Downloaded 12/13/19 to 198.120.252.61. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

GEOPHYSICS, VOL. 38, NO. 3 (JUNE 1973), P. 581-599, 17 FIGS,

RADIO INTERFEROMETRY DEPTH SOUNDING:
PART II—EXPERIMENTAL RESULTS{
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In such highly resistive geologic environments
as ice sheets, salt layers, and the moon’s surface,
radio waves penetrate with little attenuation.
The field strengths about a transmitting antenna
placed on the surface of such an environment ex-
hibit interference maxima and minima which are
indicative of the in-situ electrical properties and
the presence of subsurface layering.
Experimental results from an analog scale
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model and from field tests on two glaciers are
interpreted on the basis of the theoretical results
of Part I. If the upper layer is thick, the pattern
is very simple and the dielectric constant of the
layer can be easily determined. An upper bound
on the loss tangent can be estimated. For thin
layers, the depth can be determined if the loss
tangent is less than about 0.10, and a crude esti-
mate of scattering can be made.

INTRODUCTION

The attenuation of electromagnetic waves prop-
agating through terrestrial rocks is extremely
high due to the moisture content; as a result, EM
methods in the radio-frequency range have not
found general use in exploring the earth. A few
highly resistive geologic environments, such as
ice sheets (Evans, 1963, 1965, 1967; Jiracek, 1967)
and dry salt layers (Unterberger et al, 1970;
Holser et al, 1972), are sufficiently dry to be
transparent to radio waves. The uppermost lay-
ers of the moon are also very resistive (Strang-
way, 1969; Saint-Amant and Strangway, 1970),
and typical attenuation distances (or skin depths)
for lunar material are shown in Figure 1.

In these materials, EM waves propagate with
little attenuation and are useful, in theory, for
depth sounding. The Surface Electrical Proper-
ties Experiment, which was developed for Apollo
17, uses such a method to measure the electrical
properties of the moon and to search for layering.
The method is based on the interference pattern
generated between various radio waves.

Theoretical background to the method and a
general introduction to this series of papers is
presented in Part I by Annan (1973, p. 557). In
preparation for interpretation of lunar data, we
have tested the method both in the laboratory
with analog scale models using wavelengths in the
centimeter range and in the field on glaciers using
wavelengths about the same as will be used on the
moon. These results are presented here.

INTERFEROMETRY TECHNIQUE

Radio-frequency interferometry (RFI) is de-
scribed simply as follows: A transmitter and asso-
ciated antenna on the dielectric surface generate
RF waves which are received and amplified at
some distance. Several waves reach the receiver
—e.g., A, B, and C shown in Figure 2. Because
the various waves travel different distances and/
or at different velocities, they interfere with each
other. The interference pattern can be generated
in one of two different ways. Either frequency or
distance can be varied, holding the other constant.
Frequencies of 500 khz to 50 Mhz and distances
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FiG. 1. Attenuation distance in lunar surface material: 1. Weaver (1965)—thermal emission; 2. Tyler (1968)—
bistatic radar; 3. Chung et al (1971)—igneous sample 12002,58; 4. Katsube and Collett (1971)—breccia sample
10065; 5. Katsube and Collett (1971)—fines sample 10084; 6. Gold et al (1971)—fines, various densities. The fre-
quency range to be used in the Surface Electrical Properties Experiment on Apollo 17 is marked ‘S.E.P.’

of a few meters to a few kilometers are charac-
teristic. However, it is not feasible now to build a
tuned sweep-frequency antenna that gives inter-
pretable results over our frequency band of in-
terest; thus, we restrict ourselves to the variation
of distance of a few fixed frequencies.

Two criteria must be met for the RFI method to
effectively detect and determine depth of a sub-
surface boundary. First, the dielectric medium

must have a loss tangent less than about 0.1, or
the amplitude of the waves that travel in the
medium will be too low to interfere well with the
direct wave—i.e., the medium probed must be
transparent at the frequency used. Second, there
must exist a contrast in electrical or magnetic
properties below the surface in order to reflect
energy.

