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ABSTRACT

The scope of these studies encompasses both field site
testing and scale modeling.

The purpose was to better

understand the complexities of electromagnetic diffraction
geotomography, or the imaging of ground between boreholes
using electromagnetic waves.
Two field sites and a scale model tank were investi
gated.

One field site, the San Xavier Mine facility, is

located in metamorphosed paleozoic limestone. This site
proved a challenge in that the medium was fairly inhomogeneous and resulted in severe wave scattering.

Inter-

borehole transmission allowed only 15 MHz to penetrate for
an adequate signal level.

Both a parallel scan and

geotomography of targets produced inconclusive results.
The Apache Leap site contained a homogeneous quartzlatite tuff, allowing penetration of 150 MHz. Parallel
scans of a metal pipe target, proved that alterant
geotomography, or scans performed before and after tracer
injection, was a possibility for future studies.
The model tank allowed the use of horizontal dipole
antennas, a coil substitute.
strong interference patterns.

Target effects produced
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CHAPTER 1

GENERAL INTRODUCTION

The scope of these studies encompasses both field site
testing and scale modeling.

The purpose was to better

understand the complexities of electromagnetic diffraction
geotomography, or the imaging of ground between boreholes
using electromagnetic waves.
This work is a continuation of the work done by Schulte
(1989), in that it focuses more on the application of the
setup than the equipment analysis.

The techniques used for

the ground-penetrating experiments were similar to what
others have used, with some modifications to accommodate
our setups and directed studies. The principal foundation
of our studies were based upon those done at Lawrence Livermore Laboratories.
Their group has used both parallel scans and geotomo
graphy to investigate such things as medium characteristics
(Lytle et al., 1974 and 1976), in-situ retorting fronts at
an oil-shale facility (Daily, 1982 and 1984), and the use
of alterant geotomography (Deadrick et al., 1982, Ramirez
et al., 1982, Daily and Ramirez, 1984, Ramirez and Lytle,
1986, Ramirez and Daily, 1987 and 1989).

The alterant geo-
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tomography method compares an injected tracer to background
in fractured rock by using geotomography both before and
after injection.
In addition, their group has done studies on antenna
characteristic determinations (Daily, 1982), and the inver
sion of geotomography data (Lager and Lytle, 1976, Dines
and Lytle, 1979), using different approaches.

Other groups

have used modified straight-ray inversion algorithms that
consider inversion ray-bending that normally accompanies
multi-medium paths (Balanis et al., 1982).
The basic technique of determining the medium electri
cal characteristics came from Grubb and Wait (1971), and
this technique is commonly used in all inter-borehole
ground-probing projects.
Some groups such as Grubb et al. (1976) and Stolarczyk,
(1988) have used vertically polarized magnetic dipoles
(coils) , with good results.

The problem with coils is

that they are generally restricted to low frequencies
because of the inductive load.

However, they have a hori

zontally polarized electric field and this interacts well
with horizontal targets, and they are more compact than
electric dipoles and approximate a point source better.
The antennas used for these studies are vertical elec
tric dipoles, adjusted in length for the principle frequen
cies used at the three sites.

Standard HF and VHF/UHF

equipment was used for the setups, with some exceptions.
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The signal originates on the surface and is sent down to
the transmitter antenna to be received at the other
antenna, then the received signal is processed on the sur
face. This setup is both simple and effective, without the
complexity of attempting to fit the transmitter in the
transmitting antenna, or processing the received signal
down-hole immediately at the receiving antenna.
Studies were conducted at two field sites: the Apache
Leap test site, and the San Xavier site.

The Apache Leap

site is in the Apache Leap tuff formation, and is located
about 3 mi east of the town of Superior, Ariz.

Several

boreholes were drilled here for hydrogeological studies.
Our studies here included the determination of the forma
tion's electrical characteristics at both 150 and 15 MHz.
Artificial targets were placed in boreholes and compared
against background using the parallel scan techniques.

The

vertical electric dipole antenna was investigated to deter
mine its electrical characteristics in this medium.

The

antenna lengths were optimized for a reasonable antenna
pattern and reflection coefficient.

The antenna voltage

pattern as a function of vertical azimuth was plotted, and
was shown to be fairly directive in the horizontal plane.
The effects of electromagnetic wave propagation modes in a
borehole were examined using both a ferrite-beaded cable
and an unbeaded one.

During inter-borehole scanning, it

was noticed that the formation was heating, and subsequent
tests were made on this effect.
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The San Xavier facility is located about 20 mi SSW of
Tucson, in overthrusted metamorphosed paleozoic rock, pri
marily limestone.

The rock-medium is fairly inhomogeneous

and presented several problems to the ground penetrating
radio waves. The site is on a well-developed facility that
was once a silver and base metal underground mine.

Several

boreholes were drilled, and some straddle a mine drift that
was used for target placement. The electrical properties of
the medium have been examined.

Some of the antenna proper

ties were examined in great detail, such as optimum length,
antenna reflection coefficients as a function of borehole
depth, centered versus eccentric antennas in boreholes, and
using same-diameter poles verses asymmetrical poles on the
antennas.

A parallel scan of the section including the

mine drift was done.
Two geotomographies were done on the San Xavier site,
one with a mine drift partially filled with water and an
enclosed metal screen inside, and one without water or
screen.

Although a data error occurred during acquisition,

and a direct comparison was questionable, the results did
give useful information.

Finally, a vertical copper pipe

target was scanned in a borehole partially filled with
brine.
The scale modeling was done in the Mines Building where
the department is housed. The laboratory contained a stock
tank that was filled with water, its conductivity variable
by an acid-base balance system.

The high permittivity of
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water and resulting short wavelengths permitted small
antennas and far-field experiments in the displacement cur
rent mode.

Two types of antennas were used in the experi

ments, a horizontal electric dipole and a vertical electric
dipole.

The horizontal dipoles approximated the electric

field polarization of vertically polarized coils.

The ver

tical dipoles were similar to the antennas used at the
field sites.

Both antenna types were examined for voltage

patterns, reflection coefficients, and transfer impedances.
Parallel scans as well as geotomography were conducted on a
simple copper pipe.

The medium homogeneity permitted easy

observation of tested characteristics.
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CHAPTER 2

EQUIPMENT, SETUPS, AND TECHNIQUES

This chapter describes the pieces of equipment, config
urations of equipment, and the techniques used in both data
acquisition and processing for these ground penetrating
radio wave experiments.

Sufficient information is given to

describe both the individual devices and integrated systems
used so that one can both understand and build a similar
system.

This unit is divided into two sections: one equip

ment, and another on setups and techniques.
Equipment for these experiments was obtained thru some
trial and error; but eventually the fully integrated system
had most all the necessary components to perform the
ground-penetrating studies.

Similar equipment that others

wishing to build a similar setup may have on hand should
also work.

The individual pieces of equipment are

described so a comparison with other brands, makes, or
styles can be made.
The setups and techniques used for these borehole proj
ects and later for the model tank experiments were primar
ily to measure the two principle wave characteristics:
attenuation and phase delay.

From these the medium and
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target characteristics such as conductivity and permittiv
ity could be derived.

Others attempting similar experi

ments need to do basically the same measurements; but
variations on techniques do exist.

For example, other

types of antennas can be used, or the signal processing
might be handled differently.
2.1 Equipment

2.1.1 Transmitters and Sources
2.1.1.1 Low-Power Signal Generator

For the antenna impedance measurements and the model
tank transmitter, a low-power-output Hewlett Packard model
3200B VHF signal generator was used. Output power from this
unit is a maximum of 200 mW for the high frequency (HF)
range, 150 mW for the very high frequency (VHF) range, and
25 mW for ultra high frequency (UHF) range.

Because the

unit can output several bands of frequencies from 10 to 500
MHz., phase determination by swept-frequency is easily
done.

Although the output level is low, under one occasion

circumstance it was used as a power transmitter for crosshole transmission because of its wide frequency range.
2.1.1.2 High-Power Transmitters

A Yaesu Musen model FT-747GX 1.5 to 30 MHz. ham band
transmitter was used for the HF experiments at the San Xavier site.

The unit was altered to provide continuous fre
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quency output thru this range unlike its intended use for
only the ham-bands.

This feature permits the easy use of

the swept-frequency method of total phase determination.
Although the unit can output in several modulation styles,
only the continuous wave mode is needed for these experi
ments.

Output power from this unit is variable so only

that level needed for an adequate trans-formation signal is
used to avoid local heating.
For the VHF operations, a Yaesu Musen model FT-290RII 2
meter ham band transmitter was used.

In general this unit

operated well; but had two drawbacks: a fixed output power,
and a small frequency range.

Because the output is fixed

at 25 Watts, formation heating occurred around the trans
mitting antenna at the Apache Leap site, changing the
antenna impedance.

Also, the limited frequency output

range of 140-150 MHz. was a limitation for the sweptfrequency method of phase determination, and a greater
range would be more helpful.
At times a linear amplifier was used between the trans
mitter and the antenna to boost the signal, but for the
most part amplification was done on the receiving end of
the system.
2.1.2 Directional Couplers and Sampling Units

Because a sample of the transmitted signal sent to the
antenna was needed for a reference, directional couplers
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were placed in-line between the transmitter and the trans
mitting antenna.

Two setup schemes were used, one for low-

power-level impedance and model tank measurements, and
high-power field site measurements.
Unlike the analysis done by Schulte (1989), who
attempted to quantify the effects of finite coupler direc
tivity, all directional couplers are assumed to have a
large directivity so reverse wave coupling is assumed
small.
2.1.2.1 Low-Power Units

For equipment measurement and calibration a MiniCircuits model ZFCS-2-1 power splitter was used.

This unit

splits the signal power so each half is diverted to
different ports.

Power from the signal generator is

applied to the source input of the splitter, and one output
is input to the oscilloscope, while the other output is
input to the unit under test, be it a cable or otherwise.
The other end of the device under test is input to another
channel of the oscilloscope, from where the gain and phase
delay between the inputs can be determined.

This is dia

grammed and further described later under equipment cali
bration.
For small signal sampling in both the HF and VHF
ranges, Mini-Circuit models ZFDC-20-3 and ZFDC-10-1 direc
tional couplers sampled the forward and reflected waves
respectively.

A directional coupler permits low-power
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sampling of a transmitted wave down a transmission line.
Because the ZFDC-20-3 coupler response drops off in the UHF
range, a ZFDC-10-2 coupler replaced it for the VHF/UHF
model tank.

Furthermore, at the higher frequencies this

coupler has a high directivity.
2.1.2.2 High-Power Units

For the HF power measurements a Bird Electronic Corp.
model 4266 directional coupler was used.
range of this unit is 1.5 to 35 MHz.

The frequency

This unit permits

both forward and reflected wave voltages to be monitored
during transmission.
For the VHF power measurements a Bird model 4278-111-3
directional coupler was used.
is 125-250 MHz.

Its useful frequency range

Unlike the other Bird coupler, this unit

does not have a reflected wave output.

Both of these Bird

couplers have coupled outputs of 30 dB down from the
sampled line, and the main-line insertion loss is small
(<•05dB).

The directivity is large enough (25dB) to assume

a negligible reflected wave influence on the forward wave
port.
A Bird model 4410A Thruline Wattmeter was used in some
cases for amplitude only power measurements.

Supplemental

insertion modules permit a varied range of power sampling
capabilities.

This unit would free the oscilloscope by

providing its own power readings.
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2.1.3 oscilloscopes

Two oscilloscopes were used for the signal processing
and interpretation The oscilloscope used for the majority
of the San Xavier site investigations was a Tektronix model
243OA.

This 150 MHz. scope permitted signal averaging

(stacking) for up to 256 waveform sweeps, thus increasing
signal-to-noise ratio up to a factor of V256.

In addition,

personal computer interfacing capability permitted fast
data acquisition.
The newly acquired LeCroy Corp. model 9424 oscilloscope
permitted higher resolution capabilities with its 350 MHz
bandwidth input.

It also permitted stacking of thousands

of waveforms, along with expanded waveform analysis for the
swept-frequency method.

Communication with a personal com

puter should be possible; but was not used due to interfac
ing problems.
2.1.4 Amplifiers

The received signal levels were generally low, espe
cially in the field.

Because of this and the length of

receiving antenna to receiver (oscilloscope) cable,
down-hole amplifiers were needed to keep a high signal-tonoise ratio.

Documented in this section are both the down-

hole and surface amplifiers used.
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2.1.4.1 Downhole Amplifiers

The amplifiers used to boost the receiving antenna sig
nal are the ones that were designed and described by
Schulte (1989). The only modification that I made to them
are the replacement of the 10 [iF tantalum DC blocking
capacitors with 10 nF ceramics.

The tantalum capacitors

are not only polarized, necessitating the need to orient
them to match the DC biases, but also inductive at higher
frequencies.

However, despite these components, the ampli

fiers have operated well even with the inductive coupling
capacitors.
To help withstand the tension due to antenna and cable
weight, I have also reinforced amplifiers 2, 3, and 4 by
recasing them in stronger aluminum cases, and have put a
stand-off inside running the entire length of the case for
added strength.
The power for these amplifiers was relegated to downhole batteries once again for reasons of eliminating the
possibility of RF leakage into the power inputs.

We used

about 12 to 14 NiCd AA batteries in two battery holders for
a 14 Volts-plus source to keep above the series-pass 7812
regulator mininum voltage requirements.

The battery hold

ers were slender enough to fit inside the end of the
receiving antenna's two inch diameter tubing, thus
shielding them.

The current drain of these 600 mA-hour

batteries permitted operation for about 4 hours before
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needing changing.

Also, the use of small phono jacks con

necting the battery pack to the amplifiers facilitated easy
changing in the field.
2.1.4.2 Surface Amplifiers

At various times Mini-Circuit model ZHL-1-2W amplifiers
were used to boost the received signal for the oscillo
scope.

These have a gain of 50 (29 dB), and the frequency

range covers 5 to 500 MHz.

Because the units have a

relatively flat frequency response, the swept-frequency
method is easily facilitated.
2.1.5 Filters

Most of the filters used for noise suppression during
these experiments were the Mini-Circuits BLP series for the
low-pass frequencies, and the BHP series for the high pass
ones.

These filters have a total drop-off of 40 dB per one

octave.

Placement of these filters were generally before

the final surface amplifier.
For extra noise rejection, two bandpass filters were
used in these experiments.

For the 150 MHz experiments,

one of the down-hole amplifiers has a bandpass filter in
it.

The other bandpass filter was used for the 15 Mhz

experiments at the San Xavier test site. With these excep
tions, only combination high-pass and low-pass filters were
used to permit some freedom in frequency selection.

A wide

selection of filters was useful for finding the maximum
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frequency of medium penetration under certain circum
stances.

Furthermore, this variability of frequency per

mitted the swept-frequency method to work, because no
filter pole can be near the range of frequencies used for
this method
2.1.6 Antennas

The antennas used for the field sites were the same
ones described by Schulte (1989).

These are the so called

insulated sleeve dipole antennas as described by King et
al. (1981). Analysis done by them on this antenna was not
to the extent as that of other studies of insulated dipoles
embedded in a lossy medium.

They found that the input

impedance is variable by adjusting the individual pole
lengths; but extensive studies concerning this were not
done by us.
We would try to match the antenna length for optimum
coupling to the transmission line by viewing the up-hole
reflected verses forward wave voltages as sampled by the
directional couplers, looking for a minimum.

By inputting

both the reflected and forward waves into the X and Y
inputs of the oscilloscope a Lissajous ellipse pattern
formed that optimally had a vertical major axis to a hori
zontal minor axis ratio that was large at the desired fre
quency.

This way most of the power was being transferred

to the medium. If the system frequency did not produce a
desired reflection coefficient, the antenna-pole lengths
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were adjusted and then tried again in the medium.

