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Abstract

Three-dimens ional resistivity modeling was performed to simulate the
changes in resistivity due to the leakage of fluid contaminants into an
aquifer. The simulation represents a case where the fluid is introduced
into a 25 m aquifer at a depth of 45 m.  The contaminant fluid is assumed
to be electrically more conductive than the in-situ ground water, Resist-
ivity measurements were simulated using a finite difference algorithm to
calculate potentials for an arbitrary three-dimensional resistivity
distribution with surface and downhole current and potential electrodes.
A downhole/surface array was considered where current was injected at the
aquifer depth and voltage measurements were made on the surface. We
considered cases where current was injected at a point within the contam-
inant plume as well as outside of the plume (offset case). We considered
three contaminant distributions: case 1, the contaminant plume forms a
uniform cylinder centered around the injection well; case 2, the plume
forms a nonuniform cylinder around the well where contaminant concentra-
tion decreases away from the well; case 3, the aquifer has a variable
vertical permeability. Results indicate that the anomaly is much greater
using the downhole electrode than for surface arrays and that the data
may be used to roughly characterize the contaminant mass and its bound-
aries. Several cases involving different contaminant boundaries were
studied and show that the downhole/surface measurements are not very
sensitive to differences in the boundary geometry although a rough deter- .
mination of the boundary position is possible. For the case where the
downhole current electrode is located ouside of or at the edge of the
contaminant, the anomaly size is smaller but the shape allows for good
discrimination of the near-side boundary.

Introduction

The recent interest in mapping subsurface ground water contaminant
fronts with geophysical methods is in response to the growing ground water



contamination problem and to federal and state mandates to identify con-
taminant sources and contaminated sites and to evaluate these sites prior
to their clean up. Initial studies have shown that many contaminated
sites have distinct geophysical anomalies compared to the surrounding area
(Saunders et al,, 1984; Gilmer and Hebling, 1984). A wide variety of
geophysical techniques including seismic, potential field and electrical
me thods have been successfully employed to detect the presence of contam-
inant plumes in ground water (Rodriguez, 1984).

Of all the geophysical techniques available, the electrical methods
have had the most widespread use in the detection of ground water contami-
nant plumes. Many sites have electrical resistivity anomalies that may be
directly attributed to the presence of an electrolytic contaminant (Saun-
ders et al., 1984). Presently, the emphasis of field surveys has been on
surface electrical techniques. The problem with this approach is that
measurements are insensitive to contaminants if they are too deeply buried
or if their concentration is low.

In this paper we examine the possibility of mapping ground water con-
taminant plumes using a borehole/surface electrical resistivity method.
Using a 3-D dc resistivity computer code, we simulate a three~dimensional
contaminated aquifer and compare the results of surveys taken before and
after contamination. In addition, we consider four different types of
contaminant boundaries to determine the sensitivity of measurements to
variations in boundary geometry.

Contaminant Model

For the resistivity simulation we consider a simple 5-layer resist-
ivity model with an electrolytic contaminant present in a sandstone aqui-
fer (layer 4) 45-70 m in depth with a porosity of 15% and an initial in-
situ water salinity of 600 ppm (Figure 1). Using Archie's law and rela-
tions correcting the pore fluid resistivity for pore fluid salinity, we
calculate the resistivity of the aquifer. The resistivity of the contam-
inated zone is calculated assuming a change in electrolyte concentration
(assumed to be NaCl) from 600 to 1200 ppm. In Figure 2 the relation
between fluid resistivity and dissolved electrolyte is shown for several
different electrolytes. The figure indicates that at low salinities
typical of shallow ground water systems the change in resistivity due to
changes in salinity is quite dramatic. At 800 ppm NaCl a 102 change in
pore fluid salinity (i.e., to 880 ppm) produces a 8Z change in formation
resistivity.

The contaminant mass is assumed to form a prism buried at between 45
and 70 m. We consider three types of plume boundaries: (a) an abrupt
boundary, (b) a diffused boundary, and (c¢) a stratified boundarg. In each
case, the total volume of contaminant remains fixed at 11,000 m°. For all
of these cases it 1is sought to measure the sensitivity of the resistivity
measurements to the shape of the contaminant mass and its boundaries. The
abrupt boundary is a case where the contaminant does not mix with the
native ground water and the aquifer has uniform characteristics. For the
diffused boundary, there is mixing between the contaminant and the native
ground water at the boundary. In this case the boundary is assumed to
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Figure 1. Cross-section of the resistivity distribution for the simulation.
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Figure 2. Resistivity variations for different saline aqueous solutions with
increasing salt concentration at 25°C (after Ershaghi et al., 1981).



present three subregions that are transitional between the contaminant and
the native ground water. With the stratified boundary case the contaminant
spreads in a nonuniform manner because of permeability layering in the
aquifer, so that the position of the boundary is a function of depth.

