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ABSTRACT

Radio wave propagation in the earth's crust is reviewed. This has been
studied by many investigators who usually assume the crust to be a planar
slab of low loss-tangent, bounded on top and bottom by regions of large loss-
tangent. Available conceptual depth profiles of complex dielectric constant
of the lithospheric wavequide are reviewed and theories extant summarized.
Sources were usually VED's inserted through vertical bore-holes. For ocean
emplaced antennas located near the ocean-lithosphere boundary, the sources
are horizontally polarized and propagation is predominantly by means of lateral
waves. Calculations are reported for a wide range of conditions. The useful
characteristics of lateral wave transmission are discussed. The measured
properties of scaled wavegquide propagation that have been reported could not
accurately scale the losses in the overburden since it was represented by a
metal plate. The principles of electrodynamic similitude are delineated and
two different experiments using similitude with different depth prcfiles are

discussed. =«

To study the effects of boundaries on transmission (including wall losses)
and simultaneously to make measureménts of embedding and moving antennas in
them, the laboratory models should have "walls" composed of a liquid with
suitable excitation. For an orderly build-up of modelling measurements, a
laboratory set-up is described. Included would be measurements with boundaries
that are sloping, undulating or irreqular. Though available materials may
limit accurate modelling according to similitude scaling, meaningful and
illuminating information could be obtained for better understanding of
lithospheric transmission. The more complex depth profiles require a much

more elaborate set-up, patterned possibly after that of Iizuka.
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l. Introduction

Interest in the electrical and geophysical properties of earth's crust
has been recently encouraged by the possible existence of a lithospheric
plane wavequide with conductivities lower than previously accepted. The
region of the earth's crust forming this low conductivity waveguide was
assumed to be a planar slab, 10 to 30 km thick, bounded on top by an over-
burden (or ocean) of high conductivity and on the bottom ("underburden") by
a high conductivity mantle or Moho (as it is often referred to in the
literature). A review of the crustal properties was given at an ONR
Lithospheric Workshop in mid-March, 1978, chaired by J. Heacock with papers
presented by G. Keller, G. Simmons, P. R. Bannister, and C. Cox amongst

others.

There have been some excellent reviews of the field in recent years.
For example, Wait (1971) in the AGU Monograph No. 14, covered principally
the waveguide analytical approaches. And Bannister (1978) gave an excellent
review of the idealized waveguide (homogeneous profile) of Wait and Spies
plus the results of Field and Dore for non-homogeneous profiles of Levin,
Keller, and Housley. We wish merely to supplement here some of their

writings.

-~
While most of the analvtical work tended to treat waveguide modal

solutions, there exists the possibility of lateral wave transmission between
ocean emplaced HED transmitting and receiving antennas located near the

ocean-lithosphere boundary.

It was desired to study the feasibility, in labcratory models, of

measuring the properties of lithospheric transmission, including wall losses,
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using the principles of electrodynamic similitude for scaling. Scaled

models have been used for a homogeneous waveguide in one case, and in another

for a non-homogeneous profile of conductivity increasing with depth. Both
cases used metallic upper plate upper walls which do not accurately scale

& the properties of the overburden or ocean. There is a question of available

materials for such modelling.

In Chapter 2, we present separately the various available conceptual
depth profiles, starting from the 1961 work of Wheeler and that of Mott and
Biggs in 1963, both works being expositions of concepts of communication
from land via "A deep waveguide" in the crust to deeply submerged submarines.
There follows a series of descriptions of several non-homogenecus depth

profiles.

Chapter 3 contains a summary review of the various theoretical works on

the profiles of Chapter 2. Most of these concern modal solutions for wave-
guides with plane boundaries; results are often illustrated with boundaries

having infinite conductivities. In some cases, the lower boundary is sharp;

in others the complex dielectric constant is tapered to increase with in-
creasing depth. Finally, the work with antennas emplaced in the ocean near
the ocean=-lithosphere boundary is cited by way of introducing the next

section.

In Chapter 4 is an expose with numerical calculations of lateral waves
from an HED source emplaced in the water near the ocean=-lithosphere boundary.
A previous development of King and Sandler for an HED in water below air,
which extended the work of Banos, is extended to the case where the lithosphere

replaces the air, A wide range of parameters were used for calculating the

fields.
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Chapter 5 contains a brief development of expressions for electrodynamic
similitude. Examples are given for laboratory frequency and distance scaling
by Brown and Gangi for a homogeneous depth profile of dielectric constant and
conductivity, plus some results of Iizuka with the non-homogeneous profiles

achieved with an agar-agar gel diffused with sodium chloride.

In Chapter 6 is contained a discussion of lateral wave mcdelling in
combination with measurement of losses in the walls for this and for wave-
guide excitation. A suggested laboratory set-up could be used for sloping

boundaries or boundaries that are rough or undulating.

A summary and conclusion with recommendations are contained in

Chapter 7.

There follows the list of references and supplemental bibliography in i

Chapter 8.
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2, Lithospheric Profiles

Introduction

Most of the earlier lithospheric waveguide depth profiles were based
on the laboratory measurements of samples of rock as functions of tempera-
ture and pressure. With few exceptions, emphasis was placed on the depth
variation of conductivity g; this was due probably to the belief that the
expected exponential attenuation would be low enough only at low frequencies
where the loss tangent p = 60 O ko/er is quite large (¢ in Si/m, Xo the free
space wavelength in meters, and €, the relative dielectric constant). 1In

analyses of these profiles, most investigators had assumed €. to be constant

r

with depth in the lithospheric waveguide, with values of 4 to 10.

Earlier analyses assumed the waveguide to have a depth of 10 to 40 km.
On top, it was bounded by an overburden or sea of such high loss-tangent
that this region was represented by a highly conducting metallic plate in

many analyses and models.

At the bottom, the earlier analyses assumed the conductivity towards
the hot "Moho" discontinuity to be éo high that it again was represented by
a highly conducting plate. These earlier analyses assumed a homogeneous
parallel plate slab, somewhat idealized, to calculate the fields in the
guide. Refinements grew as more complicated profiles of the crust developed.
We trace here the profiles from the early one of Wheeler to that of Wait,

then to Levin and coworkers, to Keller, to Housley and to the work of

Simmons.

SR TSP NS TR TR AL, SR SR
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Wheeler's Profile

Wheeler's (1961) early paper, interestingly enough, concerned itself
with a means of communicating to a submarine near an ocean floor from a
shore based source., A sketch of the concept is shown in Figure 2.1 (a);
the transmitter, shown in Figure 2.1 (b), passes through about 1 km of
overburden and then extends 2 km in a borehole into the waveguide where
it excites a TEM mode. The conductivity profile is shown in Figure 2.1 (c)
as a function of depth and temperature. The boundaries are roughly 2 and
20 km deep, where the rock conductivity may be 10'6 to 10'll Si/m, a useful
value being 10-8 Si/m. The relative dielectric constant was 6. The "upper
wall", perhaps 1 to several kms thick has a range of 4 Si/m for sea water
down to 1074 Si/m in rather dry minerals. The lower region was termed the
"inverted ionosphere" or "thermal ionosphere" by Wheeler (1961l) with tem-

peratures of 300°% to 600° c.

Mott and Biggs' Profile

A couple of years later, Mott and Biggs (1963) also considered VLF
propagation below the sea, Their céncept is shown in Figure 2.2 (a) for
the communicating region, the upper boundary 1 km thick being the wet,
highly conducting continental surface or the ocean. The prcpagating region
was assumed to consist of dry, low-temperature low conductivity granites or
basaltic rocks, 20 to 70 km thick. The bottom was formed by ultra-basic

rorks, having higher conductivity because of the high temperature.

Propagation takes place between 2 vertical electric dipoles (VED)
extending 1 or 2 km into the low conductivity region, with an upper value

of 10™® si/m for long-distance communication.




- 2.3 -

- O
----- T R — (a) Communicaticr from buried VED
: '\\ s source S via deep waveaquide
o= under the ocean to receiver R
e i WAVE GUIRE located in the sea.

S o
B S S

|
i’_,/" — (b) Sketch of VFD source antenna S
L km inserted into the wavecuice.

O : CONOUCTIVITY (mnas/m)
1939 o

(c) Profile of concductivity and

) © s
. ) emera with fenth.
5.y e termerature )
|l /"/ UPPER BCLtDRATY
28 e e
P £ i DIELECTRIC CONDUCTOR
' « 6
|
| 0
} 5 TEN WAVE
| @ \._.,. )
" EL ) T
\ . \ ;:)'::4 A 5 »
-
\ VAGNETIC
L
N 3 |

Fig. 2.1 Vvheeler's concept and conductivitv orofile for commmication under the ocear

via a deep wavecuicde to a submerced receiver. (From theeler, 19€l).

s s s e e ol




- 2.4 -

VERTICAL MOMOPOLE AWTENNAS

(a) Cross-secticn sketch
showino commmication zore

T v — —

——
T s —
MEN CONOUCTIVITY ACGION

CONOUC TIVITY 4 wWwOS PEA wETER
w0t 00 o® 0% 0* 0?  e° 102
L}

CURVE (1)

(F) Various corcuctivitv
A ferth profiles,

CURVE (3)

OEPTM IN KILOMETEARS

CURVE (4)

CCWOUCTIVITY @ wWeCg e W TER
o2 o PR o ¢ o ¢ ot L ol

O .

