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ABSTRACT

The Waste Isolation Pilot Plant (WIPP) located in 
Southeastern New Mexico, 23 miles east of Carlsbad, has been 
constructed to study the effects of long-term storage of 
nuclear waste in a bedded halite formation. The geology of 
the area is that of a karst environment with many dissolution 
structures and other deformaties that must be mapped in order 
to predict the time relationship of these structures with the 
WIPP site. Because of the large contrast in the electrical 
conductivity between crystalline salt and salt saturated 
w a t e r , electrical methods may play an important role in 
locating water saturated zones in the halite formation. 
During the spring and summer of 1986 a series of underground 
DC resistivity surveys were performed at the site in order to 
attempt to better understand the geology near the m i n e . 
Electromagnetic data was collected as a preliminary step in 
determining the resistivity contrasts near the drifts. 
Measurements showed the rock near the drifts to have 
resistivities of approximately 300 to 400 ohm—meter. Along
with these recordings, the main experimentation consisted of 
using direct current electrical methods to measure four 
components of the electric field: a potential voltage and 
three orthogonal components of the electric field. These

iii



T-3372

voltages were then converted to apparent resistivities and 
compared with a uniform-earth model and a three layer model. 
The effect of a conductive disk in a resistive layer was then 
modeled to simulate a lense shaped brine feature in the 
halite bed. The modeling study shows that the effect of a 
conductive anomalous body depends on its size, orientation 
and distance form the survey area„
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INTRODUCTION;

The Waste Isolation Pilot Plant (WIPP), located in 
southeastern New Mexico, 23 miles east of Carlsbad, is being 
constructed to evaluate the long term engineering and 
technical problems associated with storage of nuclear waste 
in a bedded salt formation (figure 1). Even though the 
regional geology of area is easily described as a monocline 
with a shallow, one-degree dip to the southeast, the geology 
at localized sites can be extremely complex. From the 
regional stratigraphie column, the area is made up of seven 
formations of which the Delaware Mountain Group is often 
considered as basement, (figure 2) (Barrows & Fett,1985).
The Delaware Mountain group consists mainly of clastic 
sediments and is conformably overlain by the massive bedded 
anhydrite of the Castile formation. The Castile formation 
also contains anhydrite/calcite laminations along with some 
halite. Above this formation lies the Salado formation.

The Salado formation is the most important formation in 
this study because it is the zone in which the WIPP (site) 
experimental mine has been established. This formation 
consists of bedded halite interbedded with anhydrite, 
polyhalite and clayey to silty clastic seams which are often 
used as marker beds, (Barrows & Fett). The Salado is a 
relatively clean evaporite without the large amounts of
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elastics found in many evaporites, but lenses and layers of 
clay and silt are common in the upper section (Borchert, and 
Muir, 1964).

Lying conformably above the Salado Formation is the 
Rustler Formation which also consists of evaporites but 
includes some siltstones and dolomite members. Above the 
Rustler lies the Dewey Lake Red Beds. This formation is 
made up of gypslferous siltstones. In the area, the 
Triassic and Pleistocene Dockum and Gatuna Formations are 
thin and patchy. The Dockum Formation consists of medium to 
coarse grained crossbedded sandstone while the Gatuna 
consists of unconsolidated surface sand dunes, channel sands 
and lag gravels, (Barrows & Fett).

In the many evaporite layers in this stratigraphie 
column, localized karst and collapse structures have formed. 
Steeply dipping, overturned beds and laminations along with 
duplicate or missing beds have been logged in core samples 
of the Castile and Salado Formations. Little or no such 
deformation has been recorded in the Delaware Mountain Group 
which points towards gravitational settling, (Barrows & 
Fett). Dissolution of the evaporites also contributes 
greatly to the geology of the area. This effect creates 
numerous karst features such as dissolution voids, breccia 
pipes and fractures in the evaporite formations.

These types of structures create an immediate concern
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to mining operations and a more serious concern in terms of 
long term storage of nuclear waste because the possibility 
of communication between the storage chambers and the water 
in surrounding formations is present. Therefore, to have a 
successful storage complex, it is necessary to have the 
capability to detect and map these disruptive features so 
that leakage may be avoided in the future■

In the past, numerous methods have been utilized to aid 
detection of these features. Because of the high 
resistivity contrast between crystalline halite and salt 
saturated water, electrical methods have been used on the 
surface at the WIPP site. These methods have been 
successful in locating large-scale features but where almost 
useless in detecting small, deep structures. In an effort 
to map these smaller anomalous zones the use of DC-methods 
along with a back up of standardized electromagnetic methods 
were performed underground at the WIPP site. After data 
reduction, using both uniform-earth and three-layer models 
to calculate the apparent resistivities, appropriate models 
may be calculated to show the effects an anomalous body 
would have on the value of the electric field with which the 
resistivities are calculated .
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CONCURRENT AND PREVIOUS WORK:

The first survey performed for Sandia by the Colorado 
School of Mines was a 5-component electromagnetic survey in 
the spring and fall of 1985. This survey was conducted on a 
1000 meter by 1000 meter grid situated around WIPP12 (figure 
3). The components recorded were : two horizontal, 
orthogonal components of the electric field and three 
orthogonal components of the magnetic field. After reduction 
of this data, it was found that this grid should be extended 
to the south in order to delineate an anomalous zone 
intersecting the southwest section of the grid. The 
extension to this grid was surveyed in the summer of 1986 
along with a survey using an underground source. This was 
done in order to downward continue the data for another 
study (Andersen, 1987).

Previous work performed by other contractors include 
Schlumberger soundings and data from well logs. The 
Schlumberger soundings that were performed in the area 
worked well for detecting anomalous zones in the upper 
layers, but they failed to penetrate into the Salado 
formation. This short fall of the method is due to the 
Schlumberger's inherent inability to penetrate resistive 
zones. The well logs collected in the data suggest the 
resistivity of the Salado formation to be approximately 300
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to 3000 ohm-meters with small zones of extreme high or low 
resistivities.
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UNDERGROUND ELECTROMAGNETIC SURVEYS;

The preliminary study of the underground portion was the 
use of conventional electromagnetic coupling equipment to 
make short range measurements of the conductivity of the 
wall rock in tunnel openings at the WIPP site. The two 
systems used were the EM-31 and EM-34 instruments 
manufactured by Geonics, Ltd. of Ontario Canada. In these 
two systems, the mutual coupling between two induction coils 
is measured and converted to apparent conductivity. This 
conversion is performed by analog computation circuits 
contained in the instruments. In the EM-31, the two coils
are separated by three meters and energized at a frequency
of 9.8 kilo hertz. The coil separation for the EM-34 was 
twenty meters and energized at one of two frequencies. The 
depth of investigation for the EM-31 is 1 to 2 meters and 
for the EM-43 is 10 to 20 meters.

The EM-31 survey was conducted with station separations 
of 6.096 meters (20.0 feet) or 7.62 meters (25.0 feet).
Lines were run in drift Nl100 between E140 and E300, drift 
E300 between S400 and S2100 and drift E140 between S3700 and 
S2100 during the first part of the survey. This instrument
reads direct conductivities so no data reduction was
necessary. The data were then plotted as conductivity 
verses distance (figures 4 through 6). In drift Nl100,



CO
ND

UC
TI

VI
TY

 
m

lll
ls

le
m

an
s

T-3372 10

6.0

4 .0

• e  e

3 .0 *#
•  e

•e  • •

• e  *,
2.0

1.0
CIOc5CO

STATION NUMBERS

Figure 4. Plot of Conductivity vs. Distance for the EM-31
in Drift N1100 Between E140 and El540 .



CO
ND
UC
TI
VI
TY
 
(m
il
li
ai
em
an
s)

T-3372 11

WELDING GENERATOR
6.0

POWER LINES

5 .0

4 .0

3 .0

e#

2.0
•e

1.0 •y

M5Ml

STATION NUMBERS

Figure 5. Plot of Conductivity vs. Distance for the EM-31
in Drift E300 from S400 to SI700.



CO
ND

UC
TI

VI
TY

 
m

lll
ls

le
m

an
s

T-3372 12

6.0

5.0

4.0

3 .0
* • • e  

* •

2.0

• ••
* • *»***#» •• • **

1.0 ••

 l___________ » « i « » » » «___________ I—

s 1 86 810

STATION NUMBERS

Figure 6 Plot of Conductivity vs. Distance for the EM-31
in Drift E140 from S3700 to S2100.



T-3372 13

there was a drop in conductivity at the eastern end with a 
variation in conductivity of approximately 5 milliS/meter. 
This variation could be due to a drop in elevation to the 
east. It could also be caused by a drop in water content 
due to evaporation of water out of the rock caused by the 
heating of rooms Al through A3. Other features seen are 
anomalous highs and lows caused by man made objects such as, 
metal roof control, live wires and other metal objects. The 
electric machinery caused large effects but could be easily 
detected and discarded. A histogram of the data obtained in 
Nl100 was also plotted to show the density distribution of 
conductivities (figure 7). The data obtained from this 
histogram reveals that in drift N1100 conductivity ranges 
from approximately 1.0 to 5.0 millisiemans/meter. using 
standard conversions this indicates a resistivity range of 
1000 to 200 ohm-meters respectively.

Like the EM-31, the EM-34 gives direct conductivity 
readings so that the data recorded in drift Nl100 was again 
plotted as conductivity verses distance (figure 8). Station 
separation for this profile was 20 meters. Only one profile 
was recorded using this equipment and was used primarily as 
a control for the EM-31 data. The range of conductivities 
observed with this system did not vary as much as that of 
the EM-31 due to the greater volume of rock investigated. 
Looking at the profile it is easy to see the range of
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conductivities is between 7 and 10 mi 11isieman/meter which 
converts to a resistivity of 100 to 140 ohm-meters. 
Interpreting this data is a fairly straight forward 
operation. It is immediately obvious that the resistivities 
adjacent to the tunnels vary more than they do at a 
distance. This is possibly due to a drying effect caused by 
circulation of warm surface air in the tunnels. Such a 
dried rind was observed by Keller (1962) in tunnels at the 
Nevada test site. If one compares these the results of 
these two profiles in Nl100 with measurements made in salt 
mines in Germany, one expects the water content around the 
tunnels to be from 0.8 to 1.0 percent (by weight) near the 
tunnels and about 2.0 percent at greater distances from the 
dried zone (figure 9) (Kessels and others, 1985). If it is 
assumed that the rock that forms the unit is an insulator 
and that the resistivity is due solely to the formation 
fluid, one can apply Archies' Law to calculate a bulk water 
content. Archies' Law is a valid assumption for a halite 
bed because crystalline halite has a resistivity in the 
hundreds of thousands of ohm-meters while salt saturated 
water has a resistivity on the order of 1 ohm-meter. Using 
this law, one obtains a bulk water content of approximately 
1 percent (by weight) for the EM-31 recordings and 2 percent 
for the EM-34 which is in agreement with the values obtained 
using figure 9.
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DATA ACQUISITION:

After the EM-31 and EM-34 surveys were finished the 
largest portion of the underground work conducted by the 
Colorado School of Mines was begun. For this effort 
electric field and electric potential measurements were 
recorded in the tunnels using a direct current source 
located on the surface. The technique used was a 
generalized resistivity mapping approach, (Keller and 
others, 1975) which involves the measurement of a voltage 
difference between two receiver electrodes.

