5 and 6 show that the error also varies with the position
of the source and sink relative to the side and bottom boundaries of
the grid. Both of these diagrams display the variation in apparent
resistivity from two selected layers and one cross-section of the model
grid. Resistivity, as opposed to conductivity, is shown strictly for
presentation purposes. Figure 5 is for the downhole scans while Figure
6 is for the crosshole scans. The resistivity which was used as input
was 100 ohm-m (conductivity of 0.0l mho/m). As can be c=zen, less error

occurs as the source and sink approach the middle of the grid. There
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is less tendency for the current to impinge on the outside boundaries.
Note also how the resistivity increases as the current approaches the
bottom boundary. This result is particularly evident for the crosshole
scans.

Note that numerical-analytical error was assessed using a uniform
medium. No attempt was made to analytically determine the error for a
non-uniform medium. It is anticipated that an anomaly which is more
conductive than the surrounding medium will result in less error than a
medium that is entirely uniform. A more resistive anomaly, on the other
hand, is expected to increase this error. It is for this reason that
only more conductive anomalies were simulated in the sensitivity
analysis. Nevertheless, for the pﬁrpose of this study the error in the
results is.considered to be consistent irrespective of whether the grid
contains an anomaly or mnot (i.e. the error applies to all cases). The
output should not be significantly affected provided the results are
presented in a relative manner. This could be in the form of either a
ratio or difference between the values obtained for an anomaly and the

corresponding background readings.
Electrode Configuration

Two electrode configurations commonly used for the electrical
method are the Wenner and Schlumberger arrays (Keller and Frischknecht,
1966). For a given node spacing in the model grid, the Wenner array
requires a minimum number of four nodes for ome solution, while the

Schlumberger array needs at least six nodes. Up to this point all

32



electrical measurements were simulated using a Wenner array. Even by
minimizing the source-sink nodal separation using this array, the
numerical-analytical error could not be reduced below 10 percent.
Therefore, without compromising the anticipated grid size to be used
for the sensitivity analysis, it was impractical to use a Schlumberger
array. This would have required an increase in the total number of
nodes comprising the model grid.for the same amount of voltage output.
Nevertheless, as a check on whether the use of a Schlumberger
array would result in less error than the Wenner array, the step-wise
boundary adjustment procedure was repeated for the former array using a
downhole scan. The results indicated no significant difference
occurred between the two arrays. Both overestimated voltage by about 10

percent,
Grid Design and Operation

On the basis of the preceding results, two model grids were
designed for each scanning mode using a Wenner array; one for the
downhole scans and the other for the crosshole scans. One grid could
have been used for both scanning modes but this would have resulted in
unnecessary computations, computer time and storage requirements. This
is because the downhole scans need less additional shells per side and
bottom boundaries than what is required for the crosshole scans.

The grid which was employed for all downhole scans consists of 39
columns, 39 rows and 15 layers (Figure 7). This node system can be

subdivided into two parts. One part is the external or "boundary" part
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of the grid which consists of the seven additional shells used to
approximate infinite boundaries along the bottom and sides of the grid.
. The other part is an internal "test" grid used to evaluate this
technique wunder the various conductivity scenarios. The test grid
therefore consists of 25 columns, 25 rows and 8 layers.

The grid used for all crosshole scans consists of 47 columns, 47
rows and 19 layers (Figure 8). The boundary part of this grid contains
eleven additional shells per side and bqttom boundary. The test grid,
however, remains the same for both scanning modes. Note that the node
numbers for each test grid are different as a result of the change in
their spacial origin.

Conceptually, each test grid can be further subdivided into a
smaller "operational" grid containing 5 columns, 5 fows and 8 layers.
This array of nodes represents the system of permanently installed
electrodes placed in 25 boreholes (5%X5) with 8 electrodes evenly
distributed along each borehole. This operational grid is highlighted
by the dots in Figures 7 and 8. If operated in the vertical, this
arrangement results in five solutions per borehole (n-3) for a total of
125 downhole calculations. Operating. in the horizontal results in 20
orthogonal and 8 diagonal solutions per layer for a total of 224 cross-
hole determinations.

Using cubic cells with dimensions of 2 m per side, the resulting
test grid covers an area of 2,500 m? (50 X 50 m) and a depth of 16 m.
The horizontal node separation between the boreholes is 12 m. Table 1
provides a summary of the grid design for each scanning mode of opera-

tion.
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Crosshole Grid

Figure 8. Model grid used for the crosshole scans. Note the additional
cells which were used to expand the bottom and side boundaries of this
grid compared to the grid used for the downhole scans.
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TABLE 1. Summary of the Grid Design Parameters

Downhole Crosshole
Unique to Particular Scanning Mode Scan Scan
overall grid (c,r,1) 39X39X15 47¥%47X19
number of additional shells 7 11
per side and bottom boundary
Common to Both Scanning Modes
resulting test grid (c,r,1) 25X25X8
node spacing, m 2
distance between scanning nodes
-horizontal direction, m 12
-vertical direction, m 2
resulting operational grid (c,r,1) 5X5X8

¢, r,1 - column, row, layer
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Numerical Input

The different scenarios necessary to evaluate the efficacy of both
the modeling concept and the interpretive technique can be created by
selectively altering the conductivity distribution of the flow domain.
This approach enables one to produce plumes with different sizes and
shapes, adjust their position relative to the electrodes or vary their
internal conductivity distribution. In a similar fashion, the remainder
of the flow domain representing the medium can be left in a uniform
state or can be modified to fabricate heterogeneities within the medium
itself.