Several waves are generated which are im-
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Fi16. 2. The basic interferometry concept. The interference of the direct waves A and B
and the reflected waves C is measured at the receiver.

portant near the source. Their geometric relations
are illustrated in Figure 3. Two spherical waves,
A and C, travel directly between the transmitter
and the receiver. Wave C travels in the upper
medium (air or vacuum), and wave A, in the
earth. Since these waves have different velocities,
they will interfere with each other. This inter-
ference gives a measure of the dielectric constant
of the lower medium, since the greater the dif-
ference in the velocities of these two waves, the
greater will be the interference frequency.

The flank, head, or lateral wave B and the
spherical wave A give the transmitting antenna
a highly directional radiation pattern. The lateral
wave satisfies the boundary conditions imposed
by wave C at the interface, since the horizontal
phase velqcity of B in the earth is the same as that

F16. 3. Wavefronts at the air-dielectric (z=0) bound-
ary. p is the radial direction from the source. Medium I
is air or vacuum (e, us), and medium II is a dielectric
(e1, #). A is a spherical wave propagating radially in
medium IT; B is a head wave propagating downward at
the critical angle; C is a spherical wave propagating
radially in medium I; and D is an inhomogeneous wave
propagating radially in medium I, but attenuating ex-
ponentially with height.

of wave C in the upper medium. To have the same
horizontal phase velocity, wave B propagates
downward at an angle 8 as shown in Figure 3.
This angle is the angle of total internal reflection
between the two media familiar to seismologists,
defined by

£, 1)

€1

sin 8 =

where the critical angle 8 is the angle between the
negative z-axis and the direction of propagation
of wave B, and ¢ and ¢ are the dielectric con-
stants of the upper and lower media, respectively
(assuming nonmagnetic media). The amplitudes
of A and B are largest in the direction 8. This fea-
ture is important in RFI depth sounding since
energy is preferentially transmitted downward
at an angle 8.

The spherical wave A, traveling in the lower
medium, also has a complementary wave which
matches the boundary conditions. An inhomoge-
neous wave D is produced at the surface; this
wave propagates radially from the source with
the velocity of A, but decays exponentially with
height above the surface. This wave is significant
near the boundary, but its effect decreases as the
receiver moves away from the surface.

A “critical distance” r. is defined as

r. = 2d tan B, (2)

where d is the depth to a plane horizontal re-
flector. Three general regions exist: the near-field,
where the transmitter-receiver distance is much
less than 7.; the region near the critical distance,
where the bulk of the reflected energy arrives;
and the far-field, well beyond .. In the near-field
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the interaction between the two spherical waves
A and C dominates and can be used to measure
the dielectric constant of the upper laver. As the
transmitter-receiver distance approaches 7., sev-
eral different waves with roughly comparable
magnitudes arrive and produce a very confusing
interference pattern. In the far-field, multiple
reflections are important, and only the normal
modes of the system propagate with low attenua-
tion.

From data obtained in the three regions, three
pieces of information can be determined. The
dielectric constant is related simply to the spatial
frequency in the near-field. The depth to an inter-
face can be roughly estimated from the dielectric
constant and the critical distance. Third the
shape of the curve and the number of far-field
peaks are indicative of the loss tangent of the
upper layer.

Two different configurations of equipment have
been used in our tests; namely, horizontal electric
dipole sources with magnetic dipole receivers for
field work, and a vertical magnetic dipole source
with an electric dipole receiver for early analog
scale-model studies. Both horizontal electric and
vertical magnetic dipoles produce horizontally
polarized waves. Since the E-field polarization is
then perpendicular to the plane of incidence, the
reflection coefficient does not go through the
Brewster angle null, which is associated only with
waves polarized in the plane of incidence on the
assumption of nonmagnetic materials.

The general configuration and notation used
are shown in Figure 4 for the electric dipole. The
dipole is on the surface, extends along the x-axis,
and traverses are run orthogonal to it. For this
configuration, approximate theoretical solutions
for components H, (vertical magnetic field), H,
(radial magnetic field), and E, (tangential electric
field) have been found. The other components
are negligible for the case of infinite horizontal
plane boundaries. Nonmagnetic materials have
been assumed throughout so that o= ;= ..

