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SURVEY OF WORKS CONNECTED WITH UNDERGRCUND RADICWAVE PROPAGATION.

G~ I. Makarov, V. A. Pavlov.

Fage 135.

There are several reasons, which caused interest in
investigations in the region of radiowvave fpropagation in the earth's
crust. for the first time such investigations they became to be
occupied in connection with the needs of exploration geophysics.
Subsequently to problem about the propagaticn of electromagnetic
energy in the earth's crust was dravwn the attention in connection
with the solution of certain problems cf electrcdynamics and the
technicians of the detection of electrical signals in the
earth/ground. FPinally, one of the last/latter sotives is the need for
the selection of the routes of radio communication, reliably shielded
from jnterferences (propagation of the electromagnetic energy through

the deep weakly conductive layers, covered with the high-conductivity

rock/species).

'the present article is the survey part of V. A. Pavlov's

dissertation work, made under G. I. makarov's management/manual. By

i ki
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the authors is made survey/coverage of the fundamental factors, which
affect radio communication with the aid of the submerged into the
earth/ground antennas: geological structure, type and the locations
cf the transmitting and receptors, the curvatures of the earth's
surface, dependence of the electrical parameters of rocks on
frequency, temperature and pressure, the radio jammings, etc. In the
article are examined also the fundamental theoretical and

experimental work on radiowave propagation in thicker than the Earth.

Given belovw information are borrowed from the litetatute
sources, main from which they are [ 150, 146, 141, 138, 139, 142, 121,
21' ’“. 96' 59' 60. 9-,2' ’10. 152}.

=

§1. Structure of earth as a whole.

For the soluticn to the gquestigns, placed in given work, primary
meaning has the information about the electrical properties of earth
as a whole, and auxiliary - data on the mechanical, thermal and other
parameters of rock/species. Examination let us begin from
survey/coverage of the representations of the division of earth into

zZones.
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Page 136.

Data on the mechanical structure of earth, as a rule, were

obtained with the aid of seismic and gravimetric measurements [ 38,

40, 146, 14, 21]). The fundamental parts of terrestial globe they
consider three of geospheres: crust, mantles (shell) and nucleus. The
depth of the occurrence of the boundaries of the enumerated zones
depends on the location of observaticn point on the earth’s surface
and from as are determined the very concepts of "crust", "mantle",
"nucleus". The most universally recognized diagrams of the
subdivision of earth to geospheres are the models of Bullen [14] and

of Gutenberg [21).

As lover boundary terrestrial crust usually accepts the Mcho

surface 1.

FOOTNOTE !. Some authors determine in another way concept "lower

boundary of crust®, see, for example, [78 ). ENDFOOTNOTE.

Cy it proceeds a velocity jump of the longitudinal seismic vaves

P
from 6.7 to 8 km/s. Will lie this surface on the average at depth

33-35 kma [ 20, 13, 31]). On continents it, as a rule, is arranged
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deeper (to 60-70 km), and near the oceans it lie/rests at several 3

kilometers under the bottom. There are at present several hypotheses
about the nature of the formation of Moho surface [93, 107, 117, 90, ]
41, 19, S1, 52, 57]. two opposite points of view are expressed in

vorks [90, 107] and [93, 117]).

ks otlicise e i

Under Moho surface stretches the mantle (shell of earth). As its

lower boundary is accepted the sphere of a radius 3473 km, on which
proceeds the second sharp velocity discontinuity v, the lomgitudinal
seismjc waves from 13.6 to 8.1-10.4 km/s [ 14]). Within this sphere is

arranged the nucleus of earth. Crust, the mantle and the nucleus in

themselves are heterogenecus; therefore them they subdivide into

smaller geospheres.
They distinguish of twao fundamental types of the earth's crust:

continental and oceanic 2.

FCOTNOTE 2. There is a more detailed subdivisicn of crust to subtypes

[31, 34, 35, 43). ENDFOGTNOTE.

Continental crust [62] is composed of the scil deposit of the most
Vo<45
diverse composition, sedimentary rocks (their demnsity 2.6 g/cl*.!
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km/s), of granite array (density 2.7 gs/cm3?) and of "basaltic" layer
(density 2.9 g/ca?®, V,=63—7 ka/s). Lasts/latter name conditionally
[62, 41]. Due to a deep occurrence the composition of this layer is
not accurately known. It can be judged only from indirect data. In
any case the velocity of the longitudinal waves in this layer
sufficiently considerably differs from the velocity in strictly
basalt (for whichV»=50—60kass), and this indicates that it, besides
basalts, includes other rock/species. During tramsition from
continental crust to oceanic disappears soil deposit and decreases
the thickness of granite layer. Oceanic crust ccnsists of
precipitation and "basaltic" arrays. The bcundary between granites

and "basalts" is called Conrad's surface.

Eage 137.

The reasons for the sharp difference in the structure of oceanic and

continental crust insufficiently are well studied [by 41, 13].

In turn, the mantle (shell of earth) according to seismometric

properties is divided by three zones [21, 62, 14]:
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 (N3onu V. Kufcen(2) () Naomnocrs, z/esd &)
SR 3,64 — 4,07
A 01t e an
D...» » 11,4 — 13,6 5,69 — 5,57*

Key: (1)« Zones. (2). km/s. (3). Density. (4). g/cm3.