The equipment used can be separated into two units, the 
source and the receiver. To create a fixed bipole source,
#4 welding cable was connected to the casing of WIPP 22 and 
WIPP 13, electrodes "A" and "B" respectively, with an 
electrode separation of 1.8 kilometers. Between these two 
wells , along the Hobbs-Wipp access road, (figure 10) a van 
containing the source instrumentation was connected to the 
two electrodes. The current was supplied by a 27 kw, 220 
VAC, three- phase motor generator. Using a clock- 
controlled system of solid-state and mechanical switches, 
the direction of current flow was reversed every four 
seconds to create a symmetric square wave current signal.
The direction of flow was changed every four seconds so that
this signal could be distinguished from the surrounding
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noise, (Andersen r and others, 1985).
The anticipated signal from this source was a current of 

200 Amperes peak to peak (PTPI) at approximately 300VDC.
The true current varied by approximately 10 percent although 
the generator was operating at full capacity. These 
variations in current were due to resistivity fluctuations 
caused by line heating of the #4 wire. The current flowing 
through this wire needed to be turned off periodically for 5 
or 10 minutes to allow the system to cool and reduce the 
fire hazard. The current was recorded at 5 and 10 minute 
intervals.

The potential difference between two points (M and N) 
for each recording was measured using two Copper/Copper 
sulfate half-cell, or porous-pot, sensors. The separation 
between the two receiver electrodes was kept constant at 2 
meters with the "M" electrode located at the station. The 
"N" electrode was moved around this point to record 3 
orthogonal potential differences. The components recorded 
were, north-south "x", east-west "y" and a vertical "z" 
component. For these measurements, the ratio of the voltage 
difference to separation was assumed to be approximately 
equal to the electric field component along the direction of 
separation. A potential difference was also measured from a 
reference base station to the recording station. During the 
first part of the survey, the recording system used a
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laboratory Digital Equipment Corporation (DEC) PDF 11/23 
micro computer. This is the same computer that was used in 
the surface survey. It was removed from the van and placed 
underground in a temporary laboratory in "L" shed. Wires 
were used to connect it to the porous pots at each station 
(figure 11). Some stations were over 300 meters from "L" 
shed. Before going to the PDF 11/23, the signal from the 
porous pots was passed through a system of amplifiers and 
buffered notch filters capable of 90 dB 60 Hz noise 
rejection and a total gain of approximately one million, 
(Andersen, and others, 1985). The DEC PDF 11/23 was 
equipped with an analog-to-digital converter and a 
synchronous clock identical to the one in the source van, 
which was used to trigger the computer to begin sampling the 
data. Each recording was then stacked with 8 other 
recordings at each station to obtain the final stacked 
record. These two clocks were synchronized daily to ensure 
that the computer was sampling over the correct interval. 
Instead of using a gas generator to supply power to the PDF 
11/23, the site's underground power supply was used. This 
created problems with grounding so an isolation transformer 
supplied by Sandia was connected between the computer and 
the electrical supply. A buffered isolation preamplifier 
was also used instead of the normal preamlpifier. These two 
steps removed this problem (figure 12).
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The second receiver system used a DEC PDF 11/02 adapted 
to be used for portable field acquisition. A 12 volt 
battery supplied the power for this system. This system 
used an E-field amplifier, and contained an internal 
amplifier and clock located in the computer (figure 13).
The data were recorded on tape, unstacked and later 
transferred to eight-inch floppy disks where it was then 
edited and stacked.

Each signal was recorded as 1024 points with a sample 
rate of 250 Hertz with 200 points before the onset of the 
signal recorded. One full cycle (8 seconds) of the signal 
was recorded for each reading. Eight or sixteen readings 
were made for each component which were then stacked 
synchronously using a "smart” stack. A total of 135 
measurements were made at 45 sites (figure 14). A typical 
stacked recording is shown in figure 15.

A smart stack is an automated stacking procedure which 
uses the mid-mean averaging method to remove erratic data 
points from the record. In this method, for each point in 
the record the values from all the stacks are ordered from 
highest to lowest. From this the highest and lowest 17.5% 
are discarded, and the remainder are then averaged and the 
standard deviation is found. Any data values lying outside 
one standard deviation above or below the average are also 
discarded. The remaining data points are again averaged and



T-3372 25

0

NON POLARIZING 
ELECTRODES

SAMPLE RATE

TRIGGER ONSET

ISOLATION 
PRE-AMP 
& FILTERS

MAIN AMP% 
NOTCH, AND 
LOW PASS FILTERS

A/D

CLOCK

AMPAMP

DATA
STORAGE

DEVICE

DEC 
PDF 11/02

TU58 TAPE CASSETTE

Figure 13. Portable Recording System Schematic.



T-3372 26

019
018
017
016

C28
C27

C26

C2 5

0 2 4

023

022
021
>020

100
101

102
103

104

105
106

107

108

109

110

112

115

Figure 14. Location Map Showing all Stations Occupied.



. 28
2 

WU
16

11
20

T-3372 27

"IdHH SDISAHdOHD NS3 5617 "I?

L

..
..
..
..
..
..
..
..
..
..
..
.
.. 

■■ 
--

 
--
--

--
--
- 

■ 
__
__
_
__
__
__
—
i

_________ l !
005 Fi

gu
re
 

15.
 
Ty
pi
ca
l 

Fi
el
d 

Re
co

rd
in

g.



T-3372 28

these values are stored on an eight inch floppy disk (S.D. 
Keller, 1986).
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APPARENT RESISTIVITY USING A UNIFORM HALF-SPACE:

In a uniform-earth the potential field due to a point 
charge at any point exterior to the charge distribution is 
given by:

111

where, I = the current flowing from the point 
P= the resistivity of the medium 

r = the distance from the point charge to the 
observation point
(figure 16). For a point charge on the surface between a 
conductive uniform half space and a half space and infinite 
resistivity, the equation becomes :

U = lif (2)

(figure 17). If it is assumed that the point charge is 
located within the conductive half space, the use of images 
may be employed to calculate the total potential. Since the 
resistivity above the surface is assumed to be infinite, the 
surface will act as a reflector and reflect the incident 
current back into the conductive half space and contribute 
to the total electric potential field. This reflection can 
be modelled as an imaginary point located opposite the true
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i,==CONSTANT

m

Figure 16. Uniform Earth Model for the Potential Field.



T-3372 31

o o
1

CONSTANT

Figure 17. Potential Field from a Point Charge Located on the 
Surface Between a Uniform Half-Space and an 
Infinitely Resistive Half-Space.
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point charge. The distance from the surface to this 
imaginary charge is the same as the distance to the real 
charge (figure 18). The total electric potential the 
becomes :

“ • £  ( ^ * i >

In most field applications the potential difference 
between two points is recorded, not the potential at just 
one point. This changes the equation to a difference 
between two points (figure 19):

In this equation, to complete the circuit the current 
flowing from the charge must return at another opposite 
charge. This charge is typically assumed to be at infinity. 
If this is not the case, and another charge is present the 
equation for the potential difference between two points 
becomes (figure 2 0):

( 5 )-- -3.
AU = AUa  - AUb (6)
Using this equation it is possible to calculate the 

apparent resistivity for a half-space. Often, in direct 
current electrical methods the first step in interpretation
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P = OO

P= CONSTANT

Figure 18. A point Charge Located within a Uniform Half- 
Space .
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2n2m

1 m

Figure 19. Three Electrode Configuration: 1 Point Source and 
2 Receiver Points.
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2n

Figure 20. Four Point Electrode Array with Images.
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is the computation of an apparent resistivity using the 
ratio of an observed change in potential to a calculated 
potential. The apparent resistivity is often similar in 
magnitude to the rock resistivity and thus can be used in 
evaluating the electrical properties of the rock in which 
the measurements are made. The usual definition of apparent 
resistivity is: It is the resistivity for a uniform half
space (a reference earth) that would have lead to the same 
voltages observed in the real, inhomogeneous earth. Often, 
this apparent resistivity is viewed as a weighted average of 
the resistivities actually existing in the earth, with the 
weighting depending on how much of the excitation current 
enters any given part of the earth with a given resistivity.
For a four-point array, the apparent resistivity can be 
calculated as:

p = U2it r 1------1----+ i_) (7)Papp I I AM AN BM BN'

Where AM, AN, BM, and BN are the distances between the 
source electrode A or B and the receiver electrodes M or N.
V is the voltage measured between M and N, and I is the 
current driven between A and B. Calculations using equation 
7 are based on the assumption that the current flows from 
point charges located at the surface. It follows from 
equation 6 that for sources located in the conductive half-

&BTHU3 LMZES LIBRARY 
COLORADO SCHOOL of MINES 

GOLDEN. COLORADO 80401
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space the ecruation becomes : 
appp = U2jt ,__________________________ 1____________________________________)

papp I + _1______ 1______ 1______1 ______1 + _ 1  + J
r lm r2m r In r2n r3m r4m r3n r4n

This equation uses images to calculate the apparent 
resistivity.

(8 )
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METHOD OF APPLICATION;

As a preliminary step for interpretation it was assumed 
that the current was emitted from two point sources located 
at the bottom of the casings of WIPP 22 and WIPP 13. For 
large distances from the source this is a valid 
approximation (Whan 1986). Using the standard equation for 
a 2-electrode system, (equation 8) a potential difference, 
and then an apparent resistivity may be calculated.

To calculate the apparent resistivity, it is first 
necessary to calculate the potential difference recorded 
between the two receiver electrodes. From each stacked 
record, a voltage could be found either manually or with the 
use of a computer. In both cases the method of calculation 
is the same. First, a plot is generated of a recording 
(figure 21). Using this plot the voltage is calculated from 
the difference in the voltage between the upper and lower 
sections of the square wave signal. The change in voltage 
obtained from this step is then divided by the amplifier 
gain to yield the true voltage difference received at the 
two porous pots.