Three cases involving infinite plane horizontal
layers have been studied theoretically:

(a) -the half-space;

(b) the two-layer earth with a perfect reflector
at some depth; i.e., either e or tan §— % so
that the reflection coefficient of the lower boun-
dary is always unity;

(c) the general two-layer earth in which € e
and tan §,=tan §;. For the experimental results,
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the material properties are such that only cases
(a) and (b) need to be considered. Theoretical
computations are compared with both scale-
model and glacier field data. First, however, a
brief description of the scale model and the field
tests will be given.

ANALOG SCALE MODEL

Scaling of an electromagnetic model is particu-
larly simple when the conductivity is negligible.
The wavelength is inversely proportional to the
frequency used, and all other relations remain
invariant. In our scale model, we used microwave
frequencies with free-space wavelengths of 3 to 5
cm. By scaling all data in terms of wavelengths,
model, field, and theoretical results can readily
be compared.

The first scale model consisted of a klystron
source at 10 Ghz feeding a vertical magnetic slot
antenna, a small diode receiver, a traversing
system, and an automatic recording arrangement.
The dielectric used was dry, pure quartz sand
(160 mesh), and the reflector was an aluminum
plate. The plate and sand were contained in a
plywood box with sides that sloped out at about
45 degrees. The box was approximately 30 wave-
lengths long and 15 wavelengths wide, at the bot-
tom. The setup is shown schematically in Figure
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F16. 4. General configuration of a horizontal electric
dipole over a two-layer earth. e is the real dielectric
constant, u; is the permeability, and tan &; is the loss
tangent of the ith layer.
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F16. 5. The analog scale model. The transmitter was composed of a klystron tube radiating at 10 GHz into a rec-
tangular waveguide. A vertical magnetic slot antenna was formed by a slit at the end of the waveguide. The transmit-
ter could be raised or lowered. Signals were 1eceived by a small diode which could traverse for about 20 wavelengths
at any height. The dielectric used was quaitz sand and the reflector was a flat aluminum plate. Received signal
strength versus receiver position was recorded directly on an X-Y recorder.

5. A later version of the scale model using trans-
former oil as a liquid dielectric has also proved
very successful. The transmitter and receiver
were small electric dipoles, operated at 6 Ghz,
and the model was contained in a tank lined with
microwave absorbing material.

The validity of our experimental arrangement
was initially tested by comparing model results
with theoretical predictions for a very simple
case. The transmitter and receiver were both
placed at height # above the aluminum plate
without the sand.

From Part I, the EM radiation from a vertical
magnetic dipole at height % over a magnetically
uniform half-space is described completely by the
vertical magnetic Hertz vector, given by

gikoR gihoR’
R + Ro 7 ’

220, (3)

T, =

. where k¢ is the wavenumber, Ry is the reflection

coefficient at the boundary (z=0), R is the direct
distance to the receiver, and R’ is the distance
traveled by the reflected wave. If the boundary is
a perfect reflector, Rpy= —1. For the receiver at
height 4:

R=[rP+G—nt=r, 4)
and
R=[r+G+nl=[2+4l O
The tangential electric field Ey is then
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where A = —iwu(4r?/A?) and is an arbitrary scal-
ing factor for a unit magnetic dipole, 7 is the trans-
mitter-receiver separation in wavelengths, % is
the transmitter-receiver height above the reflect-
ing plate in wavelengths, and A is the wavelength
in free-space.

Typical comparisons between theory and ex-
periment are shown in Figure 6. The agreement in
the position of the peaks is very good. Although
the amplitudes are on an arbitrary scale and are
therefore not directly comparable, the ratio be-
tween each theoretical and experimental peak is
approximately constant. Experimental deviations
from theoretical solutions are not large and are
primarily due to reflections between the trans-
mitter and either the receiver or the sides of the
box. The good agreement between calculated and
measured curves was taken as the main proof
that the experimental arrangement was satis-
factory to measure interference between various
waves.

GLACIER FIELD TESTS

Introduction

Ice is one of the few terrestrial rocks with uni-
formly high resistivity. Resistivities of 10° to 107

ohm-m have been measured consistently (e.g.,
Rothlisberger, 1967; Keller and Frischknecht,
1961). A few glaciers have been carefully mapped
and are accessible for field tests. We selected two
on which to test the RFI technique.