FOOTNOTE. 8t depth 2900 km. ENDFOOTNOTE.

The nucleus of earth also is divided by three zones:

) 3onu V. kxjce(®y (NNaornocts, .z/c.n’H)
Beoin o B1—104 11,5 — 12,0
| AN 104 — 95 15
e 's o %n 112113 173179

Key: (1). Zones. (2). km/s. (3). Density. (4). g/cm3.
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The nature of the mechanical foliation of earth insufficiently
is well studied [by 31, 34, 41, 52, 57). Is explained this by great
difficuities in obtaining the experimental data, since many of them i
they are indirect, and thecefore the interpretation of such data

often leads to many-valued answer/respcnse.

Watt and others [ 146 ] on the basis of the generalization of

results [21, 38, 83, 89, 115] constructed averaged curves of the

dependences of temperature and pressure on depth. For the first eiqﬁ
of kilometers they are based on direct measurements in Wales, uhilef
for large depths - on the extrapclation of the results of the
measurements, obtained near from surface. These curve/graphs are
given in Fig. 1A and b. On the first eight kilcmeters of depth the
is a considerable scatter of values of the gradient of telperature.i
The average temperature gradient in sedimentary rocks is

approximately 30°C/cm, and saximally observed - approximately

70°C/cn.

Let us now move on to the examination of the structure of ear

from the viewpoint of its electrical prcperties.
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The contemporary magnetotelluric and geomagnetic investigations,
given of the laboratory analyses of the samples of rocks, and also
the information about radiowave propagation through the thickness of
terrestrial rocks show [110, 121, 141, 146, 15C0] that according to
electrical properties the Earth as a vwhole has laminar structure. The
earth?s crust on the dependence of the electrical parameters on depth
roughly can be subdivided into three classes: 1) continental crust;
Z) oceanic, 3) transient from the continental tc oceanic. The deeper
layers of earth (lowver part of the mantle and nucleus), apparently,

have similar on entire terrestial globe electrical structure.

Page 138.

Let us pause at the first two classes of the earth's crust. Both
have a minimum of electrical conductivity, but they differ in terms
cf its numerical value and the depth of occurrerce [121, 146, 152].
The weakly conductive layer will lie on the depth of several
kilometers under the ocean floor. much more deegly it is arranged
under continents (dozen kilometers) and still deeper - in mountain
areas. About 50/0 of space of the earth's crust compose [152]
sedimentary rocks (sandstone, limestone, schists). They possess in
essence [30, 53, 146] high (1073-10-t 1/ohmem) electrical
conductivity they will lie on depth several kilcmeters under

continents. Near the oceans the upper precipitation layer has

S e
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thickness in hundreds of meters and its electrical conductivity it

reaches uaity (1/ohmem) [121, 150].
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Fig. 1. the averaged graph/diagrams of the dependence of temperature
t and of pressure P within earth on submersion depth from 0 to 70 knm
(a) and from 0 to 6370 (b). 1 - upper boundary of change t with

depth; 2 - the average slope of the graphs/diagram of dependence of t

on depth; 3 - lover boundary of change t with depth; 4 - direct

cbservations (Wales); 5 - Mohorovicic's boundary; 6 - pressure; 7 -

temperature; 8 - the boundary of nucleus; 9 - the center of earth. g

Key: (1). kg/cm2. (2). Depth, kn.

Fage 139.

950/0 of space of the earth's crust occupy volcanic rock (granites,
basalts, labradorites, granodiorite, rbhyolite, gabbro). Typical for
them is low (107®-10-~tt 1/0hmenm) electrical conductivity. thickness
of the layer, formed by vclcanic rock on continents, reaches to 50
km, and near the oceans ~ to 10 km [152). It is interesting to note
that the miniaum of electrical conductivity usually falls on the
layer, named higher "basaltic”". Cumtinental "basaltic" layer was
formed during other conditions, than oceanic. It is located in the
region of large pressures and temperatures and because of this has
high electrical conductivity. On the basis laboratory findings (see

§2) of volcamic rock it is possible to assume that electrical
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conductivity in this layer is tentatively equal to 10°5-10-7 1/chmen,
i.e., approximately by four orders is higher tham in oceanic |

"bhbasalt". {

esos it e

Electrical conductivity of rocks depends [110] on comcentration
and mobility of charge carriers. Depending on conditioms

(temperature, pressure, the character of hetercgeneities) charge

i

carriers can be the electrons, ions in ore, ions in solutions, or the

combination of these carriers [146 ). At depths cf up to the hundreds

o

of meters electrical conductivity of rock/species is determined 3

mainly by ions in the solutions, filling the pcre. During insertion

the pressure and the teaperature increase. A pressure increase causes

a reduction of the space of pores, but temperature rise increases the

e

dissociation of salts and ion concentration in solutions and to a
lesser degree - ion mobility. At depths about kilometer on continents
the effect of natural water on electrical conductivity strongly
decreases and by only charge carriers they stop the electrons and the .
ions of solid. It proves to be (see §2) that the effect of pressure

cn electrical conductivity becomes negligikle in comparison with E

temperature. i

In the lower part of the earth's crust becraze of an increase in

the temperature (see §2) occurs an increase in electrical |

conductivity [146], and on the boundary of lower mantle with nucleus
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it reaches (according tc data on slow variations in the magnetic

field of earth) value of 102-103 1/ohmem [ 135]. Apparently, nucleus
itself consists of metallic substance, which is located at
tesperature of 4¢103%K and pressure 1.350106-4¢10% kg/cm2 [38].