Plumes themselves were created by defining an arrangement of grid
cells which, when collectively assembled, would represent a plume with
a specified size and shape. Once placed in the grid, the conductivity
of those cells comprising the plume were modified in accordance with
the particular distribution to be used for a given simulation. Figures
9 and 10 illustrate, in three-dimensions, the cell assemblies devised
for two small, spherical anomalies (S1 and S2) and four larger,
ellipsoidal anomalies (S3 to S6). The term anomaly is used hereinafter
in reference to a simulated groundwater plume. Table 2 summarizes the
overall dimensions, resulting volumes and horizontal to vertical ratio
between the major axes of each anomaly. All six were designed to
represent plumes arising from a single episode, point source
contaminant. The four larger, anomalies were created in an ellipsoidal
manner in order to reflect the influence of a horizontally anisotropic

medium on their shape. They were thus constructed such that their
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Figure 9. Overall structure of the cell assemblies used to represent
contaminant plume types 1, 2 and 3.
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Figure 10. Overall structure of the cell assemblies used to represent

contaminant plume types 4, 5 and 6.



TABLE 2. Summary of the Anomaly and Medium Parameters

Anomaly Parameters

Overall Dimensions

Length Height Volu?e

Horizontal
to Vertical

Type Shape m m m Ratio of Axes
s1 sphere 2 2 8 1:1
52 " 6 6 56 1:1
S3 eliipsoid 14 6 79 3:1
84 " 26 10 373 3:1
85 " 38 10 897 4.5:1
56 v 50 10 1,573 6:1
Conductivity Resistivity
Type mho/m ohm-m
all anomalies (S1 to S6) 0.2 5
Medium Parameters
Conductivity Resistivity
Material mho/m ohm-m
unsaturated - sand 0.002 500
- clay 0.005 200
saturated - sand¥ 0.01 100
- clay 0.2 5

*background value



extent in the horizontal direction (x and y) was greater than in the
vertical (z). This was not practical for the two smaller anomalies. The
circular symmetry of all of the anomalies with respect to their
vertical axis was purposely maintained to reduce the computational
effort required in any simulation run. By taking advantage of the
symmetry of an anomaly less measurements would have to be made during
the scanning process. This simplified the simulations and avoided
duplication in the numerical output.

The position of an anomaly within the grid was determined by
simply placing the origin of its three major coordinate axes (X,y
and z) at a location of interest. The limits of each anomaly with
respect to the test grid were then established and the conductivity of
each cell was adjusted as previously described. These positions could
represent the occurrence of a plume arising from either the introduc-
tion of a contaminant into the subsurface at different locations or, in
comparison to each other, the effect of its migration over time. For
the reasons previously outlined, anomalies were located in positions
which were symmetrical with respect to the operational grid. This then
avoided duplication in the numerical output during the scanning
process.

For convenience, the method used to describe the position of an
anomaly with respect to the operational grid was to note the position
of either its vertical axis and/or horizontal central plane. For
example, an anomaly positioned in the middle of the 5X5X8 operational
grid between layers &4 and 5 would be described as being situated at

position 3,3,4:5. The first two numbers refer to the column and row
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coordinates of its vertical axisz while the third number indicates the
layer coordinate of its horizontal central plane. A colon is used to
specify a location half way between any two coordinates; in thi# case
between the two layers.

Two different styles of internal conductivity distributions were
used for the anomalies; a uniform and a gradational one. For the
uniform distribution, a conductivity 20 times that of the medium was
used for all cells representing an anomaly. This value corresponds to a
conductivity of 0.2 mho/m, or 5 ohm-m of resistivity. Although it is
difficult to place a corresponding total dissolved solids concentration
on this figure, a review of the literature (Reed et. al., 1981;
Cartwright and McComas, 1968) suggests between 1000 and 133,000 mg/L may
be appropriate. The uncertainty in this range stems from differences
in the geologic conditions (see discussion under "Conductance
Considerations") and "a" spacings used in the aforementioned studies
with that theoretically adopted for this project. Thus, the maximum
conductivity of the anomalies is representative of values observed in
many different types of contamination problems. For a gradational
distribution, only the central cell of an anomaly (origin of its three
coordinate axes) had a conductivity contrast of 20 with the medium. The
conductivity of the remaining cells declined uniformly to the perimeter

of the anomaly in accordance with the following equation:

a? b2 c?
g = amax eXp (" - - — - ""') (17)

m1 m] m2
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where a,b and c are the distances from the centroid of the anomaly to a
particular cell in the three principal coordinate directions and mj and
m) are empirical constants. These constants were determined on a trial
and error basis until the conductivity of the cells bordering the
perimeter of an anomaly matched the background value of 0.0l mho/m used
for the medium. The m] denominator in the exponent was used for both
the x and y directions because conductivity was varied equally in these
two directions.

