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Propagation of radiofrequency electromagnetic fi elds in conducting spaces has been t h e 
subject of extens ive t heoretical investigations . Still, t he knowl edge gained can not a lways 
be applied directly to propagation in the upper s trata of the ear th. The reason for this is 
t hat these strata consist of geological conductors which are a rranged in a complicated way. 
One can, of course, give specified valucs of conductivit y and dielectric constant for geological 
condu ctors, and apply these to subsequent calculations. But most t heoretical investigations 
a pply either to homogeneous spaces or to spaces having an electrically simple s tructure. 
However,the electrical s tructurc of the spaces occupied by geological condu ctors is a lmost 
a lways very complicated. If t his fact is not taken into account sufficiently, one can never 
obtain agreement between experimenta l r es ults a nd theoretical calculations. The author, 
who has. been dealil.1g wit~ t hese problems for m~ny years, is t ry ing he re to prov ide a survey 
of t he mh erent dlfficultlCs due to the compllCated stru cture of geological conductor~. 
AI~hough t he pertinent factors have been only very inadeq uately invest igated up to now, 
it IS hoped t hat further invest igations can be stimulated by t his discussion. 

1. Introduction 

1.1. Statement of the Problem 

Propagation of a radiofreq lIency electromagnetic 
fi~ld. along a path contained wholly, or in part, 
wlthll1 a space occupied by geological conductors is 
the subj ect of this investigation. It is assumed that 
quasi-stationary propagation conditions always exist. 
This requirement is met approximately whenever 
the length of the path under investigation is small 
as compared to a quarter-wave length in the space 
under investiga tion. 

In general , one will have to deal with wavelengths 
underground that arc between about one-third and 
one-fifth as long as those measured in air . Therefore, 
the scope of investigation is restricted to shorter 
paths for shorter wavelengths. The problem would 
be completely solved if the strength and relative 
phase of the field could be calculated for every point 
of a completely described space. 

1.2 . Prior Investigations 

The influence of the electrical properties of the 
top layer of the ground on ficld strength propagation 
has already been investigated in the early years of 
radio engineering [Sommerfeld , 1910; Zenneck:, 1907 ; 
and others]. Some time later , propagation condi­
tions underground were studied both theoretically 
and experimentally by L6wy [1920], and others. At 
that time, however, these investigators had to be 
satisfied with very modes t apparatus. Nevertheless, 

I Translated from the German by Albrecht P . Barsis. Tbe assistance of G. 
V. Kell er of tho Geophys ics Bmnch, U. S. Geologic,,1 Survey, is gratefu ll y ac­
knowledged . 

it was indicated that electromagnetic waves propa­
gate not only above ground , but also within the 
ground strata [Zehnder , 1911]. 

During the period between the two world wars, 
and especially during 'Wodd "\iV ar II, invest igations 
were intensified . 

Based upon these older studies, the in fluence of 
the electrical properties of the ground on the propa­
gation of waves was furLher investigated by Alpert 
Migulin, and Ryasin [1941]; Grosskopf [1943]; 
Grosskopf and Vogt [1943]; Howell [1943]; Stru tt 
[1932]; and especially by Wait [1953, 1954, 1957]. 

The propagation of waves underground was 
studied primarily by Eve , K eys, and Lee [1929, 
1932]; McGehee [1954]; H aycock , Madsen , and 
Hurst [1949]; Horton [1946]; and especially by 
Petrovsky, et al. [1908]. In addition, very extensive 
experimen tal investigations in caves and mines 
were conducted by Cooper [1948]; Doborzynski 
[1936] ; Felegy [1953]; Fritsch [1932]; Ilsley, Freeman, 
and Zellers l1928]; Joyce [1931]; Silverman and 
Sheffet [1942]; Stern [1931]; Wadley [1946] ; and 
many others. 

Smith-Rose [1933], Wait [1953], and others have 
made a close investigation of the very important 
influenc~ of frequency uncleI' differen t geological 
assumptIOns. Furthermore, there h ave been investi­
gations of the influence of frequency on the electrical 
properties of ice (Granier , among others [1924]) . 
Also, Wundt [1940] and Wedensky [1937] treated 
the penetra tion of fields into rocks. 