A V
AV h =  Blot (9)obs gain

Since these values for the potential differences are small, 
they are expressed in microvolts.
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In most cases, these voltages are easy to obtain from 
the plotted records. If the records are noisy this can 
become more difficult. One example of a noisy record is 
where cyclical noise is present obscuring the true amplitude
difference (figure 22). Other recordings have noise due to
poor porous pot contacts (figures 23 and 24). In the first 
case a step has been introduced into the data. This is 
caused by movement of a porous pot during the recording of 
the data. In earlier recordings it was caused by water 
being poured over a pot during recording thus changing the 
resistivity. The second error is caused by poor contact 
between the pot and the rock surface which caused this 
transient effect. In these cases the ability to accurately 
determine the voltage differences is hindered but not 
impossible.

Using the obtained voltage, it is now possible to 
calculate the apparent resistivity for each recording. The 
apparent resistivity is the ratio of the voltage recorded 
and the voltage calculated normalized by multiplying by the 
assumed resistivity of the half-space : 

o - A V°bspapp - n r ^ cx pas (10)

To calculate the apparent resistivities for two point 
sources located at the bottom of the well casings the 
program UGAPPA.FOR was created. For this model an image
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above each well was also incorporated into the 
interpretation (figure 20). The results of this calculation 
are given in table 1.

In the northern end of the mine, WIPP22 is very close 
to the receiver stations and this approximation cannot be 
assumed effectively. A source that better approximates a 
cylindrical source is necessary to calculate the potential 
field caused by WIPP22. Another problem with a linear 
approximation of the source is that the current is not 
uniformly distributed over the casing. This is caused 
mainly by resistivity contrasts in the rocks due to the 
horizontal layers which the borehole intersects. One 
solution to this problem is to assume that the cylindrical 
line source can be approximated by a line of discrete, 
colinear point sources (figure 25).

The following procedure may be used to determine the 
number of points their location and their contribution to 
the total current. A deep-penetrating Latrolog for WIPP22 
was digitized at ten— foot intervals down to 366 meters to 
determine the number of layers and their resistivities.
Using these resistivities a plot of the summation of the 
conductivity verses depth was calculated (figure 26). Ten 
straight-1ine—segments were fit to the data. The slopes of 
these sections are proportional to the resistivity of each 
layer. From this, the conductance may be found and, from
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Table

STAIN: V1F
s rs s s s
DA001 .31565+04
DA002 .30835+03
DM03 .83705+02
DA004 .18465+03
DAC05 .12585+03
DA006 .91405+03
DM07 .33005+03
DA008 .16015+04
DAO 14 .49565+05
DA015 .53275+05
DM16 .54795+05
DM17 .47975+05
DA018 .13095+05
DM19 .97275+04
D9010 .27125+06
DM20 .27975+04
DA021 .16775+04
DA022 .67045+03
DM23 .84355+03
DA024 .17375+03
DA025 .29945+03
DA026 . 15005*02
DA027 .56965+03
DA028 .94735+03
DA029 .18525+03
DA009 .55225+04
DM11 .27125+06
DA012 .76975+05
DA013 .94495+04
CS.1190 .49415+03
CShlOl .20615+03csmo2 .44785+04
CSH103 .97105+03
CSM104 .74005+03
CSH105 .36945+03
CSM106 .24005+03
CSM107 .80705+03
CSM108 .44005+03
CS11109 .23405+03
CSM110 .85945+03
CSM111 .14525+04
CSN112 .39925+03
csniis .19305+03
CSH114 .13475+04
CSM115 .16845+04

VXC APPX

.137:5+05 68.99

.14215+05 6.51

.14595+05 1.72

.14745+05 3.76

.14655+05 2.58

.14325+05 19.15

.13805+05 7.18

.13085+05 36.72

.79785+04 1863.57

.71925+04 2221.74

.64375+04 2553.37

.44825+04 3210.83

.29485+04 1331.87

.11655+04 2505.75

.11365+05 7159.28

.17765+05 17.25

.18165+05 27.71

.18465+05 10.89

.18645+05 13.58

.18615+05 2.80

.18355+05 4.90

.17765+05 .25

.16815+05 10.17

.15635+05 18.18

.11045+05 5.03

.12245+05 135.34

.10645+05 7648.12

.97135+04 2377.19

.87855+04 322.69

.15685+05 9.46

.15275+05 4.05

.14805+05 90.74

.14285+05 20.40

.13705+05 16.20

.13085+05 8.47

.12435+05 5.79

.11765+05 20.59

.10985+05 12.02

.10295+05 6.82
,96045+04 26.84
.89265+04 48.80
.82615+04 14.50
.76165+04 7 ,60
.69925+04 57.80
.63925+04 79.03

VYF VYC

.2732E+04 . 1072E+05 

.Z831E+04 .3132E+04 

.55625*03 .48465*04 

.21535*03 .13335*04 

.00005*00 .20225*04 

.96105*03 .53125*04 

.27905*03 .82305*04 

.19405*02 .10915*05 

.31015*04 .18035*05 

.69105*04 .18155+05 

.19035+05 .18105*05 

.78975+05 .18735+05 

.55345+05 .19255+05 

.10915+05 .19665+05 

.39385+04 .14875*05 

.66855+03 .53955*04 

.18115+04 .58165*04 

.40795+04 .63155*04 

.24375+04 .68245+04 

.18685+03 .73865+04 

.14995+04 .79855+04 

.15065+04 .36:35+04 

.13235+04 .93215+04 

.16005+04 .10065+05 

.20735*04 .11415+05 

.50905+04 .13155+05 

.99385+04 .16115+05 

.23165+05 .17065+05 

.39815+05 .17705+05 

.16565+03 .47195+04 

.13655+03 .57045+04 

.27605+03 .65695+04 

.47305+02 .73665+04 

.52205+02 .80875+04 

.40605+03 .87275+04 

.27105+03 .92855+04 

.94505+02 .97625+04 

.90705+03 .10215+05 

.35345+04 .10525+05 

.57845+03 .10755+05 

.10705+04 .10935+05 

.14495+03 .11045+05 

.34405+03 .11105+05 

.96605+03 .11105+05 

.40105+03 .11075+05

APPY VZF

76.47 .2709E+05
106.28 . 9950E+Û3
34.44 . 1340E+04
48.44 .1713E+04

.00 .28625+04
54.27 .59975+04
10.17 .27825+05

.53 .52595+05
51.61 .86725+05

114.19 .64165+05
315.36 .57305+05

1264.63 .37695+05
862.31 .14285+05
166.42 .10335+05
180.36 .72925+05
37.17 .32535+04
93.42 .21335+04

193.77 .23825+04
107.12 .23195+04

7.59 .70735+03
56.30 .19755+04
52.37 .73345+03
42.58 .18675+04
47.71 .14805+04
54.52 .26275+04

116.15 .63345+05
166.40 .81785+05
407.38 .92725+05
674.99 .19265+06

10.53 .00005+00
7.13 .56845+04

12.60 .13685+05
1.93 .74265+04
1.94 .67445+04

13.96 .53875+04
8.76 .26135+04
2.90 .37745+04

26.66 .15595+05
100.83 .32555+04

16.13 .00005+00
29.37 .83385+04

3 .9 4 ' .77275+04
9.30 .77265+04

26.10 .15445+05
10.97 .11015+05

v :c AFPZ

.49015+05 165.85

.50115+05 5.96

.50915+05 7.90

.51125+05 10.05

.50705+05 16.94

.49665+05 36.23

.48145+05 173.37

.46105+05 342.22

.30925+05 841.49

.28665+05 671.53

.26475+05 649.42

.26195+05 431.70

.26845+05 159.62

.27365+05 113.24

.41265+05 530.27

.23815+05 40.99

.25875+05 25.31

.28305+05 30.55

.30775+05 22.62

.33485+05 6.34

.36345+05 16.30

.39445+05 5.58

.42645+05 13.14

.45975+05 9.66

.52115+05 15.13

.43735+05 434.54

.38375+05 639.34

.35815+05 776.84

.33205+05 1740.45

.17275+05 .00

.16945+05 100.68

.16565+05 247.77

.16125+05 138.19

.15645+05 129.38

.15115+05 106.94

.14555+05 53.86

.13985+05 81.02

.13305+05 351.51

.12705+05 76.87

.12105+05 .00

.11505+05 217.55

.10915+05 212.54

.10335+05 224.42

.97655+04 474.30

.92195+04 358.22

Three-Component Resistivities for Two Point 
Sources.
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© WIPP 13 Ê
a  WIPP 22

a  point charges  
■ image charges

Figure 25. Line of Point Charges with Images.
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DIGIT. AT 1 0 '  IN TERV ALS

6 —

3 -

2 -

1.20.8 10.2O 0.4 0.6
(T housands) 

DEPTH I N  FEET

Figure 26. WIPP 22 Dar Zarrouk Curve
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the total conductance, the percent conductance for each 
layer can be found. By multiplying the percent conductance 
for each layer by the total number of amperes flowing into 
the casing, the amount of current flowing from each layer 
can be found (table 2). Assuming that all the current 
flowing from each layer can be represented as a point charge 
located in the middle of the each layer a colinear line of 
charges may be used as a model (figure 25). A generalized 
version of UGAPPA.FOR was created so that the number of 
sources could be varied and located at different points in 
space (Appendix A).

To calculate these apparent resistivities an image for 
each point charge was included in the calculations. The 
positions of these images are also shown in figure 25. The 
values calculated were tabulated, (table 3). The values
for the apparent resistivity found using this more exact 
approach were different from the original values ? in some 
cases they varied by as much as 20%.