;\ : (c) Mett and Picos!
- estirate of corfuctivity

oot \\ helcw ccear hotteor

T SR

sar
|

%0 -

» Oy T imy

0}

oterm in

100}
l..I'

200 = ———— e

FicTue 2.2 Mett and Bicus' corcert of undersea

armmicarion, wit
crofile. (Mott and Pices, 19A3) vith cordvetivity




- 2,5 =

Earth conductivity estimates are shown in Figure 2.2 (b). The curve
labeled number "1" indicates measured earth conductivities of 10~3 for
poorly conducting earth to 4 Si/m for sea water., Curve "2" is from Hughes
(1953) for olivines, with McDonald's (1959) estimates of temperature
distribution. Curve "3" is an estimate of maximum conductivity, by Garland
and Webster (1960) for western Canada pre-Cambrian basement rocks. Curve "4"
is that of Lahiri and Price (1939) while curve number "S" is due to Cantwell
and Madden (1960). Some of these curves are included in a composite one
k drawn by Iizuka (1968), discussed later on. The final conductivity-depth
profile assumed by Mott and Biggs (1963) is shown in Figure 2.2 (c). 1In 1
essence this is a two=-region model, the bottom being 10 - 20 km deep with
a bottom region having a conductivity 1076 to 10~7 Si/m, and a dielectric
constant of 6 with a top region of sea water with 4 Si/m for conductivity,

perhaps 1 to 2 km thick.

2.4 The Profile of Brown and Gangi

Brown and Gangi (1962, 1963) and Gangi (1966) gave a diagram of earth

| conductivity as a function of frequency and depth, as shown in Figure 2.3.

The surface and near surface overburden had conductivities ranging
from 10'1 to 10™4 Si/m, with an average of 10=2 to 10-3 Si/m, The relative
dielectric constant had a wide range of values, with a typical value of 4 to

10 being widely used.

For the crust, the values were inferred from tables in Von Hippel

(1954) for the effects of temperature and water content of quartz and sili-
cates (pages 303=314 of his book). The low conductivity value of granite

is frequency sensitive and the authors show values for 1, 10 and 100 kHz.

-
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At 30 km depth, the conductivity increases rapidly, temperature being about
300° C, relatively independent of frequency. Near the Moho the conductivity
is about 4 x 1073 Si/m. Relative dielectric constant was of the order of 5

down to 30 km.

In their theoretical studies, the "real earth" situation was approximated
by a uniform slab between two highly conducting planes (See next Chapter).
The conductivities chosen were according to frequency in the low conductivity

region,

Levin's Profile

An idealized cross=-section of the earth's crust was delineated and shown
by Levin (1966) in Figure 2.4 illustrating the crust under a continent vs. an
ocean basin, as well as the continental shelf., Under the continent is granite
underlain by basalt down to the Moho., Proceeding through the shelf, the
granitic rock disappears leaving basalt under the ocean and volcanoes. The

Moho may be 35 km deep under the continent and about 10 km under the ocean.

After a considerable discussion, Levin (1966) showed a trial profile of
both conductivity and relative dielectric constant with depth. Levin (1966)
cited the measurements of rock characteristics by Acker and Mueller (1966)
from 3 km drill holes associated with a full scale propagation experiment.
His conductivity profile is summarized in Levin (1971) and shown in
Figure 2.5. The variation of dielectric constant is discussed later in
the paper by Schwering, Peterson, and Levin (1968), and is overlooked by

many authors.

In his AGARD paper, Levin (1966) concluded that "full scale studies of

lithospheric propagation must be carried out in boreholes nearly 10 km deep
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to assure access to the dielectric zone (loss-tangent less than unity) of

the crust over the entire length of the path”.

In Figure 2.5, two interpretations are shown for conductivity vs.
depth. The curve labeled "dry" is more nearly in favor in view of recent
consideration of laboratory measurements and interpretations, especially

those regarding the influence of microcracks (Simmons, 1978).

2.6 The Schwering, Peterson, and Levin Model - Inverse Square Profile

Schwering, Peterson, and Levin (1968) analyzed lithospheric propaga-

k tion based largely on the Levin (1966) model, the dry portion of conductivity
F of Levin (1971) shown in Figure 2.5, The variation of dielectric constant
and conductivity are shown in Figure 2.6 as solid lines as the "experimental
values"; the dotted curves are used for their analysis described in the next

Chapter,

It was convenient to distinguish three zones in the crust, with elec-

trical constants given for 1 kHz, and shown in Table 2.1, as well as other

e

postulated characteristics. The waveguide is Zone 2 in essence.

2.7 Wait's Exponential Profile

After studying the performance of electrical constants in a number of
ways, Wait (1966c), offered a unique profile suitable for analysis (Wait
1966a, 1971), to attempt a quantitative result. His model is illustrated
in Figure 2.7. 1In a cylindrical coordinate system, the plane z = 0 sepa~-
rates the highly conducting overburden having a complex relative dielectric
constant Kg, the overburden top being at z = -h. The basement has a rela-

tive dielectric constant K (z) which is complex, having a constant relative
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Figure 2.6 Schrerino, Petersen anc Ievir (19€8) profiles of relative dielectric
constant and corductivityv. See also Vait, 1071, Nashed curve is the
rodel profile; selid curve is that used for theoretical aralvsis,
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Zone | (Uppery Cooi dut wer Superfician 2one of porous and fractured.
sedimientan ieneous. and Metdmorphic rocks Gpen syster ground-
water saturated. chmate ond terran pesimitting Conductivitn and
dielectnic permuttivity controlled by the water distnbunion. hence
churactenzed by wreat cariahihty hugh 1o low values, large necative
gradient witn depth. 0 =107 10 10°" mno m 0= {0° 1o 10", joss
tangent > 1 Prohabie depth extent about 7 km

Zone 2t Middiey Warm and drs Zone of tught granimic hasement rocks
maore homogencous, relatively closed <vstem. hittle or no moiecuiar
H.O. typicai of siheate dielectnie Low to maderate (10 * 10 10 °
mho mi and ail o 100 both exbubiung positine sxpanential gra-
dients with depth. 5«1 Zone extends to 18 o7 40 km depth

Zone 3 (Lawer) Dryobut for Bottom zone of the Ciust. possibly extending
nto the mantle. Anhydrous sthcate minerar assembiage of pigtonic
facies. Intminsic and 1omic charge carmers lead to moderate to migh
conducuvity and permutuvity (3> 107°% 2> 100). with ven large
positive gradients > |

Vate The vatues of ¢ c and & upply to g frequency of 1 hHz

Table 2.1 Descriptions of crustal zones according to Schwering, Petersen,
and Levin given in their 1968 article, Schwering, Petersen, and
Levin (1968)
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dielectric constant and a conductivity which increases exponentially with
depth. The reference depth was chosen for convenience as that depth zg4
where the loss tangent was two; for VLF it appears that z43 is of the order
of 30 km, At very great depths, where the loss tangent greatly exceeds
unity, K(z) varies exponentially with depth. Near z = 0, the ideal case

would have K(0) real.

The results of using this profile will be given in the next Chapter

where he compares his results with those of other authors,

Iizuka's Profiles

Iizuka performed a number of experiments using a "typical" lithospheric
profile deduced from a number of sources. The typical case of a profile of
loss~-tangent with constant relative dielectric constant is shown in Chapter
5, Figure 5.6, for a dielectric constant of 4 and a typical frequency of
5 kHz. The compilation of conductivity profiles of Iizuka (1968 ) is shown
in Figure 2.8, They were deduced from Wait (1963), Wheeler (1961), Mott
and Biggs (1963), Keller (1963), Ames, Frazier, and Orange (1963), Cantwell
and Madden (1960), Watt, Mathews, and Maxwell (1963), deBettencourt and

Frazier (1963), Garland and Webster (1960) among others.