In conclusion, one may state today that in many 
r espects the field has been well investigated theo­
retically and experimentally. In spite of this, much 
remains to be done, particularly with regard to 
experimental work. • 
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1.3. Viewpoints Regard.ing Treatment of the Proble m 

Wave propagation in homogeneous media of 
known conductivity and dielectric constant is 
adequately understood. However, in practice, 
{lifficulties are largely due to the following factors: 

(a) Conductivity and dielectric constants of most 
geological conductors are complicated functions, 
especially of frequency. 

(b) Natural rocks are mostly not geologically 
homogeneous, bu t have a complicated structure. 
The field is reflected and refracted by the planes of 
discontinuity. 

(c) Since the fields are frequen tly propagated 
in natural rocks with different velocities along differ­
ent paths, phase shifts of the superimposed fields 
appear. 

To answer such questions, large-scale experiments 
are necessary. One can obtain useful mean values 
which can be applied to theoretical considerations 
only when large volumes of space are used. 

A basic requirement for the evaluation of experi­
mental studies is a knowledge of the geo-electricai 
properties and structure of the space between 
transmitter and receiver. For this purpose, one 
must perform geo-electric soundings from the surface, 
or from other accessible points of this space [Fritsch, 
1961], giv ing special attention to the planes of 
discontinuity, faults , and similar phenomena. 

As transmitters and receivers always have to be 
located at points which are accessible from the surface 
of the earth, there is at least a theoretical possibility 
of propagation via the airspace hetween transmitter 
and receiver. In all measurements, this "bypass 
wave" either has to be suppressed, or must be taken 
into account. 

2 . General Remarks on Propagation in a 
Conducting Space 

Petrowsky [1908]; Smith-Rose and Barfield [1926]; 
Ilsley, Freeman, and Zellers [1928]; Eve, Keys, and 
Lee [1929]; Petrowsky [1929]; Eve [1932]; Zuhrt 
[1933]; Brune [1937]; Fritsch [1939] ; Silverman and 
Sheffet [1942]; Cooper [1948]; Haycock, Madsen, 
and Hurst [1949]; Bays [1952]; Pritchett [1952]; 
McGehee rI954]; and Doluchanov [1956]. 

2 .1. General Concepts and Notations 

In this paper, the followin g notation will be used: 
Figure 1 shows the transmitter as the source of the 

field, designated by S, and the receiver as the sink 
where the field has to be measured, designated by E. 
Crudely speaking, waves propagate along the path, 
S .. . A ... B ... E , from transmitter to receiver. 
Between points A and B , it traverses a space occu­
pied by geological conductors. The mean resistivity 
of this space is Pu and its mean dielectric constant is 
eu. The path sections SA and BE are assumed to be 
through the air. We 'want to designate the section 
AB of the entire path as a "cut." 

s 

E 

FIGURE 1. TVave pTopagation in a geological conductoT. 

Let the field be described by its electric and mag .. 
netic amplitude (Eo and H o) , by its relative phase 
<Po, and by its frequency, j. We then have w= 27rj, 
and wavelength, A= a..f- 1, where a is the velocity of 
propagation. 

As customary in geo-electric work, we measure the 
resistivity in ohmmeters (rlm) , and the reciprocal 
conductivity, fJ = p- l, in mhos per meter (rl- 1m- 1 
= Sm- 1). Let the dielectric constant be given by 

e= e' _1_ JO- 9(Fm- 1) 
367r . 

with the relative dielectric constant, e' . Analogous 
to this, let the permeability be given by 

M= M'47rl0 - i (Hm- 1) 

with the relative permeability, M'. 

2.2. Attenuation, Reflection, and Range 

We assume the source at point A and the sink at 
B. Let the conductlvity of the space, G, be fJ'Y ' and 
its dielectric constant, " 'Y ' and the length of the path, 
AB, be designated by x. 