Figure 11 is a three-dimensional diagram showing the difference in
these two distributions using anomaly S4 as an example. The three
layers shown represent the top three layers of this anomaly which, in
this example, is horizontally positioned in the middle of the test
grid. For the complete distribution, layers 1 and 2 would be .repeated
below the central plane as layers 5 and 4, respectively. The
gradational distribution was used for most of the simulations in the
sensitivity analysis because it was considered to be the more realistic
one. This distribution was designed to represent the effects of disper-
sion on the concentration of a contaminant within the anomaly. The
uniform distribution was only used in some of the preliminary simula-
tions or, for size reasons, on the two smaller anomalies.

Non-uniform media were simulated by replacing all, or in part, one
or more layers of the medium with a different conductivity. For
example, an unsaturated zone could be represented by lowering the
conductivity of the top several layers. Similarly, the effect of a lens
of different material in the medium could be created by changing the

conductivity of part of a layer. Representative conductivity values
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both distributions.



used for fabricating non-uniform media are summarized at the bottom of
Table 2. These are typical values which could be encountered in the

field (Jakosky, 1950).
Analytical Output

The voltage data created by the numerical modei is assumed to
provide the equivalent of a set of monitoring data that one might
collect from a field site. Interpreting these data involves the
application of the analytical approach described in Chapter 2. -

A compute'r code was written to convert all voltage output provided
by the numerical model into the corresponding app&rent conductivity.

Analytical output was provided in two forms:

(1) the predicted apparent conductivity (aC), in mho/m
(2) the residual apparent conductivity expressed as a ratio (aCR)
between the predicted and background apparent conductivities,

dimensionless
Detection Criteria

In using the residual conductivity approach, it was necessary to
define what difference in conductivity should be considered as
significant. In other words, if real data were measured in the field
then some variation in the background readings would be expected as

noise. If this were taken into account then what amount of residual
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conductivity must be present before one could say with some corfidence
that the results represent the presence of a plume. A review of the
literature (Klefstad et. al., 1975; Reed et. al., 1981) suggests that
if anomaly and medium resistivities of 5 and 100 ohm-m, respectively,
wvere used in thé simulations then a residual difference of 10 ohm-m
could be considered as significant. When expressed as a ratio, this
corresponds to a value of 1.1. Therefore for the purpose of the sen-
sitivity analysis any values below this were considered as questionable
in terms of their significance. This ratio could also be thought of as

the detection criteria for the study.
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4. SENSITIVITY ANALYSIS

In the sections that follow, the application of the proposed
monitoring technique is evaluated in terms of its ability to detect and
delineate anomalies. All of the tests involve how well the hypothetical
inground electrode network is able to detect the presence of a plume.
The simulated measurements are interpreted using the analytical expres-
sion (15). The predicted apparent conductivity pattern resulting from
this expression is'compared with the actual conductivity distribution
used as numerical input.

The trials comprising the sensitivity analysis consist of
examining the effects of: (1) varying the location of an anomaly
relative to the grid network; (2) placing anomalies with different
sizes and shapes within the grid; and (3) using a more complei medium
containing different types of heterogeneities. One effect not examined
independently was varying the internal distribution of conductivity.
Most trials contained anomalies with a gradational distribution, as
opposed to a uniform one, because this was felt to be the more

realistic distribution to model.
Location of Anomaly
A series of preliminary trials are presented in order to establish
whether the interpreted conductivity pattern depends on the horizontal

position of an anomaly. These trials involved the use of the same size

test grid as for the complete sensitivity analysis (see Figures 7 and
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8), except that it was partitioned into a 4X4X5 operational grid
instead of a 5X5X5. This change enabled more detailed horizontal posi-
tioning of an anomaly with respect to the operational electrodes (i.e.
boreholes) because 8, as opposed to 6, cells were now situated between
these electrodes. Note, however, that the size of the overall grid for
each scanning mode remained the same.

The results of five trials with anomaly S3 are illustrated in
Figures 12 and 13. In these trials, the vertical axi; of this anomaly
was repositioned in a systematic way. The axis was moved from electrode
3,3 in example (c), to two intermediate locations between neighboring
electrode 2,2 along the diagonal [examples (a) and (b)] and, similarly,
two intermediate locations between electrode 2,3 in an orthogonal
.direction [examples (d) and (e)]. Figure 12 is the predicted aCR in
plan view for the downhole scans across layers 3 and 4 while Figure 13
is the same view for the predicted aCR arising from the diagonal and
orthogonal crosshole scans within layer 3. For all cases the
conductivity distribution within the anomaly was a uniform 20:1
conductivity ratio (CR) with the medium (100 ohm-m resistivity) while
the horizontal central plane of the anomaly was always positioned
within layer 3.

Beginning with the downhole scans, Figure 12(a) is an example of a
situation where the anomaly, although significant both in size and
conductivity contrast with the medium, remained undetected by the four
surrounding electrodes even though they are situated close to its edge.
Compare this result with the examples shown in Figure 12(b), (c) and

(e) in which a portion of the anomaly passes through electrode 3,3. 1In
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(v)

(a)

(d)

Figure 13. Variation in the aCR with the position of Anomaly S3 due to

crosshole scans within Layer 3.



each of these examples the anomaly has been detected because one of the
downhole scans passes through a portion of the anomaly. This result
indicates that at an "a" spacing of 2 m the downhole scans may not
always detect an anomaly but it does serve to delimit the probable
horizontal extent of one. Note also how the predicted aCR improves in
value as the vertical axis of the anomaly approaches electrode 3,3.