Electrical conductivity of nucleus by order of value must coincide {

with electrical conductivity of metals under these conditions.

Unlike electrical conductivity, vwhich is changed in depth on 3

several orders, dielectric constant changes approximately by an order

(from dozens unity CGSE on surface to unity CGSE in the depths of

volcamic rock) [17, 110, 129, 130, 150).

.

e

‘ Fage 140.

However, this clear the strongly moistened, porcus rocks. In them 1

dielectric constant reaches 103-10¢ unity CGSE at lowv frequencies
[104, 129, 130], it increasing with an increase in the humidity and

decreases with an increase in the fregquency.

En recent years are made the atteapts at the ultradeep drilling
cf the earth's crust, also, on continents, and near ocean [U44]. Are
realized two grandiose projects ("Mohole"™ and the "upper mantle®),
the directed toward comprehensive study deeg layers of crust aand

upper part of the mantle of earth. The realization of these projects
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the electrical parameters of different rock/species over a wide range

cf pressures and temperatures [17, 30, 4%, 48, 75, 53, 146, 110].

the measurements showed [ 17, 49] that of all investigated by the

authors specimen/samples electrical conductivity and dielectric
constant increased with a pressure increase (Fig. 2 and 3) . But all
the same there are [48] and such rock/species (augitic porphyrite,
serpentinous dunite, pyroxenite), which have the anomalous dependence
cf electrical conductivity on pressure. Dielectric constant under the
effect of pressure to 5103 kg /cm2 (which ccrresgonds to depth 20 km)
increases only several times [17]). A further increase in the pressure
virtually does not change dielectric ccrestant. For pure/clean
minerals and dense dry rock/species the electrical conductivity is

subordinated [53] to the law

oy, ot - (1)

vhere E - energy of activation, k - the constant of Boltzmann, T -

temperature, %K.

T g T 1 Y O 4, 2 R VI TN . |y, T NN

e e
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will give the more detailed and more reliable information about the

internal structure of earth.

§2. Laboratory investigations of the dependence of the electrical

paranmeters of rocks on temperature and gressure.

The existing at present methods of the measurement of the
electrical parameters of rock/species under field conditions do not
make it possible to measure the electrical conductivity of the deep

veakly conductive layers. Measurements inm this region are

e s

hinder/hampered by the shielding effect of surface rocks. The

interpretation of the results of measurement stcps not by always

single-valued as a result of the complexity of geological structure
crust and the mantle of earth. To aid come the methods, which make it
. possible to construct the variation of the electrical parameters on

depth. They are based on the laboratory investigations of

Sl G

specimen/samples with the enlistment of some supplementary

information: the course of temperature and pressure with depth (see

,?f Fig. 1A and b) and the character of the distribution of rock/species

according to depth (it can be judged, for example, from data of

drilling and the results cf gravimetric and seismic observations). In

the Soviet Union and abroad were carried out the investigations of
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Fressure P) to dielectric ccastant (with atmospheric pressure) on
Fressure, according to data [17]. 1 - limestone; 2 - granite; 3 -

basalt; 4 -~ diabase.
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With an increase in the temperature of humid porous rock of
complex mineral composition occur the changes im its phases, which
can influence electrical conductivity cf rock/sgecies. Therefore %
experimental dependence ¢ (T) can differ from law (1). Pigure 4 qivci
the experimental dependence of electrical conductivity of basalt on %
temperature, constructed on the basis cf data [48]. Since |
specimen/sanples were dry and dense, curve/graphs were subordinated
to equation (1). Under the simultaneous influence of pressure and
temperature [17] on diabases, basalts, peridotites and sandstones j

their electrical conductivity depended c¢n pressure much weaker thanm |

cn temperature. This conclusion was confirmed and by subsequent 1
experiments [48])], during which the pressure rose to 4e¢10* kg/cs?

(vhich corresponds to depth 150 km), as a result of which occurred

TRy

change in the electrical conductivity in all tc 700/0. An increase

i the temperature only to 8009C (depth 34 km) produces an increase in
the electrical conductivity by 5-6 orders< In wcrk [105] is 1

| investigated the electrical conductivity of peridotite at pressures

to 10* kg/cm2 and temperatures to 1200°C. It grcw/rose with an

increase in the temperature and decreased under the effect of ;

e e iae-
SGREE

pressure on 2.3-3.70/0 on each of 103 kg/cm2. 4

- ‘4‘/ PRSP
&

Work [1] gives given data cn research on electrical conductivit

i of single crystals NaCl during shock compression in the range of

pressures from 5¢10¢ to 8¢10% kg/cm2. In the upper pressure range t
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temperature of these single crystals T rose to 61509k (i.e. it |
exceeded the temperature in the center of the nucleus of earth), and
electrical conductivity ¢ it reached value 3.3¢10-2 1/ohmem. It is
interesting that the graph/diagram of dependence 19 ¢ (1/T) in
high-temperature range had the comstant slcpe/inclination,
corresponding to energy of activation 1.2 eV. This means that a

i fundamental effect on electrical conductivity has the temperature,

vhereupon it as under standard conditicps, intrcduce ionic character.