The dielectric properties of ice and snow have
been reviewed by Evans (1965). The dielectric
properties of glacial ice and snow have been
studied in situ by Watt and Maxwell (1960) and
by Walford (1968). Two parameters are important
—the dielectric constant and the loss tangent.
Ice has a relaxation in the audio-frequency range,
but unlike many dielectric materials has none
near the radio frequencies. Hence, while the value
of its dielectric constant is frequency independent
in the radio frequencies, the value of its loss tan-
gent is roughly inversely proportional to fre-
quency and is strongly temperature dependent.

From 1 to 30 Mhz, the value of the dielectric
constant is 3.20 +0.05 and is fairly independent of
frequency, impurities, or temperature. Over the
same frequencies, f-tan §220.25 at 0°C, but
ftan 6220.10 at — 10°C, where f is the frequency
in Mhz. Although the effects of impurities, cracks,
air bubbles, and free water on the loss tangent are
not well understood, the values for losses in gla-

16 200

Distance in wavelengths

F16. 6. Typical theoretical and experimental curves for calibration of the scale model. Dashed line is theoretical
and sphd llr}e is scale model. Curves for a depth of 3 wavelengths are on the left, and for 5 wavelengths, on the right.
No dielectric is present. Scaling is different for each of the four curves.
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Fig. 7. Cross-section of the Gorner Glacier, from Swiss seismic data.

cier ice are not appreciably different from those in
pure ice.

The inverse-frequency dependence of the loss
tangent in ice implies that the attenuation of an
EM wave in ice is directly proportional to the
absolute distance, not to the number of wave-
lengths that the wave travels. Therefore, the
maximum sounding depth in ice free of scattering
bodies is virtually independent of the frequency
used by any radio or radar technique in the fre-
quency range from 0.1 to nearly 1000 Mhz.

The Gorner Glacier

The Gorner Glacier, located in southern Swit-
zerland, has been extensively drilled and mapped
seismically for the Swiss Hydroelectric System,
and a longitudinal section of the glacier is shown
in Figure 7. It is a deep glacier; the depth in the
test area to the postulated water-table is about
400 m and the depth to bedrock is 500 m. It is
effectively a half-space for the interferometry
technique.

Equipment used on the tests, run in September,
1969, was both simple and portable. The trans-
mitter was a General Radio 1330A bridge oscil-
lator, which fed the transmitting antenna through
a ferrite core 1 to 1 balun. Two types of trans-
mitting antennas were used: an untuned hori-
zontal electric dipole and a small (\/10 diameter)
loop as a vertical magnetic dipole. Qutput power
was less than  watt. The receiver was fed by
either a 5-m electric dipole or a Singer single-turn
I-m diameter loop, with simple broad-band
matching to the 50-ohm input impedance of a

-Galaxy RS530 communications receiver. The re-

ceiver output was read from a Hewlett-Packard
427A portable voltmeter and recorded manually.

Field procedure consisted of recording field
strength about every 1 wavelength along tra-

verses away from the transmitter. Frequencies of
1,2 4,7, and 10 Mhz were used. Ey4, H,, and H,
components were measured for both horizontal
electric and vertical magnetic transmitting an-
tennas.

The Athabasca Glacier

The Athabasca Glacier, located in Alberta,
Canada, has also been studied extensively: a grav-
ity survey has been conducted by Kanasewich
(1963), seismic and drilling studies have been made
by Paterson and Savage (1963), and EM and
resistivity soundings have been run by Keller and
Frischknecht (1961). A depth contour map, re-
constructed from Paterson and Savage and show-
ing our traverse line, is given in Figure 8. The
thickness of the ice along the traverse varies from
about 130 m to 280 m.

The Athabasca Glacier tests, run in March,
1970 used a crystal-controlled transmitter that
was operated at frequencies of 2, 4, 8, 16, and 24
Mhz. Output power was about one watt. It fed a
ribbon-wire tuned horizontal electric dipole an-
tenna through a balun feed network. The an-
tenna consisted of several number-22 wires, each
cut to the resonant length for a single frequency,
lying beside each other on the ice surface. Each
wire was cut to the resonant length of one of the
frequencies in free space and connected in parallel
to the balun feed. Each wire had to then be cut to
between 75 and 90 percent of its length in order
to reflect minimum power back to the trans-
mitter.