The

antenna lengths for each pole were always kept the same for
symmetry.

Once the length was set, it was never varied

during the experiment.
Antenna Impedance De-termination
•sciUoscope

TIP 3200B
RF Signal

Borehole

To Signal
Generator

n our

Ninl-Circults

ZFUC-20-3 «. ZrDC-10-1

Fig. 2.1-1. Setup used to determine the antenna
length, impedance, and reflection coefficient in
the field.
Because of medium coupling, the antenna must be cen
tered in the borehole.

Studies have been done of both
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eccentrically placed (Lytle, 1974) and insulated antennas
(King and Smith, 1981); but here the horizontal radiation
field is kept circular to avoid this variable.
The 2 inch diameter pipe and tubing of the antenna per
mitted the down-hole amplifier batteries to placed within,
eliminating another potential scatterer.

Because the main

body of the antenna is 2 inch copper pipe, and the addi
tions are 2 inch brass tubing, one will fit into the other
since pipe is specified by an inside diameter and tubing by
an outside diameter.
Electric Dipole Sleeve Antenna
Hoa« Clanpi

Coaxial

>/'/VC

UlUOn J°lnt

JEWS!
At Tube 2' UD.

Cu Pipe 2' ID.

Cable

D—V

3/4' Dracc Npplt

Electric Equivalent

si
Shield

Connects to
Upper Sleeve

V

Transnlsslon „

—l!^

*

Center Conductor Connects to
Lower Element

Fig. 2.1-2. These are diagrams of the sleeve
dipole: the one constructed mostly of plumbing sup
plies used in the field, and the electrical equiva
lent.
The antennas used for the model tank were much simpler.
The horizontal electric dipole antennas were constructed
using 50 Ohm coaxial cable.

These are diagrammed and

further discussed in chapter 5.
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2.1.7 Coaxial Cables

Two types of cable were used, RG-8 and RG-213.

These

cables have characteristic impedances of 52 and 50 Ohms
respectively.

Losses at cable connections were about .1 to

.2 dB, relatively low compared to other system losses.
To prevent borehole electromagnetic wave modes, or
energy reflected back from the antenna-cable mismatch to
the surface by cable sheath to borehole wall guidance, the
cable had ferrite beads placed irregularly about every
foot.

A description of this for our system was done by

Schulte (1989).
The ferrite beads were also used by Lytle et al. (1975)
for their geotomography setup.

They placed beads for an

interval above the sleeve dipole antennas to prevent both
radiation and pickup for the transmitting and receiving
antenna respectively.

Grubb et al. (1976) used

irregularly-placed ferrite choke cores for the same cou
pling minimisation due to shield currents.

King et al.

(1981) described the use of transverse metal discs placed
every quarter-wavelength to short transverse electric
fields between the cable shield and medium wall, thereby
reducing shield currents near the antenna.

Ramirez (1990),

described the need to place ferrite beads end-on-end for an
interval of 1 to 2 meters above the antenna for frequencies
above 40 MHz, and that this interval was frequency depen
dent.
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2.2 Setups and Techniques

2.2.1 General Data Acquisition Setups
2.2.1.1 Antenna Impedance and Reflection Coefficient
Measurements

To compute the transmitting antenna input current, both
the antenna's input voltage and impedance must be known.
During medium probing experiments, the oscilloscope samples
the transmitted downhole power (forward wave), and from
this the transmitter antenna voltage can be calculated.
Because the system's impedance is 50 Ohms and the antenna's
impedance varies with the surrounding medium, the mismatch
will reflect power back to the transmitter. This reflected
power (reverse wave) must be sampled to understand what
power is reflected back up the cable from the antenna, to
know what power actually remains dissipated by the antenna.
This procedure is done separately with the low-power signal
generator and is described here.
Because the impedance of the antenna is medium depen
dent, this complex quantity can change with depth in the
borehole setting so an impedance log must be made.
However, if the medium is homogeneous, only one impedance
value need be taken.
Referring to Figure 2.1-1, a signal is sent to the
antenna and boththe forward and reverse waves are sampled
by the directional couplers.

Because the reflected signal
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is not attenuated very much, only a low-power generator
need be used for this operation.

As stated earlier, all

the transmission lines and ports are 50 Ohms characteristic
impedance.
An example is presented here.

Assume that the sampled

forward wave is input to channel 1 of the oscilloscope and
the reverse wave to channel 2, and are indicated as [CHI]
and [CH2]; the bracket indicates a complex value consisting
of a rms magnitude and a phase delay, or
[CH2]

=

|CH2U arg(CH2).

A convenient unit that has proved useful here for the
phase delay is transit time in ns (nanoseconds). This is
because the cables and other equipment have wavepropagating transit times relatively constant with respect
to frequency, and as such, even large mis-adjustments of
measuring frequency do not affect the values.
If the cables connecting the directional coupler's cou
pled ports to the oscilloscope's input channels are the
same length, the cable effects will not matter, because
both the forward and reflected waves are attenuated and
delayed equally, and the ratio of the two is the same.
However, if they are not the same length, the difference
must be taken into account.
The reflection coefficient at the input port of the
reverse directional coupler is designated as r(0), where
the 0 indicates zero length to the antenna.

The forward
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voltage from this point is affected by the travel thru the
mainlines of both couplers, then there is the coupling from
the forward coupler's input to coupled port.

The reverse

(or reflected) wave must travel from the reverse coupler's
input port, and be sampled by the coupled port. The cou
pled ports will then have a ratio equal to the oscillo
scope's inputs.

Putting all this in equation form:

|
rco)
| =
where,

||||Jio|c','*I''-",-"c"')'20(2.2.i.i-i)

Cfor

= forward directional coupler's coupling (dB)

Cre„

= reverse directional coupler's coupling (dB)

LJfw

= forward directional coupler's mainline loss (dB)

L,

= reverse directional coupler's mainline loss (dB)

And for the delays:
zr(0) =
where,

ZCH2-ZCHl-ZCr„+ZZ>,/w+Z0/fM-ZC,.r (2.2.1.1-2)

£ C = forward directional coupler's coupling delay (ns)
= reverse directional coupler's coupling delay (ns)
i-O,

= forward directional coupler's mainline delay (ns)

*Di,„

- reverse directional coupler's mainline delay (ns)

Now that both the forward and reflected wave voltages
are known at the antenna cable input point, the reflection
coefficient can be calculated.
this point of the cable be:

Let the complex voltage at
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V - V ' +V
where,

(2.2.1.1-3)

V* =

forward voltage

V~ =

reverse voltage

By factoring out the forward voltage:
K = K ^ l + p j= K*[l + r ( 0 ) ]

where,

T(0)

(2.2.1.1-4)

= reflection coefficient at z = 0

The reflection coefficient at the antenna is:
r(ant)

=

[(cabie

gain)'21(-2-cab ia

delay)]

T(0)

(2.2.1.1-5)

This indicates that the forward wave will be attenuated
and delayed by the cable traveling down to the antenna, but
the reverse wave is attenuated and delayed already by the
cable when sampled at the couplers.

From the reflection

coefficient, the antenna impedance is:
Z(a""

where,

Z0

"

z°

= system impedance =

(2.2.i.i-«)
50

Ohms

Consider the specific example using the Mini-Circuit
directional couplers ZFDC-20-3 and ZFDC-10-1 for the for
ward and reverse wave sampling and a typical length of
cable used in the field.

The coupler specifications for
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this example are listed below.

A typical cable length used

between the antenna and the couplers is 20.3 meters, with a
gain of .761 and delay of 50.88 ns.
Directional Coupling Coupling Insertion Insertion
Coupler

Delay

Loss

Delay

(degrees)

(dB)

(degrees)

(dB)

ZDFC-20-3

10.4

180

.78

0

ZDFC-10-1

19.4

180

.18

0

Table 2-1.

Directional couplers used in example.

Then, using Equation 2.2.1.1-1 and 2.2.1.1-2, the
reflection coefficient magnitude and phase at z = 0 is:
irrmi
|r(0)l
zr(0)

=

=

L2]l?iio(10-4'18*-78-19-4)//?n
2
|CHI|

tm1 CH21

=

°

ZCH2-ZCH1- 180° + 0° + 0°- 180°

,396|CH1|

=

Z C H 2 - ZCH1

Finally, the reflection coefficient at the antenna is:
r(ant)

- .76l~zt(-2*50.88ns)

*

.396

[CH2]

-

[CHI]

.684^ - 101.76ns

Using the oscilloscope values of:
[CH2]
r-,,. Z
[CHI]

=

18.9/71^200.00n s
23.0mKZ0n s

—-7—r—

_

= .822/200.0 0 n s

The antenna reflection coefficient then is:

«

[CH1]
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["(ant)

=

.684Z-101.76ns
.562^99.9°

*

.822^103.62n s
=

=

.562^1.85ns

=

- .0966 + y.5536

2.2.1.2 Inter-Antenna Transmission

This section describes the medium probing experiments,
or transmission between the two antennas.

Referring to the

diagram, the antennas are placed either down the borehole
or into the solution of the model tank.

As in the antenna

impedance diagram, the transmitter antenna is powered, but
here by a higher power source.

The directional coupler

must handle more power, but only in the forward direction;
the reverse power need not be known, because the antenna
impedance is determined separately.

The reverse power can

be monitored to see if the formation is heating or chang
ing, if the directional coupler has a reverse power port in
addition to the forward one.
to the transmitting antenna.

The signal then continues on
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Equipment Set-up for Transmitted Wave Experiments
•sciUoscope

Filter*

Receiver

Transmitter
Reel
<58 in)

Reel
<75 n) •/ * A
f
\)
Transmitter

Power
Directional
Coupler

Borehole

Borehole

Blowup
Down Hole
Amplifiers
DC Power Cable

Receiver
Sleeve
Antenna

Frequency
Oscilloscope
Coupler
Filters
Transmitter

Antenna
Feed Point

Battery Pack
" For Amplifiers

15 MHz
Tektronix 2430A
Bird 4266
Hnl-OaJts IS Wz BHP t< BLP

150 MHz
LeCroy 9424
Blrcf 4278-111-3
Hinh-Circurte 150 MHz BHP fc BLP

Yaesu Musen FT-747GX

Yaesu Musen FT-29DRII

Fig. 2.2-1. Standard antenna probing setup used in
the field, for both 15 and 150 MHz.
The field radiates thru the formation and the receiving
antenna intercepts this at the other hole. The field
induces a voltage at the antenna and this is amplified
right above the antenna by the down-hole amplifiers.

The

signal continues up thru the amplifiers and filters to the
oscilloscope (usually Ch2).

The received signal is com

pared to the sampled transmitted one, and the attenuation
(or gain) and phase delay of both the system and medium can
be obtained.
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To characterize the transmitted wave, consider the
expression of the vertical electric field that propagates
in the far field:
2T,(r) =
where,

(2.2.1.2-1)

I

= antenna current

Y

= complex propagation constant

Co
GT
/ t -(0)

££er/r(B) e',r*w

= radian frequency
= antenna gain

= transmitter pattern factor dependent on vertical azimuth

This radiation pattern is a measure of the directional
radiation field with respect to the vertical azimuth.

For

an electric dipole as the one used here, each small segment
that makes up the entire dipole radiates a field that
interferes collectively with all the other segments to
cause preferential lobes in certain directions (Collin,
1969).
The antenna gain is the directivity with the influence
of efficiency.

The directivity is the field density in a

direction relative to that which an isotropic source radi
ates.

In a lossy medium the energy input to the antenna is

not all radiated, some is lost to formation heating.
Antenna gain is the field density in a direction relative
to the antenna input power.
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Because both transmitting and receiving antennas are
always used as a pair, the pattern factor, gain, and other
constants are lumped with the receiving antenna factors
when transfer-impedances are determined.
Referring back to Figure 2.2-1, the voltage that is
input to the oscilloscope, say channel 1, is the coupled
forward wave potential from the forward directional coupler
thru the short inter-connecting cable. This sampled volt
age is a small fraction of that appearing at the output of
the coupler.

Expressing this complex output potential:
(2.2.1.2-2)

Directional coupler's output forward voltage = K*(0)

,1 -tt,»C»Short
Cable Loss (JB)]/20 z [_ - S h, o r t, C
~
,
0
able
where,

C
^delay

r\ ,
Delay

=

r \ r( n s ) - C i t l a y + D ,J

roniT

[CHI]

= directional coupler's coupling (dB)
=

directional coupler's delay (ns)

L,

= directional coupler's mainline loss (dB)

D,

= directional coupler's mainline delay (ns)

The channel 1 voltage is compensated by the short cable
length to obtain the coupled forward voltage.

Then the

coupler output voltage is calculated from the coupled volt
age, the coupler's coupling factor, and the mainline char
acteristics.

This voltage is now the input to the cable

feeding the transmitting antenna.
antenna's forward voltage is:

The transmitting
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V'(ant)
where,

^"(0)

=

(.Cable

Galn)i(Cable

Phase)

K*(0)

(2.2.1.2-3)

= antenna cable Input voltage a t coupler's output

The total antenna voltage is now (from the previous
eq.):
V(ant)

=

(Cable

V(anf)* V(ant)
G a i n )t ( C a b l e

=

Phase)

V'(anf)

[ 1 + r(arct)]

^*(0)

[ l + r(arci)]

=

(2.2.1.2-4)

To obtain the transmitting antenna current:
!^an,)

"

=

Z (Ct T h t )

(2.2.1.2-5)

V " ( a n t ) [ l + r(a/zO]
I
^0

(Cable

where, Z0
Y0

= ~~
Zo

Gain")£ (Cable

l»r(ant)
1-r(ant)

Phase)

K*(0)

Y, [l-r(ant)]

(2.2.1.2-6)

= characteristic impedance of system = SO^O0
= characteristic admittance of system =

fJ

.02^0°

Siemans

Next, the receiver antenna voltage induced by the elec
tric field is:
V(rec)
/!(£)

where,

/*(9)

=

=

A(R)

/*(0)

E x(ant)

(2.2.1.2-7)

= effective aperature of receiving antenna

receiving antenna pattern factor dependent on vertical azimuth

f^fa/it)

= vertical electric field at receiving antenna
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The effective aperture of the antenna can be considered
as an effective antenna length that induces a potential
from the intercepted electric field (Collin, 1969).

The

pattern factor is similar to the transmitting pattern fac
tor, it is a measure of the vertical azimuth-dependent
receiving ability.
The complex receiving antenna voltage as a function of
the potential measured at the oscilloscope, say channel 2,
is:
I/(rec)

=

101Co"*

^[-Cabla

Deiays(ns)-ID, - ID J

[CH2]

(2.2.1.2-8)

where,

LF

= filter loss (dB)

DT

= filter delay (ns)

GA

= amplifier gain (dB)

DA

= amplifier delay (ns)

This voltage is determined by compensation for all the
filters, cables, and amplifiers between the antenna and the
oscilloscope. The channel 2 voltage is multiplied by each
component's attenuation (or divided by the component
gains), and all the component delays are subtracted from
the delay of the received signal.

This gives the total

antenna voltage.
From this information, the trans-medium impedance (ra
tio of received voltage to transmitted current), otherwise
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known as the transfer-impedance, can be calculated.
Consider the following numerical example from Figure 2.2-1.
The equipment used for this is tabulated below:

Device

Gain Loss

Delay

(dB) (dB)

(ns)

Bird Directional Coupler:
Mainline
Coupled

0

0

1.40

-29.6 29.6

-.55

-1.5

1.5

3.05

150 MHz High Pass Filter -1.5

1.5

2.47

150 MHz Low Pass Filter

35.3 -35.3

6.11

#3

28.3 -28.3

.89

#4

8.3

-8.3

5.28

Coupler to CHI Cable

-.17

.17

10.84

Mini-Circuits Amplifier
Down-hole Amplifiers:

Coupler to Antenna Cables -9.26 9.26 318.80
Antenna to CH2 Cables
Table 2-2.
example.