The weak (in comparison with temperature) effect of pressure on

S GadL ¢ o i

electrical conductivity note other authers [110, 123].

% Utilizing a known variation of temperature with depth (see Fig.

1A, b, some authors [110, 121, 146, 150] they ccnstructed the

dependence of electrical conductivity as functicn of the depth of

immersion. In Fig. 5 we have constructed the dependence ¢ on

I T Y

submersion depth according to data of these authors. For the upper
? layers of crust the constructicn wvas made on the basis of the results
cf field investigations with the enlistment of these laboratory

é neasurements of the parameters of sedimentary rocks during an

increase in temperature and pressure. In Fig. 5 branches AB and AyB,

are the tentative upper and lower boundaries of electrical

ﬁ conductivity of sedimentary rocks on coptinents.

b Fage 143,
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The branch B,C,D, characterizes lower boundary cf electrical
conductivity near oceans [ 121, 150 ]. For the lower layers of crust
the dependence of electrical conductivity on pressure can be
disregarded and alloved the only effect of temperature. So were
constructed [ 146] branches BE and DyE,. Electrical conductivity of
the upper mantle (branch EF and E,F,) was fcund [by 146 ] according to}
data of geomagnetic sounding. It proves to ke that the graph/diagrams .
cf the dependence of electrical conductivity on the depth, obtained
by the authors [110, 150]), are arrange/located Letween branches ABEF
and A;B;C,DE;F,. The curves IM/ and My N characterize upper and lower

boundaries of electrical conductivity of sea water.

According to data [17, 30, 59, 60, 104, 110, 129, 146, 150, 152}
in Fig. 6 are constructed the exemplarys/approximate upper and lower
boundary of the measurement of dielectric constant with depth
(branches ABC and A B;C,). The constructions vere made on the basis
cf the labcratory measurements of dielectric ccnstant at the

different values of temperature, pressure and field frequency. Branch{’

BC is based on the temperature dependemnce cf volcanic rock at

frequency 1 kHz, into branch B,C, - on analcgous dependence at

fregquency 100 kHz.
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Fage 1u44.

With depths less than 100 m is probably feasible the larger scatter
of the values of dielectric constant as a result of the considerable
diversity of the being encountered rock/species, different porosity,

humidity, and also due to the presence of dispersion.

In conclusion must be noted that the representation of the

electrical properties of the earth is based on the limited

observations. They not alwvays sake it possible sufficiently to

Mt b b a1 oy

Mian aa ot de o
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accurately and unambiguously determine the electrical parameters of
rock/species. Therefore the results of the subsequent investigations,

apparently, can influence these represeptations.

§3. Dependence of the electrical parameters of rock/species on

frequency.

ane of the essential prcblems, connected with underground

radiowave propagation, is the investigation of the character of the
dependence of the electrical parameters of rock/species on frequency.
During the solution of this problem vwe encounter with great
theoretical and experimental difficulties. During laboratory
measurements, for example, is necessary the acccunt of transient
capacitance/capacities, effects of polarization, contacts metal -
specimen/sample, the finite dimensions ¢f specimen/samples and change
in their structure in comparison with that, which they had in natural
conditions, etc. During measurements under trifling conditions it is
necessary to consider discontinuity in depth and in horizontal
direction (heterogeneity has a different effect on electrical and
magnetic fields [73)). Obtaining these infcrmation by itself
represents sufficiently difficult procblem. All this led to the fact

that at present there is no unified opipion about the dispersion of
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the electrical parameters of rock/species. Detailed survey/coverage
of the work, dedicated to investigatiomns in this region, is conducted
by A. G. Tarkhov [ 59, 60]. Author himself notes that his conclusions
did not obtain universal acclaim. In his opiniomn, contemporary
geophysical investigations make it pcssible tc consider that up to
frequencies, equal at least 3-10 MHz, the electrical parameters of
homogeneous rocks can be considered not depending on field frequency.
But position is changed, when it is necessary tc examine complex
rocks (for example, the ore phenocrysts), in which along with
conduction currents are bias currents. The role of the latter
increases with an increase in the field frequency. It is necessary to
note that the greatest disagreements ccncern the dispersion of the
electrical parameters of surface, moistened and porous rocks

[155-157].

In vork [27] are investigated the specimen/samples, extracted
from depth 2 m, in the range of frequencies frcm 0 to 200 kHz. For
measurements was applied electrothermal method. This made it possible
to get rid of bias currents and to observe the effect of conduction
currents. At higher frequency the electrical conductivity of sand

increased 1.8 times, and clay - 1.2 times. For the checking of

results were carried out the measurements by other methods.