In accordance with the well-known laws of prop a­
O'ation theory, "ve generally obtain components of 
Maxwell's equations if we choose a Cartesian cOOl'di­
nate system whose x-axis coincides with the propa­
gation direction. 

For a dielectric medium, 

oj;} - -
e ()t= curl H; eliv E = O; 

for a lossy medium 

where ( e- j ;) is also design ated as the complex elie-

lectric constant. Developing these equations, we 
obtain for the field strength at B: 
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(1) 

if the field strength value, Eo, exists at point A. 
Equation (1) assumes plane wave conditions. In the 
above, 0 is the very importan t attenuation constant 

271" 
o= - J( 

A ' 
(2) 

i a g is the velocity of propagation of the fi eld in the 
·-space occupied by geological conductors: 

ao a =--, 
g n (:3) 

where ao is the velocity of propagaLion in a vacuum . 
The p arameters nand J( in general are given by: 

, 
In an almost en tirely dielectrically conducting spcLce, 
where E'» 60AO"g, eq (4) reduces to: 

We then have: 

n~ ,r;: t 
J(c:,=60Ao"~ I . 

- 2,1""1; ) 
(4a) 

In a principally ohmic conducting space, one simi­
~arly obtains from eq (4), when Eg«60 AUg, 

l esul t ing in 

n~~30AUg } , 

J(~ ,/30AUg ) 
(4b) 

Equations (4a) , as an example, refer to attenua­
(,ion in a dry potash deposit , but those deno ted by 
(4b) are applicable to naturally moist limestone. We 
Ghall see later that field-strength values calcul ated 
'n accordance with eqs (1) t hrough (4) do not always 

agree with values ob tained experimentally. This is 
not necessaril:y an argument against the applicabili ty 
of the elementary propagation theory based on plane 
waves, but is due to additional effects, especially Lhe 
co mplicated dependence of U g and Eg on frequency 
[Wai t, ] 959]. 

If a field is radiated to ward a plane separating 
two media wiLh differing electrical properties, it is 
usually split into three co mpon ent fields. One com­
ponent penetrates into the ill ed ium situated beyond 
the plane of discontinuity, a second co mponen t is 
reflected, and the third one may be guided along this 
plane. 

Reflection and refraction at the surface of the 
earth and by conducting layers of the ionosphere 
have been widely investigfLted. However, in the 
interior of the earth, circumstances are ubstantially 
more com plicated. First of all, the num bel' of planes 
of discontinuity may be very large. The thickness 
of the strata between vfLrious planes of discontinuity 
is often relatively small, as we shall see later, and 
mostly comparable to a quarter-wave length. There­
fore , it does not see m possible as yet to apply our 
knowledge of wave propagation- say, along Lhe sur­
face of the earth- to planes of disconti.nuiLy in the 
ear Lh's uppermost strata. More likely, it will first 
be necessary to treat these problems experi.mentally. 

One important parameter is the so-called "skin 
depth ," which, in general, is a measure of the length 
of the particular path along which field strength is 
fLttenuated by a given amount. If the length of this 
path is designated by S, and Lhe field sLrength at 
the end pomts by EJ and E2, then the so-called "skin 
depth," S, is that path for which EdE2= e. This 
factor is of li t tle pracLical use, being merely a com­
parative parameter. Range values uncler Lhe sur­
face of the earth which can be obtained in pmctice 
would correspond approxim ately to the con cl it ion 
E ,/E2= 106. 

Tf one plots r ange values measured toward differ­
en t directions from a given source and for a constan t 
ratio E, /E2, a surface i generated as the locus of all 
result ing path endpoin ts. The intersection of this 
surface with a plane at an arbitrary orientation is 
the range diagram. Most of the t ime, th is plane 
contains the equator of the transmitting antenna. 
If the source is contained in a space which is com­
pletely homogeneous geo-electr ically, the range 
di agram is determined solely by Lhe characteristics 
of the transmitting antenna. We designate this 
diagram as t he "normal" one. However, if the 
space investigated is not homogeneous (almost always 
the case), we obtain as the "actual" diagram a curve 
which is deformed as co mpared to the " normal. " 
Thus, i t is our task to expla in this deformation from 
t he standpoint of geo-electricity. 