This antenna was experimental, and several
problems may have been associated with its use.
The amount of clipping needed to retune the
wires after they had been placed on the ice was
insufficient to account for the dielectric contrast
between ice and air. We feel that each wire was
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Fic. 8. Contour map of the Athabasca Glacier, drawn from the seismic and drilling data of Paterson and
Savage (1963). Boreholes, with depths in meters, are shown. Qur interferometry traverse line is marked 000 m to

1500 m.

reactively coupled to the other wires, which then
radiated energy. Therefore, the longer wires were
effectively long antennas (greater than a half
wavelength) for the higher frequencies and could
have radiated significantly off the orthogonal
direction. The antenna was probably not well
coupled either to the subsurface or to the traverse
direction, and spurious reflections could have been
received from the sides of the glacier.

The receiver and the field procedure were sim-
ilar to those used on the Gorner Glacier with the
following differences: A smaller 3-m-diameter loop
was used for 16 and 32 Mhz. Readings were taken
every &+ wavelength, to a distance of 20 wave-
lengths or until the signal was too low to detect.
Most traverses were run from NE to SW, al-
though a few were run from SW to NE with the
transmitter displaced to the SW end of the tra-
verse line. Both H, and H, components were
taken, as well as one Fy traverse.

RESULTS
The half-space

If the boundary between the first and second
layers is not important, the only waves which
reach the receiver are the direct waves through
the air (or vacuum) and the dielectric. This case

is simple to solve theoretically, and suites of
curves have been compiled for the Ey, H,, and H,
components (see, for example, Figure 9). There is
very good agreement between theory and experi-
mental results from the Gorner Glacier. Figure 10
shows a typical experimental curve and a series of
theoretical curves for various dielectric constants.
The interference peaks and troughs align best
with those calculated for e,=3.2Z. By comparison
with curves like those in Figure 9, we have esti-
mated the loss tangent to be less than 0.07 at
10 Mhz.

One interesting feature of both the theoretical
and experimental half-space curves is that results
for the H, and E4 components are identical, but
the peaks and troughs of the H, component are
shifted 1 A away from the transmitter (see Figure
11). This relation between the interference pat-
terns in H,, E4, and H, provides a basis on which
to detect departures of the fields from the half-
space- response: which could: be-due to-subsurface-
reflections or scattering from surface or subsur-
face irregularities.

Therefore, in a half-space, RFI can easily be
used to determine the dielectric constant of the
upper layer if we know the positions of the peaks
and troughs. Theoretical results indicate that the
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F16. 9. Theoretical half-space curves for a dielectric constant of 3.2 and various loss tangents. Peaks and nulls,
are less distinct for higher loss tangents, but their positions do not change.

loss of the layer does not change the position of
the peaks, but as the loss decreases, both the
sharpness of the nulls and the number of ob-
servable peaks increases. By measuring several
components it may be possible to determine if the
measurements have been affected by random scat-
tering.

Two-layer earth: Perfect reflector

Calculations for the two-layer model are more

complex. Exact theoretical solutions have not been
obtained, but after performing the mathematical
manipulations discussed in Part I, approximate
numerical solutions have been compiled and
plotted. Typical suites of curves are shown in
Figure 12 to illustrate the effect of changes in
dielectric constant, thickness, and loss tangent,
of the first layer. Although the effects of these
parameters are not fully separable, in general, the
frequency of the initial peaks and troughs is indi-
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Fi16. 10. Several theoretical half-space curves and an
experimental curve from the Gorner Glacier at 10 Mhz
(H, component). The experimental curve has peaks and
troughs that correspond to the theoretical curve for a
dielectric constant of 3.2.

cative of the dielectric constant; the position of
the main energy peak is determined by the thick-
ness and the dielectric constant; and the sharp-
ness of the pattern changes with the loss tangent.
For this example, the dependence on loss tangent
is particularly noticeable for loss tangents in the
range .01 to .0S.