Page 145,

r—— -
s, .
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Is examined [by 129 ] the effect of different humidity on the
dispersion of the electrical parameters of the specimen/samples of
surface rock/species. It turned out that at frequency 1.2 kHz
electrical conductivity of specimen/samples with the natural mcisture
content 150/0 10 times is more electrical conductivity of dried |
specimen/samples. The authcr changed frequency in range from 100 kHz :
to 10 MHz. With humidity 3.60/0 electrical conductivity during an
increase in the frequency grow/rose 15 times. Was measured also [29]

the dependence of the dielectric constant of humid and dry

T IR ey e

rock/species on field frequency in the range 100 kHz - 20 MHz. In

Ll it

crder to eliminate the effect of direct contact the metal,
rock/species,, was made air gap between the plates of capacitor and }
the specimen/sample. For a gap capacitance is derived the formula,

vhich makes it possible to consider its effect. Dielectric constant

at higher frequency vas 3-14 times less than its value at lower ]

[ frequency. Dispersion to larger degree depended on the humidity of :

specimen/samples, than on the character of rock/species themselves 4

SRR

(so, with an increase in the humidity dispersion it grow/rose). i

pveT o

t In the wide interval of frequencies (50 Hz - 30 MHz) is measured :

[by 104] the dispersion of the dielectric constant of the large 1

Fy number of rock/species (both precipitation and volcanic). In the
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range 10 - 30 MHz it decreased less than 2 times. in the range fronm
S0 Hz to 10 kHz with humidity 120/0 dielectric constant at lower
frequencies reached 410¢ CGSE, and a decrease in the humidity to
20/0 caused a decrease in the dielectric constant to 40 CGSE. R. L.
saith-fose [129] at field frequency 500 Hz cbtained the value cof

dielectric constant, equal to 10* CGSE.

On the department of radiophysics of 1.G.U. were carried out the
studies of the dispersion of the electrical parameters of surface
rocks of different humidity and structure during a change in the
field frequency from 400 kHz to 30 MHz. Considerable attention was
allotted to research on the effect of the mobility of the aquecus
solutions of salts in the pores of rock/species on dielectric
constant in lower frequency band. For example, specimen/sample made
of clay lumpy rock/species at field fregquency 400 kHz had dielectric
constant 220 CGSE and electrical conductivity cf order 3e10-7

1/chmenm.

The dispersion of the electrical parameters of volcanic rock was
studied [by 110] in the range cf frequencies from 100 Hz to 500 kHz
with temperatures from 200 to 1050°C (Fig. 7 and 8) . These
temperatures correspond to depths from £ to 50 km. At depths more
than 40 km the electrical parameters of rock/sgecies in practice do

not depend on field frequency. At depths on the order of 5 ka of a

e
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change in the frequency from 200 Hz to 40 kHz it produced an increase
in the electrical conductivity 40-50 times. The dependence of
dielectric constant on frequency for volcanic rock was expressed much

veaker.

On the basis of the comsiderations, given in this and the
preceding/previous fparagraphs, it is possible te¢ drawv the conclusicn
that during the investigation of radiowave propagation through the
"basaltic" waveguide it is possible to disregard the dispersion of
the electrical parameters in comparison with effect by such factors
as, for example, the hetercgeneity of crust in depth. To the
propagation of the radio-will through sedisentary rocks (especially
through rock/species with the increased husidity) the dispersicn can

have a noticeable effect.
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Pig. 7. Dependence of the electrical resistamce of granodiorite on

fregquency at various temperatures (into 9C).

Key: (1). Granodiorite. (2). Electrical resistance, Qem. (3).

Pfrequency, Hz.
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Fig. 8. Dependence of the dielectric coastaamt c¢f gramodiorite on

frequency at differeat tesperatures (into °C). te=110—: yalue *

vith the tendency of frequency toward =; i. does not depend on

temperature.

Key: (1). Gramodiorite. (2). Frequency, Hz.
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Page 147.

§4. Theoretical studies of underground radiowave propagation.

Investigations in this region depending on the model of earth in

question it is possible to break intc two grougs.

1. Solution of the problem of undergrcund source under the

assumption of the flat/plane uniform mcdel c¢f earth. This problenm
actually is the small modification of Sommerfield's classical problenm
[26]), [131). A difference of it from the latter is in the fact that
the source is arranged in medium with lcsses, cptically denser, than
external half-space (air). In this case appear some specific
mathematical difficulties, absent in Scmmerfield's classical problen.
The most complete analysis of this problem is given in wvorks [9-12,

66, 138, 139].

It is necessary to note that the flat/plane uniform model of
earth is the sufficiently rough idealization of actual conditions. It

is justified when the hetercgeneity of the electrical properties of

earth does not introduce large changes into the character of
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radiovave propagation. This is possible, apparently, during the
shallovw insertion of the antennas, when the mechanism of propagation
in essence is determined by the so-called "lateral"™ vaves. The
precise limits of the applicability of flat/plane uniform model can

ke obtained, if we achieve the comnsiderably more difficult purpose of

radiovave propagation in the heterogenecus Earth.

2. Investigation of prcblem under the assumption of the
heterogeneous model of earth. The solution cf this problem is

connected with great mathematical difficulties; therefore it is

necessary to examine the concrete/specificsactual appreximations of

the electrical properties of earth. The advantage of this approach is

the possibility of the account of the effect of the weakly conductive

"basaldtic" layer on the mechanism of radiowave propagation. It proves

to be that under some conditions the "basaltic" layer can play the

role of wvaveguide for channeling of electromagnetic energy.