-7.80 7.80

61.37

List of equipment used in numerical
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Using Table 2-2 and Equations 2.2.1.2-5 and 6:
Directional coupler's output forward voltage =
K* CO)

10<0*2®s*17)<li/2V(-10.84ns-.55ns-1.40ns)

=

30.8Z- 1 1.69ns

"

[CHI]

=

[CHI]

ffsSj

"

(2.2.1.2-5)

K * ( a r e t ) [ l + r( a r e t ) ]
lT(ani)
^

{Cable

Gain)/.{Cable

0

I -r(ant)

=

P h a s e ) ^*(0) Y 0 [l-r(aret)]

(2.2.1.2-6)
10-9.2«di/2oz318 8 0 n s , 3 0 8Z_

j i.69fis«.025t',(l + .0966-y.5536)

=

. 2 1 2 Z 3 0 7 . 1 Ires* 1 . 2 2 8 Z - , 4 9 6 n s * [ C H I ]
. 2 6 0 Z 3 0 6 . 6 Ires* [ C H I ]
y(rec)

-

-IC'"20

10 1Ca "'

z[-Cable

D e l a y s ( n s ) - Z D f - Z D „]

10(?.80-2>I.BO-36.3-2B.3-8.3)i4/20Z(._61i37_3i05_2i4i7_6il

I0-6I.I0<J/20Z_79 l7rl$ [CH2]

.881*10" 3 <;:-79.17/ IS

Amps

, - ,89 -

5 . 28 ) RS

[CH2]

[CH2]

-

_

[CH2]

To obtain the transfer impedance of the medium, the
received antenna voltage is divided by the transmitted
antenna current:

-
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7 transfer

y recetuedCflftQ
^(raresmlited(G fl()

(2.2.1.2-7)

• 881*10'3Z-79.17ns [CH2] K
.260Z306.61RS [CHI] /Imps
. 0 0 3 3 9 Z - 3 8 5 . 7 8n s

[CH2]
[CHI]

Inserting the following typical values of both channel
1 and 2:
= .0 0 3 3 9 Z - 3 8 5 . 7 8 n s

63.3/nK-<:416.20ns
1.092/U0

I96\i0hmsl 30.42ns

This is the transfer impedance encompassing both the
antenna characteristics and the medium.
2.2.2 Calibration of system

To remove the effects of the equipment electrical char
acteristics from the medium measurements, the gains (or
attenuations) and the phase delays of the individual and
/or combined components must be determined.

Referring to

Figure 2.2-2, this was generally done by inputting the sig
nal generator into the splitter and directing one of the
outputs into Chi of the oscilloscope.

The other output

went thru the unit under test, and then into Ch2 of the
oscilloscope.

Both the gain and delay can then be deter

mined, and then applied for adjustments to the medium mea
surements.
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Equipment C a l i b r a t i o n S e t u p

LeCroy 9424
• sciUoscope
Mini-Circuit ZFCS-2-1
Splitter

o OO

Output I-

Output 2- p\
Irput

HP 3200B
RF Signal
Generator

Input

^/Output

Device Under Test

Fig. 2.2-2. Setup used to determine both the gain
(or attenuation) and phase delay characteristics of
the equipment.
2.2.2.1 Swept-Frequency Technique to Determine System
Phase

This is a variation of the method used by Lytle et al.
(1973) in their geotomography work. To determine the total
phase delay that a system of equipment and/or medium pres
ents to a propagating wave, the frequency is varied with a
resulting change of phase.

With Lytle (1973), the

dielectric constant is determined by:
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c2

(A4>)2
(002 — CO!)z

R2

(2.2.2- 1)

= dielectric constant

where,
c
A'fc
oo
R

= velocity of light in free space
= change of phase
= radian frequency
= propagation distance

This is a solution of e* from the difference of the
following two equations:
(2.2.2-2)

c

4>

(2.2.2-3)

This means that for a given frequency of a wave propa
gating thru a medium of distance R, there will be a certain
phase, and a change of frequency will give another value of
phase.

This equation will determine the relative permit

tivity approximately, but only if the wave travels thru
just the medium.
Figure

Referring back to the diagrammed system

2.2-1, the wave must travel thru the following: the

directional couplers, the antenna feed cable, radiate from
the transmitter antenna, thru the medium, be received by
the receiver antenna, up the antenna cable, the amplifiers,
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and filters, and finally to Ch2 of the oscilloscope. The
total phase thru this system is affected not only by the
medium, but by the equipment.
The technique derived determines the total phase thru
the whole system, then this phase can be adjusted to yield
the antenna and medium phase delay by subtracting the
equipment phase characteristics.

Then from this informa

tion the electrical constants can be deduced.
Referring to the waveform diagram, Figure 2.2-3, assume
the sampled transmitted wave is input to channel 1 (Chi) of
the oscilloscope, the upper trace, and the received signal
is inputted to Ch2, the lower trace.

For this example,

assume that both the signal generator is set to the fre
quency under test, f0, and the trigger is set on the peak
of the marked trace, at t = 0.

This peak represents the

input of a train of waves into the system.
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Channel 1 and Channel 2 a"t Different
Frequencies
+
—
»—
t=o

CHI at f„

CH2 at fi

CHI at fi
Compressinc about t=0

Compressirg about t

CH2 at fi

fi > fo

Fig. 2.2-3. These two sets of waveforms illustrate
the display on the oscilloscope of a wave both
entering and exiting a unit under test at two dif
ferent frequencies. Note the waveform crests fixed
at both t=0 for channel 1 and at t=ftransit for
channel 2, and the result of t, > 10 and U]<U0 when
the frequency is increased from f 0 to f ^.
With the time-base properly set, some corresponding
peak exists on the lower trace that represents the emerging
wave from the system under test.

This emerging wave peak

is marked by the vertical line, at t = ttrans, which represents
the transit time for the wave to propagate thru the system.
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This time, however, is not known and is to be sought.

The

delay observed on the oscilloscope at only one frecjuency is
At + nT, or the delay between adjacent peaks plus an unknown
number of periods.
Picking an arbitrary point on the oscilloscope, say at
t = to let u0 be defined as:
Uo

=

tlraB, - t0

(2.2.2-4)

This is the time from the picked point to the emerging
wave peak.

For simplicity this point is on a peak of the

received waveform.

Referring to the second diagram, the

signal generator's frequency is increased to f,.

The posi

tion of both t = 0 and the peak of the first waveform does
not move, but the rest of the upper wave is compressed
about this trigger point. If the frequency was lowered the
waveform would expand about this point.

The increase of

frequency causes the lower trace to compress about the
emerging peak, because this represents the trigger point
delayed by the system transit time under test.

So the

lower trace is an attenuated replica of the upper trace
delayed by t,ront.
Noting the position of the picked transmitted waveform
peak, let the time from t = 0 to this new position be tt
for the higher frequency. Then the time from this point to
the emerging wave on the lower trace is uI( expressed as:
Ui

=

t(ranj -

t,

(2.2.2-5)
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With the increase of frequency, 11 >10 and U]<U0.

From

both Equations 2.2.2-4 & 5, ttraBt can be expressed as
t trans

=U0

+ t0

=

t[

U,+

(2.2.2~6)

The variable um represents the time of m periods
between the picked point and the emerging wave peak on the
second trace, Ch2, so:
m

=

U—
m
•

or,
where,

um .
fm

=

m

u o f0

=

Hi

fi

Tm

= period at frequency m

fm

= frequency m

With this and equation 14, both u0 and
inated.

(2.2.2-7)

Ui can be elim

Continuing by substitution:
u, =

u0

p1

(2.2.2-8)

1

tJ -to

(2.2.2-9)

Then by Equations 2.2.2-6 & 2.2.2-9,
"f.fj
where,

+

t0

At

=

t, -

t0

Af

=

f, - f0

(2.2.2-10)
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This is the transit time from Chi to Ch2, or the time
for a signal to go thru the system.

The phase in degrees

can then be calculated by multiplying this time with the
test frequency and then by 360 degrees.
A visual application of this phase determination tech
nique is to observe the oscilloscope as either the fre
quency increases or decreases . The waveform on Ch2 will
either compress or collapse on the emerging point
respectively.

An oscilloscope that has a delaying sweep or

waveform expansion capabilities greatly facilitates this.
Errors are introduced by the fact that the trigger
point is usually not on a peak; however, it can be made
just before it.
tion to work.

The trigger must be at t=0 for the equa

Also, the greater the transit time thru the

system (equipment + medium) with respect to the period, the
greater the error in determining the transit time. This
results from the large change of phase when the frequency
is changed. This drawback means that the total phase of
the system will be more difficult to find if the test wave
length is much less than the system length, as is often the
case with high-frequency measurements in deep boreholes.
Usually, as in the case of inter-antenna transmission
between boreholes, only one or two total phase measurements
using the swept-frequency technique needs be taken for con
trol.

Adjacent single-frequency phase measurements taken

within a small increment of the wavelength are a safe way
to keep track of the number of whole wavelengths.
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One other difficulty using this method, either by
application of the equation or by the visual technique,
arises when there are filter or amplifier poles near the
test frequencies. The phase shifts caused by the poles are
large, and hard to predict.

For our system we have a large

supply of filters so that during the swept-frequency method
some filters can still be used to remove noise at higher or
lower frequencies than those being swept thru.
Generally, only the whole number of wavelengths thru
the system (or number of periods in the transit time) need
be sought during the swept-frequency method; the accurate
fractional wavelength (or period) can be determined at the
center frequency f(0) with all the filters re-inserted.
2.2.3 Medium Probing Configurations
2.2.3.1 Differential Method of Medium Characteristics
Determination

Medium electrical characteristics are determined by the
technique used by Grubb & Wait (1971). This method assumes
the predominance of displacement currents over conduction
currents.

Referring to Figure 2.2-4, three colinear bore

holes, or antenna positions are used.

One position is for

the transmitting antenna, and the other two are for the
receiving antenna for two separate operations.

All antenna

positions are also colinear, but the vertical azimuthal
angle need not be 90 degrees.
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Co-linear Three Hole Difference Method Diagram

Fig. 2.2-4. Co-linear differential 3-hole medium
test configuration.
For the two operations, the transmitting antenna
remains in the same place, which is an end location.

How

ever, the receiving antenna is repositioned for each opera
tion, one in the middle location, and then to the other's
end position.

Both system gain and delay are recorded for

each operation.

The difference of gains and delays between

the two operations are the result of the wave propagation
thru extra medium, not by the equipment nor by the anten
nas, assuming far-field factors are in play.
of this is as follows:

An expression
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V rccuC'"

where, rm

trans(.f~

l)

2

(2.2.3.1-1)

= receiver distance with respect to transmitter

m

= 1 is middle

m

= 2 is end
l^recvCr m )
KiroB!(rJ
and

y

- Transmitting Voltage at rm
= propagation constant =

a + y'P
where,

= Receiving Voltage at r m

GO

(2.2.3.1-2)

= J jvo\i0(a + 7<«e)
= radian frequency

= permeability of free space = 4it- 10~7
a

= medium conductivity

e

= permittivity of medium

H/rn

The sampled transmitting voltages are included to com
pensate for transmitter drift. The attenuation constant a,
phase constant [3, and wavelength X,, can be determined as
follows:
(2.2.3.1-3)

a
where,

Gm

= medium gain thru distance r 2 - r
^ recuC

^ trans ( ^*2 )

^ recu C

f 1 )! ^ t r a m ( ^ 1 )
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p

wheretm

=

tm

w

(2.2.3.1-4)

rz - r i

= medium phase delay time thru distance r2-r,

[£>eiay r c c „(r z ) ~ D e l a y t r a a s ( r 2 ) ]

-

[£>eiay r e c „(r,)- D e l a y

2n
—
p

X.(meters/cycle) =

)]

(2.2.3.1-5)

The medium attenuation can be expressed as the attenu
ation of a plane wave propagating thru the medium in dB as:
Atten. (dB/m) = 20 log esr/r

=

(2.2.3.1-6)

8.686a (dB/m)

Once these medium-dependent wave characteristics are
known, the conductivity, permittivity, and relative permit
tivity can be calculated:
a(Si/m) = —

(2.2.3.1-7)

U>|10

ft2 - a2
(A)2

relative permittivity

C2
^(fJ2-a2) =

(2.2.3.1-8)

HO

eR

B
15

=

2 —

e/e0

=

(2.2.3.1-9)

Ot 2

Po

where,

e0

=

8.85- 10"12. the permittivity of free space
c
P0

= velocity of light in free space
= phase constant in free space
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2.2.3.2 Antenna Characteristics Determination

The received antenna voltage as a function of the
transmitted antenna current, assuming far-field effects,
is, by combining Equations 2.2.1.2-1 and 2.2.1.2-7:
n.,„(0
where.

-

(2.2.3.2-1)

/

= transmitting antenna current

Y

= propagation constant

Ajt

= effective aperature of receiving antenna

GT

= directional gain of transmitting antenna

/(0)

= combined receiving & transmitting antenna

pattern factors dependent on vertical azimuth

By using the previously described difference method to
determine the medium characteristics, and with the transfer
impedance known, the factor f(§)GTA,. can be calculated.
Rearanging terms:
^A,fmO

where

Z transfer

T

a'

~

m

=

Z„„„„re""

(2.2.3.2-2)

^ racu^ ^ transmtttad

The factor on the left has the dimensions of resistiv
ity (Ohm-m) for a spherically diverging wave, and is what
generally was plotted for the antenna pattern factor. The
antenna characteristic determination assumes a homogeneous
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medium and far-field approximations; if they are at least
two wavelengths apart this holds well (electrical length =
4ti = 12.6), to within 90%.

There is also a transmitting

antenna current distribution; but since this is not known
in the medium, the antenna input current along with the
directional gain and pattern factor model the radiation
well (Lytle, 1974).
2.2.3.3 Parallel Scanning to Determine Geology and Tar
get characteristics

A very useful and quick cross-borehole technique is to
put the antennas at the same depth and move them together,
so the geometry does not change.

This was done many times

by Lytle et al. (1976, 1979, and Davis et al., 1979).
Geology can quickly be determined, and if there are three
colinear boreholes the medium electrical characteristics
with respect to depth are easily found (Lytle, 1976).

A

target can quickly be detected by plotting the ratio of
received voltage to sampled transmitted voltage in the
field with no further data processing.
2.2.3.4 Geotomography

The mechanics of geotomography are shown in Figure
2.2-5.

There are various transmitter locations, and for

each one there are a suite of receiver locations.

This

configuration scans the area to be imaged by many raypaths.

Both the transmitter and receiver locations are

chosen to resolve the target sufficiently with the
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wavelength used. The area to be imaged between the bore
holes is divided into areas called patches.

These patches

are characterized by the receiver-transmitter paths.
The procedure for the geotomographic scans done with
intent to invert using the volume current method (Howard et
al., 1983, 1986) is to place the transmitter antenna at
intervals in one of the boreholes, and for each transmitter
antenna position move the receiver antenna in the other
borehole.

Both transmitted wave attenuation and phase are

recorded for each position of transmitter-receiver antennapair.
Once this is done the data is processed normally to
obtain the transfer-impedances of both the antenna-pair and
medium.

This is then inverted for a reconstruction of the

image plane.
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Diagram Showing Transmitted Roypaths During Geotomography

Borehole

Receiver

Transmitter
Antenna

Antenna
Locations

Locations

Fig. 2.2-5. Transmitter-to-receiver antenna raypaths for geotomography in a homogeneous ground, or
with no refraction. Shown are 3 transmitter
locations and 11 receiver positions.
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CHAPTER 3

APACHE LEAP TEST SITE

3.1 Introduction

The Apache Leap test site is located about 3 miles east
of Superior, Arizona (see Figure 3.1). This site has rocks
similar to that at the proposed Yucca Mountain waste repos
itory test site in Nevada, and it serves as a convenient
field laboratory to examine jointing and test ground water
flow.