In the preliminary data reduction, the apparent 
resistivities for each component at a station were found. 
Although this can be done mathematically, it does not give 
data that can be used easily. An apparent resistivity 
calculated for the total potential field is necessary. 
Finding the total apparent resistivity by simply finding the 
"magnitude" of the calculated components does not give the
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LAYER : Simho Himeters Si/Hi mhos/m %COND. CURRENTamperes
1. 19.812 23.460 .8402 . 0'3'2T0” ' '"7.059
2. 71.628 33.724 2.123 .08216 17.83
3. 18.288 71.848 .2545 .009845 1.955
4. 86.868 36.569 2.375 .09188 19.96
5. 15.240 23.460 .6496 .02513 5.459
6. 6.0960 23.460 .2598 .01005 2.183
7. 12.776 21.994 5.128 .19840 17.88
8. 27.432 19.062 1.439 .05567 12.09
9. 111.25 8.7980 12.64 .48920 106.3

10. 9.144 67.449 .1356 .005246 1.139
Si = Conductance of ith Layer Total Current = 19 2 Amperes 
Total Concuctance = 25.850 mhos

Table II. Table of Conductivities from Figure 28.
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STATN; VÏF VXC APPX VYF VYC APPY VZF VZC APPZ

DAO 01 3154E*04 .20432+05 46.35 .27322+04 .13982*05 58.61 .27092+05 .58022+05 140.10
DA002 30832*03 .21242+05 4.36 .28812+04 .10452+05 82.71 .99502+03 .59702+05 5.00
DA003 83702+02 .21862+05 1.15 .55622+03 .58822+04 28.37 .13402+04 .60942+05 6.60
DA004 18462+03 .22062+05 2.51 .21532*03 .95712+03 67.49 .17132+04 .61242+05 8.39
DA005 12582+03 .21832+05 1.73 .00002+00 .37322+04 .00 .28622+04 .60572+05 14.18
DA006 91402+03 .21172+05 12.95 .96102+03 .82622+04 34.89 .59972+04 .58942+05 30.52
DA007 33002+03 .20192+05 4.90 .27902+03 .12172+05 6.88 .27822+05 .56592+05 147.48
DA008 16012+04 .18892+05 25.42 .19402+02 .15622+05 .37 .52592+05 .53512+05 294.36
DAO 14 49562+05 .10372+05 1433.77 .31012+04 .22552+05 41.25 .86722+05 .32552+05 799.31
DAO IS 53272+05 .91952+04 1737.88 .69102+04 .22302+05 92.98 .64162+05 .29742+05 647.19
DAO 16 54792+05 .80962+04 2030.26 .19032+05 .21842+05 261.46 .57302+05 .27082+05 634.71
DAO 17 47972+05 .57622+04 2497.72 .78972+05 .22552+05 1050.79 .37692+05 .26752+05 422.59
DAO 18 13092+05 .39862+04 984.82 .55342+05 .23302+05 712.53 .14282+05 .27542+05 155.58
DAO 19 97272+04 .18922+04 1542.50 .10912+05 .23912+05 136.86 .10332+05 .28172+05 109.99
DB010 27122+06 .15892+05 5119.58 .89382+04 .20262+05 132.33 .72922+05 .46432+05 471.16
DA020 27972+04 .21172+05 39.63 .66852+03 .60142+04 33.35 .32532+04 .24072+05 40.55
DA021 16772+04 .22042+05 22.82 .18112+04 .65702+04 82.69 .21832+04 .26492+05 24.72
DA022 67042+03 .22902+05 8.78 .40792+04 .72472+04 168.84 .28822+04 .29422+05 29.39
DA023 84352+03 .23592+05 10.73 .24372+04 .79582+04 91.85 .23192+04 .32492+05 21.42
DA024 17372+03 .24102+05 2.16 .18682+03 .87662+04 6.39 .70732+03 .35972+05 5.90
DA025 29942+03 .24342+05 3 .69 .14992*04 .96512+04 46.58 .19752+04 .39772+05 14.90
DA024 15002+02 .24202+05 .19 .15082+04 .10642+05 42.50 .73342+03 .44022+05 5.00
DA027 56962+03 .23542+05 7.26 .13232+04 .11712+05 33.88 .18672+04 .48562+05 11.53
DA028 94732+03 .22542+05 12.61 .16002+04 .12892+05 37.23 .14802+04 .53392+05 8.32
DA029 18522+03 .17142+05 3.24 .20732+04 .15152+05 41.06 .26272+04 .62892+05 12.53
DA009 55222+04 .17402+05 95.20 .50902+04 .18342+05 83.28 .63342+05 .50002+05 380.07
DAO 11 27122+06 .14572+05 5584.43 .89382+04 .21432+05 125.11 .81782+05 .42402+05 578.70
DAO 12 76972+05 .13072+05 1766.91 .23162+05 .22212+05 312.98 .92722+05 .38912+05 714.91
DAO 13 94492+04 .11612+05 244.24 .39812+05 .22562+05 529.48 .19262+06 .35482+05 1628.39
csmoo 49412+03 .17622+05 8.41 .16562+03 .50642+04 9.81 .00002+00 .16792+05 .00
CSH101 20612+03 .17122+05 3.61 .13652+03 .61422+04 6.67 .56842+04 .16442+05 103.75
CSB102 44782+04 .16572+05 81.10 .27602+03 .70832+04 11.69 .13682+05 .16042+05 255.94
CSB103 97102+03 .15932+05 13.29 .47302+02 .79382+04 1.79 .74262+04 .15582+05 142.99
CSH104 74002+03 .15232+05 14.57 .52202+02 .87032+04 1.80 .67442+04 .15082+05 134.21
csmos 36942+03 .14492+05 7.65 .40602+03 .93712+04 13.00 .53872+04 .14532+05 111.22
CSM106 24002+03 .13712+05 5.25 .27102+03 .99442*04 8.18 .26132+04 .13962+05 56.16
CSM107 80702+03 .12922+05 18.75 .94502*02 .10422+05 2.72 .37742+04 .13372+05 34.72
csrioa 44002+03 .12002+05 11.00 .90702+03 .10852+05 25.07 .15592+05 .12682+05 368.67
CSM109 23402+03 .11202+05 6.27 .35342+04 .11142+05 95.16 .32552+04 .12082+05 60.54
CSÎU10 85942+03 .10412+05 24.77 .57842+03 .11352+05 15.29 .00002+00 .11472+05 . 00
C5.11 I t 14522+04 .96332+04 45.22 .10702+04 .11492+05 27.93 .83382+04 .10882+05 229.92
csnti2 39922+03 .88782+04 13.49 .14492+03 .11572+05 3.76 .77272+04 .10302+05 225.14
C3NÎ13 19302+03 .81512+04 7.10 .34402*03 .11582+05 8.91 .77262+04 .97292+04 238.23
CSMIU 13472*04 .74542+04 54.22 .96602+03 .11552+05 25.09 .15442+05 .91812+04 504.44
C5N115 16842+04 .67892+04 74.41 .40102+03 .11472+05 10.49 .11012+05 .86552+04 381.64

Table III. Three-Component Apparent Résistivités Using Lineof Charge.
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correct value- The correct values are found by finding the 
total calculated and total observed potential difference for 
each station. Using this total voltage the apparent 
resistivities are found in the following manner: First the 
total voltage for each recorded station was found by taking 
the square root of the sum of the square of each component 
of the voltage i.e.,

v = /v"2 + v2 + v 2 (11)
T xobs ^obs zobs

The total voltage for the calculated components was 
calculated in the same way;

V = /V2 + V2 + V z (12)
Xcalc ^calc zcalc

To get the apparent resistivity the ratio of observed
voltage to calculated voltage normalized by the assumed
resistivity was again calculated;

VT (13)
Papp = ‘ Pas

The values obtained using two point sources can be found in 
table 4. Using the above method, one may also calculate an 
apparent resistivity for a line of charge and a point charge 
model (table 5).
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STATN: X-COORD Y-COORD 2-COORD VTF VTT APPT
= = = = = = ======
DAO 01 338.9 47.6 651.4 .2741E+05 .6308E+05 130.38DAO 02 338.9 73.2 651.4 .3064E+04 .6422E+05 14.31DAO 03 338.9 103.7 651.4 .1453E+04 .6500E+05 6.71DAO 04 338.9 135.3 651.4 .1736E+04 . 6510E+05 8.00DAO 05 338.9 165.8 651.4 .2865E+04 .6449E+05 13.33DAO 06 338.9 197.2 651.4 .6142E+04 . 6317E+05 29.17DAO 07 338.9 227.7 651.4 .2782E+05 .6131E+05 136.15DAO 08 338.9 259.6 651.4 .5261E+05 .5885E+05 268.20DAO 14 335.3 443.9 651.4 .9993E+O5 .4093E+05 732.40
DAO 15 335.3 473.4 651.4 .8367E+05 .3829E+05 655.58
DAO 16 335.3 503.9 651.4 .8153E+05 .3572E+05 684.78
DAO 17 370.1 521.0 651.4 .9979E+05 .3546E+05 844.26
DAO 18 401.0 521.0 651.4 .5864E+05 .3629E+05 484.69
DAO 19 434.3 521.0 651.4 .1789E+05 .3700E+05 145.11DB010 338.9 321.9 651.4 .2810E+06 .5309E+05 1587.55
DAO 20 65.7 47.6 658.6 .4342E+04 .3262E+05 39.94DAO 21 95.3 47.6 657.9 .3295E+04 .3508E+05 28.18DAO 2 2 127.2 47.6 657.2 .5039E+04 .3798E+05 39.80
DAO 2 3 156.9 47.6 656.4 .3468E+04 .4093E+05 25.42DAO 2 4 187.3 47.6 655.7 .7519E+03 .4418E+05 5.11
DAO 2 5 217.4 47.6 655.0 .2497E+04 .4761E+05 15.73
DAO 2 6 248.2 47.6 654.3 .1677E+04 .5134E+05 9.80
DAO 2 7 279.1 47.6 653.6 .2358E+04 .5522E+05 12.81
DAO 2 8 308.6 47.6 651.4 .2376E+04 . 5936E+05 12.01DAO 2 9 372.2 47.6 651.4 .3352E+04 .6692E+05 15.03DAO 09 338.9 291.5 651.4 .6378E+05 . 5602E+05 341.56DAO 11 335.3 353.4 651.4 .2834E+06 .4969E+05 1711.02DAO 12 335.3 383.9 651.4 .1227E+06 . 4667E+05 788.82DAO 13 335.3 415.3 651.4 .1969E+06 .4361E+05 1354.55CSM100 28.6 28.6 658.4 .5211E+03 .2965E+05 5.27CSMl01 -3.8 -48.5 658.4 .5689E+04 .2634E+05 64.80CSM102 -34.3 -48.5 658.4 .1439E+05 . 2465E+05 175.15CSMl03 -64.8 -48.5 658.4 .7489E+04 .2310E+05 97.28CSM104 -95.3 -48.5 658.4 .67B5E+04 .2166E+05 93.95CSMl05 -125.7 -48.5 658.4 .5415E+04 .2034E+05 79.85CSM106 -156.2 -48.5 658.4 .2638E+04 . 1912E+05 41.38CSMl07 -186.7 -48.5 658.4 .3861B+04 . 1800E+05 64.36CSMl08 -221.2 -48.5 658.4 .1562E+05 . 1683E+05 278.46CSMl09 -251.5 -48.5 658.4 .4810E+04 .1588E+05 90.88CSMl10 -281.9 -48.5 658.4 .1036E+04 . 1500E+05 20.72CSMl11 -312.4 -48.5 658.4 .8531E+04 . 1418E+05 180.48CSMl12 -342.9 -48.5 658.4 .7739E+04 . 1342E+05 173.00
CSMl13 -373.4 -48.5 658.4 .7736E+04 .1271E+05 182.57
CSMl14 -403.9 -48.5 658.4 .1553E+05 . 1205E+05 386.44
CSMl15 -434.3 -48.5 658.4 .1114E+05 .1144E+05 292.17
CSMl16 -464.8 -48.5 658.4 . 6321E+03 . 1087E+05 17.45