We also considered a case where a regional ground water gradient is
incorporated into the model, Based on an abrupt boundary type model the
position of the downhole current electrode is assumed to be located at
progressively larger distances from the center of the plume, and then
outside of the contaminant plume. This corresponds to a case where the
contaminant mass is being moved by the natural regional flow without
changing shape. '

Resistivity Modeling

Resistivity calculations are performed with the three-dimensional
finite difference computer code RESIS3D (Dey and Morrison, 1979). With
the code, apparent resistivity may be calculated for a variety of surface
and downhole arrays over an arbitrary three-dimensional resistivity dis—
tribution. Because of the memory requirements, we limited the mesh to a
51 x 17 x 11 node array. This restricts the complexity of the models used,
and limits the amount of detail possible for the simulation. The calcula-—
tions reported here assume that a downhole current electrode is in a well
at a depth of 55 m, within the contaminant plume, and potential measure-
ments are made on the surface. The second current electrode is far from
the well. Experience has shown that this configuration (also called the
mise-a~la-masse method) is much more sensitive than surface arrays to
changes in resistivity near the current electrode (Wilt et al., 1983).

Calculations are given in percent difference of the total field
apparent resistivity of the model considered, compared to baseline mea-
surements of the same model but without the contaminated region. The
total field apparent resistivity parameter consists of a combination of
voltage measurements made parallel with and orthogonal to the profile
direction and normalized for separation and current strength (Dey and
Morrison, 1979).

Results

Central Current Electrode

Figure 3 is a plot comparing total field apparent resistivity differ-
ences for the three cases considered: (a) abrupt boundary, (b) diffused
boundary, and (c) stratified boundary. The simulation is for a current
electrode in the center of the contaminant mass and surface profile mea-
surements made directly over the current electrode.

For each case an inverted bell-shaped curve is obtained with a maxi-
mum apparent resistivity difference of about 202 observed for measurements
directly over the current electrode. This compares to a maximum anomaly
of about 22 if the entire array were confined to the surface (Wilt et al.;
1983). The placement of the current electrode into the contaminated
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region can therefore improve sensitivity by an order of magnitude. We
would expect a similar improvement if the potentlal measurements would
also be made downhole.

Figure 3 illustrates the effect of the different boundary conditions
on the apparent resistivity. For the abrupt boundary (case a) and the
stratified boundary (case c) the shape and magnitude of the curve is vir-
tually identical. It would not be possible to distinguish between these
boundaries. For the diffused boundary (case b) the magnitude of the anom-
aly is smaller and the width of the curve is slightly greater. The anom-
aly for the diffused boundary is different primarily because the contami-
nant is spread throughout a broader region so the change in resistivity
near the current electrode is slightly less.

The approximate position of the contaminant boundaries may be estima-
ted by a "half-width" calculation. That is, the plume boundary will be
approximately located at a position corresponding to half the maximum
anomaly times some constant; for the abrupt boundary cases this constant
was found to be .5.

Offset Current Electrode

When the downhole current electrode is not located in the center of
the contaminant mass the anomaly is no longer symmetrical and the ampli-
tude is smaller. Figure 4 gives percent difference apparent resistivity
plots for the gradational boundary case with the current electrode offset
distances from 0 to 67 m from the contaminant center. As the electrode is
moved from the center towards the edge of the contaminant several changes
are apparent in the observed anomaly. First the peak magnitude of the
anomaly is reduced from 20Z in the central case to about 3% in the largest
of fset case. Secondly, the shape of the anomaly changes from an inverted
bell curve to an asymmetric anomaly with both negative and positive lobes.
For current electrode placements outside the plume, the position of the
nearside boundary is approximately where the anomaly changes shape; or
about =40 m. The position of the negative lobe seems to remain fixed at
about -10 m regardless of the position of the current electrode.

The asymmetric anomaly pattern is due to current redistribution into.
the zone of decreased resistivty. The potentials on the near-side bound-
ary are anomalously small because the current is being drawn into the
conductive body at the expense of the surrounding medium. The increases
in apparent resistivity on the far-side of the contact are due to the
increase in current caused by the contaminant body.