There are several survey/coverages [55, 100, 134, 142, 154],

vhich concern the different sides of the prcbler of underground
radiovave propagation. Their presence makes it fpossible to stop at

the examination only of most essential investigations. Let us examine

first the works, which relate to the first group of experiments.

L. M. Brekhovskikh [9-12] solved the problem of radiowave
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propagation from the vertical electric dipcle, placed iato

homogeneous medium with losses (earth/ground).

Fage 148.

To them is used the been at present classical method of the
resolution of spherical waves for the superposition of heterogeneous
(having composite direction cosines) plane waves. The effect of the
interface of mediums manifests itself the appearance of the secondary
field in the earth/ground, expression for which is constructed in the
form cf contour integral. Specific for a prcblem of underground
source is that the initial integral for the seccndary field can be
broken into integral in terms of the duct of crcssing and integral in
terms of the shores of cut/section. In the apprcach/approximation of
geometric optics each integral it is possible tc ascribe clear
rhysical sense. Computation of the first integral gives the wave,
reflected frcm boundary. L. M. Brekhovskikh examined only the case of

a sufficient distance of the pole of integrand cf saddle point, which

corresponds to large numerical distances on the earth/ground 1.

FCCTNOTE !. numerical distance on the earth/grcund is named

dimensionless gquantity ik,r/2 [ (ko/ky) 2 + 1], while by numerical

distaace by air ~ value ikgr/2 [ (ky/kg) 2 ¢ 1], where ko is wave

TV WSy Wy
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number in air; k; - wave number in the earth/grcund; r is a distance

tetwveen correspondents. ENDFOOTNOTE. :

feflecting concept turns out to be that which is used only during the
removal of transmitter and receiver frcm interface. Integral in terms
of the shores of cut/section gives the so-called side wave. It makes
sense of wave, leaving from source to the interface of mediums at an
angle of total internal reflection. This waves is refracted on
boundary, lands in air, further it is propagated along interface and
then returns to the earth/ground. A deficiencys/lack [9-12] is the ;

fact that the expression for a side wave, cbtaipmed L. M.

Brekhcvskikh, is applicable cnly at large numerical distances by air.

This is the consequence of the fact that was nct taken into account

close location of one of the poles and the branch point.

"ote common/general/total result is obtained by Ye. L. Feynberg

[66). It found expression for a side wave with the use of a concept
cf the function of weakening (which is equivalent to the
application/use of the modified steepest descent method [68) taking
into account the close location of pole and saddle point). The
expressions for a side wave at large nuserical distances from air,

obtained L. M. Brekhovskikh and Ye. L. Feynberg, coincide. In this

region the field decreases inversely proportional to the square of
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the distance between the ccrrespondents. At small distances it

decreases inversely proportional to the first degree of distance.
Typical for an underground radiowave propagatios is that horizontal

the coaponeat of electric field approximately ’ VG:I times is mcre
vertical (¢.,— is a relative composite dielectric constant). 1

Page 149.

It is interesting to note that in communication/connection with the 3

aid of buried antennas on side wave there is a cptimum (in the sense

cf producing the maximum field at the pcint of method) freguency.
Generally speaking, it depends on the total insertion of antennas,
the electrical properties of earth and distance between antennas, but
if numerical distances by air either are very ssall or very great on
comparison with unity, then the optimum fregquency it does not depend
cn the distance between the correspondents. The results of

investigations [9-12] and [66] are used when |kri>].

The horizontal electrical antennas are the more effective
underground sources of radio waves, thanpn vertical. The radial
compoment of electric field, created by horizontal antenna, |}/ cose|

times is more than the same component, created Ly vertical wire

antenna under the condition of the equality of their dipole moments 1

(# is an azimuth angle).
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of space. The dependence of electrical conmductivity o on depth z for

it has the fora 3
;
with —o<z<{—h- (air)
'0 with —h<z<0 . (screen), (J—)
9, =const
o(2)={ ¢
_ 260K me’ =
: oo with 0<z< 2, {waveguide)
1
with 222, . {foundation of waveguide),

3 where Ko and p are selected from the condition cf the coincidence of

the approximating and experimental dependence ¢ (z). Dielectric
constant is taken different, but by constant in each layer. This

1 approximation of the properties of medium makes it possible to

express the solution of the problem by cylindrical functions.

Eage 150.

As the Wait source it examined the vertical electric dipole, placed

into vwaveguide. A vital difference of the work cf Wait from [9-12,

66, 139) is that contour integral for a potential it calculates
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FOOTNOTE !. This is correct in that region, where the field of
straight line and reflected vaves is negligibly weak in comparison

with the field of side wave. ENDFOOTNOTE.

Radio-wave emissions from underground electrical horizontal
antenna in the case of the flat/plame uniform mcdel of earth it is :
investigated by ﬁ?ca. Ueyt [139] and by Ye. A. Feynberg [66]. ¥e .
found expression for the component of field at |kr|>»! and any

pumerical distances by air.