Table IV. Total Apparent Resistivities for Two Point 
Point Sources.
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STATN: X-COORD y-COORD Z-COORD VTF VTT APPT=======
DAO 01 338.9 47.6 651.4 .2741E+05 .5201E+05 158.12DA002 338.9 73.2 651.4 .3064E+04 .5271E+05 17.44DAO 03 338.9 103.7 651.4 .1453E+04 .5318E+05 8.20DAO 04 338.9 135.3 651.4 .1736E+04 .5322E+05 9.79DAO 05 338.9 165.8 651.4 .2865E+04 .5281E+05 16.27DAO 06 338.9 197.2 651.4 .6142B+04 .5196E+05 35.46DAO 07 338.9 227.7 651.4 .2782E+05 •5075E+05 164.47DAO 08 338.9 259.6 651.4 .5261E+05 .4915E+05 321.16DAO 14 335.3 443.9 651.4 .9993E+05 .3667E+05 817.62
DAO 15 335.3 473.4 651.4 .8367E+05 . 3468E+05 723.79DAO 16 335.3 503.9 651.4 .8153E+05 .3271E+05 747.82DAO 17 370.1 521.0 651.4 .9979E+05 .3251E+05 920.80DAO 18 401.0 521.0 651.4 .5864E+05 .3316E+05 530.42DAO 19 434.3 521.0 651.4 . 1789E+05 .3371E+05 159.24
DB010 338.9 321.9 651.4 .2BÎOE+O6 .4530E+05 1860.64
DAO 20 65.7 47.6 658.6 . 4342E+04 .3019E+05 43.15DAO 21 95.3 47.6 657.9 .3295E+04 .3214E+05 30.76
DA022 127.2 47.6 657.2 . 5039E+04 .3438E+05 43.97
DAO 2 3 15b.9 47.6 656.4 .3468E+04 .3661E+05 28.42
DAO 2 4 187.3 47.6 655.7 .7519E+0 3 .3901E+05 5.78
DAO 2 5 217.4 47.6 655.0 .2497E+04 .4148E+05 18.06
DAO 2 6 248.2 47.6 654.3 .1677E+04 .4411E+05 11.40DAO 2 7 279.1 47.6 653.6 .2358E+04 .4677E+05 15.13DA02 8 308.6 47.6 651.4 .2376E+O4 .4959E+05 14.38DAO 2 9 372.2 47.6 651.4 .3352E+04 .5447E+05 18.46DAO 09 338.9 291.5 651.4 .6378E+05 . 4727E+05 404.76DAO 11 335.3 353.4 651.4 .2834E+06 . 4296E+05 1979.10DAO 12 335.3 383.9 651.4 . 1227E+06 .4083E+05 901.52DAO 13 335.3 415.3 651.4 .1969E+06 .3864E+05 1529.05CSMl00 28.6 -48.5 658.4 .5211E+03 . 2669E+05 5.86CSMl01 -3.8 -48.5 658.4 .5689E+04 .2506E+05 68.11CSM102 -34.3 -48.5 658.4 . 1439E+05 .2362E+05 182.78CSM103 -64.8 -48.5 658.4 .7489E+04 .2228E+05 100.86CSM104 -95.3 -48.5 658.4 .6785E+04 .2102E+0 5 96.84
CSMl05 -125.7 -48.5 658.4 .5415E+04 .1984E+05 81.87
CSM106 -156.2 -48.5 658.4 .2638E+04 . 1874E+05 42.23
CSM107 -186.7 -48.5 658.4 .3861E+04 •1771E+05 65.39
CSM108 -221.2 -48.5 658.4 .1562E+05 . 1663E+05 281.72
CSM109 -251.5 -48.5 658.4 .4810E+04 .1575E+05 91.64
CSMllO -281.9 -48.5 658.4 . 1036E+04 .1492E+05 20.83CSMl11 -312.4 -48.5 658.4 .8531E+04 .1414E+05 180.97
CSMll2 -342.9 -48.5 658.4 .7739E+04 .1341E+05 173.07
CSM113 -373.4 -48.5 658.4 .7736E+04 .1273E+05 182.25
CSMl14 -403.9 -48.5 658.4 .1553E+05 .1210E+05 385.09
CSM115 -434.3 -48.5 658.4 .1114E+05 .1150E+05 290.70

Table V. Total Apparent Resistivities for a Line of
Charge.
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The next step in data reduction is to find the magnitude 
of the electric field at each point. This calculation is 
used to calculate the apparent resistivity to check the 
value obtained above. From the definition, the magnitude of 
the electric field can be written as:

g I pc 1 4tu (14)

This procedure is much like the previous method but because 
the electric field is in units of volts per meter, the 
recorded voltage must be divided by the receiver separation. 
The equation becomes :

p  Ï I   p (15)
app is I . d as1 c 1

These values are listed in table 6 for a line of charge and 
point source.

The values for the apparent resistivity calculated 
contain resistivities of tens and hundreds ohm-meters which, 
at first glance, seem low for salt. However, one can 
quickly recognize the problem exists with this definition of 
the apparent resistivity for the salt layer. For the above 
mentioned definition to be correct, the current entering the 
salt layer must be equal to the current entering the uniform 
earth. In the case of a highly resistive second layer the
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ST^Tfi: JS'COOf.D Y-COORD Z-C00RD ET? EC APPT=====%= z z z  res

DAOOi 338.9 47.6 651.4 .137«C>v5 .2494E+05 164.89
Dm v02 32S.9 73.2 651.4 .15:2E+v4 .25:oc+05 16.12
DM03 335.9 103.7 651.4 .72662+03 .2567E+05 8.49
DA0G4 338.9 135,3 651.4 .8651E+03 .25772+05 10.11
DAVV5 335.9 165.8 651.4 .14322+04 .2564E+05 16.76
DAOOi 338.9 197.2 651.4 .307IE+04 .25295+05 36.43
DA007 338.9 227.7 651.4 .13912+05 .24755+05 168.60
DAOOB 333.9 259.6 651.4 .26312+05 .24025+05 328.58
DAO 14 335.3 443.9 651.4 .49965+05 .18065+05 830.06
DAO 15 335.3 473.4 651.4 .*1845*05 .17095+05 734.35
DA016 335.3 503.9 651.4 .40772+05 .16135+05 758.40
DAO 17 370.1 521.0 651.4 .49595+05 .15985+05 936.40
DAO 18 401.0 521.0 651.4 .29322+05 .16265+05 540.98
DAO 19 434.3 521.0 651.4 .89475+04 .16475+05 162.98
DB010 338.9 321.9 651.4 .14052+06 .22215+05 1897.50
DA020 65.7 47.6 658.d .21715+04 .14725+05 44.26
DA021 95.3 47.6 657.9 .16475+04 .15655+05 31.58
DAO 22 127.2 47.6 657.2 .25195*04 .16725+05 45.19
DA023 156.9 47.6 656.4 .17345+04 .17795+05 29.25
DA024 187.3 4 7 .s 655.7 .37595+03 .18925+05 5.96
DA025 217.4 47.6 655.0 .12455*04 .20095+05 18.65
DA02c 248.2 47.6 654.3 .83845*03 .21315+05 11.80
DA027 279.1 47.6 653.6 .11795+04 .22555+05 15.69
DA028 305.6 47.6 651.4 .11885+04 .23855+05 14.95
DA029 372.2 47.6 651.4 .16765+04 .26025+05 19.32
DAOÙï 338.9 291.5 651.4 .31895+05 .23145+05 413.40
DAO 11 335.3 353.4 651.4 .14175+06 .21105+05 2014.92
DAO 12 325.3 383.9 651.4 .61355+05 .20085+05 916.81
DAO 13 335.3 415.3 651.4 .95465+05 .19015+05 1553.44
CShivO 25.6 -48 .5 658.4 .26065+03 .12855+05 6.07
CSHiOl -3 .8 -48 .5 652.4 .26455+04 .12105+05 70.53
CSÎ1102 -34.3 -46 .5 653.4 .71975+04 .11425+05 189.13
CS«103 -64. S -48 .5 655.4 .37455*04 .10775+05 104.30
CSM104 -95.3 -48 .5 655.4 .33922*04 .10175+05 100.09
CSR105 -125.7 -45 .5 658.4 .27075*04 .96025+04 84.59
CSM106 -156.2 -48 .5 658.4 .13195*04 .90725+04 43.61
CSMl07 -186.7 -46.5 655.4 .19305+04 .85775+04 67.52
CSMl08 -221.2 -48 .5 655.4 .78095*04 .50545+04 290.87
C5Mi09 -251.5 -48 .5 655.4 .2*055+04 .76275+04 94.60
CSkliO -251.9 -43 .5 653,4 .51305+03 .72265+04 21.50
CSMl11 -312.4 -45 .5 655.4 .42655*04 .68495+04 186.83
CSMl12 -342.9 -43 .5 658.4 .38695*04 .64965+04 178.69
CSMll: -375.4 -48 .5 655.4 .35685+04 .61665+04 183.20
CSM114 -403.9 -46.5 658.4 .77635+04 .53565*04 397.70
CSMl15 -434.3 -45 .5 c5S.4 .55725+04 .55675+04 300.26

Table VI. Total Apparent Resistivities Calculated from the
Electric Field Using a Line of Charge.
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sandwiched between two conductive layers this is not the 
correct model. For this case, most of the current from 
sources spreads through the more conductive surface layer of 
rock, with the current density flowing into the underlying 
salt being very low in comparison to the current density 
assumed by the uniform earth model. As an extreme case, 
consider that the salt might be a perfect insulator. In 
this case, no current will flow from the surface layer into 
the salt causing the measured electric field to be zero and 
the commuted apparent to become zero. Because of this, it 
is necessary to create a model in which apparent resistivity 
is defined using a three-layer reference earth.
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RESISTIVITY USING A THREE-LAYER EARTH MODEL:

Assume that the reference earth used to compute the 
apparent resistivity is not the uniform earth model but the 
model shown schematically in figure 27. The surface layer 
is characterized by a conductance. Si (the ratio of 
thickness, hi, to resistivity, 1), and is energized by 
vertical line electrodes (the well casings) providing a 
current. I, to the earth. The second layer is characterized 
by a transverse resistance, T^ (product of thickness, h^, 
and resistivity, P ^ ). The third layer is assumed to have a 
négligeable resistivity which in this study is nearly true. 
Well logs from the deep wells in the area show that the 
third layer is relatively thick and has a bulk resistivity 
of approximately 10 ohm-meters (figures 2 8 and 29). The 
resistivity of the second layer is assumed to be much 
greater than that of the first and third layers.