2 .3. Phase Structure 

Electric and magnetic amplitude are interdepend­
ent, as is well known. We have 

(5) 
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for a plane wave. In the same way, the phase dis­
placement between the electrical and the mao'netic 
field is dependent on the geo-electrical prop"'erties 
of the space. For the same conditions, the phase 
angle c/> is given by 

J{ 
c/>= arc tan - · 

n 
(6) 

In order to represent the phase structure of the field 
in the interior of a space .occupied by geological con­
ductors, one connects pomts of equal phase, (c/>/ c/>o= 
constant), by lines which are designated equiphase 
contours. 

3 . The Geological Conductor 

Granier [1924]; Ratcliffe and White [1930]; Smith­
Rose [1933]; McPetrie [1934]; Bimalendu and 
Kha~tgir [1936]; Sl11 i~h-Rose [J 936]; Banerjee and 
Josh2:. [1938]; Khastgll' and Charkravarty [1938]; 
McI.unnon [1940]; Grosskopf and Vogt [1943]; 
Lob [1943]; Muller [1943]; Eliassen [1957]. 

3.1. Structure 

In present-day radio engineering electromagnetic 
fields arc calculated, in a simple manner, for homo­
geneous or stratified media . Consequently the fields 
show. ~ quite simple structure. In naLure, however, 
condltlOns are much morc complicated. This will 
bc demonstrated by means of tt few examples: 

Figure 2a shows a specific example of the structure 
of the earLh's uppermost strata. Sediments (2) 
mostly of high resistivity, are situated above ground 
wa~er level (GS), but below the erosion layer (1), 
wInch usually has a very small resistivity and 
seldom attains relatively large thickness. The 
ground water level in most cases, but not always, 
separ;:tes two layers which are quite different 
electncally. The rock strata below the water table 
(3) are usually highly conductive. 

The conductivity of the impermeable rock strata 
(4), if igneous bedrock is considered, is very small. 
As shown by figure 2b, the impermeable layer can 
also consist of very fine-grained sediments, of loam, 
clay, marl , etc. In . such cases it has resistivity 
values mostly lower than those of the strata below 
the water table. Then, too, the solid bedrock strata 
(5) are frequently located very deep below the surface. 

The thickness of layer (1) is usually vcry small. 
Layers (2) and (3), however, can be up to several 
hundred meters thick; in deep sedimentary basins 
values up to even 5 to 10 kilometers may exist. The 
same holds for layer (4) in thc structure shown in 
figure 2b. 

The resistivity values in figure 2 naturally vary 
frequently within quite large limits. Values given 
correspond with the assumption that the ground 
water is fresh water. Assumptions have to be much 
more complicated for saline ground water (much 
more common in the United States) or when sea 
water penetrates underground in coastal regions. 

® 
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FIG U RE 2. Stru ctu re of the top ground layers. 

1 

Figure 3 presents the [ormation of wcll-conducting -
zones in a coastal region. Low-resistance sea water I 
penetrates and forms zones of high conductivity and · 
high dielectric constant along the coast. The geo­
electrical relations in coastal regions are thus sub- ! 
stantially more complicated than assumed by many 
authors in their treatment of the so-called "coast 
effect" [Doluchanov, 1956], which is a change of 
propagation conditions in coastal regions. Fre­
quently, both salt \\Tater and fresh water strfLta exist 
underground. The specific resistivity of salt water 
is usually far below 1 ohmmeter. In figure 4 an 
interesting structure is shown , where water of normal 
conductivity rises from a deep fresh water stmtum, I 
traverses a weak salt water stratum and forms a 
"cloud" above it. Thus, zones of normal or even 
of low conductivity suddenly appeal' to be contained < 

within extremely "veIl-conducting zones. 
All o[ these examplcs are very schematic; condi­

tions in nature are still substantially more compli- I 
cated. 