In Figure 2.8, the conductivity is plotted as a function of depth to
depths of 40 km or slightly more. The conductivity ranges from 1078 to 10-1
Si/m, the larger values being near the earth's surface or at great depths.
Since he preferred an analysis based upon loss-tangent, he noted "lower

limit of tan §" near a conductivity of 10°8 si/m and a higher limit near

10 km depth with a conductivity of about 1074 si/m. (For his "typical"

- -

e i
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loss tangent curve, Iizuka (1968 ) assumed a conductivity of slightly less

than 10-7 Si/m with a dielectric constant of 4, at a frequency of 5 kHz)

Keller's Profile

Keller (1963, 1971, 1978a,b) has studied in depth the electrical crustal
properties. His most recent profile of conductivity is shown in Figure 2.9.
It has been widely used and quoted. It appeared first in Gallawa and Haidle
(1972), as a private communication, again in Field and Dore (1973), discussed
by Keller (1978a) at the ONR Lithospheric Workshop and is reprinted here from

Keller (1978b).

while the value of 10™4 Si/m at very shallow depths appears low (Field
and Dore, 1973; Bannister, 1978), the curve down to about 10 km is based on
Appalachian well-log data and an extrapolation thereof towards minimum values
of the order of 10~/ Si/m at 10 km., The lower portion has increasing values
from those of granite to underlying basalt., A rather complete discussion is

given in Field and Dore (1973),

If water saturated microcracks exist in rocks at 5 to 8 km depth, mini-
mum conductivities must be greater than 10™° ¢o 10°° Si/m, and practical long
range communication does not appear feasible., However, recent data concerning
microcracks by Simmons (1978) tend to indicate conductivities could be lower,

10

say 10™® t0 10710 si/m, than that previously believed (10~ si/m).

Housley's Profiles

Housley (1973) made laboratory measurements on the conductivity of dry
rock, see Simmons (1978)., Results show even lower conductivities than those

of Figure 2.5 of Levin and Figure 2.9 of Keller. Using the new conductivity
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data, the profiles are similar to those of Keller in Figure 2.9, for depth
less than 10 km, and are shown in Figure 2.10., At greater depths, much

8

lower conductivities are indicated (less than 10 - Si/m).

The three profiles correspond to geotherms in three different heat
flow provinces (i.e., BR = Basin and Range; EUS = Eastern United States;
' SN = Sierra Nevada). The thermal gradients for the Keller model was 16°/km,

while for the Housley provinces they were BR (24°/km), EUS (14°/km), and

SN (9°/km), where the temperature is in (°C).

2.11 Comment

There are many differing profiles of conductivity vs. depth which are

e - ———— T

not necessarily definitive. Continued experimental work remains to be done

in the laboratory - see Simmons (1978) - and in the field - see Keller (1978a).
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3. Summary Review of Theories
Introduction

When viewing the number of more recent depth profiles of electrical
constants in Chapter 2, such as those of Keller in Figure 2.9 and of Housley
in Figure 2.10, interest has been revived in the possibility of long-distance
communication via a sub-surface waveguide. The minimum conductivities are
several orders of magnitude lower than those postulated in the early 1960
era. The lower ~onductivity values have received support from studies of

the effects of microcracks by Simmons (1978).

A number of review papers (Rjanzcev and Shabel'nikov, 1966; deBetten-
court, 1966; Levin, 1966, 1971; Wait, 1966c, 1971; Gabillard, 1966; Gabillard,
Degauque, and Wait, 1971; and Bannister, 1978) have been published on the
various mechanisms dealing with lithospheric propagation, including ground
waves, "up-over-and-down," and sub-surface waveguide mechanisms plus com-
munication parameters of antennas, noise, etc. Here we shall briefly sum-
marize those papers dealing principally with the crustal waveguide mechanism.
Many focus attention on attenuation‘of the modes, a few give examples of

field strength variations.

Some Early Works

It is interesting to realize that two of the earliest papers considered
the possibility of using the lower=loss region of the crust for the purpose

of illustrating a potential mechanism for communication with submarines at

great depth.




Wheeler's (1961) very early concept was shown in Figure 2.1. He

imagined the existence of a very deep waveguide. With a relative dielec-

11

tric constant of 6 and a conductivity of 10"6 to 10~ Si/m, he obtained

a total attenuation of the TEM launched wave of 0,067 dB/km.

Mott and Biggs (1963) also considered undersea communication between
two vertical electrical dipoles (VED) both inserted into lower conductivity
crustal rock. They envisioned propagation at frequencies of the order of

6 v 10”7

100 kHz to take place in a plane half space of conductivity 10° Si/m
bounded on top by the layer (ocean) having a conductivity of 4 Si/m. They go
on to assume the lower region attenuates the wave but does not affect the
propagation mechanism - surface wave along the interface like normal surface
wave propagatiocn in air above the sea but where the air has been replaced by
the rock. See also Carolan and deBettencourt (1963). At lower frequencies,
less than 10 kHz for example, the lower region behaves as a waveguide, and

"that a TEM waveguide mode will be important", as Wheeler (1961) had

postulated. Their conductivity profile is shown in Figure 2.2(c).

Slabs with Uniform Depth Profiles

For analytical studies of their depth profile shown in Figure 2.3,
Brown and Gangi (1962, 1963) and Gangi (1966) assumed the crustal waveguide
to be o homogeneous slab bounded by two half-spaces which were highly
conducting.* For their analysis, the boundaries were assumed to have
effectively infinite conductivity. The waveguide was excited by a vertical

electric dipole.A mode series representation was used to obtain the field.

*Reference may be made to Figure 5.1 for a sketch of the guide.

e
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Calculations were made of the vertical electric field strength versus
range for several low frequencies for a gquide depth H = 35 km, a relative
dielectric constant of 4 and 2ero antenna depths. A typical result is
shown in Figure 3.1 for 1, 3, and 10 kHz, the conductivity values corres-
ponding to their profile shown in Figure 2.3. For this configuration, the

modal cut-off frequency

fc (m) = m v2/2H (3.1)

where v, is the phase velocity in the crustal waveguide and where m is the
mode number, whence fc (m) = 2.1m, kHz. Hence, for 1 kHz, only the TEM
mode (m = 0) propagates readily; for 3 kHz there are two modes and for 10
kHz, there are five modes (m = 0, 1, 2, 3, and 4), propagating with low
attenuation. Interferences occur because each mode has a different attenua-

tion and phase shift.

Using Wait's (1957) mode theory for the earth-ionosphere waveguide
with lossy ground, but replacing the air by a low=-loss waveguide, deBetten-
court (1962, 1966) calculated the vertical electric field versus range for
infinitely conducting walls for a gﬁide width of 20 km, relative dielectric
constant of 4, and for conductivities of 0 and lO-6 Si/m; the dipole moment

was 16,900 amp.m. (A plot of the results may be seen in Figure 6 of Wait,

1966c) .

Spies and Wait (1971) and Wait and Spies (1971) have extensively con-
sidered the wave in an idealized waveguide. From a general solution of
multiple horizontal stratified layers (Wait, 1962), Spies and Wait (1971)

chose a restricted 3 region case, shown in Figure 3.2, in which the
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"overburden" region had infinite conductivity, the crustal "waveguide"
(region 2) had uniform conductivity of ¢, = 0 and relative dielectric
constant Kj, and the "sub-basement" (region 3) had a conductivity 03 = 0.
and relative dielectric constant of K., and was infinitively thick. The
wavequide has a thickness hp; = h = H. The boundaries of the various
regions are sharp. In their calculations using a Newton method of suc-
cessive approximations, Spies and Wait (1971) and Wait and Spies (1971)

considered frequencies from 1 to 100 kHz; these were extended later for

frequencies down to 1 Hz (Wait and Spies, 1972).

Wait (1966, 1971) demonstrated the principle of "super-position of
losses," which also was used by Watt, Leydorf, and Smith (1966). For
modes of sufficiently low attenuation, the total expcnential attenuation

of a mode can be considered as the sum of three terms, i.e., for a mocde m
’ ’

Ag (m) = Ag + A, +A (3.2)

where the three components are respectively the plane wave, upper boundary,

and lower boundary contributions to the total attenuation rate.

We are generally concerned with a crustal waveguide having a low-

loss=tangent region whence it can be shown that

A, = 1,64 x 10° 0,//K dB/Km (3.3)

P

and is independent of frequency if the electrical "constants" are constant.
For a given plane slab boundary, the wall attenuation contribution depends
upon the guide loss=tangent and whether the boundary is electrically thick

or thin. Expressions based on approximation similar to those of Wait (1963)

ll-'-H'H-'--!-H-H-"-‘-l"-'-F'W-'ﬂ'ﬂllll-llllllll-llll!l
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have been given for several cases by Watt et al. (1966). As aforementioned,
we are generally interested in the crustal waveguide which has a low loss~-
tangent, and the boundary layers have a high loss-tangent, and are electri-
cally thick. For this case, if OB is the conductivity of one of the uniform
slab boundary layers, then Watt et al (1966) give the boindary attenuation

for the TEM (m = 0) mode as

- -2 %
AB (0) = 2.29 x 10 (Kzf/GB) /R dB/Xm (3.4)

Whilst for the TM1 Mode (m = 1)

r 4
- -2 2
Ag () = 4.58 x 1072 (K,£/0,)" {1-( fc/f)] /H gg/xm (3.5

where fc is fc (m = 1) from equation (3.1)

In Figures 3.3 and 3.4, taken from Spies and Wait (1971), the total
attenuation for modes of lowest attenuation are shown as functions of
frequency for a guide thickness of H = 20 km, and upper layer of infinite
conductivity, the waveguide with a dielectric constant X = 9 and conduc-

tivities of 1076 or 10~7 Si/m, and the sub-basement layer with a uniform

dielectric constant of Kc = 15 and a conductivity of 10°2 Si/m (Figure 3.3)

or 10™3 si/m (Figure 3.4).