With this model, the electric field and the potential at 
the surface of the earth and at the top of the second layer 
are virtually the same if the resistivity of the second 
layer is greater than that of the first. The potential at 
the bottom of the salt layer is approximately zero because 
of its low conductivity. Knowing the potential at the top 
and bottom of the salt it is possible to assume a liner 
decay and predict the magnitude of the electric field within
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TWO VERTICAL 
LINE SOURCES 

OF CURRENT JL

LAYER 1 S i  =  h , / p 1
CALCULATED

LAYER 2 P =  ? T2 — h 2 P2 E-FIELD
VECTOR

LAYER 3  p  =  o

Figure 27. Three-Layer Earth Model.
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Figure 28. Resistivity Log and Dar Zarrouk Curve for Getty 
Federal #24-1.



O
N

D
U

C
TA

N
C

E 
IN 

SI
E

M
E

N
S

T-3372 60

50,

450 -

400 —

350 -

250 -

200 -

150 -

100 -

50 —

4 6 8 1210 1 4
(T housands) 

DEPTH IN FEET

Figure 29. Resistivity Log and Dar Zarrouk Curve for Pogo #1 
Federal-Neff.
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the salt merely by dividing the potential drop by the 
thickness of the salt. This requires the knowledge of the 
conductance of the surface layer, the transverse resistance 
and thickness of the salt layer.

The electric field on the surface can be computed using 
previously formulated methods (Keller and Frischknecht, 
1966). For the model assumed here the electric field will 
decrease as an inverse proportion to distance from a single 
well casing;

E(r ) = --- £---  (16)
4it r

where r is the distance from the casing to an observation 
point, I is the current, and is the conductance of the 
surface layer. At some large distance, where the vertical 
leakage of current from the first to the third layer becomes 
adequate, the electric field will begin to fall rapidly with 
increasing distance (figure 30).

The potential (which is the quantity that is needed) at 
the surface of the salt is found by integrating an electric 
field curve similar to the ones shown in figure 30 from 
infinity inward to the point (r distance from the source) 
where the potential is desired. Because there are two 
vertical line sources, the net potential is the difference 
of the contribution from each (figure 31). The resulting
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Figure 31. Potential Field Curves for WIPP 22 and WIPP 13.
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potential from these two curves is shown in figure 32.
In arriving at an apparent resistivity for a three- 

layer reference earth, the following expression is used:

where Er is the reference electric field, E0 ±s the observed 
electric field, and Pa2 ' is the resistivity assumed for unit 
T 2 (it should be clear that p2 is specified once values of 
T 2 and h2 are assigned).

Values of apparent resistivity based on a three layer 
reference model, (figure 27) are listed in table 7: The 
distribution of values is shown in figure 33 and are plotted 
with relation to their location in figure 34. These values 
are in general agreement with the EM-31 values. Again using 
Archies' law, the bulk water content in the salt near the 
test area is about 1 percent by weight.
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RES2*500 ohmmMODJEL RES = 70  ohmm1.5
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Figure 32. Total Potential Curve for the Difference Between WIPP 22 and WIPP 13.
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FATION E (. u. ( O b s ) F%(meter) APPEE31 ■
0. 110000 172. 29 234.593
0. 115000 726. 6 165. 16 115.813

4 0. 115000 866. 1 163. 54 141.121
6 0. 110000 3071 177. 46 443.257
7 0. 110000 13910 191. 42 1725.55
S 0. 105000 26310 209. 83 2845.55
1 4 0.045000 44960 355 ■67 3949.01
15 0.040000 41840 382. 17 3580.86
16 0. 040000 40770 409. 93 3032.71
17 0. 042000 49890 438. 93 3082.78
18 0.040000 29320 405. 97 2223.75
19 0.041000 8947 398. 96 685.495
10 0.035000 140500 253. 66 12844.6
20 0.030000 2171 443. 85 183.669
21 0.039000 1647 414. 84 122.698

0.043000 2519 383. 58 199.075
0.050000 1734 354. 57 137.925

24 0.056000 375. 9 325. 04 31.7673
25 0.090000 1243 295. 99 79.1385
26 0.093000 833. 4 266. 23 63.5952
27 0.095000 1179 237. 17 110.316
23 0. 105000 1 188 209. 61 128.757
29 0. 120000 1676 152. 24 301.304
9 0. 105 31890 182. 02 4583.49
1 1 0. 08 141700 278. 46 11421.5
12 0, 07 61350 303. 67 4752.06
13 0. 05 98460 330. 59 9009.07
101 0.030000 2845 535. 94 165.031
102 0.026000 7197 564. 81 433.853
103 0.020000 3 745 593. 84 265.492
104 0..019000 3392 6 229.983
105 0.015000 652. 27 212.036
106 0.014000 1319 681. 86 101.320
1 07 0. 0 12000 1930 711. 18 158.996
108 0.oii ooo 7809 744. 65 640.130
109 0.010500 2405 774. 12 191.108
1 1 1 0 . 010000 4265 833. 54 306.927
1 12 0. 010000 3869 ' 863. 37 259.522
1 13 0.009500 3868 893. 25 255.144
i 14 0. 009200 7763 923. 17 495.049

Table VII. Total Resistivities Calculated Using a 
Three-Layer Earth Model.



R
A

N
G

E 
C

O
U

N
T

16
16

id

10

6 0 - 1 0 0  1 0 0 -3 0 0  3 0 0 - 1 0 0 0  1 0 0 0 -3 0 0 0  3 0 0 0 - 1 0 0 0 0  1 0 0 0 0 -3 0 0 0 0

R E S I S T I V I T Y  R A N G E S

Figure 33. Distribution of Apparent Resistivities from a 
Three-Layer Earth Model.



T-3372 68

685.5
2223.
3082.

3032.K

►110.3
► 63.60
*79.14

*137.9
► 199.1
► 122.7
► 183.7

165.1
433.8
265.5
229.9
212 .1

101.3
159.0
640.1
191.1

306.9
259.5
255.1
495.0

Figure 34. Plot of Resistivities vs. Location.
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MODELLING USING A THREE-LAYER REFERENCE EARTH:

The next step in interpretation of these DC-resistivity 
measurements is to attempt to model a possible anomalous 
body. Looking at the geological features found in the Salado 
formation one expects horizontal, tabular anomalous bodies 
such as clay and anhydrite lenses or beds. DC-resistivity 
methods have the ability to detect these types of structures 
but have difficulty detecting vertically oriented bodies. 
Therefore, the preceding discussion is limited to horizontal, 
tabular bodies but could easily be expanded to other types of 
bodies. Using the appropriate modelling procedure it is 
possible to calculate the effects such a body would have on 
the electric field at any point. One approach is a 
modification of a surface integral method devised by Alfano 
(Alfano, 1984 ; Keller and Frischknecht, 1966).

This method is based on the fundamental behavior of 
direct-current electric fields. First, the electric field is 
related to the gradient of the static potential, U , as:

E = —grad U (18)

Using Ohm's law, the electric field is related to the current 
density as,

È = p3 ( 1 9 )
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Where p may or may not be constant. In these calculations it 
will be assumed to be constant in each medium unless 
otherwise stated. Finally, using the conservation of 
current, it follows that the divergence of the current 
density is zero;

div 3 = 0  (20)

Combining these three equations, one arrives at the 
fundamental equation for direct-current electrical 
prospecting, usually known as Poisson equation:

V 2U = -p [V •j + V u •V i] (21)

The solution to Poisson equation has the form of; 

i , - P + Vu•7 ^  ]
u = I !  / -----------p r ------- ^  dV (22)v r

where the integration is performed over all space, and |r| is 
the distance to any point in space where a value for the 
potential is desired. The inhomogeneous term, which becomes 
the numerator in the solution, is the charge density of the 
medium when an electrostatic problem is being considered. As 
may be seen, this charge develops any place in the medium 
where the resistivity varies. Thus, in solving the problem
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of a complex earth model, one may replace each surface with a 
series of charges and carry out the integration in equation 
22 numerically.

For the problem at hand, a hybrid method may be 
used. If one assumes that the three-layer model adequately 
describes both the electric and potential fields everywhere 
except in the vicinity Of an anomalous body in the halite 
horizon, it is not necessary to replace every surface with a 
charge density. The only surface one needs to replace with a 
system of charges is the surface between the second layer and 
the anomalous region. This assumption is reasonable if the 
dimensions of the anomalous zone are small compared to the 
thickness of the salt.

The specification of the problem is shown in Figure 
35. An inhomogeneity in the form of a cube is present in the 
salt layer (this simple shape is taken to simplify 
calculations but may be replaced with any shape desired). In 
the absence of the anomalous body, the electric field at its 
location would be E p , the electric field calculated from the 
three-layer earth model, directed vertically. With the 
introduction of the body with a different resistivity than
P2 say, P^, an equivalent charge density develops on the 
face, q(x,y,z ). The strength of the charge distribution is 
determined by applying the boundary condition that the normal 
component of current density through a facet must be constant
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Figure 35, Three-Layer Problem with an Inhomogeneity.
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across the facet (figure 36).
For a facet with a z-oriented normal, the electric fields

at points P2 and pi located close to the facet but in mediums 
2 and i, respectively, will be the sum of the normal electric
fields, Ep and a second electric field made of all the 
contributions of all the surface charge distributions .
The boundary condition for the z-normal faces can be written 
as :

at the boundary, where E z 2 is the electric fields in layer 2, 
and E zj_ is the 2-component vector electric field.

Separating the total electric field into its anomalous 
and primary parts:

FJ Ez2 I = Eo + ^  q FF dxdy
Pi

(24)

—  E . 
P 2 z l

Pl
Eo + 2itPi H  q ôz L

where m% and m 2 are the dist nces from the two points where 
current densities are being calculated to various facets on 
the surface of the anomalous body. As the points P2 and Pi
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Figure 36. Use of a Boundary Condition to Evaluate
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are allowed to approach the body these two expressions must 
be equal.

When the points P2 and Pi are very close to the surface, 
the two terms containing the normal electric field can be 
combined :

In evaluating this, it is necessary to note that if the 
point P2 and Pi are allowed to approach the a charged surface 
a singularity will exist (due to the inverse distance term in 
the above integral)• To avoid this one must evaluate the 
boundary condition for all charges except the one that is 
being approached : The charge for this facet must be equated 
separately. Therefore, let the distance to this singular 
term be m', and the distances to the other surfaces become m" 
(figure 36). When the points P2 and Pi are close to the 
surface with the singularity, this surface appears to be an 
infinite sheet of current which can be assumed to have a 
uniform density equal to the charge at the point which the 
two points are approaching. The electric field on either 
side of a uniformly charged sheet is:

5
dz L- ÎL_

pi dz

( 2 5 )

e z ,2 = - h  = - 2,tj = h  {h  u  dxdy}
( 26  ■
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For the other facets, as the points ?2 and approach the 
surface, the distances m become equal, so that,

This leads to an expression for computing the values for the 
charges, q.