Besides the horizontal structme outlined, there is 
almost always a characteristic vertical structure. I 

The latter is ~etermined especially by tectonic influ- i 
ences. Note m figure 5 how the underground struc- i 

ture is disturbed by a fault. Such structures are by 
no means an exception, but can almost always be con- I 
sidered the rule. The existence of disturbances, how­
ever, always influences propagation very strongly, as 
we shall see later on. 
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FIGURE 3. Geo-electrical structure of a coastal region. 
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3 .2 . Conductivity and Dielectric Consta nt 

Every geolog ical cond uctor consists of parLs per­
taining to all three states of matter. Electr ically, 
geological material cons is ts mostly of a dielectric 
sol id mineral, in which are situa ted ohmic conducting 
regions (mos tly liquid or amorphous) and air-filled 
spaces. 

In almost eyery geophysical handbook [Lowy, 
1911 ; FriLsch, 1960], one find s tables which indicate 
resistivity and di electric cons tant of various geolog­
ical substances. However , these can constitu te only 
approxim a te m ean values, which are not adequ ate 
for a complete evaluat ion or propagation measure­
menLs. RaLher, it is necessary to determin e the r e­
sistivi t~T valu es of rocks by special m easuremenLs. 

In calculating th e elecLri cal properties of geological 
conductors, the followin g h as to be observed: 

E very geolog icnl condu cLor is an aggregate whose 
electrical consti tution depends Oll the resistivity and 
dielectric constant values , (J and E, of th e individual 
compon ents as well as 0n their' relative volum es, (J. 

From these, one ma~T cnJculate the electrical proper­
ti es of th e aggregate by m eans of several mixin g 
th eori es. The solid portions usunlly h ave very higb 
res istiv ity (up Lo 106 ohmm eLers, or more). Several 
types of orcs ar e exception having extr emely low 
res istivity, bu t these occur only rarely. The dielec­
tri c constant is mostly between 6 and 12, apart from 
the ore types m entioned. 

Among th e liquid components, solu tions in water 
are of in1portance, and, in a few exception al cases, in 
oil. Chemically pure water is almost an insulator, 
but even very weak concentrates reduce its resistivity 

\ FAULT 
\ 

= HUMUS 
«50nm) 

V 

FIGURE 5. Fault zones. 
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considerably. Solutions found in mountains have 
resistivity values between 20 and 100 ohmmeters if 
nonsaline. Salt water, however, can have a value of 
resistivity less than 10- 3 ohmmeters. 

The known dielectric constant of pure water is 81, 
but it can be substantially increased by the addit ion 
of only small amounts of mineral solutions. One has 
to consider a dielectric constant of 2 for oil, and be­
tween 1 and 1.5 for carbon dioxide solutions, as for 
instance contained in potash deposits. 

In calculating aggregates, one naturally has to 
consider the "bound" water (for instance, in clays), 
whose resistivity is very low most of the time. The 
conductivity of gaseous inclusions can be neglected, 
even if they are ionized. 

Al though empirical laws are preferred by some, 
the best results, in the author's opinion , are pro­
duced by mixing theories. Specifically , for rock of 
low moisture content, the theory of Lorentz and 
Lorenz [1880], and, for rocks of high moisture con­
tent, the theory of Lichtenecker [1924]' is applica­
ble. Other rules have been given by Wiener [1912), 
Hummel [1935], and Krajew [1957]. R esults are 
often substantially affected by the angle between the 
measurement direction and the plane separating 
media with different geo-electrical properties (effect 
of anisotropy). 

If the resistivity values of the two components of 
the aggregate are denoted PI and P2, and their rela­
tive volumes are 81 and 82 (with 81+ 82= 1), one ob­
tains the following for the resistivity of the aggre­
gate, in accordance with Lorentz and Lorenz [1880]: 

with 

and 

I-A 
PO= 2A+ 1 

(7) 

Analogously, one obtains the dielectric constant, EO, 

of the aggregate: 

'with 

and 

2B+ 1 
EO= 1- B 

(8) 

In accordance with Lichtenecker [1924], one obtains: 

and 

"'l log Po = 81 log PI + 62 log P2 I 

log Eo = 61 log El+ 62 log E2 J (9) 

Equations (7) through (9) may of course be ex­
panded in a sim.ple manner so that aggregates hav­
ing more components can also be considered . 