Let us pass to the examination of the works, which relate to the

second section. The geological structure of earth is such (see §1),

that the insertion of the transmitting and receiving antennas to
considerable depths leads to the possibility of the onset of the new
mechanism of radiowvave propagation. The weakly conductive "basaltic®
layer begins to play the role of waveguide. In the earth's crust the
electrical parameters of rock/species are the ccmplex functions of
depth. are possible the different approximations of these parameters.
-'R. Ueyt, examining the possibility of waveguide radiowave

propagation to crust, accepts [141] the flat/plane four-layer model
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according to deductions in the poles of imtegrand. This corresfponds
to field expansion in terms of modes (waveguide mechanism of the
Fropagation of waves). The application/use of this method most is
effective in remote zone frcm emitter. The fundamental difficulty is

comprised in the soluticn to characteristic equation for the

determination of poles. Wait solves by its methcd successive

approximation. For this initially it makes the following assumptions:

1) the shielding layer is considered high~conductivity that it
makes it possible to use approximations for the coefficients of

reflection of separate mcdes from screen;

2) are assumed that the thickness of screen h wuch more the
depth of the layer of skin effect (neglect of the mechanism of the

side waves, which emerge intc air);

3) are considered that surface z = 0. perfect dielectric; this

assumption strongly simplifies the solution tc characteristic

€equation.

As a result to analytically find zero apprcximation of solution,
and then it is possible to find correction term. The attenuation of
waves is characterized by exponential factor, whereupon index in

exponent turns out to be that which was broken for the sum of three
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terms, each of which it is possible to ascribe the physical sense.
So, first term (4,) describes the attenuation of modes because of the |

outflow of energy down (z > 0), whereupon with an increase of the

number of mode this attenuation increases. Second term (B)

characterizes attenuation because of the final conductivity of :

screen, and the third (D) - because of losses in the medium of

it i e

:

i
vaveguide. The latter of twc terms do nct depend on the number cof %
modes. By Wait were obtained numerical results for the first two 1
podes and was examined the case, when Kg = 9. £ ~ 1 ka—t, z5 = 40 kam,
A = 45 km (wavelength in air): 1) with ¢=10"? ’/M;n and 5,:=10"* tf chm ?

it turned out that Ay = 2.8, A, = 26, B = 2.8, D = 5.4 db/ 1000

km; 2) with  gg=I //&,{,ﬂ and 0= 10" //,,‘,,‘ it turned out that A,
= 2.8, A, = 28, B = 0.28, D = 5.4 db/1000 km. Are constructed the

graph/diagrams of dependence A; and A, on f at the different values

of ratio zy/\, (vhere M\ =)/V'K,, see Fig. 9a and b. A

deficiency/lack in the model of Wait [141] is the sufficiently rough

;
:
|
E approximation of the electrical properties of earth (conduct of sharp
: interfaces according to electrical properties sithin crust). By it is
:

examined the only flat/plane model of earth, which limits the region

of the applicability of the obtained results. .

Page 151,

By the authors of present article is investigated the more




TR T

i oo s

R et

—

DOC = 77124302 PAGE 3@

general approximation of the electrical properties of earth.
Dependence of electrical conductivity and electrical properties of
earth. The dependence of electrical conductivity and dielectric
constant on depth is taken in the form c¢f function of the type of
Fotential well. This it makes it possible tc describe sufficiently
vell the electrical properties of earth up to nucleus. As emitter is
examined hcrizontal electric dipcle, and as the model of earth is
accepted sphere. The soluticn of problem succeeds in expressing by
Whittaker functions [18, 23, 33, 64, 88, 128]. The obtained results
will be published in one of the nearest issues cf the present

collector.

In conclusion it is necessary to note that the analysis of
antenna systems in the earth/ground (as generally in mediums with
high electrical conductivity) differs significantly from their
analysis in air. occurs this due to the dissipation of
electromagnetic energy in near from emitter zone. useful information

on this question can be found in works [91, 120, 133, 134, 143, 147,
151].

§5. Experimental study of underground radiowave propagation.

Interference effect.

bl g o R i i
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The publications, dedicated to this questicn, it is very small.
Hansen [100] in regard to this vrites that the majority of results

"is buried” in the reports of the instituticns, which conducted

similar research.
a
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Fig. 9. Dependence of the coefficients of weakening A, (a) and A, (b)

on the parameter f at the different values of ratio Zg/Aoe

Key: (1). db/1000 ka.
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Fage 152.

Part [79, 113] has descriptive character, in the article [ 96) it is
given very few the experimental data, ard investigations [ 85, 102,

127] concern radiowave propagation in strongly-conducting mediums.