There are many boreholes drilled into the test site

for the various studies.

We are using the site to test the

ground-probing system in an environment that is both homo
geneous and supportive of wave propagation.
Four field trips were made to the site: the first dur
ing the summer of 1989 with Joe Schulte, Ben Sternberg,
Karl Glass, and Mike Sully.

Inter-borehole transmission of

150 MHz was successfully tested. For the remaining trips
Dave Droege accompanied me.

The second trip on the 17th

and 18th of Feb., 1990, we chose an antenna length, charac
terized the antenna pattern, logged borehole impedance, and
used the parallel scan technique to look at simple targets.
The third trip made on the 3rd and 4th of March, we looked
at another target and verified previous findings; but were
misfortunate enough to have some equipment fail.

The last
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trip, made from the 1st to the 3rd of June, we examined the
medium electrical characteristics at both 15 and 150 MHz,
examined a larger target, investigated medium heating due
to the transmitter antenna, and then looked at borehole
modes.

TON TO

NATIONAL

FOREST
MINE SHAFT

• Magma
Mine Rd. ,

QUEEN CREEK
R0A0 TUNNEL

APACHE
LEAP
TUFF SITE

SUPERIOR
STUDY AREA
TUCSON

Fig. 3.1-1. Geophysical test site on the Apache
Leap tuff formation, approximately 3 mi E of the
town of Superior.

Fig. 3.1-2. Looking NW over test site. The medium
probing operation is on the black plastic. The
light buff-colored rock is the Apache Leap tuff.
The Magma Copper Company operates the shaft in the
background; this penetrates thru the volcanics to
the Martin and Escabrosa limestones.

Fig. 3.1-3. Antenna probing setup at test site.
Boreholes V-1 and V-3 are under left and right
reels, with Dave Droege holding the stranded target
over borehole V-2, with the transmitter trailer
directly behind. The receiving truck is to the
right.
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3.2 Geology

The test site is on a simple-cooled ash flow sheet of
nearly 2,000 feet thick (Peterson, 1969), deposited about
20,000,000 years ago (Miocene).

The ash-flow sheet is

divided into five zones classified by the degree of weld
ing: lower nonwelded, lower partly welded, densely welded,
upper partly welded, and upper nonwelded.

The site is on

the top unit, also called the white unit.
The rock at the test site is an altered poorly-welded
quartz-latite porphyry tuff in an aphanitic ground mass.
It has a light gray to white color when fresh, and weathers
brown to reddish gray, due to the decomposing biotite.
Composition of this part of the Apache Leap unit is plagioclase feldspar, quartz, biotite, sanadine, and some oxides.
The altered products are chlorite replacing biotite, and
more oxides.

Vapor-phase crystallization, or the deposi

tion of cooling vapor material from lower units as they
cooled, has reduced pore spaces to make the rock fairly
impermeable.

There are however many vertical fractures

from subsequent orogenies, and perhaps from cooling.
3.3 Borehole Setups

The borehole configurations used for our test are shown
in Figure 3.3, the V and Z-series.

The V-series are three

colinear boreholes spaced every 3 meters.

The Z-series

boreholes are colinear also; however they dip to the east
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by 45 degrees.

The horizontal spacing for these are 10

meters, and the perpendicular inter-borehole separation
distance is 7.1 meters.

Apache Leap Boreholes
V-Series Boreholes
v-e

V-3

v-i

-3m

-3m-

>

Z-Series Boreholes
Z-3

Z-2

Z-l

lOn

Fig. 3.3.
site.

V and Z-Borehole series used at the test

3.4 Medium Electrical Characteristics

The electrical characteristics at both 15 and 150 MHz
were determined by the co-linear three-hole difference
method.
here.

Results for all the medium tests are tabulated

Referring to Figure 2.2.3.1, the transmitting

antenna is placed down an end borehole, and the receiver
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antenna is placed down to the appropriate spots in the
remaining two boreholes for each of the two sets of trans
mission readings.
15 MHz wave propagation characteristics were taken at
both Z and V-series boreholes. In the Z-series, the trans
mitting antenna was placed down Z1 at 10 m depth, and the
receiving antenna was placed at each of the depicted spots
in Z2 and Z3, perpendicular to the borehole axes from the
transmitting antenna.

Antennas were placed deep to keep

the surface reflection low, and a later calculation for the
transmitting antenna depth at 9.7 m was 2.6 skin depths at
15 MHz.
Both 15 and 150 MHz tests were done on the V-series
boreholes.

The transmitting antenna position was in VI,

and the receiving positions were in both V2 and V3.
Date Hole Freq.

<x

P

Set (HHz) (1/m) (1/m)

Plane
Wave

X

P

<«

(m) (ms/m) (nm)

0
U> €
(S s/F)

Atten.
(dB/m)
2/18

V

150

.674

8.73

5.85

.719

9.93

100.7 7.68

.155

6/1

Z

15

.394

1.12

3.42

5.60

7.47

133.9 11.2

.800

6/2

V

15

.346

1.18

3.01

5.32

6.92

144.6 12.9

.643

6/3

V

150

.523

8.73

4.54

.720

7.72

129.6 7.69

.120

Table 3. Electrical characteristics for Apache
Leap site.
Both transmitting and receiving antenna lengths for the
150 MHz medium tests were 1.14 m; however, because the
directional gain and receiving aperture were so small for
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the 15 MHz. tests, the lengths had to be increased to about
3 m.

When the antenna lengths are large compared to the

distance between them, wave divergence is no longer spheri
cal but cylindrical (Wait, 1990).

Although this antenna

length was not too large for the Z-series boreholes, it was
for the V-series.
Referring back to Equation 2.2.1.2-1, this equation is
modified for cylindrical spreading:
f*(r)

=

^7C'/^(0)e"VrMlUl

(2.2.1.2-1)

This becomes:
f,(r) =

^77Cr/r(e)e"Yr*"ut

C3"1)

The medium wavelength is not affected much by this, but
the attenuation is, so:
a

=

—-—

r1

~ r2

lnf —

V. r 1

Gm )

J

(2.2.3.1-3)

becomes:

°

=

ln(V5

C")

(3"2)

The cylindrical attenuation constants for both the Z
and V series respectively are: .443 and .462 (plane wave
attenuation constants are 3.85 and 4.01 dB/m).

Because

distance between antennas as compared to antenna lengths
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are large, the attenuations derived from the Z boreholes
for both the spherical and cylindrical values are very
close.

However, because of the dimensions, the V-series

values are not, and hence are considered less valid.
Borehole spacing in terms of wavelength was 1.26 for 15
MHz in the Z-series, and 4.29 for 150 MHz in the V-series.
Far-field approximations are good for the V-series, but
marginal for the Z-series.

Except for these medium mea

surements, all other experiments were done using 150 MHz in
the V-series.
Examining other electrical characteristics, the permit
tivity decreases with increasing frequency.

This is con

sistent with King (1981) and other sources; the high
frequency causes hysteresis effects on polar molecular
components, usually water.

This is also known as high-

frequency relaxation. The electrical effect of this is
quadrature shift from the real component to the imaginary
component of the permittivity, and thus an increase of con
ductivity at the expense of the permittivity.
In this medium at 150 MHz, displacement currents domi
nate over conduction currents with a loss tangent (0/[<jue])
of .12.

Because of this, diffraction studies are work well

at this frequency.

For 15 MHz the loss tangent is .8, or

nearly equal effects of both displacement and conduction
currents.
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3.5 Antenna Characteristics

The use of the system for medium probing is very depen
dent on the antennas, and to better understand the electri
cal properties of the probing antennas, the following tests
were done. The field patterns surrounding the antennas are
medium-dependent, and might change in another setting.
3.5.1 Determination of Length

To obtain both a reasonable transmission line to
antenna match, and a predictable field pattern, the antenna
length has to be optimized.

To determine the length at

near-resonance, the sampled reflected and forward power
were monitored by the oscilloscope using the procedure
described in chap. 2.

Antenna lengths are easily adjusted

by the telescoping tube-in-pipe design; however the overall
test was time consuming and as a result the chosen lengths
were used for the remaining experiments.
An optimum resonance frequency for the final length of
1.14 meters is in the range of 133 to 145 MHz.

A Slightly

shorter than half-wavelength is used to avoid a break up of
the antenna field pattern from the perpendicular plane
(King, 1981, and Wait, 1986).
3.5.2 Antenna Impedance in Medium

The antenna impedance in the medium must be known to
calculate the transmitting antenna feed current, and then
for the trans-medium impedance (received voltage / trans
mitted current).

The tuff was very homogeneous in that
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logging the V-series boreholes resulted in a reflection
coefficient standard deviation of less than 2% of the mean
over 20 meters of depth for the boreholes.
From the measurements taken on 6/3/90 with a short
cable between the antenna and the signal generator, the
antenna reflection coefficient is .563^7.6°O, or .558 j.074 Ohms. The resultant impedance is 174Z - 12.8TJ, or 169
- j38.4 Ohms. This value is rather large and is almost all
resistive and somewhat capacitive.

The magnitude of the

reflection coefficient is more accurate than the phase
because of the much larger possibilities of phase errors.
Even slight adjustments to frequency caused the antenna
impedance to vary considerably, so a very stable signal
generator is a must, or constant monitoring for frequency
drift.

The result of a phase error could make the

impedance closer to 20 Ohms magnitude, a much more believ
able value.

There were no other similar antenna impedance

tests done there to confirm this, however.
3.5.3 Antenna Field Pattern

Medium transmission and target determination are depen
dent on both the transmitting and receiving antenna proper
ties, and one of these properties is the pattern factor.
For vertical electric dipoles this factor results from the
electric field induced by the antenna current distribution.
For a half-wavelength antenna in free-space a polar plot of
the field strength resembles a lemniscate with major axis
perpendicular to the antenna axis.

Because of destructive
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electric field interference, these directional lobes can
break up perpendicular to the antenna axis if the length
exceeds a half wave-length.

Also, the field is more com

plicated in a lossy medium, and would be dependent on the
depth or local medium.

For this reason the length is

chosen to be shorter than a half-wavelength and the pattern
characterized assuming a homogeneous medium.
Figures 3.5-1 thru 3.5-3 show the transfer impedance
from VI to V2 and from VI to V3.

The transmitting antenna

is at 10 meters depth in VI, and the receiving antenna is
varied in depth for both V2 and V3. Signal strength magni
tude and phase delay are normalized relative to the
receiver at 10 meters depth in V3.

Figures 3.5-la and

3.5-lb show the magnitude and phase of the signal verses
the receiver depths.

Magnitudes are logarithmic to better

show both V3 and V2 receiver position strengths relative to
each other, and for this same reason phase delay is shown
in periods. The upper four points of Figure 3.5-2b are not
quite accurate, this is probably from a defective down-hole
amplifier battery.
The phase curves show no phase dependent on the verti
cal azimuth. In fact, the curves are hyperbolic for this
reason.
Figures 3.5-3a and b show the antenna voltage pattern
verses the vertical azimuth, zero degrees being perpendicu
lar to the antennas.

Figure 3.5-3a is of the magnitude
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curves in Figure 3.5-la, and is logarithmic.

Figure 3.5-3b

is linear and shows the pattern of the VI to V3 antenna
pair.

These clearly show the angular range of effective

ness of these antennas.

Assuming something is to be imaged

in the middle borehole V2, geotomographic scans are limited
to 130° receiver depth ranges relative to the transmitter.

Antenna Pattern Relative to XMTR in VI
XUTR 10m. Deep. 2/18/90
31.62277
10

-

3.162277 -

1 0.316227
0.1 -

0.031622 0.01
0.003162 0.001

•

RCYR:In Borehole V3

Depth <zn)
+• In Borehole Y2

Antenna Pattern Relative to XMTR in VI
XUTR 10m. Deep. 2/18/90

•

RCVR:In Borehole T3

Depth (m)
+ In Borehole V2

Fig. 3.5-la and b. First set of acquired antenna
magnitude and phase voltage patterns. The trans
mitter antenna position is fixed in V-1 at 10 m and
the receiver is roving in V-2 and V-3.
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Antenna Pattern Relative to XMTR in VI
XUTR Depth 10 m. 6/2/90
6.309573
3.981071 2.511886 .584893 -

0.630957
0.398107
0.251188
0.158489

0.063095
0.039810
0.0251 8
0.0 5848
8

a

RCVR in: Y3

10

12

Depth (m)
+

V2

Antenna Pattern Relative to XMTR in VI
XUTR Depth 10 m. 6/2/90

Depth (m)
•

RCVR In: V3

Figs. 3.5-2a and b. Second acquired set of antenna
voltage patterns, with similar antenna configura
tions as the first set. The peak magnitude of V-2
is distorted due to amplifier saturation.
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Polar Plot of Vert. Dipole Ants.
XUTR 10m Deep In Vl/RCVR in V3. 2/18/90
0*

Log Relative Uag.

300

283*

0.01

J

270*

240

I 63*

Polar Plot of Ant. Radiation Pattern
XUTR in VI a t 10m. RCVR in V3. 6 / 2 / 9 0
Rel. Amp.

1

300

255*

240

163*
Figs. 3.5-3a and b. Polar plots of the first and
second sets of antenna voltage magnitudes. Note
the directivity in the horizontal direction, at 0
degrees.
180*
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3.6 Parallel Scans
3.6.1 Targets

To detect simple targets in the field, the aforemen
tioned parallel scan technique was used.

The transmitting

and receiving antennas were placed at 10 meters depth in
both VI and V3 boreholes respectively, and borehole V2 is
for the target.

Simple target tests were conducted to see

what effect some targets would have on the cross-borehole
transmission.

By moving the target in and out of the

transmission path with no movement of the antennas, both
the geology and geometry effects are held constant.
The first tests were conducted on 2/17 & 2/18/90.

The

target consisted of a simple extension cord extending the
length of 30 meters depth to the surface.

This had no

effect on either transmission amplitude or phase.

Next, a

couple of 2 in antenna pieces were put together configured
as an electric dipole antenna, about 1 meter long.

A 50

Ohm resistor connected the two pole elements for an energy
absorbing element.

This target again had no discernable

effect.
On suggestion (Sternberg, 1990) we next clamped several
thick (4 gauge) copper strands to the pipe for conduction
to the borehole wall. This target did have an effect on
transmission, so the target was placed at every meter from
the surface to 19 meters depth, and resulting amplitude and
phase recorded, as shown on Figures 3.6-2a and b.

These
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plots show the trans-medium amplitude and phase normalized
to background with no target.

Note that the amplitude

decreases about 10% when the target is at 10 meters,
directly in the transmission path.

Also, at this depth the

phase delay increases by about 10 to 20 degrees.
readings were taken to check for repeatability.

Multiple
Finally,

the 50 Ohm dissipative resistor was removed; but no effects
on either amplitude nor phase were noticed.
The next two targets were examined on 3/4/90.

One was

a brass-shimmed 2 inch dia. 1.04 meter-long copper pipe
(see diagram) placed at 10 meters in borehole V2.

The

target was similar to the previously mentioned one except
that the clamped shims keep the target better centered.
The other one was a 3.5 inch dia. brass-shimmed PVC pipe
filled with concentrated copper sulfate solution.

The

shims were connected to internal brass screens perpendicu
lar to the length of the pipe. Because of this the solu
tion had good electrical contact to the borehole wall.
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Shinned Target

3* Cu Pipe, 5' Length

Brass or
Stainless Steel Shins

Cross-Bolt for
Rope Attachment

3* to 2' Reducer
Brazed On

Bowed for Vail Contact

Fig. 3.6-1. Large constructed borehole target.
The metal shims space the target in the middle of
the borehole and help with conduction.
Target to background effects were compared by taking
readings at every 1 m depth with target, then with no
target.