The difficulty, however, which still remains with these latter
three examples is that neither the size nor exact horizontal position
of the anomaly can be inferred with only one electrode. Based solely on
this information, any number of anomalies of undetermined size could be
similarly situated anywhere within the area immediately surrounding
electrode 3,3. Turning now to Figure 12(d), this example is a case in
which the anomaly has been marginally detected by two electrodes
adjoining it. The anomaly can now be inferred to lie equidistant
between these two electrodes but again its size and exact position
remained undetermined.

The results from these trials clearly show that vertical scanning
is insufficient by itself. Additional information is required to deter-
mine the horizontal position of the anomaly or, in some cases, deter-
mine if it is to be detected at all. This additional information could
be provided in several different ways. More electrodes comprising the
operational grid could be installed, thereby improving its resolution
capabilities, or perhaps a reduced number of downhole scans could be
repeated at a larger "a" spacing. Before resorting to this, however,
the same set of examples were reexamined in terms of the information

obtained through crosshole scans.

52



Figure 13 illustrates the predicted aCR as given by orthogonal and
diagonal crosshole scans of the anomaly in the five positions discussed
previously. In example (a), the anomaly is now detected, albeit mar-
ginally, and can be inferred to be centrally located between the four
surrounding electrodes. This is based on both this scan pattern and the
downhole scan results. Recall that the results from the downhole scans
could not in themselves detect the anomaly, but the information could
be used to limit its horizontal extent.

For example (c), in which the central axis of the anomaly is situ-
ated about electrode 3,3, the predicted aCR results from the orthogonal
and diagonal crosshole scans [Figure 13(c)] indicate that the anomaly
is positioned about this electrode. Strictly speaking, these results do
not in themselves entirely demonstrate the exact horizontal position of
the anomaly but, given a more complete set of output data utilizing a
larger operétional grid, this can easily be inferred from the diagram.
However, the magnitudes of the predicted aCR values shown on Figure
13(c) are such that the degree of confidence in the results 1is ques-
tionable. All values fall below the detection criteria of 1.1. Recall
that this criteria corresponds to a residual resistivity of 10 ohm-m. A
value less than this was considered to be within the noise that might
ordinarily accompany background readings. Hence, it cannot be said with
any certainty whether a ratio this small represents background scatter
or the possible presence of a plume. This example serves to demonstrate
that crosshole scans may not necessarily be able to resolve the exact
horizontal position of an anomaly despite the fact that the downhole

scans [Figure 12(c)] clearly indicated its presence.
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In the remaining trials where the vertical axis of the anomaly is
not fully symmetric with respect to the grid [Figures 13(b), (d) and
(e)], some of the results from the crosshole scans are sufficient to
indicate its relative horizontal position. In example (b), the cor-
responding predicted aCR wvalues in the two orthogonal directions indi-
cate the anomaly is horizontally symmetric about the diagonal axis
between electrodes 2,2 and 3,3 and that its vertical axis is closer to
the latter electrode. However, it is recognized that most of the predi-
cted aCR values from the orthogonal scan for this example are below the
detection criteria. As mentioned for example (c), a larger operational
grid would not only provide the additional orthogonal and diagonal scan
results to support this inference of the position of the anomaly but
would also enable a clear distinction to be made between examples (b)
and (c). Continuing with examples (d) and (e), note how ome set from
each of the orthogonal scans indicates the vertical axis of the anomaly
lies along the axis joining electrodes 2,3 and 3,3 while the other
orthogonal set and the predicted aCR from the diagonal scan can be used
to infer its position between these two electrodes. However, as with
the previous examples, examples (d) and (e) would also require more
information from a larger operational grid in order to fully deduce the
position of the anomaly.

The results from this set of preliminary trials demonstrate that
the predicted aCR results from the downhole and crosshole scans can be
used in combination with each other to .infer the horizontal location of
an anomaly. This is provided a suitably sized anomaly with a sufficient

conductivity contrast with the medium is present. Improved aCR values
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generally occur as a greater portion of the anomaly lies between any
two potential nodes, whether operating in a downhole or crosshole
manner. It is the differences or similarities in the magnitude of these
results which enable the horizontal position of the anomaly to be
inferred. The crosshole scans provide more Information about the
horizontal position than downhole scans but are limited in that the
magnitude of the aCR values is small due to the greater "a" spacing
used. Downhole scans them;elves are not conclusive in resolving the
position of an anomaly in the horizontal but can be used to limit its
probable extent as suggested by a crosshole scan pattern. Depending on
the position of an anomaly, downhole scans can also provide better
estimates of the actual CR due to a smaller "a" spacing and therefore
more focused current excitation. |

The next part of this section is concerned with the apparent
conductivity pattern which occurs as a result of varying both the
horizontal and vertical position of an anomaly. These cases differ from
the preliminary trials in that all results are now compared with a
reference case. Two points were considered in developing this. First,
the preliminary trials revealed that a larger anomaly would be required
if the capabilities of a vertical scan were to be fully explored.
Therefore, Anomaly S4 was selected. Second, for an anomaly of this size
it would also be more realistic to use a gradational distribution of
conductivity within the anomaly itself.