R. N. Ghose [96] experimentally investigated radiowave
propagation from the hcrizontal antenna, placed into shaft/mine at
depth 90 m. The receiver was driven out on 11 ks and was
2rrange/located on the surface of the Earth. The author made
comparisons of theoretical and experimental dependence the components

cf field E, in the maximum of radiation pattern on frequemcy in the

range 0.1-2.5 kHz (Fig. 10). The current moment in antenna Lhy, was
equal to 1.2 )(106 a * m, and electrical conductivity of the Earth

was 04157 1/ohmenm.,

The experiment of radio communication with the aid of side wave
at a distance 24 ka (at the power of transmitter into 3 W) was
described by G. A. Bernard [79 ). transmitter with a pover 30 W

increased the range of comaunication/ccomnection to 80 km. Articles

[113, 153] describe the experiments of radioc coamunication through

ratiita b e At

it il ol okt 4t ke
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the weakly conductive layers. Was demonstrated [ 113] radio
ccamunication through the stone layer at frequency 200 kHz up to
distamce 29 km. The power of transmitter was 100 W. Noted, that there
is an hope to increase range to 80-160 km, decreasing the frequency
to 15-40 kHz. Was produced the transmission of the radio signals
through the layer of rock salt and potash [153]. the transmitter and
the receiver, spread up to distance 7 km, were placed in shafts at
depth 300 m», but the power of transmitter was aktout 200 W.
Communication/connection was realized at frequency 150 kHz by a
teleprinter with a velocity of 60 words per minute. The experiment
showed that the upper layer of the Earth was a good screen from
interferences. [85, 102, 127)] are dedicated to research on radiowave
propagation from all possible antennas in the high-conductivity
agueous solutions. The advisability of such investigations seems us
by very doubtful, since previously were kncwn the electrical

rarameters of mediums.

Let us pass to the study of the problem copcerning the effect of

electromagnetic interferences on radio communication.
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electric intensity in the maximum of radiation pattern (in dB)
relative to the level 1 uV/m as functicns cf frequency. 1 -

experimental curve; 2 - theoretical curve.

Key: (7). Frequency, kHz.
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Page 153.

As noted above, during the shallow inserticn of the transmitting and
receiving antennas into the earth/ground the dcminant role plays the
side wave. Since in this case (unlike propagaticn through the layer
of "basalt") the route of communication/connection does not have the
shielding coating, it is subjected to the effect of the space,
atmospheric and other interferences in the same degree as the ground
ccamunication lines. In the range cf frequencies 15-150 MHz the
fundamental interferences create cosmic noises [121], as source of
which is galactic noise. At frequencies belcw 15 MHz dominant role
tegin to play atmospherics (produced im essence by lightning
discharges) and fields cf jamming stations. It is necessary to accept
into consideration not cnly local thunderstorms, but also the
thunderstoras, moved away tc tens thousand of dynamometers. The
spectrum of the latter in essence is determined by the conditions of
radiovave propagation. The consequence cf this is that the level of
atmospherics at night higher than in the daytime (Fig. 11a and b),
and the maximum of spectral distributicp is arranged in region 8-10
kHz. In the range of fregquencies below 1 kHz the significant role

exerts the Sun the moon, which induce terrestrial currents [121].

The analysis showed that atmospherics have the horizontal

component of electric field, much smaller than vertical component.
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Therefore the majority of the researchers [ 118, 124, 145, 146]
measured the vertical component. With underground radio comsmunmication
are more profitable to comduct method hcrizontal the components of
the electric field of signal, and means for our purposes is necessary
the account of the precisely horizcontal cosponent of the electric
field of atmospherics. Was designed [by 121)] their linear weakening
because of absorption in the earth/ground during propagation

depthward. Data of the calculaticn are given in table.

Pigure 11a and b gives borrowed from [96] the curve/graph of the
spectral distribution of the horizontal cosponent of the electric
field of atmosphkerics of the surface of the Earth in the area of

south California in winter in daytime and night time.
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Fig. 11. Spectral amplitude distributiop of the horizontal component

of the electric field of atmospherics g, (iam dB) relative to level 1
yV/m of the surface of the Earth during Deceaber 1959 in Califcrnia.

a - day; b - night. Passband of receiver - 100 Hz.

Key: (1). Day. (2). Fregquemncy, kHz. (3). Night.

Page 154.

Curves shov the noise field intensity at different frequencies, which
is exceeded by the indicated in figures percentage of time. In this

same article [96] are data on the integral distribution of the

horizontal component of the electric field cf atmospherics. In the




,/(.

poc = 77124302 PAGE @

territory of the USSR the greatest interference level is observed in ,

southern latitudes, and sinimpus - in polar regicns. the selection of

e

carrier fregquency it is necessary to produce, Lty taking into account |

not only the condition of the creation cf the maximum strength in

receiving antenna (see §4), but also the spectral field distribution

i acer R

i of interferences.

|
|
|
é
The preliainary analysis showed [ 152) that to 250/0 of area of {
the UsA it is possible to carry out radio communication through the %
f "basaltic" waveguide up to distances more than 65 kn. ‘
f Communication/connection with the use of a side wave (antenna cf Jeep 3
insertion) is possible at a distance to 1600 ks.
4
'y In conclusion the authors consider their pleasant duty to 4

express appreciation to G. A. Ostroumov and L. B. Lasanenko, who made s

] 2 series of useful observations abcut content cf article.
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Linear veakening of the interferences of different frequency in the

earth/ground with electrical conductivity 10=2 1/0hmen.

(NHacrors, o5 | DOcasbrenne, 06/
00 .  oom
103 0,0645
100 - 0,171
108 0,545

Key: (1). Frequency, Hz. (2). Weakening, dB/m.
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