In a manner similar tc that of Bannister (1978), we made calculations

for a frequency of 10 kHz, the model cut-off frequency being 2.5m kHz.

(The loss-tangent of the wavecuide region is very small. The plane wave

attenuation Ap for 02 = 10~7 Si/m, K2 = 4 works out tc be .0546 4B/Knm,

whilst for 72 = 10'6, it becomes 0,546 dB/Km. The plane wave attenuaticn

is critically dependent on conductivity.
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For the Spies and Wait (1971) model calculations for Figure 3.2, the

upper layer conductivity is infinite so Au(m) = 0 and At(m) = Ap + Ag(m).

For H = 20 km, Kz = 9, for the TMl mode (m = 1), fc = 2.5 kHz. For
UB = Uc = lO'2 Si/m and £ = 10 kHz, the boundary attenuation is .007 dB/Km
while for GB = 02 = lCJ'3 Si/m it is .,023 dB/Km. The higher the conductivity,

the lower the attenuation or leakage through the wall.

Similar calculations were made for the TEM (m = O) mode. Some of the

L results are shown tabulated in Table 3.1 where the values in parentheses

are rounded off tabular values taken from Spies and Wait (1971); the approxi-
mate attenuation Aqp (0) and AT (1) can be compared with Figures 3.3 and 3.4;

the agreement is quite good here.

It is interesting to consider one aspect of the attenuation of the
lowest corder mode, the TEM mode (m = 0), with reference to equaticns (3.2),

(3.3), and (3.4). If the homogeneous slab of relative dielectric constant

~

K, and conductivity O, has a thickness of 2h, = 2h = 2H, but is bounded on

top and bottom by homogeneous half-spaces of the same conductivity dg and

dielectric constant Kl = K]' the total attenuation 0, (0) will be unchanged

T
from that derived for the configuration of Figure 3.1. This will be referred
to in Chapter 6 in the discussion of model measurements of wall losses with
an image plane for region l. This point has also been noted by Wait and

Spies (1972) in their discussion of ELF crustal waveguide attenuations for

the lowest order mode.

The model just discussed is mindful of the analysis for a three layer

structure, shown in Figure 3.5(a), as considered by Viggh (1963). His slab
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TAEIF 3.1

Approximate versus exact modal attenuations for modes of low attenuation, for
for icealized wavecuide shewn in Ficure 3.2

T=0g=® hp=H=20km £=10kiz €pp=K2=9 €r3=K3=15
TEM (m=0) ™) (r=1)

T3 = 1072 Si/m

T, A, A3(0)  Ap(0) Ty Ap A1) Ap()
b 106,546  .004 .55 (.55) 1~6 546 .007 .55 (.57
10-7  .055  .004  .059 (.059) 10-7  .055 .0N7 .062 (.NF4)

; 73 =103 ci/m

10-6 .546 .011 .56 (.56) 10-€  _saf .n23 .57 (.59)
10-7  .055 .011 .066 (.071) 1n=7  .085 .23 .N78 (.090)

For comparison, the ficures in varentheses are from Spies and Wait,1971, tables,
The attenuations A are in ¢P/km.

S arattivare
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of depth D with conductivity 0, = 10-6 Si/m was bounded by identical top and ;
bottom half spaces with conductivities Ul = 03 = 10™2 Si/m; all three regions

had the same relative dielectric constant of 10. The slab was electrically

thin so that only the TEM mode was considered dominant. An example of the
attenuation as a function of thickness is shown in Figure 3.5(b) where fre-

quency is the parameter; both scales are logarithmic.

Waveguides having low loss=tangents but bounded by layers on top and
bottom have been considered by Gabillard (1966) and in a review paper given
by Gabillard, Degauque, and Wait (1972). Essentially these papers refer to
the work in France where they were able to demonstrate the propagation

effects in mine galleries and in a uniform gypsum layer.

Non-homogeneous Depth Profiles

Wait's Exponential Profile

Besides the aforementioned works of Wheeler (1961) and Mott and Biggs
(1963) another early paper was that of Wait (1963, 1971)who considered the
analysis of the exponential depth profile shown in Figure 2.7 in order to
obtain quantitative results. For z positive, the complex relative dielec-
tric constant was chosen for convenience to be exponential in form and

given by
K(z) = K [1-j2 exp B(z-zd)} (3.6)

where zy4 is the waveguide "depth" which is discussed below.

For z = 0, at the top of the waveguide

K(0) = K, [1-j2 exp (-Bzdﬂ Ed K, (S 7] H

- . »
A e 9%
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Fig.3.5 (a) Three-layver structure for analvsis: (b) Attenuation <X for electrically

thin waveguide laver vs. laver thickness
parameter. (Viggh,1963)

D , with frequencv as the




provided Bz, exceeds 3. With z3 of the order of 30 km and B of the order
of 0.2/km, this restriction is true, i.e., the loss-tangent is extremely

small and K, is essentially a real quantity at z = 0O,
For z = zg4,
K(z) = K (1=32) = K V5 exp (-jl-11) (3.8)
That is, the loss tangent at z = z4 s 2.
L For very large depths
K(z) T -j|k(2)] = -j2K, exp B(z-zy) (3.9)

Since Ko is real, the conductivity may be expressed as a function of

depth as
o(z) = K, exp (z-zd)/BO Xo (Si/m) (3.10)

where Xo is the wavelength in free-space in meters. These expressions

I assume that this real relative dielectric constant and conductivity are

not functions of frequency.

At z = 0, where the loss-tangent of the guide is very small, we desig-

Wait (1963) derives the vertical field strength for a VED in the wave-

guide from a vertically directed Hertz vector. From the residues at the

poles of the denominator in the expression for the latter, he obtains the

!
*Wait uses the quantity )\, to designate what we have called X,




= 3,15 =

model resonance condition, finally expressing the field E, as sow where Eo
is a reference field. This reference field is that of a vertical dipole
in a dielectric half-space erected on a perfectly conducting ground plane
of infinite extent. The expression for W is dimensionless and contains all
the characteristics of the waveguide modes. Because the lower boundary is

not sharply defined, the mode of lowest attenuation is not the TEM (m = 0)

mode but one of the ™ modes (m =1, 2 . . .).

For purposes of illustration, Wait (1963, 1971) calculated the attenua-
r tions for modes m = 1 and 2 for the special case where the overburden was

so largely conducting that Kg was assumed to be infinite., He chose the

case where \é = 15 km., The attenuations Al and A, for the modes of lowest
attenuation are shown plotted as functions of the quantity B in Figure 3.6(a)

and (b), respectively, The parameter on the curves is the waveguide depth

!
in "wavelengths" denoted by zd/xz.

Wait (1963, 1971) shows how these curves can be scaled for other wave-
lengths, for a given guide thickness in wavelengths. In these articles and

another for plane slabs (Wait, 1966), he illustrates how the total attenua-

tion for the lowest order modes may be shown to be the sum of the three terms,

I the plane wave attenuation plus the losses in the two "walls" as given in

equation (3.2), (wWait, 1971).

For the dominant mode attenuation, he notes the comparison of values of
Schwering, Peterson, and Levin (1968) for their inverse square profile of
0.256 dB/km compared with that value (0.275 dB/km) they obtained using Wait's
(1963) method. Wait's (1963) values, he notes, lead to lower attenuations

than those of Schwering et al (1968) because of the steeper gradients.

5 L TN T BTN . PO 1
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3.4.2 The Inverse Square Profile of Schwering, Peterson, and Levin

The depth profile of Schwering, Peterson, and Levin (1968) is shown in
Figure 2.6, the dashed curves being used for analysis. Both the real rela-
tive dielectric constant K and conductivity o vary as the inverse square of
the depth z measured positively downward. The vertical electric dipole
(VED) is located in the waveguide at z = 0 at the upper wall. The upper
zone (overburden) is assumed to be infinitely conducting. The depth
dependence is such that both K and o become infinite again at a depth
M Y, = 33km, and the conductivity of the lower zone below 33 km is also

infinite.
The complex relative dielectric constant may be written
K'(z) = K, (1=jp)F (y,,2) - (3.12)

where F(y,,z) is the depth dependence factor

2

2
Y 33 )
= # = anmm——— -
l F(YQ’Z) (Yo'z) (33-2 o

for the depth z (in km) lying between 0 and 32 km. The real relative
dielectric constant at zero depth is K = 10 and the loss-tangent is p = 0.2,
for the values assumed by Schwering et al (1968) at a frequency of 1 kHz.
For these assumptions, then, the depth dependencies of the real relative

dielectric constant and of the conductivity are

K(z) = Ko F(yo, z) (3.14)
5(z) = 1.11 x 107/ F(y,, 2)  Si/m (3.15)

respectively. If these electrical constants are independent of frequency,
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then the loss tangent at any frequency is :
p(f) = 0.2/f
where f is the frequency in kHz.