Table 3 is a summary of the parameter values and descriptions used
for the reference trial (Trial A). The characteristics of the medium

used for the preliminary trials were vretained for the reference
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TABLE 3. Value or Description of the Parameters Used for
the Reference Case (Trial A)

Value or
Parameters Description
Anomaly Parameters
type S4
overall dimensions - length (x,y), m 26
- height (z), m 10
volume, m3 373
shape ellipsoid
ratio of horizontal to vertical axis 3:1
resistivity, ohm-m 5

internal resistivity distribution gradational
location of centroid with respect

to operational axis - X4,y column 3,row 3
Zy layer 4

Medium Parameters

resistivity, ohm-m 100
resistivity distribution uniform

Excitation Parameters

current, mA 5
array type Wenner
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simulation while, as a result of using a gradational distribution, the
20:1 CR becomes the maximum value between the centroid of the anomaly
and the medium. All subsequent analyses were also performed with the
complete 5X5X8 operational grid in order to provide additional
excitation points and thus more detajled crosshole data which was
lacking in the previous trials. Note that the horizontal central plane
of 'the anomaly was also moved down from layer 3 to layer 4.

Three simulations (Trials A to C) were carried out to examine the
effect of horizontal and vertical positioning of anomaly S4 on the
predicted aCR. A summary of the changes in the positioning of the
anomaly for these trials is presented in Table 4. The two horizontal
positions u;ed were the same for examples (a) and (c¢) in the prelimi-
nary trialg (i.e. the ;Jertical axis of the anomaly was situated at
horizontal positions 3,3 and 2:3,2:3, respectively). For the vertical
positioning, the horizontal central plane was situated either in the
middle of layer 4 or between layers 4 and 5.

Figures 14 and 15 respectively display the predicted aCR results
obtained from the downhole and crosshole scans of Trial A (reference
simulation) and Trial B. In this latter simulation, the horizontal
central plane of the anomaly is moved down half a layer compared to the
reference case. The top diagrams are a plan view of the crosshole scan
results through layer 4 while the bottom diagrams illustrate, in cross
section, the downhole scan results along one of the orthogonal planes
passing through the anomaly’s vertical axis.

The interesting feature to note from a comparison of the two

downhole scan results is the vertical symmetry displayed by the



TABLE 4. Trials Where the Position of the Anomaly is Varied

Trial

Parameter A B C

location of centroid
of anomaly S4
with respect to
operational grid
- Xo0:Yo 3,3 ’

3 2:3,2:3
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Figure 14.

Selected downhole and crosshole scan results from Trial A.
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predicted aCR about the horizontal central plane of the anomaly. When
the central plane coincides with the middle of two potential nodes
(Trial B) then the predicted aCR is maximized at this location. Values
above and below the plane fall off in response to decreasing conduc-
tivity. For the reference simulation, maximum values occur on either
side of the central plane as it is now situated on a potential node. In
all cases, the predicted results for the anomaly are less than the
actual CR because of an averaging effect of the conductivity comprising
the space around the current and potential nodes. For this particular
anomaly, the predicted aCR at best (Trial B) underestimafes the actual
conductivity by about half.

With regard to the crosshole scan results, horizontal symmetry for
both trials is now with respect to the vertical axis of the anomaly.
However, the predicted aCR's are considerably smaller, relative to the
downhole scans, owing to the larger "a" spacing and thus the more
pronounced averaging of the conductivity about the current excitation
volume. A comparison of the crosshole results from these two trials
also shows how a subtle change in the vertical position of the anomaly
has little bearing on the predicted aCR. There is, in fact, no
significant difference between these results. As Table 5 shows, succes-
sive results from the layers above and below the central plane are also
only subdued replicas of that obtained along the central plane itself.

Table 5 can aiso be used to compare the difference between a scan
using this electrical method and that obtained by a conventional sur-
face array. Although technically the results from layer 1 correspond to

current being introduced one meter below the ground surface, for the
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TABLE 5. Selected Crosshole Scan Results from Trial B

Orthogonal Scan Diagonal Scan
Electrode Electrode
Layer 2:3,3 2:3,4 2:3,3:4 2:3,2:3
1 1.09 1.09 1.19 1.14
2 1.10 1.10 1.22 1.15
3 1.34 1.12 1.27 1l.14
4 1.34 1.12 1.33 1.12
5 1.30 1.12 1.32 1.10
6 1.25 1.10 1.26 1.09
7 1.21 1.09 1.19 1.09
8 1.17 1.07 1.14 1.08




purposes of this comparison they could be treated as the same as those
results obtained along the ground surface. Relative to layer 4, which
closely corresponds to the location of the horizontal central plane of
the anomaly, the orthogonal scan and diagonal side scan results from
layer 1 at electrodes 2:3,3 and 2:3,2:3 are lower by about 20X and 10%,
respectively. If the horizontal central plane of the anomaly were moved
down a few more layers then the surface method would not likely detect
the anomaly at either of these "a" spacings, nor would the outcome
improve with an expanded array.