This relationship is not explicit because the charge solved 
for is a function of all the other charges so that a 
numerical approximation is necessary to arrive at a useful 
solution. This equation can be rewritten in finite 
difference form to obtain this usable approach to the 
calculation of the charge accumulation on the body.

If the m distances are written in cartesian coordinates, 
a set of simultaneous solutions may be obtained to compute

(-r) ] dxdy

( 21 )

( 28)

( 29)
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the values of the charges :

-2n qi = K2 i {q2 * ^ 3 / 2  + q 3 ~  , 3/1
' 1—2 1-3

+ qn - Z- - X- ^ l + E22] (30)
rl-n )

These equations are not difficult to evaluate by trial 
and error but may also be found using the assistance of a 
computer which allows the interested party to use more 
facets. It is noteworthy to point out that because the 
primary field is directed vertically, no normal field will 
exist for facets with x or y oriented normals.

Using equation 30 it is possible to create a recursive 
algorithm to calculate the charges for each facet. In the 
method used, it is first assumed that all the charges except 
<31 are equal to zero. This leaves qi equal to E0 multiplied 
by a constant (kgi). Using this value for qi it is then 
possible to calculate q^ in terms of E0 . It then follows 
that this method may be incorporated in finding every charge 
by using the previously calculated values. After this series 
of values have been calculated, it is then necessary to 
recalculate q% in terms of the other charges and then repeat 
the process in order to obtain the most correct values for 
the charges.

After every charge is found, they can then be used to 
find the electric field caused by the body anywhere outside
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the body. This is accomplished using the following the 
relationship between the potential of a point charge and the 
electric field caused by the point charge. The potential 
from a point charge is given by:

Since the electric field is the gradient of U, it follows 
that :

È = —  = —  (—  (-Î-) i---+ ^-s- j + —  ( 4 - )  k) (32)
dr 4 it dx | r | dy |r| dz |r|

This is the quantity needed. For each charge on the body a 
similar value may be found and added to the others. If this
electric field is added to the primary electric field, the
total field at the point is found. A program, EZMODEL.FOR 
(Appendix B), was designed to calculate the electric field at 
any point.

The modelling of the response due to a smal1,tabular, 
conductive body has given the following results. For 
illustration purposes, a 30x30x5 meter cubic body with a 
resistivity of 0.1 ohm/meters was placed in a resistive (700 
ohm/meter) medium. Next, the program EZMODEL.FOR was used to 
calculate profile lines to show the change in the electric 
field as the distance from the body is changed. The vertical 
distance to the body was constant at five meters (figure 37).
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Figure 37. Electric Field Due to a Conductive Body Five
Meters Distant
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100 meter vertical separations were calculated to show the 
change in response as the distance from the body from to the 
line is increased (figures 38 to 40). From these different 
profiles it is shown that as the distance to the body is 
increased the amplitude of the response decreases 
dramatically and the frequency of the anomaly increases.
This makes it not only more difficult to detect the anomaly 
at great distances, but also makes the exact location of the 
body difficult to pinpoint. Using this model, the greatest 
distance at which the anomalous body described above may be 
detected accurately is 3 0 meters, or the length of the second 
largest dimension.

These results were calculated assuming lines located 
directly under the body parallel to one of the horizontal 
axis but may have also been calculated for lines positioned 
above or beside the body. If this rotation of the axis was 
the case, as a whole, these curves would have the same 
rotation and their shape would only change as a factor of the 
rotation and the thickness of the slice of the body passed 
by. For vertically oriented lines the primary (vertical) 
electric field influences the signal recieved at the 
observation point.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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Figure 38. Electric Field Due to a Conductive Body Ten
Meters Distant
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CONCLUSIONS AND RECOMMENDATIONS;

Use of the EM-31 and EM-34 combined seemed to indicate 
the formation of a dehydration rind around the tunnels and 
gave bulk water contents of approximately 1 and 2 percent 
respectively. The EM-31 may possibly be used to detect areas 
of abnormally high water content but should be used only as a 
first glance tool and be supported by other methods due to 
the strong effects man-made objects have on the measurements.

The DC-resistivity experimentation has give two 
conclusions of value. The first is that meaningful data can 
be obtained in a high noise environment of a mine even at 
short receiver spacings. This allows for easy data 
collection and reduction due to a constant value for the 
receiver separation. The second conclusion is that the usual 
uniform-earth model cannot be used effectively to calculate 
the apparent resistivities. A three-layer earth model must 
be used in order to obtain meaningful results.

The modelling performed on a realistic body indicates 
that a conductive body can be detected but its detection 
depends on both the size and proximity of the body to the 
obasevation point. If the anomaly is too far from the 
observation point its effects will be extremely small and may 
go undetected. The same is true if the body is 
proportionally small compared to the distance. The DC-
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resistivity method stated in this paper combined with the 
modelling program can be used to calculate the response of a 
real low resistivity zone near the tunnels of the WIPP site 
and may be used to detect areas of high water content in 
construction before they are encuontered during excavation.
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Appendix A 
PROGRAM UGAPPC.FOR 

CALCULATES THE APPARENT RESISTIVITY 
FOR A UNIFORM HALF-SPACE
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" UGAPPC.FOR "

PROGRAM TO CALCULATE DISTANCES TO UNDERGROUND 3-COMP 
DC-RESISTIVITY SURVEY STATIONS FROM 2 CASED DRILL HOLE 
CURRENT SOURCES, THE HALF-SPACE VOLTAGE DIFF. AND 
APPARENT RESISTIVITY FROM MEASURED VALUES.
DIMENSION CAD(10,3),CAU(10,3),CBD(1,3),C BU(1,3) 
DIMENSION CPC(3),C P X (3),CPY(3),CPZ(3),VXC(10),PTPI(10) 
DIMENSION T l (3),T2(3),T3(3),T4(3),VYC(10),VZC(10)
CHARACTER*14 FNAME 
CHARACTER*6 ANAME,ADUM 
CHARACTER*! AESC,ACND
SET CONSTANTS 
ND=3
FORPI=12.56637 
RHO=300.0
TE6=1.OE+6
OPEN(6,FILE='PRN')
SET PRINTER TO CONDENSED PRINT (17CHAR/IN)
AESC=CHAR(66)
ACND=CHAR(15)
WRITE(6,6002) AESC,ACND 

6002 FORMAT(2A1)
READ-IN DATA FILE NAME 
WRITE(*,1001)

1001 FORMAT(5X, 'ENTER DATA FILE NAME: ',$)
READ(*,1002) FNAME

1002 FORMAT(A14)
READ-IN DRILL HOLE COORDS & DEPTH TO POINT SOURCES 
OPEN(1,FILE=FNAME,STATUS='OLD')
READ (1,5501)ADUM,CBD(1,1),CBD(1,2),CBD(1,3)
DO 500 1=1,10
READ(1,5001)ADUM,CAD(1,1),CAD(I,2),CAD(I,3),PTPI(I)

500 CONTINUE 
5001 FORMAT(A6,2X,3F9.2,F9.4)
5501 FORMAT(A6,2X,3F9.2)

SET-UP IMAGE POINT-SOURCE COORDS
DO 103 1=1,10 
CAU(1,1)=CAD(1,1)
CAU(1,2)=CAD(1,2)
CAU(1,3)=-1*CAD(1,3)
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103 CONTINUE
CBU(1,1)=CBD(1,1)
CBU(1,2)=CBD(1,2)
CBU(1,3)=-1* CBD(1,3)
READ-IN POT-S EPARATION, HALF-SPACE RHO 
READ(lr5002)PSEPfRHO

5002 FORMAT(2F8.1)
PRINT HEADING FOR STATION DATA.
WRITE(6,6003)

6003 FORMAT(1H1,T5, 'STATN: ',1X, 'X-COORD"fIX, 'Y-COORD %  
&1X,xZ-COORD,7X,'VXF',7X,'VXC',6X,'APPX',9X,'VYF', 
&7X, 'VYC',6X, 'APPY',9X, 'VZFz,7X, 'VZC',6X, 'APPZ ' )
WRITE(6,6004)

6004 FORMAT(T5, '======',IX, '=======% IX, ======= %
&1X , —————— ,7X, ——— ,7X, ——— ,6X, ———— ,9X, ——— ,
&7X, '==='t6X, '====',9X, '=== z,7X, '===z,6X, '====')
READ-IN SURVEY POINT DATA

101 READ(1,5003,END=7 01)ANAME,CPC(1)f CPC(2),CPC(3), 
&VXF,VYF,VZF

5003 FORMAT(A6,2X,3F9.2,3F10.4)
SET-UP COORDS FOR COMPONENT POT, (N ELECTRODE)
DO 102 1=1,3 
C P X (I )=CPC(I )
CPY(I )=CPC(I )
CPZ(I)=CPC(I)

102 CONTINUE
C P X (1)=CPC(1)+PSEP 
CPY(2)=CPC(2)+PSEP 
CP Z (3)=CPC(3)+PSEP
CALCULATE DISTANCES BETWEEN ELECTRODES FOR X-COMP
VXT=0.0 
VYT=0.0 
VZT=0•0 
DO 502 1=1,10 
DO 510 J=1,3 
T l (J )=CAD(I ,J )
T 2 (J )=CAU(I,J )
T 3 (J )=CBD(1,J )
T 4 (J )=CBU(1,J )

C WRITE(*,7001)T l (J),T2(J),T 3 (J ),T4(J)
510 CONTINUE

RAMD=1.0/RDIST(Tl,CPC,N D )
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RAMU=1.0/RDIST(T2 fCPC,N D )
RBMD=1.0/RDIST(T 3 ,CPC,N D )
RBMU=1.0/RDIST(T 4 ,CPC,N D )

C
7001 FORMAT(5Xf4E12.4)

WRITE(*,7001)RAMD,RAMU,RBMD,RBMU
RAND=1.0/RDIST(T 1 ,CPX,N D )
RANU=1.0/RDIST(T 2 ,CPX,ND)
RBND=1.0/RDIST(T3,CPX,N D )
RBNU=1.0/RDIST(T4,CPX,ND)
WRIT E (*,7 0 01)RAND,RANÜ,REND,RBNU

CALCULATE HALF-SPACE VOLTAGE, VXC & APPARANT RES. 
APPX

TV=(RAMD+RAMU-RBMD-RBMU-RAND-RANU+RBND+RBNU)
VXC(I )=PTPI(I )*RHO*TV*TE6/FORPI
VXT=VXT+ABS(VXC(I))
WRITE(*,7001)PTPI(I),RHO,TV,VXC(I )