Schwering et al (1968) employ a z-directed vector potential to obtain
a wave equation for this potential by using cylindrical coordinates and
related expressions for E,, H¢ and E,.. The wave equation differs from the
usual wave equation by the addition of a term due to the non-homogenecus
depth behavior of K'(z). Going through the process of separation of variables
for the vector potential, the authors arrive at a modal equation for each

field component which includes "depth gain" functions. At the depth z = 0,

the radial electric field E, 0, and the corresponding expressions for E,

and Hy are simplified.

For first three modes m 1, 2, and 3, the attenuation coefficients at

1 kHz are calculated to be 0.256, 1.17, and 1.99 dB/km (taken from Table II

of Schwering et al, (1968), which lists values for the first 10 modes).

The magnitude of the vertical electrical field strength is shown plotted
in Figure 3.7 for 1 kHz and for the range 20 to 100 km, using the first eight
modes. The first mode is dominant at distances in excess of 50 km; the

effect of higher order modes is hardly evident in the range of 20 to 50 km.

In Figure 3.8 are shown the frequency variation of the attenuation rate
a, and phase velocity vlof the dominant mode (m = 1), the latter normalized
to the velocity in free space (3 x lO8 m/sec). There is resultant dispersion

of the signal waves, but it becomes small as the frequency increases.
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Schwering et al (1968) considered the uniform depth profile solution
of Brown and Gangi (1963), assuming K = 10 and g = 10_7 Si/m for a freguency
of 1 kHz; they obtained the attenuation for the least attenuated mode as
0.052 dB/km. In the SPL model t¢.iis would correspond to the dominant (m = 1)
mode attenuation of 0.256 dB/km. This difference emphasizes the sensitivity
of the propagation constants to the characteristics of the assumed depth
profile. Of importance is the effect of temperature gradient; it is zero

for the Brown and Gangi model and about 20°C/km of depth for the SPL model.

Theoretical Results of Field and Dore for More Recent Profiles

Concerned with the possibility of lithospheric waveguide communication
systems as a whole, Field and Dore (1973) considered the fields propagated
via the more recent non-homogeneous profiles discussed in Chapter 2 plus
the effects of depth attenuation of atmospheric noise and othe£ system
parameters such as antenna performance, receiver noise figure, and data
rates, Frequencies considered extended from 100 Hz to 100 kHz. Using
conceptual profiles having dry basement rock indicated more favorable com=-
munication transmission ranges in the 30 -~ 100 kHz VLF band. Presumably
this effect was due largely to the lieavier downward attenuation of atmos-

pheric noise at the higher frequencies. An excellent review of their system

analysis work was given by Bannister (1978).

We shall discuss only their results for attenuation rates, and calcu-

lations of field strength versus range and depth.

Field and Dore (1973) used full-wave calculations for the inhomogeneous

conductivity depth profiles. Rectangular coordinates were employed for
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plane ™ waveguide modes propagating in the x-direction for a vertical
electric dipole lying along the z-axis. Expressions were developed for

the E, and Ey electric field strength components and a "voltage" normalized
magnetic field component H'y = lZOTrHy where HY is the usual magnetic field
strength. While their formulations accounted for the depth variation of
the real relative dielectric constant, their calculations assumed a

constant value of 10 for all depths and profiles.

Presented in Figure 3.9 are the calculated attenuation rates for the
modes of least attenuation as a function of frequency for the depth con-
ductivity profiles of Levin (1966) shown in Figure 2.5, of Keller (1972)
in Figure 2.9, and Housley (1973) BR profile shown in Figure 2.10. The
least attenuated modes are TEM modes for frequencies less than about 2 kHz

and the lowest order ™ mode for higher frequencies.

In Figure 3.9 it is seen that the attenuation depends markedly on

both the minimum conductivity and the gradient cf the depth profile. The
lowest attenuation occurs for the Housley BR profile, having a minimum con-
ductivity of about 5 x 10-9 Si/m. The Levin (wet) model with a minimum of
10~3 Si/m has the highest attenuation. While the Levin (dry) and Keller
models have similar minimum conductivities of 107/ Si/m, the attenuation
rates at 1 kHz are 0.28 dB/km for the Levin (dry) model but only 0.18 dB/km
for the Keller profile., For the latter, the lower value is due in part to
the sharp transition in conductivity near a 14 km depth, according to Field

and Dore (1973).

Note that for the uniform ideal waveguide treated by Spies and Wait

(1971) and Wait and Spies (1971), with a conductivity of 10=7 si/m for the
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waveguide, the resulting attenuations are 2 or 3 times lower than the
values shown in Figure 3.9 for the Levin (dry) and Keller models. These
models have more gradual "boundaries" than the sharp boundaries in the
depth profiles of Spies and Wait, If we averaged the Keller profile over
some range of depth, an average might be 5 or 6 x 10~7 Si/m; such a value

in the Spies and Wait case would result in a higher attenuation value.

In Figure 3.10 are presented the normalized magnitudes of the three
field components versus depth for the Keller profile at 1 kHz. The nor-
malization is such that the value of the "voltage normalized" magnetic
field H'y is unity at the depth of minimum conductivity at 10 km. For the
VED receiver, the magnitude of Ez has a broad maximum near a depth of 10 km.
Note that Ey has a maximum magnitude at a 6 km depth, 14 db below the
maximum value of Ez; Eyx is less than E, at depths below a 4 km depth but

Ey exceeds E, at smaller depths,

Considering the vertical field itself, the relative vertical strength
versus frequency for several depths is shown in Figure 3.11 for the Keller
profile. The values are normalized.to that value at 10 km depth irrespec-
tive of the frequency. From these curves, one notes the relative decrease
in vertical electric field strength as the receiving antenna is moved
toward the surface, for a given frequency. Thus, at a frequency of 1 kHz,
the relative field strengths are 13, 32, and 44 4B below that at 10 km
depth, for depths of 4, 2, and 1 km, respectively. At 20 kHz, the degra-
dations are 16, 36, and 52 dB for those same depths, respectively. Field
and Dore have made similar calculations for the Housley BR model. For

depths below 10 km, the degradations in vertical electric field strength
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are nearly the same because the two conductivity depth profiles are the
same. (Of course, from a system point of view, one must take into account
the depth variation of atmospheric noise in order to obtain the resulting
signal-to-noise ratio at the receiver. The results are not very straight-
forward and one is referred to the original report (Field and Dore, 1973)

for derivation and results.

Other Studies - Ocean Emplaced Antennas

The Work of Raytheon Co. (Grossi et al)

Grossi et al at Raytheon Co. (1973) had considered the fields from
transmitting antennas emplaced in the ocean or in the lithosphere below,
with the receiving dipole in the ocean near the ocean-lithosphere interface.
The model employed is sketched in Figure 6.2, except that the region below
the uniform lithosphere was assumed to have a conductivity of 10-2 Si/m
instead of the infinite value assumed by Frieman and Kroll (1973).
Frequencies of interest were in the sub-Hertz range. An error in the
original expressions for the fields was corrected. There was very good
agreement for the magnetic fields between that for a horizontal, long,
insulated antenna on the ocean floor (which antenna was termed a "phantom
loop" by Raytheon) and that for an insulated HED antenna when using the
formulations of Frieman and Kroll (1973). The comparison was made at a
frequency of 0.1 Hz and ranges of 100 and 1000 km; the lithospheric regicn

had a conductivity of 107® si/m.