The results obtained by the electrical method proposed here are
not particularly high when operating in a crosshole manner. However, by
introducing current and measuring voltages within the ground this
technique provides better results than the surface method.

For trial C, the repositioning of the vertical axis between the
four surrounding electrodes (see Figure 16) leads to the situation
where most of the aCR information within the anomaly is collected from
its sides. Hence, for the downhole scans, the predicted aCR values are
still symmetric about the horizontal central plane but small as
compared to the reference simulation. The four orthogonal and two
diagonal scans of the anomaly provide slightly better results than
trial A because both potential nodes are located closer to the vertical
axis. However, even the predicted aCR, which straddles the vertical
axis of the anomaly on the diagonal, is only about 10% of the actual
conductivity. Interestingly enough, all of the closest downhole and
crosshole scan results (both orthogonal and diagonal) to the centroid

of the anomaly have about the same aCR (-1.9) despite differences in
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Figure 16.

Selected downhole "and crosshole scan results from Trial C.



the "a" spacings. One aspect of Trial C not previously seen is the
occurrence of an occasional undershoot in the aCR, i.e. a value less
than 1.0. The implication is that a more resistive body lies within the
medium. In actual fact this feature 1is simply an undesirable
characteristic of apparent conductivity profiling. Undershoots usually

occur when:

(1) the boundary between the anomaly and medium is normal or slightly
skewed to the scanning direction.

(2) a large conductivity contrast is present between one
current-potential nodal pair and the other, with the boundary
between the anomaly and the medium located somewhere between the
midpoint of the array and the potential node on the side of the

anomaly.

Fortunately, undershoots usually stand out as singularities in the scan
results, In conjunction with the entire aCR pattern they can be used to
assist in determining the position of a boundary between an anomaly and
the medium.

In a simulation in which the anomaly is simply positioned half a
layer below that used for Trial C, the results (not shown) are as
expected from the other simulations to this point. The aCR results from
the downhole scan showed a slight improvement over that obtained from
Trial C, owing to the fact the horizontal central plane of the anomaly
was situated between two potential nodes. No significant difference

existed between the crosshole scan results.
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In summary, crosshole scans are not particularly useful in
resolving the vertical position of an anomaly but rather its horizontal
position as given by the predicted aCR pattern. Downhole scans can more
accurately determine the vertical position of an anomaly, limit its
probable horizontal extent and, because of its smaller "a" spacing,

provide a closer estimate of the actual conductivity.

Size and Shape of Anomaly

Previous trials have shown how an apparent conductivity distribu-
tion can be used to infer the location of an anomaly based on
systematic downhole and crosshole scans. These simulations involved an
anomaly whose overall dimensions exceeded the nodal separation of the
grid network. Hence, irrespective of position, some information would
always be guaranteed with this particular anomaly. To evaluate the
performance of the monitoring network using anomalies with different
sizes and shapes, three trials (Trials D, E and F) were devised.

First, the effect of different ellipsoidal anomalies (S3 to S6) is
considered (see Table 2 for summary details). Table 6 lists the anomaly
types corresponding to each of these trials. Figure 17 illustrates the
results from the downhole scans of these anomalies across layers 4:5
while Figure 18 provides the crosshole scan aCR’s within layer 4. For
ease in comparison, anomaly S4 (Trial A) is repeated on these two
diagrams. All other paramecters used for the reference case remain the

same.,
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TABLE 6. Trials Where Anomalies with Different Sizes and
Shapes are Varied

Trial

Parameter A D E F

anomaly type S4 S3 $5 S6

location of centroid of above anomalies
with respect to operational grid

- X0,Yo 3,3
- 24 4
Trial
Parameter C G H

anomaly type S4 s3 S5

location of centroid of above anomalies
with respect to operational grid

- Xg,Yo 2:3,2:3

- 2Zg 4
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Figure 17. Selected downhole scan results from Trials A, D, E and F.
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A comparison of the downhole scans (Figure 17) clearly shows that
given a sufficiently large anomaly relative to the grid network, the
horizontal position can be determined even without the crosshole infor-
mation. These scans also show the overall increase in the aCR values
with larger anomalies. Refer to Table 7 for the results of the downhole
scan from electrodes 2,3 and 3,3. The average of the actual CR cor-
responding with these results (layers 4 and 5) is shown for comparison.
Differences in the aCR's 1argely reflect changes in the number of
anomaly layers and the conductivity contrast between the anomaly and
the medium (if any) at these points. At electrode 3,3 note how the aCR
is not only sensitive to an increase in the number of anomaly layers,
but also to changes in the actual CR. The results from both electrodes
also show how the overall predicted aCR diminishes slightly in value
relative to increases in the actual CR.