For the offset case a half-width calculation may be made by averaging
the near-side and far-side apparent resistivity differences and adjusting
the anomaly to the new level. The half-width calculation indicates a
contaminant front 43 m from the center which is in reasonable agreement
with the true position.



Percent difference

Percent difference

Percent difference

TOTAL FIELD PERCENT DIFFERENCE

TOTAL FIELD PERCENT DIFFERENCE

.\l\: t | 1 T 1 ' T T 1 10 I I 1 1 T T T 1 T T T
. 6 - B
-6 F i
o r .
10 4 8
g 6f .
> 14
-
-6 | 4 8 -10F <
—
8
o 15 n
-20 F B é
o0 F 4
-26 | B
Abrupt Boundary, Offset = Om. -6 Abrupt Boundary, Offset = 13m. ]
-30 I i A A A e It Il i i i -30 oo 1 1 1 A 1 L L L i 1
-180 -160 -120 -80 -60 -30 O 30 60 80 120 1BO 180 -180 -160 -120 -60 -60 -30 O 30 60 980 120 160 180
Distanca {(m) Distance (m)
TOTAL FIELD PERCENT DIFFERENCE TOTAL FELD PERCENT DIFFERENCE
10 T ¥ T T T T T T T T 20 T T T T T T T T T T T
16 r 5
0 I R
]
Q
8 ;
2
-
5 i
-
c
-]
0 4
&
*26 Abrupt Boundary, Otfset = 27m. -6 Abrupt Boundery, Otteet = 40m. ]
_30 . e 4 . A A A 1 1 |l 1 .20 1 | 1 el L J L A - e L
-180 -160 -120 -80 -80 -30 O 30 60 80 120 160 18(C -180 -160 -120 -80 -60 -30 0O 30 60 80 120 16O 180
Distance (m) Distance (m)
TOTAL FELD PERCENT LIFFERENCE TOTAL FIELD PERCENT DIFFERENCE
10 T T T T T T T T ™ 10 T T 7 T T T T T T T
8 r - 8 .
8 I ~ 8k E
4 1 8 4 s
]
2 T 1 5 2+
-
0 4 ©® O0Ff _
-
{1 8 2f i
.2 _’_.-..._*’ e
]
-4 -4 O -4 |‘ 1
-8 | ~ -3 L h
-8 [ Abrupt Boundary, Oftest = 53m. - -8 |- Abrupt Boundary, Offset = 67m. B
_‘o L i A L A L A 4 e L d. ..‘0 A 1 L i i i L 1 1 - e
-180 -160 -120 -90 -80 -30 O 30 60 80 120 160 180 -180 -160 -120 -80 -60 -30 O 30 60 90 120 160 180

Figure 4,

Distance (m)

Distance (m)

Total field percent difference apparent resistivity calculations
for the offset downhole current electrode. Model is using an

abrupt boundary (a) offset = 0 m,

(b) offset = 13 m, (c) offset =

27 m, (d) offset = 40 m, (e) offset » 53 m, and (f) offset = 67 m.
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Summary and Conclusions

In this study a simulation of a downhole/surface resistivity experi-
ment to map a contaminant plume was performed using a three-dimensional
computer code. A fixed amount of contaminant was placed in an aquifer
between 45 and 70 m in depth and resistivity measurements were made at the
surface using a current electrode in the contaminant body. Results indi-
cate that the anomaly is much greater using the downhole electrode than
for surface arrays and that the data may be used to roughly characterize
the contaminant mass and its boundaries. Several cases involving differ-
ent contaminant boundaries were studied and show that the downhole/surface
measurements are not very sensitive to differences in the boundary geo-
metry although a rough determination of the boundary position is possible.
For the case where the downhole current electrode is located ouside of or
at the edge of the contaminant plume, the anomaly size is smaller but the
shape allows for good discrimination of the near-side boundary.
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?igure Cépcions

Fig. 1. Cross-section of the resistivity distribution for the
simulation. o

Fig. 2. Resistivity variations for different saline aqueous solu-
tions with increasing salt concentration at 25°C (after Ershaghi et al.,
1981).

Fig. 3. Total field percent difference apparent resistivity calcula-
tions for the central downhole current electrode: (a) abrupt boundary,
(b) diffused boundary, and (c) stratified boundary.

Fig. 4. Total field percent difference apparent resistivity calcula-
tions for the offset downhole current electrode. Model is using an abrupt
boundary (a) offset = 0 m, (b) offset = 13 m, (c) offset = 27 m, (d) off~-
set = 40 m, (e) offset = 53 m, and (f) offset = 67 m.
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