The Work of Frieman and Kroll

Frieman and Kroll, 1973, determine the modes and the mcde excitation

in a flat, stratified region for both vertical and horizontal current
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distributions. The region of interest lies between perfectly conducting
plane boundaries at z = -d2 and z = h where dz is the depth of the litho-
sphere and h is the height of the ionosphere, both measured from the ocean
floor.* The depth of the ocean is d,. The parameters used are g,= 4 Si/m,
Gy = 10-6 Si/m. With frequencies in the range between f = 0.1 and 10 Hz,

the propagation constants are, for the lithosphere Y= (jwucz)&, for the

sea water, Y, = (jwucw)g and for the air, My ™ (-uzueo)ﬁ. By confining
their attention to modes that propagate to distances large compared to both

" d; and h, Frieman and Kroll require only two modes. These are the litho-

spheric mode which is large in the lithosphere and the air mode which is

large in the air. Solutions for the magnetic field of these modes are ob-
tained with both vertical and horizontal electric dipoles located on the
floor of the ocean., Their results indicate "that at large distances the |
HED is more effective than the VED by a factor (cw/oz)H = 2x103", They go

on to show that the contribution from the terms that involve the depth d,

of the ocean are essentially the same as for an ccean of infinite depth.
Finally, in the range where the thickness dj of the lithosphere is effec-

i tively infinite, the magnetic field reduces to that obtained by Banos, 1966,
or Kraichman, 1970, for the problem of two half-spaces. This is given by

the near-field feormula

In a specific example, the magnetic field is calculated for a terminated

insulated antenna 10 km long and 4 cm in diameter lying on the ocean floor.

|
|
r | *See Figure 6.2 for geometry employed.
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4. The Two-Half-Space Model and Lateral-Wave Transmission
4.1 Introduction
In their modal analysis of electromagnetic wave propagation in a litho-

sphere' composed of granitic rock (o= 10-6

Si/m) and bounded above by sea
water (0 = 4 Si/m) and below by the mantle (¢ = =« ) Frieman and Kroll [1973]
concluded that with horizontal-electric-dipole excitation and reception at
points on the ocean floor, the received field was very little affected by
the thickness of the lithosphere (d2 n 10 km) or by the depth of the water
(dw ~ 5 km) in the frequency range from 0.1 to 10 Hz. This means that the
electric field at the point of reception is governed by a single dominant
mode which corresponds to the solution for transmission along the boundary ;
|
between two half-spaces, the ocean and the lithosphere. This conclusion ﬁ
is confirmed by the careful interpretation by Bubenik and Fraser-Smith [1978]
of their analysis of the field of a vertical magnetic dipole located in
sea water midway between the air above and the sea floor (lithosphere) below.
Bubenik and Fraser-Smith compared the contributions to the total field by
direct transmission through the sea as if this were infinite in all directions
with those by air-surface and sea-floor lateral-wave modes. They concluded
that for a dipole near the air surface, the air-surface mode dominates; for
a dipole near the sea floor, the sea-floor mode dominates. Since a vertical
magnetic dipole is equivalent to four horizontal electric dipoles arranged

in a square, its field is a superposition of the fields of the four dipoles:,

each like the field of a single horizontal electric dipole. The superimposed fields
of the very closely spaced dipoles lead to a large reduction in the resultant field
due to cancellation but this in no way alters the nature of the field with
respect to its modal structure. This means that if the sea-floor lateral-wave
mode dominates for a vertical magnetic dipole in sea water near the sea floor,

the same is true for a horizontal electric dipole at the same location.
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Extensive numerical calculations by King and Sandler [1977] based
on the exact general theory of Bafios (1966] have shown that transmission
between horizontal electric dipoles in a dissipative half-space near its
boundary with air is predominantly by the so-called lateral waves. This is
true for a dissipative half-space that has the properties of sea water,

lake water, or dry earth over a frequency range from 1 to lO9 Hz. For

radial distances from o = 1 m to 100 km and more, the dominant component

of the electric field at a depth z in the medium due to a transmitting dipole
r at the depth d is the radial one, i.e., Eo . While there are short ranges
where the component E¢ is somewhat greater than Ep , this difference is
never large. On the other hand, there are large ranges including especially
the greater distances where Ec greatly exceeds E$ . It follows that for
practical transmission over large distances Ep is the only satisfactory
component. It has also been shown by direct comparison of the numerical
calculations from the exact integrals with a set of approximate formulas

due to Banos [1966] that these latter are roughly correct at least in order

! of magnitude far beyond the ranges of validity specified by Baflos. Specifically,
the graphs of the electric field as a function of distance at a given frequency
as calculated from Bands' near-, intermediate-, and far-field formulas can be .

extended to points of intersection. The sequential combination of the three

graphs provides a continuous curve of !E ! against distance from the source o

o]

(but with discontinuities in slope at the intersections of the near- and inter-
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mediate-field graphs and of the intermediate- and far-field graphs) that
follows fairly closely the smooth graph computed from the exact integrals.
This general agreement is very significant because it justifies the use of
Bafios' simple formulas to gain an understanding of the physical nature of

the waves propagating from the source to the receiver and of the significance
of the numerous parameters and variables that combine to determine the field

at the point of observation.

42 Bafios' Approximate Formulas and Their Interpretation
The coordinates and parameters used in the representation of the field
in a region consisting of a half-space of sea water (Region 1, z > 0) and a

half-space of the lithosphere (Region 2, z < 0) are shown in Fig. 4.1 . The

wave number in sea water with the time dependence e-ﬁ“t is*
j 2 ! e 1/2
= - = ( = Vit
Ky 3 + iag (w ugey + luuodl) (lwhOJl) (4.1)
The wave number for the lithosphere is
_ ; 2o . 1/2 (4.2)
ky =8, +ia , (@ uge, + iwuys,)

As indicated, the sea water behaves like a good conductor over all useful
frequencies. The same is true for thellithosphere at low frequencies. At
high frequencies the lithosphere may behave like a dielectric so that the
more general formula for the wave number is retained.

Bafios' approximate formulas for the electric field of a horizontal electric
dipole at the location shown in Fig. 4.la are given by (7.10), (7.32) and (7.45)
in his book [Bafios, 1966]. With small changes in the notation and the substi-

tution of ki/iuu for ¢ the formulas for the radial component of the electric

0 L’
field are:
iwuo cond_ i [kzp + kl(d+z) ]
2 3
1 o

Near Field: E =

15 (4.3)

27k

Intermediate Field:

*The form on the right in (4.1) assumes :l/usl >> 1 for sea water.
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oy k2 k i{k,p + k,(d+2)]
iwu, ko cos ¢ ilk,p z
£, b -—gf 1412 /e 2 2 (4.4)
lC 3 k- o) k 2
& 1 i 4
Far Field: wig ilkyp + k,(d+z)]
- s cos ¢ 2 il (4.5)
“1p 2k, c2 j

The formulas for the other components are similar, but since E, 1is the only

1p
generally useful one, it is sufficient to consider it. The ranges in which

each of the three formulas is a good approximation have been specified by

Banos. For sea water they are extensive, but even for this they do not actually
join. Numerical calculations from the exact integrals have shown the three
formulas may be used successively as the radial distance is increased with

the transition from the one to the other occurring where the magnitudes of the
field are equal. At and near these transitions from the one formula to the

other the approximations are quantitatively inadequate but qualitatively

correct.

The lateral-wave nature of the field is evident in all three formulas.
Note that they all have the same exponential term which is read®ly interpretted.
It indicates a traveling wave originating at the source dipole, (p=0, $=0,2z=d),
traveling downward in the sea water to the boundary surface , then traveling
radially outward in the lithosphere a distance ¢ , and finally traveling upward
from the surface to the receiver at the point of observation at P(p,$,z). This
involves travel in the sea water (Region 1) over a total distance z + d and
travel in the lithosphere (Region 2) over the distance o (Fig. 4.l1b). In the sea

the attenuation and phase constants are, respectively, a, and 3 in the litho-

1 e
sphere they are i and 32. If the real and imaginary parts of the exponents

are separated, the common exponential term has the expanded form

=[a,0 + a,(d+2)] i[3,0 + 3, (d+2)]
e 2 1 e b 1 (4.6)
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Clearly there is attenuation in both regions but since the conductivity of the
lithosphere (Region 2) is much smaller than that of the salt water (Region 1)

it follows that a, << a

2 For a given range p an important quantity in deter-

1
mining the amplitude is the total vertical distance z + d. The closer the trans-
mitting and receiving antennas are to the boundary, the larger will be the ampli-

e—al(d+2) = 1 even for large .

tude of the field. However, if al(d+z) < e
values of d + z. This can be accomplished by choosing a low enough frequency so
that 2y is small even though 7 is as large as 4 S/m. Insofar as the exponential
term is concerned, small distances z and d are desirable as well as a frequency
that is not too high. For a specified range the contribution to the attenuation
by the factor e 2° can be reduced only by making 2, smaller. With a given conduc-
tivity of the lithesphere a, can be decreased only by lowering the frequency.

If the exponential term does not dominate,a significant field can be
maintained at great distances. In order to understand its dependence on the
distance and frequency it is necessary to examine the other factors that
determine the amplitude. The radial distance appears in all three formulas
(4.3) - (4.5) but in a different manner in each. In the near-field formula
the amplitude decreases as l/o3 , 4 prohibitively rapid rate of decrease.

In the far-field formula the rate of &ecrease is as l/o2 , a great improvement
over the near field. Finally, in the intermediate range the rate of decrease
with radial distance varies between 1/o and 1/Yo = which is by far the most
favorable. The comparable dimensionless quantities for the three ranges are:

-3 P 2

(kl:) ’ kz/kl: , and l/klkzp in the order near field, intermediate field, and
far field. With a proper choice of frequency for the parameters of the media
involved, the largest magnitude of the radial electric field should be obtained
when o is in the intermediate zone near its boundary with the far zone. This
clearly excludes very low frequencies for which the near-field formula is appli-

cable for the relevant radial range.