A suite of analog scale-model patterns and the
corresponding theoretical curves are shown in
Figure 13. The dielectric oil had a measured di-
electric constant of 2.16 and a loss tangent of
0.0022. In general, for thicknesses greater than 2
or 3 wavelengths the agreement in both position
and amplitude of the peaks and nulls is good. For
thinner layers the agreement is poorer, probably
because the theoretical solutions become less ac-
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curate (see Part I). Differences between experi-
mental and theoretical results in the near-field
may also be caused by the theoretical approxima-
tions. They might also be caused by spurious
reflections in the experimental tank from wires
connecting the transmitting antenna to its source.
The other major discrepancy between the two
solutions is at the critical angle where the ap-
proximations made in the theory are most signifi-
cant. However, the good agreement between the-
oretical and scale-model results has given us con-
fidence in both.

The results from the Athabasca Glacier are
complicated by the fact that the thickness of the
glacier increases along the traverse with a slope
of approximately 1:10. Since the general theory
for this geometry is extremely difficult, and has
not been worked out in detail, we used theoretical
curves for several thicknesses near the mean tra-
verse thickness for comparison. Such a compari-
son is not altogether accurate, since the effects of
a thickening layer depend on both the thickness
and the rate of change of thickness.

Comparisons were made between data mea-
sured on the Athabasca Glacier and many suites
of theoretical curves. It was found that the family
of theoretical curves for the known parameters
of the glacier, when compared with the experi-
mental data as a whole, fitted better than any
other set, although there was some ambiguity.
Several examples are shown in Figure 14. The
experimental data were run through a simple
1, 1, 1 running average filter before plotting. This
filtering enhanced the main features of the curves
by reducing small random variations. The agree-
ment between theoretical and experimental data
is far from perfect. However, if it is recognized
that because the thickness of the ice is increasing
along the traverse, some moveout of the measured
peaks is to be expected, and a consistent picture -
emerges.

Figure 14 shows data obtained at 2, 4, 8, and
24 Mhz on the Athabasca Glacier, along with
three theoretical curves with depths bracketing
those along the traverse. As the frequency in-
creases, the thickness of the ice, measured in
wavelengths, also increases, so that quite different
curves are found for each frequency. At 2 Mhz
the curves are smooth and regular and the agree-
ment between theory and experiment is quite
good. At 4 Mhz the patterns are more complex,
and although these are similar features, the the-
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F1c. 11. Theoretical half-space curves and results from the Gorner Glacier. Source is a horizontal electric dipole
at 10 Mhz. Theoretical curves are for dielectric constant of 3.2 and a loss tangent of 0.03. Peaks and troughs for the
Hp component are shifted away from the transmitter one-half wavelength.

oretical curves do not correspond exactly to the
experimental. At 8 Mhz the curves are complex,
but the agreement is better, especially the large
peak at about 7 wavelengths distance. At 24 Mhz
there are many peaks and troughs in both curves.
We feel the lack of correlation between theory
and experiment is largely due to many randomly
scattered reflections in the experimental curve.
At 24 Mhz the wavelength of 12.5 m is the same
size as many crevasses and surface roughness
features.

In summary, as the thickness of the dielectric
layer increases, the interference patterns change
from curves with a few well-defined peaks to
curves with high spatial frequencies and no large
peaks. These features are seen in both theoretical
and experimental results. The fact that both 4,
and H, components are basically similar, although
they differ in their fine structure, increases our
confidence in the match between theory and ex-
periment.

INTERPRETATION
Dielectric constant

This parameter is easy to obtain directly from
the data, since, as shown above, the direct air
and subsurface waves interact near the source
to give a pattern dependent only on this pa-
rameter. If the air wave has a wavenumber &,

2
ko = )\—0) (8)

where Ao is the free-space wavelength; and if the
subsurface wave has wavenumber #;,