Because of this the antennas were never moved for

each reading. While this is not a true parallel scan of a
section with and then without a target, this method avoids
possible changes in the connector reflection coefficients
due to movement.
Figs. 3.6-2a and b show transmission amplitude and
phase effects due to the copper pipe at 1 m increments from
2 to 20 m depth. The plots are normalized to background 10
meter depth transmission.

Notice that there is no trans

mission difference when the antennas are at 10 m, but the
gain increases at both 1 m above and below, and the phase
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delay decreases.

At these depths constructive interference

occurs, with a 10 % increase of amplitude and a 4 degree
decrease of phase shift.
The copper sulfate solution pipe had no effect on the
inter-borehole transmission, so a plot was not done for
this target.
The next target test was done on 6/3/90, with a shimmed
3 in dia. 1.5 m length copper pipe.
target was at 15 m depth in V2.

Placement of this

The same method of antenna

placement and then readings taken with and then without
target was done.

Here, the target pipe filled up most of

the 4 inch dia. borehole.
Figures 3.6-3a and b show the amplitude and phase
effects of this target.

There is a slightly broader depth

range effect here; however the phase does not reflect a
noticeable change.
ference.

Also, the effect is destructive inter

Effect of Stranded 2" Cu Pipe Target
XUTR <Sr RCVR a t 10m Depth. 2 / 1 8 / 9 0
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i •
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Effect of Stranded 2" Cu Pipe Target
XUTR & RCVR a t 10m Depth. 2/18/90

Depth of Target <m)

Figs. 3.6-2a & b. Relative magnitude and phase
plots of the transmission from borehole V-l to V-2,
with the effects of the target at 10 m depth in
V-2. Note that the greatest change is at 10 m.

Effect of Shimmed 2" Cu Pipe Target
Normalized to 10 m Depth. 3/4/90

•

Oepth (m )
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Effect of Shimmed 2" Cu Pipe Target
Normalised to 10 m Depth, 3/4/90
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Figs. 3.6-3a & b. Relative magnitude and phase
plots of a parallel scan with the transmitter and
receiver antennas in V-l and V-3 respectively. On
each plot are the inter-borehole transmissions of
both background and of the target, positioned in
V-2 at 10 m depth. Note the slight change at
target depth.
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Figs. 3.6-4a & b. Parallel scan of the larger
target. On each plot are the inter-borehole trans
missions of both background and of the target,
positioned in V-2 at 10 m depth. Note the somewhat
greater effect of the larger diameter.
o

Target Effects
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3.6.2 Geology

Referring to the borehole logs, Figures 3.6-5 and
3.6-6, the resistivity logs show a gradual increase in
resistivity from surface to 10 m depth of 100 Ohm meters in
VI and 70 in V3, then an abrupt drop to 40 Ohm meters at 14
m in VI and 12 m in V3. The sonic logs show an increase of
transit time for this depth also.

From this point the

resistivity increases to 60 Ohm meters and then varies less
dramatically.
The fracture log sheet, Figure 3.6-7, shows a large
fracture at 15.8 m (51 ft) in VI, and another large frac
ture is reported at 12.2 m (40.2 ft) in V3.

Both these

fractures are very close to the respective
high-conductivity zone, and no doubt represent a large
joint running thru all the V-series boreholes. Indeed,
borehole V2 has a reported large fracture at 11.6 m (38
ft), a depth about half-way between the other two depths.
This fracture probably has an abnormally high water content
compared to the unbroken areas.
The steady increase of resistivity from the surface to
10 m is probably a result of both decreasing pore volume
water, and decreasing alteration with depth.

Petterson

(1969) describes the replacement of biotite by chlorite and
other oxidants most prominent in the upper white unit,
where the boreholes are located.

Also, welding is less in
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this upper unit and consequently the material is more per
meable.

Thornburg (1990) also concluded this based on con

ductivities of laboratory samples.
The data from the inter-borehole transmission supports
these findings.

Wave propagation is dependent on medium

conductivity, if the medium is lossy, the transmission of
radio waves is less.

Referring to Figures 3.6-3 and 3.6-4,

the background geology effects are very noticeable.

The

amplitude plots are very similar to the resistivity logs.
The transfer impedance high at 10 to 11 m matches the
resistivity highs on the logs.

The low due to the fracture

shows up at 14 to 15 m on Figures 3.6-3a and 3.6-4a.
Phase change over the 20 meter interval is also large,
from 0 degrees at 10 m to a delay of 270 degrees (3/4
period) at 17 m. The decreasing phase delay from the sur
face to 8 m depth, then leveling from 8 to 11 m, is prob
ably due to the water content.

Increasing water content

will cause molecular polarization effects increasing the
permittivity.

Because wavelength and wave velocity are

inversely proportional to the square of the permittivity,
there is an increased phase delay between the boreholes.
Low pore water saturated zones would then have both a high
resistivity and low permittivity.
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Below 15 m on the phase plots the phase increases although
the amplitudes remain low.

This is probably due to the

increased water content with little argillization. This
zone would decrease wavelength, but not attenuate waves as
much because this medium is not as lossy.
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Fig. 3.6-5. Sonic and resistivity log for V-l.
Note the general increase of resistivity from the
surface to 10 m depth, then the abrupt decrease
near the fracture. Also, there is an increase of
transit time near the fracture.
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Fig. 3.6-6. Sonic and resistivity logs for V-3.
Again, note the same increase of resistivity to 10
m depth, then the abrupt decrease near the frac
ture, and the increased sonic time.

Borehole camera legging a; tr.e Apacr.e Leao Test site at
Surerior Arizona Septemoer '2 - 15 1939. Gary LeCaia and
Jack Odum logging.
The weather was warm with lows of 60 degrees F in she
early coring and highs in the low 90's. The sky was clear
and no precipitation.
Borehole V-l

52.0 ft 3TC
3U.3

Borehole V-2

drilled 6/39, depth-100 ft, dianeter-4 inchs
approx 5 ft of casing, verticie
irregular steeply dipping fracture
high angle large fracture

drilled 6/89. depth-100 ft. dianeter-U inchs
approx 5 ft of casing, verticie

78.0-77.0 ft 3TC
38.0
3U.0
31.0-29.6
27.0
25.0

Borehole V-3

60.U ft 3TC
59.7
51.0
UU.o
U3.0
U2.0
«0.2

3orehole W-1

many
high
high
high
high
high

small
angle
angle
angle
angle
angle

fractures
large fracture
fracture
fracture
fracture
fracture

drilled 6/89. depth-100 ft, diameter-U inchs
approx 5 ft of casing, verticie
fracture
hairline fracture
fracture ( measured dip )
fracture
fracture
fracture
large fracture ( apprcx 1.75 inch appature)

drilled 6/89, depth-50 ft, diameter-U inchs
aprox 5 ft of casing, ^5 angle to S£

37.0 ft 3TC fracture ( seasuerd dip )

3U.0
19.0

"

3orenole W-2
*

drilled 6/39, depth-'C2 ft, dianeter-U inchs
aprcx 5 ft of easing, ^5 angle to SE
this hole was caked with drilling rcud and therefore the
video is very poor.
9^.6 ft 3TC unknown

oO.0

72.0
68.7
59.2

**3.0
^2.0

hole intersects with V-2
fracture

"

37.7

Fig. 3.6-7.
V-Series.

Listing of the borehole fractures for
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3.7 Miscellaneous
3.7.1 Formation Heating

During a medium characteristic test on 6/2/90, it was
noticed that the inter-antenna transmission amplitude was
steadily increasing with time.

This effect would diminish

when transmission was ceased for several minutes, but would
then increase when transmission was re-started.

Further

more, this effect would localize at a depth and not be
noticed immediately at another when the antenna was moved,
ruling out equipment drift.
The calculated antenna power was 10 W, and the antenna
reflection coefficient was .56, so the power dissipated by
the antenna came to 3.1 W.
the experiment.

This value is for the start of

Because the directional coupler had only

the forward-wave port, antenna power dissipation with
respect to time was not monitored; however the effect was
examined by observing the inter-borehole transmission
verses time.
Figure 3.7-1 shows the results, and the curve resembles
that of a heating curve. At first there is an increase
then as time goes on a leveling.

What probably happens is

the water content of the rock surrounding the transmitting
antenna is drying out.

During the various tests the anten

nas would have moisture on them after being in the bore
holes for a while.

The antenna to cable reflection

coefficient is no doubt changing to allow more radiated

87

power, or possibly the near-field losses are decreasing
when the water is being driven out.

King et al. (1981)

described a similar situation of the use of an insulated
antenna similar to the type here for heating living tissue.
There also heat-generation is due to near-field effects in
a lossy medium.
Inter-Borehole Transmission vs. Heating
XMTR. RCVR In VI & V3. 10m De«p. 6 / 2 / 9 0

i.s
i.+
1.3
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0.4
0.3
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0.1

0
8

10
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14

16

18

20

Time (minutes)

Fig. 3.7-1. Effects of transmission vs. time
between V-l and V-3. The effect diminished after
time when the transmission was halted.

3.7.2 Borehole Modes
The last test done on 6/3/90 was to examine the possi
bility of borehole electromagnetic modes that propagate up
and down the borehole.

A device was made to examine these
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using the construction advised by Pierce (1990).

Referring

to Figure 3.7-2, a cylindrical PVC pipe is surrounding the
cable under test.

Another cable is attached to the cylin

der wall and the end is stripped back about 1 inch exposing
the center conductor. This conductor is pointing to the
center, and is parallel with the E-field of the transverse
electromagnetic mode (TEM), because it is assumed that this
is the dominant mode. The other end of this cable went to
the oscilloscope for monitoring signals.

The electric

field is calculated by assuming homogeneity across the
probe and multiplying the oscilloscope voltage by the probe
length.
Tests were conducted with beaded cable and unbeaded.
The electric field intensity was approximately twice as
strong for unbeaded cable compared to beaded cable over an
interval of about 1 to 2 meters above the antenna .

A

similar more quantitative study by King (1981) revealed
that transmission line shield currents would continue up
the borehole. He used metal discs to suppress these cur
rents, one every 90 degrees of wavelength.
Above this interval the electric field was small (about
0.2 V/m) for both cases.

The strongest electric field was

about 1.2 V/m; this being the case of the unbeaded cable
near the antenna.
Some idea of the wavelength of the borehole modes was
sought, and with this in mind the electric field was moni
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tored with this tester as it was moved up and down the
cable.

There were minimums and maximums, but because of

constant jarring of the beads against the probe no precise
measurements could be taken.
Borehole Mode Sensor
To Transnrtter
To Oscilloscope

-Coaxial Cables

dy
<

PVC Pipe

-Fcrrliff Core

M

-Sensing Denent

To TransnlfrUr

Fig. 3.7-2. Constructed unit for detecting the
axial electric field surrounding the transmission
line in the borehole.
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3.8 Conclusions

The system operated well at this site, however there
were constraints.

Amplitude measurements were much easier

than phase, because use of the swept frequency method
requires total system phase determination.

It can be very

easy to be off several wavelengths due to equipment connec
tions, filter poles, etc.
We had to shorten the standard cables in order to
obtain good phase measurements, and even then the frequency
range of the high power Yaesu transmitter was not enough to
use the method; the signal generator had to be used.

For a

medium test between Boreholes VI and V3, a total phase mea
surement took four hours.
The borehole electromagnetic-mode test would indicate
that ferrite beads are not necessary the whole length of
the cable.

Further tests on this are needed to quantify

results for antenna radiation requirements and up-over-anddown cross-talk tolerances between boreholes.
Errors on amplitude are about 1 dB. or 12 %. Phase
errors can commonly be as high as

110°, and vary with con

nections greatly; connecting and disconnecting a UHF con
nector can change the phase by 10 degrees at 150 MHz.
Keeping the equipment and antennas relatively stable during
the experiments helps considerably.
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Vertical copper pipe targets can be detected using the
parallel scans as shown, but only compared to background,
and, as mentioned, with stable equipment.

To detect

injected saline plumes, their diameter relative to their
skin depth should be comparable to those targets examined
here (Wait, 1990).
Geotomography can be attempted here, but again only
with and without target, because the geologic effects are
much greater than the targets studied here.

Also, geotomo

graphy requires much more movement of equipment than simple
parallel scanning, so errors will be larger.
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CHAPTER 4

SAN XAVIER TEST SITE

4.1 Introduction

The San Xavier site is located 22 mi S of Tucson on
Mission Rd, and is a former lead, zinc, copper, and silver
mine.

There are several boreholes for various studies, and

access to the underground mine.

The geology is a mixture

of metamorphosed limestone and hornfels facies rock.
Nearby igneous plutons have caused contact metamorphism
with mineral-rich solutions implanting ores in the altered
limestone (Sternberg et al., 1988).
The main thrust of using this site was to develop the
cross-borehole ground probing system and then ultimately
both detect a tunnel between two boreholes and map seeping
effluent placed therein over time.
4.2 Borehole Setups

Three principal boreholes were used for these experi
ments: H4, H12, and H13 (see Figure 4.2-1). These bore
holes were drilled co-linear with the expectation of using
the difference method, described in chapter 2, and in
addition boreholes H4 and H12 straddle a mine drift at 135
feet (41.1 m from H4 top) below the surface, to examine the
effect of targets placed therein.

These boreholes are
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fairly vertical with the following exceptions (at 50 m): H4
trends .4 m SSE, H12 trends 1.0 m S, and H13 trends .4 m SW
The trends are very nearly linear from the surface.
The test facility includes a 100 ft. cemented channel
inside the drift to hold water.

This can be flooded from

the surface holding-tank for the purpose of adding an extra
attenuating factor to the inter-borehole propagating waves.

Fig. 4.2-1. Plan map of the 150 ft depth mine
drift, with borehole locations at the San Xavier
Mine. Note the cemented segment between the east
and west dams (Sternberg et al., 1988).
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Fig. 4.2-2. Geologic map of the 150 ft depth mine
drift (Sternberg et al., 1988).
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Fig. 4.2-3 (Top). Ground-probing truck and trailer
setup positioned between boreholes H4 and H12 at
San Xavier site.
Fig. 4.2-4 (Bottom). West end of the cemented mine
drift, at 150 ft level, with metal screen and
water.

Fig. 4.2-5. Joe Shulte and myself lowering the
vertical electric dipole antenna down borehole H4.
Shown is half of the total dipole length.
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4.3 Medium Electrical Characteristics

Referring to the 150 ft level (Figure 4.3.2), the meta
morphosed limestone, both marble and hornfels facies, pres
ented a very difficult material to propagate waves thru.
Tabulated in Table 4 are the electrical characteristics of
the medium at 15 MHz.
Plane
a
13
P
(MHz) (1/m) (1/m) Wave (m) (mS/m) (Dm)
Freq.

a

a
toe

Atten.

(Ss/F)

(dB/m)
15

.76

Table 4.

1.16

6.7

5.4

15

67 7.9

2.28

Formation electrical characteristics at San

Xavier test site.
On 6/11/90, the co-linear three-hole method was
attempted in boreholes H4, H12, and H13, at a depth of 55
m.

With the severe attenuation between H4 and H13, a

proper phase determination was not possible.

However, the

calculated attenuation between these came to 6.7 dB/m.
Trying a non-colinear three-hole method using H15 to
replace H13 (see Figure 4.2-1), produced an unreaiistically
high relative permittivity value of 72.

This no doubt is

from the medium inhomogeneity.
Medium phase change between a fixed transmitting
antenna in one borehole and a moving receiving antenna in
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the other borehole was determined from data gathered during
the geotomography experiments, described in section 3.5.
The resulting calculated wavelength at 15 MHz is 5.4
meters.