CALCULATE DISTANCES BETWEEN ELECTRODES FOR Y-COMP 
( ONLY 4 ARE DIFFERENT FROM X-COMP )
RAND=1.0/RDIST(Tl,CPY,N D )
RANU=1.0/RDIST(T2,CPY,N D )
RBND=1.0/RDIST(T3,CPY,N D )
RBNU=1.0/RDIST(T4,CPY,ND)
WRITE(*,7001)RAND,RANU,RBND,RBNU

CALCULATE HALF-SPACE VOLTAGE, VYC & APPARANT RES. 
APPY

TV=(RAMD+RAMU-RBMD-RBMU-RAND-RANU+RBND+RBNU)
VYC(I)=PTPI(I )*RHO*TV*TE6/FORPI
VYT=VYT+ABS(VYC(I))
CALCULATE DISTANCES BETWEEN ELECTRODES FOR Z-COMP 
( ONLY 4 ARE DIFFERENT FROM X-COMP )
RAND=1.0/RDIST(T l ,CPZ,N D )
RANU=1.0/RDIST(T 2 ,CPZ,N D )
RBND=1.0/RDIST(T 3 ,CPZ,N D )
RBNU=1.0/RDIST(T 4 ,CPZ,N D )
WRITE(*,7 001 )RAND,RANU,RBND,RBNU

CALCULATE HALF-SPACE VOLTAGE, VZC & APPARANT RES.,
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C APPZ
T V=(RAMD+RAMU-RBMD-RBMU-RAND-RANU+RBND+RBNU)
VZC(I )=PTPI(I )*RH0*TV*TE6/F0RPI

C
VZT=VZT+ABS(VZC(I ))

502 CONTINUE
CALCULATES THE APPARENT RESISTIVITIES
APPX=VXF*RHO/VXT 
APPY=VYF*RHO/VYT 
APPZ=VZF*RHO/VZT
PRINT DATA AND RESULTS FOR THIS SURVEY POINT
WRITE(6f6001)ANAME,C PC(1),CPC(2),CPC(3),VXF,VXT,APPX 
&,VYFfVYT,APPY,VZF,VZT,APPZ 

6001 FORMAT(T5,A 6 ,3F8•1,
&2X,2E10.4,F10.2,2X,2E10.4,F10.2,2X,2E10.4,F10.2)
RETURN FOR ANOTHER SURVEY POINT 
GO TO 101

701 WRITE(*,9001)FNAME 
9001 FORMAT(5X , 'END OF DATA SET IN FILE: ',A14)

CLOSE(1)
CLOSE(6)

9999 CONTINUE 
STOP 
END

FUNCTION RDIST(Cl,C2,ND)
FUNTION TO CALC DIST BETWEEN TWO POINTS, Cl AND C 2 , 
IN A SPACE OF "ND" DIMENSIONS.
  RDIST —— VI.00 —— HTA/JUL86 ----
DIMENSION C l (*), C 2 (*)
S=0.0
DO 10 N=1,ND
S=S+(C2(N)-C1(N))*(C 2 (N )-Cl(N ))

10 CONTINUE
RDIST=SQRT(S)
RETURN
END
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APPENDIX B 
PROGRAM EZMODEL.FOR 

TO CALCULATE THE ELECTRIC 
FIELD CAUSED BY A CONDUCTIVE BODY 

IN A RESISTIVE MEDIUM
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100

THIS PROGRAM CALCULATES THE CHARGE ON A CONDUCTIVE CUBE
0(360) 
X C (500 
Z F T (2 5 
X F (25, 
P X (200 
XSF(30 
X SB(30 
ZRT(30 
Y LF(30

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
OPEN(7,F ILE='B:EFIELD.DAT ,STATUS= NEW )

THIS SECTION CALCULATES THE COORDINATES FOR EACH AREA
PI2=6.283185 
PI4=2.0*PI2 
E0=0.070 
Pl=700.0 
P2-O.l
CK=-1. 0M P 2 - P 1  ) /(P2+P1 )
DX=2.0
DY=2.0
DZ=1.0
HZ=5.0
ZB=0.0
XF ( 1 f 1 ) =1 • 0
Y F (1r1)=1•0
XS ( 1 f 1 ) =1. 0
ZS(1,1)=0.5
YR ( 1 f 1 ) =1. 0
ZR(1,1)=0.5
NX=15
NY=15
NZ=5
JT=360
JZ-6 0
JY=210
DO 100 J=1,NY 
DO 100 1=1fNX 
XFT(I,J)=XF(1,1)+(!-!)*DX 
Y F T (I ,J )= YF(1,1)+(J-1)*DY 
XFB(I ,J )=XFT(I ,J )
YFB(I ,J )=YFT(I ,J )
ZFT(I ,J )=ZB+(HZ/2)
ZFB(I ,J )=ZB-(HZ/2) 

CONTINUE 
DO 101 J=1,NZ
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101

102

C
Cl 025 
105

107

109

111

DO 101 1=1,NX
XSF(I,J)=XS(1,1)+(!-!)*DX 
ZSF(I,J)=ZS(1,1)+(J-l)*DZ 
XSB(I,J )=XSF(I,J )
ZSB(I,J)=ZSF(I,J)
YSF(I,J)=0•0 
Y SB(I ,J )=30•0 

CONTINUE 
DO 102 J=1,NZ 
DO 102 1=1,NY

Y R T (I ,J )=YR(1,1)+(!-!)*DY 
ZRT(I,J)=ZR(1,1)+(!-!)*DZ 
XRT(I ,J )=0.0 
XLF(I ,J )=3 0.0 
Y L F (I ,J )=YRT(I ,J )
ZLF(I,J )=ZRT(I,J )

CONTINUE 
KOUNT=0 
DO 105 J=1,NY 
DO 105 1=1,NX 
KOUNT=KOUNT+1 
X C (KOUNT)=XFT(I,J)
Y C (KOUNT)=YFT(I ,J )
ZC(KOUNT)=ZFT(I ,J )
WRITE(*,1025)KOUNT,XC(KOUNT),YC(KOUNT),ZC(KOUNT) 
FORMAT(5X,14,3(2X,F10.3))

CONTINUE 
DO 107 J=1,NY 
DO 107 1=1,NX 
KOUNT=KOUNT+1 
X C (KOUNT)=XFB(I,J)
Y C (KOUNT)=YFB(I ,J )
ZC(KOUNT)=ZFB(I,J )

CONTINUE 
DO 109 J=1,NZ 
DO 109 1=1,NX

X C (KOUNT)=XSF(I,J)
ZC(KOUNT)=ZSF(I ,J )
Y C (KOUNT)=YSF(I ,J )

CONTINUE 
DO 111 J=1,NZ 
DO 111 1=1,NX

X C (KOUNT)=XSB(I,J)
ZC(KOUNT)=ZSB(I ,J )
Y C (KOUNT)=YSB(I,J)

CONTINUE 
DO 113 J =1,NZ 
DO 113 1=1,NY

X C (KOUNT)=XRT(I,J)
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ZC(KOUNT)=ZRT(I fJ )
Y C (KOUNT)=YRT(I,J)

113 CONTINUE
DO 115 J= 1 f NZ 
DO 115 1=1,NY

X C (KOUNT)=XLF(I,J )
ZC(KOUNT)=ZLF(I ,J )
Y C (KOUNT)=YLF(I ,J )

115 CONTINUE
C
C
C THIS SECTION COMPUTES THE CHARGE ON THE BODY 
C

Q(1)=EO*CK 
DO 175 1=1,3 
U ( 1) =0 . 0 
T ( 1)=0.0 
S ( 1)=0.0 

DO 200 N=2,JT 
A=0.0 
B=0.0 
C=0 .0 
NMl=N-l
DO 300 M=1,NMl 
IF (M.GE.60) GO TO 301 

T R=(X C (N )-XC(M ))**2+(YC(N)-YC(M))**2+(ZC(N )-ZC(M ))**2 
R=ZC(N )*DX*DY/(SORT(T R ))* * 3 
P=(1./PI2)*Q(M)*R*CK 
A=A*t* P

C WRITE(*,1030)R,P,A
Cl 030 FORMAT(IX,3(1PE13.6,2X))
300 CONTINUE
301 S (1)=A+S(1)

IF (N.LE.60) GO TO 505 
DO 400 M=60,NMl 
IF(M.GE.210) GO TO 401 

TR=(X C (N )-XC(M ))**2+(YC(N)-YC(M))**2+(ZC(N )-ZC(M ))**2 
R=XC(N)*DZ*DY/(SQRT(TR))**3 
P=(l./PI2)*Q(M)*R*CK 
B=B+P

C WRITE(*,1030)R,P,A
Cl 030 FORMAT(IX,3(1PE13•6,2 X ))
400 CONTINUE
401 T (1)=B+T(1)

IF(N.LE.210) GO TO 505 
DO 500 M=210,NMl 

TR = (X C (N )-XC(M ))**2+(YC(N)-YC(M))**2+(Z C (N )-ZC(M ))**2 
R=YC(N)*DX*DZ/(SQRT(T R ) )* * 3 
P=(l./PI2)*Q(M)*R*CK
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C=C+P
C WRITE(*f1030)RfP rA
Cl030 FORMAT(IX,3(1PE13•6 r 2X))
500 CONTINUE

U(1)=U(1)+C 
505 Q (N )={A+B+C)/(PI2)+(EO*CK/PI2)
200 CONTINUE

Q(1)=((U(1)+T(1)+S(1))+(EO*CK))/PI2 
175 CONTINUE 
C 
C
C THIS SECTION COMPUTES THE ELECTRO FIELD AT ANY POINT 
C IN SPACE 

ZW=7.5
DO 525 1=1,360 

ZO(I)=ZC(I)+ZW 
525 CONTINUE

PX(1)=-1.0*85.0 
PY=15.0 
PZ=0.0
DO 550 J=1,200

PX(J)=PX(1)+(J-1)
550 CONTINUE

DO 600 J=1,200 
E X (J )=0•0 
E Y (J )=0.0 
E Z (J )=0•0 
DO 700 N =1,360

DES=(PX(J)-XC(N))**2+(PY-YC(N ))**2+(PZ-ZO(N))*
DIST=PI4*(SQRT(DES))**3
EXP(N )=(P X (J )-XC(N))*Q(N)/DIST
EYP(N)=(PY-YC(N))*Q(N)/DIST
EZP(N)=(PZ-ZC(N))*Q(N )/DIST
E X (J )=EX(J )+EXP(N )
E Y (J )=E Y (J )+EYP(N )
E Z (J )= E Z (J )+EZP(N )

700 CONTINUE
WRITE(7,1100)PX(J),E X (J ),EY (J ),E Z (J )

1100 FORMAT(F9.2,3E12.4)
600 CONTINUE 

CLOSE(7)
STOP
END