As might be expected, the crosshole scan results (Figure 18) also
show an increase in value with larger anomalies but they are more
subdued than the downhole aCR data as a consequence of the larger "a"
spacing. The horizontal position of each anomaly is evident from the
aCR pattern although, as was the case for example (a) in the prelimi-
nary trials, it is questionable whether Trial D wou:d actually be
detected. One salient point regarding a diagomal scan of an anomaly
centered about an electrode is that when the scanning direction is
normal to the boundary, comparable aCR values occur with the neighbor-
ing orthogonal results behind it. Similarly, a diagonal side scan of
the anomaly produces results comparable to the neighboring orthogonal

values closer to the enter of the anomaly. This was also evident for
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TABLE 7. Selected Downhole Scan Results from

Trials A,D,E and F

Number of
Anomaly Layers

Anomaly Trial at Electrode

Average of

Actual CR

Predicted aCR

S3
S4
S5
56

S3
sS4
S5
S6

> O

> O

L w

LweHE o

Electrode 3,3

12.00 1.64
15.05 7.66
15.25 8.40
14.85 8.14
Electrode 2,3
1.00 1.00
1.10 1.12
2.95 2.18
5.50 3.50
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example (c) from the preliminary simulations. This occurs regardless of
the size of the anomaly although a slight discrepancy between the
comparable diagonal and neighboring orthogonal values becomes more
pronounced with the larger anomalies.

Two further simulations (Trials G and H) involved placing
anomalies S3 and S5 between four surrounding borehole electrodes.
Anomaly S$6 could not be positioned in this location because its dimen-
sions would have exceeded the limits of the operational grid. The
downhole and crosshole scan results are illustrated in Figures 19
and 20, respectively, while a summary of the anomaly types correspond-
ing to these trials is given in Table 6. Trial C, which corresponds to
the reference pase'in this position, is repeated on these diagrams for
comparative purposes. For the downhole scans, the primary effect is
that anomalies can be detected if their overall dimensions exceed the
horizontal nod~nl spacing of the operational grid. As well, some
inference can be made regarding their horizontal position. Unless a
portion of the anomaly passes through the electrode, however, the
downhole scan will not detect it. For the crosshole scans, two
important points come to light. First, the presence of undershoots in
the aCR’s can be used to confirm the position of an anomaly’s boundary,
noting it is approximately situated between one of the two
current-potential electrode pairs. Second, for this particular
situation, the point corresponding to the two highest diagonal scan

results is also the location of the central axis of the anomaly if

these two diagonal aCR’s and the four surrounding orthogonal results

are all equal in wvalue.
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Figure 19. Selected downhole scan results from Trials C, G and H.
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Figure 20. Selected crosshole scan results from Trials C, G and H.
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The effect of the size and shape of the two smaller, spherical
anomalies (S1 and S2) was also examined. Simulations carried out (not
shown) with anomaly S1 indicated that the only situation in which it
could be detected was when it was virtually positioned at an electrode
and then only by a downhole scan. It was not possible to detect this
small an anomaly with a crosshole scan under any circumstances, or by a
downhole scan once it was horizontally repositioned more than one node
away from an electrode. Similarly, anomaly S2 could only be detected by
a downhole scan if it was positioned at, or very close to, an elect-
rode. It was not significantly detected by a crosshole scan under any
condition. Note also that the conclusions which are drawn for both of
these anomalies involve uniform internal conductivity distributions
since they are too small for a gradational distribution.

In summary, for an anomaly to be detected by a dowahole scan it
must be positioned such that the scan will pass through a portion of
the anomaly. This at the very least will enable the vertical position
te be determined. The overall size and shape of the anomaly relative
to the operational grid will dictate the degree of interpretation which
can be made regarding its horizontal position by downhole and/or cross-

hole scans.
Non-Uniform Medium
In all of the simulations carried out to this point, anomalies

were analyzed within a medium containing uniform properties. This was

treated as a fully saturated medium composed of clean sands. For each
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scenario, residual apparent conductivity distributions were obtained by
dividing the voltage from each scan by its respective background
voltage; all other parameters involving the electrode array being
equal. This procedure, in effect, simply normalized the output. In this
section, the influence of a heterogeneous medium on the apparent
conductivity pattern is considered.

The effect of a medium with an unsaturated zone is first examined.
In Trials I and J, three additional layers are added to the top of the
overall grid. Trial I involves placing a zone of unsaturated clay in
these layers, while in Trial J, a zone of unsaturated clean sand is
used. These two trials could also be viewed as a simple case involving
a zone containing the same soil type but different in its soil moisture
or temperature conditions. Equivalent resistivities assigned to these
two zones are 200 ohm-m and 500 ohm-m, respectively. Apart from the
addition of the three layers to the grid, all other parameters used for
the reference case remain the same. Table 8 is a summary of the above.
The output is presented in two differeni: ways. One involves presenting
the apparent resistivity distribution as predicted, while the other is
the normalized conductivity version. The first way of looking at the
results highlights the influence of each layered heterogeneity on the
predicted results. The second shows how the residual apparent conduc-
tivity approach enables the same solution to be obtained, irrespective
of the presence of a hetefogeneity. As a result of adding three layers
to the grid, crosshole scans could not be simulated because the dimen-

sions of this grid exceeded the storage capabilities of the computer.
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TABLE 8. Trials Where Additional Layers are Added to the Medium
Representing Zones of Higher Resistivity

Trial
Parameter A 1 J
resistivity of n/a 200 500
unsaturated zone, ohm-m
(layers 1 - 3)
resistivity of 100 100 100

saturated zone, ohm-m
(layers 4 - 11)
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A comparison of the downhole predicted apparent resistivitie= for
the reference case and Trials I and J is shown in Figure 21. Relative
to the reference case, the main effect to note is the downward
influence of the more resistive unsaturated zone about two layers below
the interface with the saturated zone. In Trials I and J there is an
apparent resistivity increase in the results immediately below the
interface due to the presence of the unsaturated zones. As they stand,
interpretation of these distributions is not particularly difficult but
it does require consideration of the near surface soil type and/or
moisture and temperature conditions.