Naturally all values calculated in this manner 
apply only to direct or low frequency alternating , 
current. 

3.3. Frequency Effects and the Equivalent Circuit , 
I 

In our investigations we must always consider I 
that radiofrequencies are used. Principally, the 
D ebye and the Onsager effects, the displacement of I 

field lines, and also the Wien effect have to be taken I 
into account [Mueller, 1950]. The D ebye effect is 
defined as a decrease of the resistivity of an electro- I 
lyte with increasing frequency, and the , Vien effect as 
a decrease of resistivity and dielectric constant with 
increasing voltage. Bo th effects also depend on 
temperature and pressure; this in turn is known as I 
the Onsager effect. All these phenomena tend to I 

counteract each other: resistivity decreases with in­
creasing frequency, but at the same t ime the cur­
rent density is reduced, resulting again in an increase 
of the resistivity. As the dependence of resistivity 
on frequency furthermore increases with increasing I 
pressure and temperature, additional complicated 
relations to depth result in the treatment of large- , 
scale phenomena. At the present time, compre­
hensive experimental material for a concise treat­
ment of this problem is still lacking; it has a de­
cisive influence on the calculation of all propagation 
phenomena below the surface of the earth. N atu- I 
rally, because of it, the attenuation also becomes a 
much more complicated function of frequency than , 
indicated by eq (4). I 

The approximate equivalent circuit of a geological 
conductor is shown in figure 6. The general equiva­
lent circuit shows the resistive and the inductive I 
component in series, and the capacitive component I 
is in parallel to both. As both the resistive and the 
capacitive components are much stronger, the induc­
tive component may usually be neglected. If the 
underground strata consist of plane parallel layers 
which conduct principally alternately resistive and I 
capacitive, different equivalent circuits are obtained 
at right angles and parallel to the stratification. 

The values R y, L g, and Og given in the equivalent ! 
circui t are frequency dependent. Thus an equivalent ' 
circui t for a geological conductor drawn for a given I 
frequency is valid only for this frequency, or a given I 
frequency band. I 

Almost all sediments and schists are classified 
stratified conductors. Even the topmost layer of the 
earth is a stratified medium, if regarded in its l 
entirety. In this case the angle between the direc­
tion of the current vector and the plane of stratifica­
tion is important. Wiener [1912] has attempted to 
take this angle into account in the definition of aj 
"transmission factor" varying between zero andl 
infini ty. I 

Figure 7 shows how strongly stratification affects 
even the ohmic resistance. The curves shown here l 
were determined by the author from large-scalel 
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experiments at low frequencies in calcareous mica 
schist (dming construction of the K aprun power 
station in Austria) and by appropriate laboratory 
investigations. Here, Pu is the r esistivity of the solid 
phase, i.e., of the completely dry Tock with 0= 0. 

Frequency dependence is also affected by the 
angle between the propagation direction of the wave 
and the plane of stratification; a change in this 

, angle produces a change in the equivalent ciTcuit of 
figure 6. 

R' 
9 

R' 
9 

SI MPLIFIED EQ UIVALE NT CIRCU IT 
FOR IRREGULAR CO NGLO MERATE 

EQUIVALENT € IR CUIT FOR A 
STRATIFIED GEOLOGICAL CONDUCTOR 

AT A RIGHT ANGLE TO 
THE STRATIFICATION 

FIG lJRE 6, Eq1tivaient Ci1'cuits f or geological conductors. 
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In order to demonstrate these relaLions, figures 8 
and 9 represent diagrammatically two entirely dif-
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ferent geological conductors, and a mi.,ture formed 
by the two, respectively. A concrete sample is 
tested , r epresenting an inhomogeneous material (fig. 
8). Concrete consists of cement, quartz sand, and 
coarse-grained additives. From the geo-electric point 
of view, it may be compared to a very inhomogeneous 
coarse-grained conglomerate. The resistivity de­
creases with frequency as postulated by th e D ebye 
effect. The dielectric constant shows anomalies in 
t he region below 2 M c/s, and decreases with in­
creasing frequency above this value. The curves 
shown apply to two different amounts of moisture 
content (0= 4.8 and 1.4%). The higher the content 
of pore water solution, the weaker the dependence of 
resistivity on frequency. 