2 yven
po= T Ve

« ko, 9
M N \/61 0 ()

then the beat frequency wavenumber £ is
2r
Ak = k1 — ky =)\—(\/61 - 1). (10)
0

The spatial interference wavelength A, is then

21|' XO
)\b = = """ (11)
Ak Ve —1
Therefore,
Ao 2
€ = (— + 1> (12)
N

and can be obtained directly from the data. For
iCC, )\bg127Xo
Loss tangent

The loss tangent can be estimated in a qualita-
tive way from the sharpness of the patterns in the
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Fig. 12a. Theoretical interference curves for H, component over a two-layer earth. Dependence on dielectric
constant is shown. Depth=4.000 A, LT1=0.0200, K1=varying.
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Fig. 12b. Theoretical interference curves for H, component over a two-layer earth. Dependence on thickness is

shown. Depth=varying, LT1=0.0200, K1=23.000.
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F16. 12¢. Theoretical interference curves for H, component over a two-layer earth. Dependence on loss
tangent is shown. Depth =4.000A, LT1 =varying, K1=3.000.
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F16. 12d. Theoretical interference curves for 7/, component over a two-layer earth. Dependence on loss tangent
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Fi16. 13. Analog scale-model curves (solid line, Fs) and corresponding theoretical curves (dashed line, H,, K=2.16,
tan §=.0022) for various thicknesses of the upper layer. K4 and H, are identical in this configuration. Dielectric
constant {K) and loss tangent (tan §) were measured independently.
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Fic. 14. Theoretical curves and Athabasca Glacier results at (a) 2, (b) 4, (¢) 8, and (d) 24 Mhz. (a) dashed/
dotted line, theoretical H., K =3.2, tan 5 =0.08; solid line, experimental Athabasca Glacier, H,, 2 Mhz. (b) dashed/
dotted line, theoretical Hp, K=3.2, tan §=0.04; solid line, experimental Athabasca Glacier, Hp, 4 Mhz. (c)
dashed/dotted line, theoretical Hp, K =3.2, tan 6=0.02; solid line, experimental Athabasca Glacier, Hp, 8 Mhz.
(d) dashed/dotted line, theoretical H,, K =3.2, tan $=0.007; solid line, experimental Athabasca Glacker, Hp,

24 Mhz. Distance in meters (wavelengths).

near field. In the near field the two direct waves
add to form peaks and subtract to form nulls. If
the waves are about the same size, the peaks and
nulls will be sharp, but if one wave is much larger
than the other, there will be little interference.
As the amplitude of the subsurface wave de-
creases below the amplitude of the air wave, the

pattern becomes less sharp. An envelope formed
by joining the peaks and by joining the nulls of
the interference pattern becomes thinner at a
rate determined by the loss tangent of the me-
dium.

In the Gorner Glacier data, the loss tangent
was estimated to be less than 0.7/f (Mhz), well
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within the published value for ice. In the Atha-
basca data, reflections appear to disturb the two
direct waves too greatly to be able to use this
simplified approach.

Depth

An estimate of the dielectric constant and the
critical distance from the field data can be used to
estimate the depth. However, an assumption
about the dip of the reflector must be made. The
method fails if either the dielectric constant or the
critical distance cannot be estimated accurately.

Scattering

One of the major unknowns in the application
of the RFT technique is the effect of irregularities
in the medium. It is reasonable to believe that the
effects of irregular surfaces, inhomogeneities
within the dielectric, and objects near the an-
tennas could all perturb the measured data. One
possible way to remove small random effects is to
appropriately filter the data, and a simple run-
ning-average filter was used to enhance the perti-
nent features of the Athabasca Glacier data.

An estimate of scattering is important to under-
stand geologic structure. During the Athabasca
trials the Hy component, which should theoreti-
cally be null for plane horizontal layers, was ob-
served to be significant (though weaker than the
other components). Therefore, H, provided a
measurement of the scattering, which was consid-
erable at the higher frequencies. The similarity of
all the components measured on the Gorner Gla-
cier on the other hand implied that scattering was
not significant up to 10 Mhz.

CONCLUSIONS

1. The RFI technique is a practical method
with which to study layering in low-loss dielectrics
(tan 6 <0.1).

2. Three parameters of the upper layer can be
estimated from the data: the dielectric constant,
the loss tangent, and an estimate of the thickness
to a reflector. Measurements of e=3.2 and
f-tan §=0.7 (f in Mhz) for ice are in agreement
with known results.

3. The method is an inexpensive way to sound
ice sheets less than a few hundred meters thick,
and could be used to study low-loss layers on the
moon.

4. Further work is required to refine and quan-
tify the interpretational procedure, to extend it to

Rossiter et al

more complex geometries, and to understand
better the effects of random scatterers.
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