Compare this result with the normalized version of this same data
set (Figure 22). By taking into account the prevailing background
conditions, the effect of normalizing the data is to still obtain the
same results as the reference case, even if the background conditions
are non-uniform either in space (soil type) or over time
(moisture-temperature conditions). The three aCR distributions are
virtually identical. The overall result is to accentuate the presence
of the anomaly as opposed to other factors which could influence the
aCR pattern.

To examine the effect of 2 heterogeneity beside the anomaly one
last trial (Trial K) was carried out in which a conductive clay lens
was positioned beside the anomaly used for the reference case. The
results from this trial were normalized in two ways. One was by using
the correct background conditions, i.e. taking into account the effect

of the clay lens. The other was by deliberately using an arbitrary
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Figure 21. Selected downhole scan results from Trials A,

showing the apparent resistivity.
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Figure 22. Selected downhole scan results from Trials A, I and J
showing the aCR corrected with the prevailing background conditions.



background consisting of a uniform medium. This was done in order to
demonstrate how an incorrect interpretation of the aCR pattern could be
made if heterogeneities in the medium are not recognized. As before,
other parameters are identical to that used for the reference case. The
results using a uniform background which does not account for the
presence of the clay lens are depicted in Figure 23. This arbitrary use
of a singular value to be used as the background condition is a common
practice in exploratory application of the electrical method. Since
pre-contamination conditions are not known "a priori", a background
value is selected from an off-site area similar in characteristics. In
this case both the downhole and crosshole scans have detected 1its
presence, but the interpretation of the crosshole pattern is confusing
due to undershoots in the output data.

Compare this now to Figure 24 where use of the correct background
conditions has eliminated the influence of the clay lens on the
results. This leads to clearer picture of the subsurface conditions.
The correct version of the results from Trial K are the same as that

obtained from Trial A (see Figure 14).
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Figure 23. Selected downhole and crosshole scan results from Trial K
showing the effect of an incorrect use of the background conditions.
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results to those shown for Trial A (Figure 14).

83



5. CONCLUSIONS

These simulations show that contaminants introduced into the ground
can be more accurately monitored by a borehole electrical method
using a three-dimensional grid of electrodes. This approach has the
potential of more accurately resolving contaminant distributions
than a conventional surface electrical technique. This is expected
because current is not only introduced directly into the subsurface
but also because all voltage measurements are made below ground.
This technique provides for a more focised and systematic
investigation of the region covered by the grid, and avoids the
loss of information with depth. This problem inevitably accompanies
the surface method because of the associated increase in the "a"

spacing.

The factors which influence the ability of the borehole electrical
method to detect an anomaly (given a sufficient conductivity
contrast with a medium) are the size, shape and position of the
anomaly relative to the grid spacing. The downhole scan is more
eft:ective in determining the vertical position of an anomaly and,
depending on the extsnt of an anomaly, may be able to assist in
fixing its horizontal 1location. For this *o occur, however, the
anomaly must be positioned at or very close to an electrode such
that a downhole scan passes through it. Providing the horizontal
extent of an anomaly is roughly equal to, or exceeds, the

horizontal spacing between electrodes, crosshole scans can be used
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te infer the horizontal position of an anomaly. Because of the
narrower "a" spacing used for downhole scans, they provide a better
estimate of the actual conductivity than crosshole scans. However,
it is the symmetry or asymmetry of the apparent coaductivity
pattern which is used to infer the position of an anomaly relative

to the grid network.

Other factors which affect the apparent conductivity distrihution
are those which lead to a non-uniform medium such as differen: soil
types, moisture content, temperature or perhaps a temporal change
in the latter two. The residual conductivity approach enables these

influences to be eliminated providing that:

(a) disruption of the region immediately encompassing the grid
does not occur.

(b) the correct set of background readings, appropriate for the
governing conditions at the time of use, are selected from a

seasonal suite of data.

It is clear that an inground electrical method could not itself
meet the ideal demands of a monitoring network; i.e. provide an
accurate yet cost-effective means of detecting and delineating a
contaminant plume. However, in combination with chemical data
obtained from wells, it is suggested that the two systems would

complement each other very well in fulfiling these requirements.
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Data from wells could be used to occasionally provide accurate’



information concerning the presence and distribution of specific
chemical species. The electrical method, on the other hand, could
assume the routine low-cost detection duties and provide an outline

of the general extent of any plume that may form.

The results from this theoretical examination of the inground
electrical method suggest that further research is warranted using

experimental data. Validation of a concept is a logical next step.

86

This work would involve physical modeling using either a sand tank

or an actual field site. 1In addition, this study would help to
assess the importance of other factors which are known to influence
electrical conductance in the subsurface, and to provide practical

experience for the design and operation of the network.
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