A better understanding of the complete picture including the exponential
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and inverse distance dependences can be obtained from Fig. 4.2 which displays
contours of constant iEof (in dB referred to 1 volt per meter) as a function of
the radial distance and the frequency for a horizontal electric dipole at a
depth d = 15 cm in water. The point of observation is at the depth z = 30 cm in
the water. The half-space bounding the water is air filled. In the previous
notation, the water is Region 1, the air is Region 2. In this case a; = 0 and
32 = 271/X, where X, is the wavelength in air. The real effective permittivity of
the water is farl = 80; the real effective conductivity in Siemens per meter is
G 0.004, 0.04, 0.4 and 4 in the diagrams from left to right. The diagram

on the left applies when the antennas are in lake water of high purity, the dia-
gram second from the left is for polluted lake water, the diagram on the extreme
right for sea water, The contours were obtained from numerical computations

of the electric field using the exact integrals.

In the diagram on the left the conductivity is sufficiently low so that

; ; =0 +d
the exponential attenuation, e l<z )

, 1s uot dominant at any frequency with
z+d =45 cm. In terms of the approximate formulas of Bafios, the right-hand
third of the diagram is for low frequencies and the near-field formula with
its l/:3 amplitude factor, the left-hand third is for high frequencies and the
far-field formula with its l/:2 amplitude factor. The transition between them
at intermediate frequencies is for the intermediate-field formula. Note that at
any fixed distance, for example o = 8 km, 'Elc is very much greater at the
high frequencies than at the low ones. Specifically, at the high frequencies
Elc.é -120 dB, in the low-frequency range tElo: 2 -200 dB. 1In the second
diagram from the left the conductivity of the water is ten times greater but
still small enough to make the exponential attenuation unimportant. The contours
of constant electric field are quite similar to those on the left with only a
small decrease in amplitude in the high=-frequencv range, a somewhat larger one

in the low-frequency range. In the third diagram from the left the conductivity

is multiplied by another factor ten and this makes it large enough so that the
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exponential attenuation begins to play a significant role, but only at the

nigher frequencies. The rapid decrease in amplitude at frequencies above lO7 Hz

: ) - +
is due to the exponential factor e o) (2+d)

with z+d = 45 cm. Note, however,
that even with the exponential attenuation significant, the field in the high
frequency range is still much greater at any fixed distance than in the low
frequency range. The optimum frequency is clearly in the vicinity of lO7 Hz
where the contours show a maximum distance for any specified value of fEﬁf.

In the graph on the right for sea water the exponential attenuation has

become the major factor at the higher frequencies. The radial electric

field decreases to extremely small values at all distances when the frequency
is increased to 10s Hz or higher. However, at any fixed distance the field
has a maximum near f = lO7 Hz and this maximum is significantly greater than
the field at the same distance at any of the lower frequencies. Thus, when
z +d =45 cm the field at any radial distance p is greater at a frequency
between 5 x 106 and 5 x 107 than at any frequency below f = 103 Hz.

If the total distance of travel in the sea water is increased from z + 4
= 45cm the maximum field at any fixed radial distance moves toward lower
frequencies. When this reaches about lOS Hz the exponential attenuation will
effectively eliminate the maxima in the high frequencv range and the field
in the low-frequency range will be larger than that anywhere in the high-fre-
quency range. The choice of frequency for lateral wave transmission is seen

to depend critically on the quantity 11(2 + d) and the exponential e_ql(2+d).

When the region of low conductivity is not air with a, = 0 but the lithosphere

i =8 = Eet : : 4 .
with o, = 10 to 10 .the additional exponential attenuation by the factor

- - " j 3 .
e "2” must also be considered. This requires a complete recalculation.

However, the basic properties of wave propagation with horizontal-dipole
excitation near an interface are best understood from the simpler case with

a perfect dielectric like air as the half-space with small conductivity.

Before proceeding to a study of lateral wave propagation along the
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surface of two half-spaces with the properties of sea water and the lithosphere,
it is well to point out that the simple picture illustrated in Fig. 4.1b of
lateral waves traveling vertically downward from the source dipole a distance

d to the boundary surface, along the surface a radial distance o to the point
below the receiver, and then vertically upward a distance 2z to the receiving
dipole, is an idealization that is an excellent approximation with a highly
conducting medium like sea water. With poorer conductors the optimum angle
downward from the source to the surface is the critical angle at which the
incident wave is neither transmitted nor totally reflected but travels along
the surface. With sea water this angle is very close to 900; for media with
lower conductivities and permittivities the angle can be considerably smaller
than 90°. A discussion and determination of this angle is given by Staiman

and Tamir [1966]. For a maximum transmitted signal the dipole should not

be parallel to the interface but perpendicular to the direction of the critical

angle. With sea water the difference between the two orientations is negligible.
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4.3 Lateral-Wave Transmission Along the Lithosphere-Ocean Boundary
Lateral-wave transmission along the boundary between air and water involves

] exponential attenuation only along the two vertical parts of the path, both in

4 -01(2+d)

the salt water. This has the form e where d is the depth of the horizon-

tal dipole in the sea water and z is the depth of the point of observation. When

AL ; : Ll 8 : ik i
the transmission is along the boundary in air it is loss free since et 2P < e1320

with k, = B8, + ia, and 2, = 0. When the half-space of air is replaced by a half-

space of rock with the real effective permittivity & and the real effective

2

conductivity Taos the wave number k, = 3, + iaz is complex so that e

Q20 eiS:p . Thus there is exponential attenuation along the main path of

iko0 e
propagation in the lithosphere in addition to the decrease in amplitude governed
by the complicated functional dependence on the inverse powers of the radial
distance p.

Computations have been made from the exact integrals for lateral-wave
transmission from a horizontal electric dipole with unit moment, Id2 = 1.
The dipole is at the depth d in the sea water and the field is calculated at
the radial distance o at the depth z = d. (Note that in the computations for

! air and sea water, z = 2d = 0.3m) . The material parameters used in the cal-

‘ culations of the electric field are eél = 805O and G 4 Si/m for Region 1,
|
| the sea. For the lithosphere, Region 2, Eaq ™ l6eO and 7., ranges from 4 x 10—8

Si/m to 4 x 10-3 Si/m. Initially z = d = 0.15m . Computations of TEA: (which

Q

is the dominant component in lateral-wave transmission) have been made over
: . o .
radial distances from p= 0.1 to p = 100km at frequencies from 10 to 10° Hz. |

Graphs showing ?ED] as 2 function of the radial distance with the frequency as

the parameter are shown in Fig. 4.3a for o 4 x 10-8 and 4 X 10-7 Si/m and

in Fig. 4.3b for 2oy ™ 4 x 10-6, 4 x 10-5, 4 x 10—6, and 4 x 10.‘3 Si/m. From

these graphs the contours of constant 1E\l

&)

shown in Figs. 4.4a = 4.4c have been

|

constructed. These show {E‘ as a function of both the radial distance and

the frequency in the manner carried out in the comparable Fig. 4.2 for air and

water.
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The set of contours on the left in Fig. 4.4a is for sea water and a litho-

sphere with the low conductivity Do ® 4 x 10"8 Si/m. It resembles the correspon-

ding set of contours on the extreme right in Fig. 4.2 for sea water and air with

the conductivity D 0. In both sets of graphs the exponential attenuation

+
e-al(z 4) dominates the high-frequency quarter on the left, Here the graphs show
a rapidly decreasing radial range for any given value of ‘EAI as the frequency

~

is increased. The rate of decrease for sea water and air is even more rapid than

that for sea water and the lithosphere because (z+d) = 0.45m with the former, 0.3m

“(11 (Z+d)

with the latter. On the other hand, attenuation by e is insignificant in

the low~frequency third of the contours on the right in each diagram. This is

-t A

because at low frequencies ) is very small. For'air, es = 0, e 2p

= 1, and

the contours for fixed values of ZED? are virtually horizontal in the low-frequency
third of the right-hand set of contours in Fig. 4.2. This indicates that the
radial range for a specified field is almost independent of the frequency in the
low-frequency range. For the lithosphere, ap # 0O and e *2° varies significantly

with both the frequency and the radial distance. As a consequence, the contours

for given values of |E | at low frequencies range from horizontal lines when a2
p

<

is small to steeply increasing graphs when T2 is large. The increase in radial
range as the frequency is reduced and the conductivity increased is clearly shown
in the sequence of graphs in Figs. 4.4b and 4.4c.