In contrast, figure 9 shows the corresponding dia­
grams for a very homogeneous geological conductor, 
fine-grained marble. The trend in dielectric con­
stant and the r esistivity, p' , is similar to that shown 
in figure 8. However, the dielectric constant curve 
does not show the extremes in the region below 2 
Mc/s; rather, both the p and the ~ curves rise con­
tinuously with decreasing frequency.2 Naturally, 
th e absolute resistance values are very differen t . 
The dielectric constant of marble is somewhat lower 
th an that of concrete, and the resistivity of marble is 
higher. It is t o be noted t hat the marble sample 
inves tigated had remained in water for several days 
so that i ts water con tent (0.774%) was relatively 
high. 

In order to obtain the attenuation in accordance 
with eq (2), we must not only take into account the 
frequency r elations expressed by eq (4), but we have 
to substitute t he values, ~ ~ and rY g , t hemselves again 
into eq (4) as frequency-dependent qu antities. The 
attenuation to be substitu ted in eq (1) is furthermore 
influenced by t he electrical structure of the under­
ground conductors and by additional effects such 
as field line displacement. As an example, one 
should therefore not be surprised if, as we shall see 
later on , the dependence of E ,/Eo on frequency is 
represented by an extremely complicated function 
whose trend does not always correspond to that given 
by eq (1) and the subsequen t equations. 

The effective electrical properties of the ground 
at low frequencies have also been investigated by 
Wai t [1957]. 

3.4. The Earth as a Geological Conductor 

If we do no t want to forego the theoretical treat­
ment of the problem in spite of these complications, 
we have to decide on the use of extensive schematiza­
t ion. A correct choice for such a scheme or model 
determines 'whether or not experimental results can 
b e explained theoretically. 

For propagation measurements along the surface 
of the earth , the resistivity and the dielectric con­
stant are usually given for an "effective layer thick-

2 J. R. Wait is of tbe opinion that tlle drop in the Curve in tbe region above 1 
Mc/s is due to the measurement techniq ue, as be bas observed an increase in the 
same region. 

ness." If one plots the amplitude of field strength 
as the ordinate versus the depth of penetration as th e 
abscissa, and determines the area b etween this curve 
and the coordinate axes by means of a planimeter , 
an "effective layer thickness" is readily ob tained . . 
This parameter is a function of frequency, resistivity, 
dielectric constant, and underground geo-electrical . 
structure. It cannot be defined exactly in a physical I 
sense; in practice one takes it to be that dep th where 
geo-electric inhomogeneities of sufficient extent still ' 
influence the measurement results. It can also be 
thought of as that depth where the field radiated from 
the surface is strong enough to permit its measure­
ment with sufficien t accuracy under usual noise I 
conditions. 

As we have seen , the resistivity of a geological I 
conductor generally decreases with frequency. If, 
however , the underground is stratified, the opposite 
is also possible. Let us assume t hat the und erground 
consists of relatively poorly conducting sand and 
gravel, containing a ground water pool. The ground I 
water base, of course, has a much lower resistivity 
than the overburden . For low frequencies, the 
effective layer thickness will extend into the ground 
water. If frequency is in creased, penetration de­
decreases, and extends only into the poorly con­
ducting overburden. In this case, effective con­
ductivity decreases with frequency [Grosskopf and 
Vogt, 1941]. Similar pb enomena can also be ob­
served when ever tbe surface strata freeze. 

The mean resistivity values which can be calcu­
lated from propagation measurements [Wise, 1930], 
may therefore often produce a completely wrong 
picture of the actual geo-electrical ground structure. I 
Thus, when confronted in 1961 witb the task of 
compiling a geo-electrical description of Austria, 
posed by the Austrian Federal Ministry for Traffic 
and Electricity Administration, the author decided 
to use an electrical schematization, instead of a 
single value. This schematization is reproduced in 
the following table, and the zones listed in the table 
are illustrated in figure 10. 