This makes the dielectric constant about 7.9, a

reasonable value.

The HF dielectric constant values for

both limestone and marble reported by Lytle (1973), 7.3 12, and 8.2 - 9 respectively.
With the presence of sub-surface moisture and mineral
ization, the conductivity is a reasonable value.

The log

for H4 shows a DC resistivity of 30 to 60 Ohm meters, close
to the tabulated value.

The electrical characteristics are

very localized, and the values reported here are only at 50
meters depth between H4 and H12.

Regional inhomogeneity

causes large deviations that were not investigated here.
4.4 Antenna Characteristics
4.4.1 Determination of Length

The construction of the antennas used here is the same
as previously described in chapter 2.

A length was chosen

to be slightly shorter than a half-wavelength, and yet not
reflect too much energy back up the transmission feed line.
The final length chosen was 6.4 m, which is very long
compared to the inter-borehole distance. Shorter lengths
had both too much of an antenna reflection coefficient and
insufficient receiving aperture for a transmitted signal
between the boreholes.
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4.4.2 Antenna Impedance in Medium

Figures 4.4.a and b show the antenna reflection coeffi
cients in boreholes H4 and H12.

Considering the fact that

the antennas are 6.4 m in length and the values have a
large variance for an antenna depth movement of only .5 m,
the medium inhomogeneity must be great.

The curves do not

cross-correlate between boreholes well either, but this is
to be expected because there are no strata here.
Because of the inhomogeneity and lossy nature of the
medium, and because of both the antenna length the wave
length compared to the inter-borehole distance, an antenna
pattern determination was not attempted.

Antenna Reflection Coefficients
For H4

HI2, 8/9 fir 10/22/90

0.5

•

H4

Depth from H4 Top (m)
-l- HI 2

Antenna Reflection Coefficients
rot H4 & HI 2, 8/9 fir 10/22/90

•

H4

Depth from H4 Top (m)
+ HI 2

Figs. 4.4.a and b. Antenna reflection coefficient
magnitude and phase vs. depth for boreholes H4 and
H12.
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4.5 Cross-Borehole Transmission Tests

At first, various attempts were made to propagate 150
MHz thru the rock, all in vain.

Propagation of only about

1 to 2 meters between a borehole and a drift was accom
plished, but this was insufficient for our project.

Lower

frequencies were then investigated, such as 30 MHz, and
then 20 MHz, but the results were insufficient signal pene
tration; only 15 MHz could penetrate at the power levels we
needed over the 9 m distance between H4 and H12.

Even

though 15 MHz would have a very long wavelength compared to
our targets, we proceeded nevertheless.
4.5.1 Target Determinations

On both the 19th and 26th of April, 1989, parallel
scans between H4 and H12 were done.

Scans were done both

with two long wire meshes formed into two circular two foot
diameter cylinders in the tunnel, and a scan without.
results are shown on Figure 4.5-1.

The

The tunnel depth is

marked, and the x-coordinate is the cross-borehole attenu
ation.
There appears to be no effect of the mesh on the trans
mission.

The system errors produce greater differences

than seen between the curves.

This target has too small of

an effective cross-sectional diameter to have an effect on
vertically polarized electric fields at the wavelengths
used.
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Cross-Borehole Plot of Attenuation
San Xavler Mine. 4/19 & 4/26/89
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Fig. 4.5-1. Parallel scan done between H4 and H12
of both with a long wire mesh in the tunnel and
without. Note the negligible effect.
Another larger target investigated was the flooded cem
ented canal located between H4 and H12 in the drift (see
Figure 4.2-1).

This target consisted of the flooded canal

with the wire mesh thru the length of it to help increase
conductivity.

The water source for this is the tank on the

hill above the facility, and is gravity fed to the level
thru pipes and fire hose.

The water level in the canal

came to approximately 75 cm as monitored on the west end.
An oversight here was not using the parallel scan tech
nique to look at the effect of the target compared to back
ground, but a geotomography was attempted.

Five
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transmitting antenna positions were selected in both H4 and
H12, with 2.5 m separations. The interval range this would
be at the same depth as that of the tunnel.

Receiver posi

tions were every .5 m in the opposite borehole, and the
interval range was enough to sufficiently scan the target
assuming straight ray paths, and then some.

Two geotomo-

graphies were done, one of the dry tunnel on the 14th of
Oct., 1989, and then one of the filled tunnel on the 21st
and 22nd of 1989.
Figures 4.5-2 and 4.5-3 show the results of the wet
tunnel transmission.

Plotted are the ratio of receiver

antenna voltage to transmitter antenna current, or transfer
impedance, verses receiver depth.

Note that there are five

curves per plot, representing the five transmitter posi
tions.

For each transmitter position there are two curves,

one is magnitude and the other is phase delay, in periods
of 66.67 nanoseconds, the period of 15 MHz.

A data acqui

sition error occurred during the dry tunnel geotomography
and the data that were taken are incomplete.

This

incomplete data was reconstructed by Dave Droege and this
set was compared with the data that was properly acquired.
The reconstruction and system error was larger than the
difference between the filled and unfilled canal curves, so
no hard and fast conclusions could be drawn between these
two sets.
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Considering the wavelength in the medium, the lack of a
concentrated antenna source (its length), and the geologi
cal inhomogeneity, follow-up tests were not conducted using
this target again.

Trans-Impedance of H4 to H12
San Xavler. 10/14

6t 10/22/89

0.09 -

A

0.04

•

HI2 RCVR Depth (m. relative to H4 top)
39.0
X 46.7
44.0

H4 XUTR $<m>: 36.5

Trans-Impedance of H4 to H12
San Xavler. 10/14

Si 10/22/89

*JP
yA

•^5

HI2 RCVR Depth (m. relative to H4 top)
•

H4 XUTR 0(m): 36.3
A

39.0

44.0

41.3

46.7

Figs. 4.5-2a and b. Geotomography data curves with
5 borehole-transmitting positions in H4, roving
receiver in H12. Note the greater transmissions at
depths of 33, 43, 46, and 57 m.

Trans-Impedance of H12 to H4
San Xarler. 10/14 & 10/22/89

0.13
0.12

0.04

•

HI2 XMTR Q(m): 33.1
A

H4 RCVR Depth (m. relative to H4 top)
+ 33.6
•
40.6
X 43.1

38.1

Trans-Impedance of H12 to H4
San Xavler. 10/14 St 10/22/89

•

H12 XUTR p(m): 33.1

H4 RCVR Depth (m. relative to H4 top)
33.6
43.1

38.1

Figs. 4.5-3a and b. Similar curves except with
transmitter and receiver in H12 and H4 respec
tively. Again, note the preferential transmission
zones at 33 and 42 m.
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The next important test conducted at the site on
1/27/90 was the effect of a vertical 1 inch diameter copper
pipe, 25 ft long, placed in borehole H12, between H4 and
H13.

The transmitter antenna was placed in H4 at 50 m

depth, and the receiving antenna in H13 at the same depth,
this is because the transmission between these two bore
holes is very weak above this level.

The target was placed

in and out of the transmission path between H4 and H13,
with uncertain differences.
Next, the middle borehole was flooded with a saline
solution (NaCl) and the same comparison made. The result
was a 33% increase of transmission when the pipe was
inserted.

This indicated some constructive re-radiation of

the field by the pipe.

I believe the pipe had an effect on

transmission, even though the increase was 120piV on the
receiving channel of the oscilloscope, i.e., small compared
to the background transmission.
Further attempts to perform a geotomography were unsuc
cessful because of antenna and cable movements, and prob
ably changing water level in the borehole.
4.5.2 Geology

Figs. 4.5-2 and 4.5-3 do however show facets of the
medium geology.

Note on Figure 4.5-1 the decreased attenu

ation zones at 32, 43, and 54 meters depth.

Figure 4.5-2a

show increased transmission at 32-33 m for the 36.5 m
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transmitter position curve, and at 42-45 m for the remain
ing transmitter position curves.

Also, there is some

transmission at 57 m for the 46.7 m transmitter curve.
Remember that the antennas are 6.4 m in length, and cover a
large zone in the boreholes.

Figure 4.5-3a shows the same

increased transmission at 32 - 34 and 42 - 43, except that
the transmitter positions overlap the resistive non-lossy
zones differently.
Figures 4.5-2b and 4.5-3b show the phase delay between
transmitter and receiver antennas.
about 33, 42, and 57 m.

The least delays are at

Note that if the medium were

homogeneous the phase hyperbolas would center on the appro
priate transmitter depth positions, every 2.5 m as coded on
the bottom of the plots.

As it is however, the hyperbolas

center on the two transmissive zones, with some effect of
the third one at 57 m.
Apparently the long antennas need not be centered on
these zones to have a noticeable effect. In fact both the
transmitter and receiver antenna need not be on the zone at
all, as the curves show.

This would indicate a consider

able amount of refraction in the medium, and perhaps a pos
sibility of some guided waves.
These plots, especially the phase hyperbolas, do con
centrate at 41 - 43 m depth, near the tunnel depth of 41.5
m.

It is hard to say that the tunnel is having any type of
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effect, considering the influence of the geology.

A possi

bility, is that although the drift is only about 1.5 to 1.8
m in diameter, the effective tunnel diameter might be
within the wavelength's resolving ability.

Rock fracturing

from blasting the drift and subsequent drying from open-air
movement might have influenced the rock's electrical prop
erties to produce an effective diameter greater than the
open drift. Further studies might be done to study this.
Perhaps the effect of screen nailed to the walls in the
scanned zone might provide a enough contrast instead of the
flooded tunnel method to compare against background.
Comparing these results to the borehole logs in Figure
4.5-4, the resistivity log does show some increased
resistivity at 30 - 33 m, 40 - 45 m, and at 57 m depth.
The sonic log shows decreased transit times for these zones
as well.

Other non-transmissive zones might be unconsoli

dated rock due to jointing, fracturing, or depositional
features.

There is much mineralization due to the contact

metamorphism, and weak zones could not only be more inhomogeneous from structural features, but also cavitated from
solutions and heavy mineralization.

The result would be

radio wave scattering from these zones.
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Too

Figs. 4.5-4a and b. Resistivity logs of boreholes
H4 and H12. Note some of the similarities where
the resistivity is high to the transmissions of
Figures 4.5-2 and 4.5-3.
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4.6 Conclusions

The original goal of using this site to develop the
inter-borehole probing system was set upon with many bene
fits and breakthroughs by both Joe Schulte and myself, and
an understanding of both the kinds of targets and
background medium this system can be used in.

However, the

original goals of detecting the tunnel, either wet or dry,
and the detection of ground water effluent at this site
were not successfully accomplished.
The equipment and technique facets of the studies have
evolved to the system previously described with only small
changes possible unless large scale revamping is desired,
such as using fiber-optic transmission between the receiv
ing antenna and the surface, and/or implacing the transmit
ter into the transmitting antenna, thus both reducing the
chance of any borehole modes and to aid in keeping track of
the inter-antenna phase.
The site presented the most problems; the inhomogeneous
and lossy ground made this method questionable.

The fre

quency of the system had to lowered enough to permit medium
penetration, but then the resolving power of the long (5.4
m) wavelengths would not permit a target of less than half
that in diameter to be well-defined (Lytle et al., 1979).
As stated in the previous sub-section, the tunnel might
have an effective diameter large enough to influence crossborehole transmission.
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Also, because the vertical dipole antennas used were
very long for directional gain and aperture, the approxima
tion by a point source is nearly meaningless, besides being
difficult to position and adding tremendous weight to the
coaxial cables. A system using coils with a vertical mag
netic field would not only have a more spatially concen
trated source, but be the same polarization as the target
used here (Hill, 1990).

This would eliminate the need to

use a short wavelength.

However, a coil antenna would

probably need a matching network to match to the transmis
sion line.
The experiments at this site have shown that as much
understanding of the medium, targets, and available system
is a must before attempting a complicated geotomography.
Some modeling can be done, and no doubt with problems
avoided later.

When on-site testing commences, it is

always advisable to do a parallel scan of both the back
ground and then with a target, keeping the configuration
geometry constant with the result of a quick conclusion for
further planning.

113

CHAPTER 5

MODEL TANK EXPERIMENTS

5.x Introduction

This next phase of experiments centers on an experimen
tal model tank setup on campus.

The purpose is to better

understand the nature of the antennas and target effects,
all in a homogeneous medium. The medium is a dilute
aqueous solution that can be altered for the experiments.
Because of this and by using a simple radio-frequency sig
nal generator, both the wavelength and the medium skin
depth can be adjusted.
Some aspects of the model tank setup were simplified
compared to that of the field test sites.

First, is the

antenna to medium contact; here the bare antennas were
directly immersed into the solution.

In the field the

antennas were centered in the boreholes with no rock con
tact.

Also, because of direct immersion of the antennas

and cable into the solution with no "boreholes", no ferrite
beads were used around the coaxial cable. Shield-to-medium
electromagnetic modes as might exist in a borehole were
assumed to be small.
Two types of antenna were used in this environment: the
standard vertical electric dipole as used in the field, and
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a horizontal electric dipole, consisting of two poles
driven by a perpendicular coaxial feed-line.

While practi

cality prohibits the horizontal dipole to be used in the
field due to its length and orientation, this antenna
approximately models a vertically oriented coil in that its
electric field is polarized the same.

Also, this antenna

permits the testing of an untried inversion algorithm that
assumes a transverse electric field source to the image
plane.
5.2 Setup

Referring to Figures 5.2-1 and 5.2-2, the scale model
tank setup consists of a fiber-glass and polyester mat
stock tank, the standard antenna probing equipment, and the
aqueous solution medium.

Because of the aqueous medium and

its high permittivity, the antennas and the inter-antenna
distances are small compared to that in the field, and most
experiments can be done within a the range of a few decime
ters.
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Model Tank Setup

Boarc
Vices

coiv
DtJQUTl

Solution

Cut Away View

Model Tan

1 HP 3200B Signal Generator

6 Receiving Antenna

2 Mini-Circuit ZFDC-10-2
For. Directional Coupler

7 Mini-Circuit 300 MHz
BLP & BHP Filters

3 Mini-Circuit ZFDC-10-1
Rev, Directional Coupler

8 Constructed Anplifiers
<See Text)

4 Transnitting Antenna

9 LeCroy 9424 Oscilloscope

5 Target

10 Power Supply for Amplifier
Notei All cable is 50 Ohm Coaxial

Fig. 5.2-1. Model tank setup. The equipment is
almost the same as that used in the field, except
low power signals are transmitted.
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I m p r o v e d J i g f o r Holding A n t e n n a s

Board Across Tub Top

vice

Coaxial Transrilsslon Line

Depth Indicating Rod
<1/4' dia, Fibei—Glass)

PVC Pipe

Electrical Tape

•Antenna
Rock Block with Center Hole

•Poly Vinyl Choride Rod
(5/8' dia.)

Hose-clamp on Rod-End for Anchor

Fig. 5.2-2. Enlarged diagram of the jig used to
position the antennas.

Fig. 5.2-3. Photograph of model tank setup. The
two outer shafts are the slider assemblies that
position the antennas, as diagrammed in Fig. 5.2-2,
and the held center shaft is fixed to the copper
pipe target.

118

5.2.1 Holding Tank

The model tank is a seven foot diameter by seven foot
high fiber-glass and polyester mat formed stock tank com
monly available for agricultural uses.

A 4 in lip on the

tank top serves to add hoop-strength.

A base of gravel in

a 4 by 4 inch wood form attached to the floor was con
structed because the floor had a tilt for drainage.

The

gravel's surface however is level and has a 3/8 in plywood
board on top to keep the tub's base free of angular rocks.
The tank was filled by a garden hose over the top, and a 2
inch ball valve fitting on the bottom serve to drain the
unit.
5.2.2 Equipment Configuration

Referring to the model tank diagram, Figure 5.2-1, the
equipment setup is nearly the same as the field site set
ups.