Perhaps the most significant characteristic of the contours of constant

E_| for sea water and air (on the extreme right in Fig. 4.2) and for sea water

%)

and the lithosphere (Figs. 4.4a - 4.4c) is the relative maximum in the radial

range which occurs in all diagrams at frequencies between f = 1 and 10 MHz so
3

/,

long as 343" 4 107" Si/m. Particularly notworthy is the fact that the rela-

tive maximum value of , for a given EEﬂ' is much greater than the corresponding

| - S
distance for the same value of E‘? at very low frequencies when GeZ € 4 x 10
~

/s

Si/m. This can be seen from Figs. 4.4a and 4.4(b for both R et 10-8
ri 8

/.

and T 107

Si/m. For example, when Ser ™ 4 x 107" Si/m, the value
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iEpi = =175 dB occurs at ¢ = 40 km when the frequency is between lO6 and 107 Hz

but o < 0.3 km for all frequencies from 10 to lO4 Hz. Similarly fEO' = =225 dB

occurs at o near 500 km when the frequency is between 106 and lO7 Hz but at

7

2 km for all frequencies between 10 and 10" Hz. When @5 ® 4 x 107" Si/m the

2
graphs are very similar to those with d.0 ™ 4 x 10-8 Si/m with a reduction to
2 = 100 km in the radial range at the maximum between f = lO6 and lO7 Hz and
virtually no change in the short range at low frequencies. However, when Ta2
is as large as 4 x 10-6 Si/m the maxima in the radial range near f = lO7 Hz are
substantially depressed but the radial distance for the same values of !Eo[ at

very low frequencies remains smaller so long as p < 75 km. Thus, [Eoi = =225

dB occurs at o = 33 km at the maximum with the frequency between 106 and lO7 Hz

and drops to p = 2 km at £ = 10 to lO3 Hz. For radial distances greater than

about 100 km, a given value of !Eo| is found at substantially greater distances

at the very low frequencies than at the relative maximum between f = lO6 and 107

. . s . ; - -Q
Hz. This is a consequence of the radial exponential attenuation factor e 20

which is small enough at frequencies as high as lOb and 107 Hz to depress the
relative maximum more and more as o is increased. This effect is dramatically

shown in the four sets of graphs in Figs. 4.4b and 4.4c in which the conductivity
3

/.

of the lithosphere increases from 4 x 10-6 on the left in Fig. 4.4b to 4 x 10~

w : o . | ; 7
Si/m on the right in Fig. 4.4c. It is seen that !Eﬂ' at the maximum near £ = 10

@

Hz is reduced more and more while }Eﬁf at very low frequencies and sufficiently
great radial distances is increased.

The contour diagrams in Figs. 4.4a,b lead to the following general conclu-
sions regarding lateral-wave transmission along a plane boundary between sea water
and the lithosphere when the source is a horizontal electric dipole in the sea
at the small distance d = 15 cm from the bounding surface and the point of obser-
vation is at the same distance z = d from the surface at a radial distance o

/

a) Lf the ccnductivity of the lithosphere is greater than Ogg = 4 X 107° Si/m,

transmission over distances greater than 50 km experiences the lowest possible
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attenuation at frequencies below 1 kHz, This is true for any values of z = d
>15 cm.

b) If the conductivity of the lithosphere is significantly smaller than 4 x 10_6
Si/m, there is an optimum frequency between 1 and 10 MHz at which the radial
range has a relative maximum that may be substantially greater than the radial
distance for any value of lEpI at other frequencies including the very low.
Furthermore, an effective directional array with significant gain can be con-
structed for both the transmitter and the receiver for use at frequencies in
the 1 to 10 MHz range.

c) The conclusion under b) assumes the transmitting and receiving antennas to
be in the sea water but very near the boundary surface with the lithosphere

(d = z =0.15m). It is to be expected that as the distances d and z from the
antennas to the surface is increased, the exponential attenuation e—ul(z+d)
will become dominant at lower and lower frequencies. This must simultaneusly

depress the relative maximum which occurs between f = 1 and 10 MHz when (z+d) =

30 cm and move it to lower frequencies. In order to investigate this effect

quantitatively,computations were made of fE‘j with z = d = 1.5 m over the same

range of conductivities for the lithosphere as used in Figs. 4.3a and 4.3b.
These results are shown in Figs. 4.5a and 4.5b. From them the contour diagrams
in Figs. 4.ba - 4.6c were constructed. They correspond to the diagrams in

Figs. 4.4a - 4,4c. It is seen that when T S 4 x 1077 Si/m the relative
maxima in the radial range have moved from near f = 107 Hz with z = d = 0.15m
to near f = 105 Hz with z = d = 1,5m and that they are substantially smaller.
For example, with Tgp ™ 4 x 10_8 Si/m the maximum range for ‘E:’ = =225 dB is

o = 10 km with z = d = 1.5m instead of p ~ 500 km with z = d = 0,15m. There is
no corresponding decrease in the range at low frequencies since there the expo-

nential attenuation is small. It follows that unless both the transmitting and

receiving antennas are very close to the ocean-lithosphere boundary, the greatest

radial range is achieved at low frequencies.
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d) There is a potentially useful low-attenuation window in the frequency range
between 0.1 and 10 MHz. It exists only when the conductivity of the lithosphere

1 is sufficiently low, © <4 x 10_'6 Si/m. Furthermore, it is available only

e2
when the transmitting and receiving antennas are very close to the interface
between the ocean and the lithosphere. When (z-+d) = 0.3m the maximum radial
range occurs when the frequency is near lO7 Hz. As the distance from the
boundary is increased the frequency for the maximum range decreases. It is near

f = lO5 Hz when (z+d) = 3 m. The magnitude of the maximum range also decreases

{ as (z+d) is increased.

-
-
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LABORATORY MODELLING AND ELECTRODYNAMIC SIMILITUDE

Introduction

Laboratory modelling has been used to simulate or demonstrate the
behavior of large scale electromagnetic systems by scaling dimensions and
frequencies while keeping the same shape of the model and the system it is
to simulate. For example, a full scale linear antenna of length Le operating
in air at a frequency fe can be simulated by measurements on a similar shaped
antenna of length L = L,/n provided the model is operated at a frequency
fn = n fq in air. For more general lossy media, a knowledge of the prin-
ciples of electrodynamic similitude and limitations is needed for the use
of models and interpretation of data. We examine relations for application

to some propagation problems.

Millington (1248, 1949a,b) discovered the "recovery effect" on the
amplitude of LF and VLF ground waves as they traversed a land-sea boundary.
A simple model was used to demonstrate the effect, wood to represent the
land and copper sheeting to represent the sea. A small microwave source was
moved on a small cart away from the source on wood on;o the metal whence the
signal amplitude increased markedly at the "coast-line," (recovery) and then
attenuated slowly along the copper "sea"., Quasi-empirical relations were
developed in his publications.* Pressey (1956) developed quasi-empirical
relations for the phase shift. The matter was studied theoretically and

experimentally by King and Maley (1966) and King, Maley, and Wait (1967).

*A group of us in February, 1950, witnessed Millington's demcnstration

at Marconi's arranged through the courtesy of the late Sir Robert Watson Watt.
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The model was a tank filled with water to represent land and aluminum sheets
to represent the ocean; data were obtained at 4 GHz. While scaling was not
exact, the measured electric field strength was reasonably well in accord

with prediction,

Model studies of propagation in an idealized crustal waveguide were
made experimentally and theoretically by Brecwn and Gangi (1962, 1963) and
Gangi (1966). We shall discuss their results, arranged to demonstrate
similitude, a bit later, for a uniform slightly lossy guide represented by

saline water.

Iizuka (1967, 1968, 1969) studied the impedance of an antenna and the
field variations of waves propagated in a lithospheric waveguide for a guide
having variable conductivity with depth. A gel of agar-agar with diffusion
of sodium chloride was arranged to provide the desired profile. Similitude
in size, frequency, etc., was accomplished ané results will be discussed a

bit later, also. Others have developed the similitude relations.

Principles of electrodynamic similitude

The principles of electrodynamic similitude were developed by Stratton
(1941) and more completely delineated by Sinclair (1948)., Brown and Gangi
(1962, 1963) and Gangi (1966) gave the resulting equations, based on
Stratton (1941) relating the scaling of frequency, sizes, and electrical
parameters of the model system in terms of those quantities of the original
system, Keller and Fritschkneckt (1966) gave a brief discussion for
scaling media of large loss tangent. Iizuka (1968) developed the relations

while employing generalized orthogonal coordinates for the identities of




- 5.3 -

Maxwell's equations in the original and model systems. Fritschkneckt (1971),
basing his work in part on that of Sinclair (1948), used rectangular coordin-

ates as did Sinclair (1948).

Since we are dealing with systems immersed in the earth, such as the

lithosphere, we use the subscript "e" on related quantities; the subscript

"m" will denote those quantities for the model.

The original and model media are characterized as isotropic, homogeneous,
or inhomogeneous, with electrical constants of permittivity € = €5 €, (where
€, 1s approximately 10'9/36w F/m and €, is the relative dielectric constant, |
a permability u (which we will ultimately assume to be that of free space
ug = 41 x 107 H/m) and a conductivity ¢ in Si/m., The unit of length is r.
In order that Maxwell's equations remain invariant from the original to mode<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>