Because comparatively low power is needed, the HP

3200B radio-frequency signal generator supplies the 300 MHz
frequency used for operation.

Also, shorter equipment to

antenna cables permits easier swept-frequency phase mea
surements than were possible in the field.

Because the

medium is a dilute aqueous solution, the permittivity is
much higher than rock, and hence the wavelengths are much
shorter, along with the antennas.
Because of the need to keep antennas motionless and in
fixed positions, a jig was devised to replace the absence
of the borehole (see Figure 5.2-2).

A graduated board on
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top of the tank serves to hold vices as the horizontal
placement control. The vices hold 3/8 in dia. fiber-glass
and polyester rods that are fastened to rock weights laying
on the bottom.

The rock blocks have drilled holes thru

them for the rod placement and are wider at the bottom for
a fastened hose clamp to prevent the rod from pulling out.
The antenna and cable are taped to an 18 in plastic
pipe that encircles the rod, this pipe can then move up and
down on the rod with practically no lateral movement.

A

second set of higher vices hold the cable and serves to fix
the antenna depth.

A graduated thin 1/4 in rod is taped to

the cable and serves to measure the depth below the water
surface.
5.2.3 Antenna Construction

As depicted below in Figure 5.2-3, both configurations
of antennas used for these experiments are very simple.
The antenna ends are sealed with silicone seal to prevent
seepage of water into the cable layers when used in the
model tank.
The antennas used to generate the horizontally polar
ized electric field are a set of stripped back coaxial
cables, with the center conductor bent perpendicular to the
main cable body, and another solid copper wire (about 14
gauge) wrapped around the outer shield with an end pointing
the opposite direction to that of the center conductor.
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The vertical electric dipole antennas are constructed
similarly to the ones used in the borehole experiments,
except on a smaller scale.

A brass tube placed on the

outer insulation serves as the coaxial shield-feed element,
and the coaxial center conductor is the other pole; both
poles are the same length.

Diagram o f Model Tank Antennas
Horizontal Electric
Dipole

Vertical Electric
Dipole

-Insulated CoaxialCable
Solid Copper Wire
Wrapped Around Shield

3 ci

Exposed Shield
Bent Center
Conductor

J"
2 cn

— Brass Tube over Folded
Back Shield

g -n

—Straight Center Conductor

Fig. 5.2-3. The two model tank antennas: the hori
zontal and vertical electric dipole antennas. They
are simple modified coaxial cable-ends.

5.2.4 Model Tank Solution

The water solution serves two purposes: to compress the
waves enough to present a scaled-down version of an actual
field site, and to attenuate the waves enough to keep the
sides, bottom, and surface reflections small.

Because the

permittivity of water is generally an order of magnitude
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greater than that of most rocks, the same frequency elec
tromagnetic waves can be scaled to a third the length.
Furthermore, frequencies higher than that in the field can
be employed, decreasing wavelength even more.

The medium's

skin depth is adjusted by adding ionic compounds such as
salt to a specified concentration, yielding the necessary
conductivity needed to achieve this (Frischknecht, 1971,
1989).
To choose a modelling scheme for this tank, I desired
to have an attenuation per wavelength similar to that found
in the field. In this way, the same conditions encountered
in the field can be looked at in a controlled environment,
such as wavelength resolving ability, and penetration in
the medium.

For these experiments, displacement currents

were desired over conduction currents, so conductivities
were kept low.

Because of this, the wavelength is almost

entirely controlled by the characteristic permittivity of
the water, which is 78.3 of that in free space at 25
degrees Celsius (Olhoeft, 1981).
To model the same attenuation per wavelength as might
be found in a geologic situation, consider the wave propa
gation's distance dependent term, e"°*.

Substituting the

wavelength for the distance term z, the product is made
constant for both the field example and model case:

<Xf X f
where,

am \m

(5•

af

= field attenuation to be modeled

\f

= field wavelength to be modeled

am

= modeled attenuation

Km

= modeled wavelength

Expressing this in terms of the conductivity, permit
tivity, and permeability:

ah

where,

=

a
2it—
P
u>

V

t[^2 +(^g)2-^g]

=

2it

= (5-

^Y:[Va2+(CA)G)2 + CA)G]
= radian frequency

a

= conductivity

e

= permittivity

p.

= permeability

Simplifying, and then factoring:
+

CO£]

2n .
=
o2+
Vt[V
(<A><0 +">€]

=

2ji.

where,

— is also known as the loss tangent
oo e

(5-

123

This implies that to model the same attenuation per
wavelength as that found in the field, the model medium's
loss tangent a/(ooe) must be made the same as that of the
field situation to be modeled.
Common practice for increasing the conductivity of
these modelling aqueous solutions in the past have used
salts such as sodium chloride.

This is fine if one decides

upon a concentration to achieve a specific conductivity,
and not have to later lower the salinity if the solution is
over concentrated.

However, for large modeling tanks such

as this one, the need to change the conductivity often has
prompted the use of an ion-changeable system using an acid
as the principle source of ions. This works well for low
concentration solutions.
Because conductivity in an aqueous solution is propor
tional to ion-carrier mobility, an ion readily influenced
by an electric field is desirable.

On Table 5 are ions and

their mobilities expressed as the ratio of ion velocities /
electric field (after Keller, 1971).

Note that the mobil

ity of a hydronium (hydrogen) ion is nearly 7 times that of
a sodium ion, and relative ion mobility of equal molar
solutions of hydrogen chloride to that of sodium chloride
is 3.4.

Taking into account the weight of the compounds,

the ion mobility per mass ratio is 5.4.

This means that a

1 gallon (3.79 liter) 12 molar solution of hydrochloric
acid is commonly available for $2 or $3, and provides 45.5
moles of HC1, whereas to achieve the same conductivity
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using sodium chloride, one needs nearly 20 pounds.

Fur

thermore, dispersing the hydrochloric acid is very easy,
one needs only to pour it into the tank.

However, the NaCl

salt must be dissolved, and for this many pounds of large
crystals, this can be difficult.

Ion

Mobility

r^.io-

\V/m

Table 5.
1971).

HT

36.2

OH"
so;2

20.5

cr

7.9

K*
NO;

7.6

Na*

5.2

HCO;

4.6

8.3

7.4

4.0
Li*
Ion mobilities for common ions (Keller,

One other important feature of using an acid, the solu
tion conductivity can be decreased by exchanging hydronium
ions for ones that have a lesser mobility.

One has no

alternative using a neutral salt except to dilute by drain
ing part of the tank and refilling it with fresh water. On
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the other hand, using an acid such as hydrochloric acid,
one can "neutralize" a portion with a base, such as potas
sium hydroxide. What actually happens is that hydronium
cations are being replaced with less mobile potassium
cations, with the total molar concentration of the remain
ing chloride anions unchanged.

This is useful especially

with a large tank that is difficult to drain and fill
(about 2 hours), such as our 2,000 gallon capacity tank.
A drawback of using this type of system for a higher
concentration to achieve a large medium conductivity is
that electropositive metals such as copper will slowly cor
rode when left in solution too long.

However, for these

experiments operating in the diffraction regime with low
conductivities, this worked well.
Referring to Figure 5.2-4, the loss tangent vs. fre
quency plot (after Olhoeft, 1981), the desired modeling
conductivity is achieved by computing the loss tangent
(0/(u>e)) at the desired frequency, then plotting the log of
this with the frequency.

The resulting matched or interpo

lated curve represents the resistivity at 0 Hz, or DC.

The

concentration of salt needed is then computed by using a
chart such as from Keller (1971) describing the resistivi
ties of sodium chloride solutions vs. concentrations.

The

molar quantity can then be adjusted for other salts (or
acids, bases) by using Table 5 or something similar on ion
mobilities.
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2

1

o> 0

o

-2

-3

4
LOG Freauency/Hz
DC Conduction and Water Relaxation Losses

Fig. 5.2-4. Effects of water relaxation and loss
tangent for aqueous solutions (after Olhoeft,
1984). Curve labels represent the DC resistivity.
Once the proper amount of ionic compound is added, the
standard three antenna technique can be used to determine
the actual conductivity and permittivity at the operating
frequency.

Further adjustments then can be made to the

solution to fine-tune the conductivity.
5.3 Cable Cross-Coupling

To examine the possibility of cross-coupling between
the cables used to both transmit and receive antenna sig
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nals, a simple test of sending a signal down a matched
terminated cable next to a receiving cable also terminated
was conducted.

The two transmission line cables were ter

minated in matching 50 Ohm loads, and placed close to each
other, for approximately a 2 meter interval in length.
Results showed that the cross-coupled signal was less
than 90 dB, or equivalently, a 1 Volt signal across the
resistive load on the transmitting cable would only produce
a 23 micro-Volt potential across the transmitting cable
load.

This is much smaller than the signal levels used for

these experiments.
5.4 Antenna characteristics

The effect of a saline solution on the bare antennas
was investigated by King and Smith (1981).

The principal

effect was that the fields propagating from the feed point
to the ends of the antenna would attenuate, causing a
decreased current flow compared to that of an antenna in a
lossless medium.

Because the radiation pattern is depen

dent on the antenna current distribution, the resulting end
antenna currents in the lossy medium will be smaller than
that of a free-space current distribution. In a saline
solution a slightly longer than haIf-wavelength antenna
will probably not have as great of lobe-breakup as one in a
lossless medium.
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Because the solution was made relatively weak for these
experiments, the skin depth was large with respect to the
antenna lengths, and hence the currents in the antenna
would not pinch out towards the ends more than that in a
lossless medium.
The antennas designed for the model tank experiments
are five centimeters long. This length is just short of
the 11.3 cm half-wavelength of a 300 MHz wave in water of
high permittivity.

The idea was to prevent the breakup of

non-perpendicular radiation lobes that occur from partial
cancellation of the fields resulting from an electrically
long antenna (Wait, 1986).
The radiation patterns of both types of antennas were
examined.

Because the horizontal electric dipole antennas

would be used in the transverse electric mode, perpendicu
lar to the vertical image plane, the horizontal voltage
pattern was not measured quantitatively.

Both receiving

and transmitting antennas were tested qualitatively by
placing them in the tank about 30 cm apart at the same
depth, and both rotated about the vertical axis with the
trans-medium voltage ratio monitored. The maximum was when
both antennas were parallel with each other, as expected.
On the other hand, the voltage pattern of the vertical
antenna with respect to the vertical azimuth would not be
circular as with the horizontally polarized antennas, but
probably resembling a lemniscate if built short enough.
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The antenna voltage pattern was determined by placing the
transmitting antenna in a fixed position and then by plac
ing the receiving antenna in various positions to cover the
desired range of vertical azimuth with respect to the
transmitting antenna.

The receiver voltage normalized by

the transmitting antenna's input current was measured at
each of the positions, giving a vertical azimuth-dependent
transfer impedance with the dimensions of Ohms. Then, the
medium effects were taken out. These are the attenuation
and phase delay of the propagating waves thru the medium,
plus the effects of spherical spreading with the assumption
that the antenna length is small with respect to the propa
gating distance.
The results are shown on Figures 5.4-1 and 5.4-2.

Fig

ures 5.4-la and 5.4-2a are of the transfer impedance magni
tude and Figures 5.4-lb and 5.4-2b are of the phase delay.
Figures 5.4-2a and 5.4-2b are polar plot versions of 5.4-la
and 5.4-lb.

Even though the length of the antenna poles

came to 5 cm, less than the half-wavelength, the pattern
did break up into non-perpendicular radiation lobes, unlike
the horizontal dipoles.
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Vert, Antenna Voltage Pattern
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Figs. 5.4-la and b. Magnitude and phase delay with
respect to vertical azimuth for the vertical elec
tric dipole antenna-pair used in the experiments.
Note the preferential radiation directions.
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Figures 5.4-1 and 5.4-2 show that the radiation pattern
forms a four-leaved rose curve of maximum radiation direc
tions other than the perpendicular, unlike the circular one
using the horizontal electric dipoles.

Figs. 5.4-la and

5.4-2b show a preferential radiation direction of 40
degrees from the horizontal.

Surface effects prevent com

plete symmetry about the target depth on all plots.
This effect might be due to the radiation of the coax
ial cable feeding the antenna.

The antenna to transmission

mismatch causes energy to be radiated back up the
transmission line on the shield.

These electromagnetic

modes would be similar to the borehole modes, in that the
fields are between the shield and the medium (Pierce,
1990).

King et al. (1981) describes a center driven dipole

in a borehole using perpendicular metal disks as chokes.
The model described by King shows currents distributed
beyond the antenna end up the cable until the metal choke
section.
We have used ferrite beads in the field, but for the
model tank experiments nothing was used.

Here, the cable

is directly immersed into the medium with no air insulation
between.

No doubt, in the model tank the cable feeding the

antenna does act as a radiator providing partial cancella
tion of fields and thus preventing a main perpendicular
radiation lobe. This was not a problem with the horizontal
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dipoles, probably because the feed cable was perpendicular
to the antenna, and did not contribute to the field pat
tern.
5.5 Target Effects

A simple target consisting of a meter long 2" diameter
M-schedule copper pipe was placed with its main axis per
pendicular to the image plain (see model tank setup).

The

target effects were first examined by the parallel scan,
using a fixed geometry for quick results, and then the
fixed transmitter with roving receiver setup, for a target
radiation pattern determination.
5.5.1 Parallel Scans

On 7/8/90, the model tank's conductivity was increased
to decrease the reflective effects of the tank sides enough
to decrease the skin depth to about 25 cm.

This would put

the sides about two skin depths away from the antennas.
One gallon of 37% (12 molar) hydrochloric acid was added to
the tank bringing the conductivity to .196 Siemans/meter.
Relative permittivity was measured as 76.6, making the
wavelength 11.4 cm, and the skin depth 23.8 cm.

The loss

tangent came to .153, indicating a dominance of displace
ment currents over conduction currents.
The first target test on 7/10/90 in the model tank
employed the horizontal dipole antennas to produce a paral
lel scan of the 2 inch diameter copper pipe.

Figures

5.5-la and b show the effects of the pipe positioned 80 cm
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beneath the water surface, and midway horizontally between
the antennas.

The horizontal spacing between the transmit

ting and receiving antennas was 60 cm.

The antennas were

moved simultaneously from 40 to 120 cm in intervals of 2.5
cm.

Diffraction is clearly evident, with distinctive maxi

mums and minimums.
To model the effects of these diffraction patterns syn
thetic data were created (Figures 5.5-2a & b).

These are

the plots of the two-path sum and phase of the following
equation:
Total RCVR Voltage = Direct Ray + Refl. Ray =
e'^'sinC-p*,)/*,
where,

+

e~",2sin(-&tf2)//?2

Rl

= Direct Ray Distance

R2

= Reflected Ray Distance

(5^4)
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These equations represent a wave originating at the trans
mitting antenna and then going both directly to the receiv
ing antenna and also reflecting off the target.
Attenuation is effected by both the medium and also by
spherical divergence, as modeled by the equation.

The

equation is a very simplified model to the test condition
and does not take into account the back-scattering due to
the pipe or induced fields in the medium, so the center
part of the curve near 80 cm depth is the most inaccurate.
These plots do show the relative maximums and minimums due
to constructive and destructive interference respectively,
and the phase plots show zero phase change when either a
maximum or minimum occurs on the amplitude, as expected.

Parallel Scan of 2" Cu Pipe a t 8 0 cm.
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Figs. 5.5-la and b. Parallel scans of the 2 in
Pipe at 80 cm depth, using horizontal electric
dipoles. Note the interference waveforms.
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Figs. 5.5-2a and b. Synthetic data used to model
the interference waveforms of the parallel scans.
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After some experiments such as previously described, it
was desired to increased signal penetration, so on 8/15/90,
the tank's conductivity was lowered.

About 150 grams of

sodium hydroxide and 750 g potassium hydroxide were added
to bring the conductivity down to .153 S/m, and the skin
depth increased to 30 cm.
Figures 5.5-3a and b show the parallel scan of the same
pipe using vertical electric dipoles.

The target is at the

same physical depth as with the horizontal dipole scan,
except the plot's abscissa is of target depth below the
antenna-positioning vices.
Fig. 5.5-3b shows a large phase effect, two whole peri
ods of shift from background to target.

Several runs were

done to confirm this. The maximum phase change transition
takes place at the 40 degree inclinations, at 155 and 105
cm depth. The parallel scans using the vertical electric
dipoles do show a more pronounced effect compared to the
horizontal dipoles, even though the polarization for the
former is the same as the target's.
Lytle et al (1979) showed that the parallel scans done
of tunnels show two amplitude lows indicating the tunnel
roof and floor, and furthermore the minimums tend to merge
when the tunnel is of circular cross-section.

Both verti

cal and horizontal scan plots done here tend to confirm
this also.
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5.5.2 Target Patterns

For continued progress toward geotomography reconstruc
tions, an understanding of the target radiation pattern was
needed.

The method used here to find the secondary

radiation pattern is similar to a typical geotomography
scan where the transmitting antenna is fixed and the
receiving antenna is roving.
On 8/17/90, experiments were done to gather data for a
target voltage pattern using horizontal electric dipole
antennas.

The medium skin depth was 30 cm.

The configura

tion was the same as used for the parallel scan previously
discussed; except the receiving antenna is roving.

For

these experiments, the receiving antenna is moved thru the
range of 90 to 200 cm depth, 30 cm away horizontally from
the target and 60 cm away in-line from the transmitting
antenna.

Both transmitting antenna and the target are 140

cm below the vice.
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Figures 5.5-4a and b depict the amplitude and phase delay
of the transfer impedance due to the total wave potential
from both the receiver and from target scattering.

Again,

note the minimum from 138 to 150 cm depth; but the minimum
is thru a larger range than that of the parallel scan.
This is due to the larger occultation from the target as a
result of a stationary transmitting antenna.

Similar

results were obtained as reported by Lytle et al (1979) in
that the minimums are further spread apart with respect to
receiver depths using a fixed transmitter and roving
receiver as compared to simultaneously moving antennas.
Figure 5.5-4b, the phase delay plot, shows the typical
phase hyperbola except with a center distortion due to the
target; an increase of about 35 degrees.
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transmitter and roving receiver-pair, the setup
used for a geotomography. The target is at 140 cm
depth; note the decreased transmission here.
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Target's Scattered Voltage Pattern
Using Horz. Elec. Dipoles, 8/17/90

o.i
0.09

0.08

ti

?Jr nJL
A
\\ N

0.07

0.06
O.OS

J

A,

/

•

0.04

f

0.03

0.02

J

D
'I

/,

•

3QQ

I

0.01
0
-SO

-30

-10

10

30

SO

Vert. Azimuth <deg)

Target's Scattered Voltage Pattern
Using Horz. Elec. Dipoles. 8/17/90
O.S
0.43
0.4
0.35
0.3
0.25
0.2
0.1S
0.1
0.05

0
-70

-SO

-30

-10

10

30

SO

70

Vert. Azimuth (dcg)

Figs. 5.5-5a and b. Target scattered potential
magnitude and phase delay, with respect to vertical
azimuth, using horizontal dipole antennas.
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Figs. 5.5-6a and b. Polar plots of the magnitude
and phase delay for the target1s scattered poten
tial.
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To obtain the target voltage pattern, data are taken of
the roving receiver as shown on Figures 5.5-4a and b, then
similar data are taken without the target at the same
receiver locations.

The receiving antenna voltages are

normalized by the transmitting antenna input currents giv
ing a transfer impedance with the dimensions of Ohms, as
before, then the primary potentials are subtracted from the
total potentials to yield the secondary potentials, all
normalized by the respective transmitting antenna currents.
These transfer impedance values are then adjusted to
originate at the target by taking the medium effects out,
and to assume spherical spreading.

These potentials nor

malized by the transmitting antenna input currents are then
considered as scattered by the target only.

The procedure

is outlined by the following equations:
Scattered Transfer Impedance (R,)
Total Transfer Impedance (R,)
RCVR Potential (with target, a t R|)
XMTR Current

where,

Ri

=

(5-5)

- Primary Transfer Impedance (R,)

=

RCVR Potential (without target, a t R|)
XMTR Current

= RCVR t o T a r g e t D i s t a n c e
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This scattered transfer impedance is then adjusted to the
target:
zr;:?(Ro) =
where,

Z"a"'f'rC^-a)

=

*

R^V5*1

cs-6)

S c a t t e r e d T r a n s f e r Impedance a t Rre

R0

= Position at Target

All these equations are reasonably valid here with farfield assumptions.

The term on the left has the dimensions

of Ohm-m, and can be considered as a transfer impedivity;
but is never the less termed as an impedance.

The adjus

ting of the scattered potential by spherical divergence is
not quite valid because of a long non-spherical target;
however, consistency was maintained nevertheless, and at
these distances the factors R and Jr are approximately the
same.
Figures 5.5-5 and 5.5-6 are results of the target
transfer impedances using the horizontal electric dipole
antennas.

Figures 5.5-5a and b show the magnitude and

phase of the target's transfer impedance pattern with
respect to the vertical azimuth, 0 degrees is horizontal.
Figures 5.5-6a and b are polar plot versions of the same.
Note the amplitude lobe at -20 to +10 degrees; this plus
the phase delay of 0.3 periods over this interval inter
feres with the primary pattern potential to produce the
total potential-low and phase-delay high at 145 cm depth on
Figures 5.5-4a and b respectively.
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The other target pattern potential high lobes at 35 and
-60 degrees constructively interfere with the transmitting
antenna pattern to produce the total potential highs on
Figure 5.5-4a at 115 and 175 cm depth.

The graph is not

quite symmetrical due to the slight dissimilarity of depth
between the target and the transmitting antenna; the target
is one half to one centimeter deeper.
Figures 5.5-7 thru 5.5-9 reveal the target effects
using the vertical electric dipoles.

Figures 5.5-7a and b

show the transfer impedance amplitude and phase delay of
the roving receiving antenna with respect to the fixed
transmitting antenna.

As with the horizontal electric

dipole Figures 5.5-4a and b, these transfer impedances take
into account both the antenna pair and the medium.

Note

the intensifying interference effects as the antenna is
moved closer to the surface.
On Figure 5.5-7a, the maximums are further separated
than those of Figure 5.5-4a.

This is because of the pref

erential radiation directions of the vertical electric
antennas, 40 degrees from the horizontal (see Figures
5.4-la and 5.4-2a).

The phase curve on Figure 5.5-7b is

hyperbolic just as with Figure 5.5-4b, but the sides slope
less.
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The target's amplitude as shown on Figures 5.5-8a and b,
reveal three lobes, one at 0 degrees, and the other two
both at 50 degrees above and below the horizontal, with the
lower one more intense.

The asymmetrical nature between

these lobes is probably due to the air-water interface, as
shown on Figure 5.5-7a.

The phase plot shows a fairly

constant phase delay from -30 to +30 degrees, and then
decreasing phase delay above and below this vertical azimuthal range.
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Target's Scattered Voltage Pattern
Using Vert. Elec. Dlpoles. 8/29/90
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5.6 Conclusions

The scale model tank has simplified the antenna probing
experiments greatly compared to those taken in the field.
Having a homogeneous background has helped better under
stand the antenna fields and the target interactions.
Although these are simplified scale models, the model tank
configuration has helped isolate the various effects so
each could be studied independently.
The vertical dipole antenna had some radiation from the
coaxial shield feeding it, unlike the horizontal antenna.
This same effect was described by King (1981), in that
electromagnetic modes exist between the cable shield and
the medium, in this case the solution.

This could be fixed

by perhaps choking the cable with beads or coiling the end
near the antenna to at least re-orient the cable away from
the vertical. Another way might be to strip back the cable
insulation for an interval above the outer antenna tube so
the solution is directly touching the shield. This would
short any transverse electric fields between the solution
and the shield, and hence prevent electromagnetic modes
that propagate from the antenna back up between the solu
tion and the outer conductive shield.
The 2 inch diameter pipe used as a target did have a
strong effect on both the horizontal and vertical dipole
antenna configurations.

Because the target orientation was

transverse to the image plane and hence the same electric
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field polarization as the horizontal dipole antennas, a
smaller diameter pipe could have been detected.

The verti

cal electric dipole antenna configuration had no difficulty
seeing the target either, even though the diameter (5 cm)
was slightly less than the 5.8 cm half-wavelength used in
the experiment.

Lytle et al. (1979) stated that the lower

limit resolving ability of the probing wave was half the
wavelength.

Here, the high contrast of the target against

the background was enough to extend this limit.

This high

contrast does represent an idealized situation, but the
results can be compared to some real-world situations, by
scaling.
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CHAPTER 6

GENERAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER IMPROVE
MENTS AND STUDY

The equipment and setups used for the experiments done
in these studies were sufficient for general data accuracy.
Medium attenuation and simple phase measurements could eas
ily be measured once the equipment was configured for the
particular experiment, and the more complex swept-frequency
phase determination, although also more difficult to take,
was usually seldom required.

Because attenuation of a wave

propagating thru a material is a monotonically increasing
continuous function with respect to distance traveled, the
measurement of this quantity lends itself much less to
errors than the wave-phase delay.
However, the errors for phase measurements increase
with the increasing number of either wavelengths in the
system path, or wave periods in the wave travel-time.
There are two ways this number can be large: from a high
frequency, or by long cable lengths.

The use of 15 MHz at

the San Xavier Mine permitted longer cable lengths, but the
use of 150 MHz with these long lengths did not permit the
swept-frequency technique to be used at the Apache Leap
site? shorter lengths had to be used.
sider the following example.

To show this, con
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Referring back to Equation 2.2.2-2:
R ca>2

®

(2.2.2-2)

4>2

Modifying, then dividing by 2rt

(6-1)

c
velocity • If

and.
T

where.

= period
length of cable

/

= frequency

And then taking the differential:
6T

=

velocity lbf

(6-2)

For a cable wave velocity of 200 Mm/s and length of 75
m , and a maladjustment of 2 MHz at 150 MHz, the phase
error is 3/4 period, a very significant amount.
Although the frequency for the model tank experiments
was high, 300 MHz, no significant problem arose because the
cable lengths were short.
The employment of the parallel scan to determine the
effect of a target was very useful.

No geotomography

should be attempted without a preliminary parallel scan
first.

With the constant antenna geometry, quick on-site
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evaluations can be made with virtually no processing.

If

the parallel scan shows no target effect over that of the
background, a subsequent geotomography would be unfounded.
The medium of investigation ultimately determines the
frequency of use.

An upper limit of frequency is deter

mined by the medium wave-attenuation.

Because of the need

to resolve a target with a short enough wavelength, there
is a restriction on the lower frequency limit.

Hence,

these two wave factors, the attenuation and the resolving
power, are often at odds with each other in certain
mediums.

One such site was the San Xavier Mine; the medium

scattering was such that a short enough vertically polar
ized electric wave could not discern tunnel targets unam
biguously.

Referring to Table 6, the wavelength at the San

Xavier site is 5.4 m, and the diameter of the tunnel is no
more than 2 m.

Targets placed inside the tunnel would not

be seen due to wavelength resolution (Lytle et al., 1979),
unless the effective diameter of the tunnel was larger, as
discussed earlier in chapter 4.

When the two factors leave

no overlap of useful frequency for a particular site, it is
time to use another probing method.
A summary of the test site electrical characteristics
are listed in Table 6.

As can be seen from the table, the

loss tangent was less than unity as displacement currents
dominating over conduction currents, with the exception of
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San Xavier.

At this site, wave propagation was difficult,

and very long antennas had to be used for cross-borehole
reception.
Location

Freq.

ct

P

(MHz) (1/m) (1/m)

Plane
Uave

a

X
(m)

P

(S/m)

««

<nm)

a
uoc
(S s/F)

Atten.
(dB/m)
San Xavier

15

.76

1.16

6.7

5.4

Apache Leap

15

.394

1.12

3.42

5.60 .00747 133.9

150

.523

8.73

300

4.20

300

3.35

Model Tank

.015

67

7.9

2.28

11.2

.800

4.54

.720 .00772 129.6 7.69

.120

55.1

36.5

.114

.196

5.10

76.6

.153

54.2

29.1

.116

.153

6.53

74.1

.124

<7/8/90)
Model Tank
(8/15/90)

Table 6. Summary of different medium electrical
characteristics.
At Apache Leap, however, the loss tangent was low
enough for diffraction to pervade.

Because the penetrating

wavelength (72 cm) was short enough, and the medium is much
more homogeneous compared to that at the San Xavier site,
targets were easier to see.
The model tank medium and operating frequency yielded
an attenuation per wavelength, or loss tangent (see section
5.2.4), that was very close to that of Apache Leap.

Stu

dies in the model tank used only direct immersion of the
antennas in the medium, unlike that at Apache Leap where
the boreholes insulated the antennas from the medium.
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Also, no type of antenna to transmission line isolation was
used in the model tank, such as the ferrite beads used in
the field. This difference in the model tank might explain
the electrically long length with resulting splitting of
radiation lobes from the antenna (see section 5.4).
Some preliminary theoretical studies should be done
before a site is investigated using geotomography.

There

are some references of electrical characteristics of rocks
that include the conductivity, permittivity, and permeabil
ity that one can use to compute the wave attenuation and
phase effects, such as Parkhomenko (1967), Lytle (1973),
and Poley et al. (1978).
The cited resistivity for limestone (20-40 k Ohm-m,
Parkhomenko, 1967) is much higher than that observed at the
San Xavier site, about 67 Ohm-m, and hence, very mislead
ing.

The borehole logs (Figures 4.5-4a & b) for the San

Xavier site do have resistivities of 50-60 Ohm-m at 50 m
(165 ft) depth, very close to the cross-borehole tested
values. In a case such as this, simple borehole logs could
guide further studies, or other surface probing methods
such as a resistivity or CSAMT survey.
Stolarczyk (1988) uses both an antenna with encapsu
lated transmitter, and fiber-optics at the receiving
antenna to transfer the signal pre-processed so that both
phase and attenuation errors are kept to a minimum.

How

ever, the investment in these equipment additions would be

159

large.
The use of coils for antennas could be undertaken for a
horizontally polarized electric field source.

This would

be more useful for detecting long horizontal objects, such
as tunnels. Also, the source is more concentrated than
electric dipole antennas, especially at lower frequencies.
A future study site for this would be the San Xavier site.
A drawback of using coils, however, is that they have
to be matched to the transmission line.

The load is almost

pure inductive at higher frequencies and coils are gener
ally used at lower frequencies (King and Smith, 1981).
Theoretical models of plane wave scattering by a cylin
drical object have been examined by Wait (1955), and by
Lytle (1979), and studies such as these can be useful for
ideas to approach tunnel detection problems.
A future use of this system might be the investigation
of rock fracturing at the Apache Leap site using alterant
geotomography.

The site is currently being used for hydro-

geological studies for permeability of volcanic tuff, as a
precursor for nuclear waste storage studies done at a
similar site.

An array of boreholes are being drilled for

the inclusion of a packer that will contain an electrical
contrasting salt for fracture tracing, similar to the ones
done by Ramirez and Daily (1987).
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Effluent studies might be done at the San Xavier site
using the cemented canal to hold a seeping saline solution
for the purposes of ground water flow.

Vertical coils

would have to be used for sufficient target scattering of
the horizontally polarized electric field.
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