It would be advantageous if one would generally 
consider this characterization of the underground I 
when evaluating propagation m easurements. The , 
problem becomes substan tially clearer , if mean values j 
for large depths are developed. One can then dis­
tinguish three zones: The firs t layer is in homogeneous 
and relatively well conducting ; its geo-electrical 
proper ties are determined by the existence of con- , 
tained water. The second layer is formed by 
homogeneous and poorly condu cting rocks , extend­
ing practically as deep as the Mohorovicic discon­
tinuity. B elow this layer, conductivity increases 
and finally attains extremely large values; above, 
boundary layers of sediments, granite, etc., occur. 

In the region between the deepest ground-water 
levels and the Mohorovicic discontinuity, one can 
expect resistivity values of 108 ohmmeters. Thus, 
attenuation in this region is small . 

The special radiogeological assumptions for K arstic 
limestone caves, potash deposit, ores, and coal 
mines will be discussed later on. 
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Zone 

2 

3 

4 

[) 

6 

7 

8 

Gco logical c ila ractl'rist ics 

Prin cipall y Bo hemia n :V[as­
siv (gra ni tes, o rt ho- a nd 
pa ra gneisses, crystallin e 
schists) . 

P re-cambria n crystadin e 
schists, Pa leo%Oic, princi­
pall y calcareous-dolomi tic 
sedimen ts, cove red mostly 
by str eam gravels . 

Cen t ral gr a ni te a nd ce nt ral 
g neiss, crystalline sc hists 
of t he sc hist envelop e a nd 
gray wac ke zo ne, covered 
by str eam gra' ·els . 

Lim es to n es, d olo mi tes, 
ma rls of the calcareous 
a l ps, s to ne a nd clay ma rl s 
of t he F lys h ZO Ilf' , pa rt i­
a lly cove rcd by st ream 
grave ls. 

Clavs an d sa nds of t he rc­
cp n t T ertia r.' ·, par t ially 
wi t h so me Quaternarv 
overburden . 

Pri ncipa lly clays of r eee n t 
T ertiary, w it h Quaternary 
overb urde n. 

Crystalline schists deeply 
undergroun d, covered b.v 
T er t ia ry conglo me rates 
and Quatern a r.v fo rm a­
t ions. 

Clays and sa nds of t he re­
cl'nt T crtia r.v, alm ost 
always cove red by Qua­
ter nary. 

Ove rburden 

Erosion layers; very ill ho­
mogellous in m aterial 
a n d t hi ckn ess . C om­
pletely missing in so me 
pl aces. 

Inhomogenous talus, com­
pletely missin g in some 
pl aces. 

Inhomoge nous t alus, co m­
pletely missin <Y in so me 
p laces'. " 

Qui tl' in ho mogenous talus 
in t he calcareous a lps, 
li t lil' ho mogcneo us in t he 
Fl ys h zo ne . M os(ly pre­
do min a nt/.v clayey in 
Fl ys h. Tn li mes to ne the 
overburde n is mi ssin g in 
pl aces. 

l1elat iveh ' ho mogeneo us 
talus a lid ~ treall1 gravel 
COVE' r . 

H omoge neo ll s stn 'am grav­
el cover ing. 

Ge ltet ically d ifferent, bu t 
petrographicall y h omo­
geneous gra" el coveri ng. 

H o moge neous s tream grav­
el covering. 

Bedrock 

lles i ~t i ,i ty 

Va ries wi thi n exll'e mely large 
limi ts fro m very low valu es 
(f.i . gra phi te) up to max ima 
of 10' ohmm eters or g reater. 

Varies \\'i thin very large limi ts 
(s imila r to Zone 1). 

The res istivity of t he roc k 
var ies in genera l bet wee n 
relat ive ly higher values 
( I.O L lO' ohmm etl' rs). 

11elat i " ely homogeneo lls 1'('­

s is t iv ity: m ostly 1000- 5000 
o hm meter~ i n lim es tone 
a lps a nd 100- 1000 o hm­
m ete rs in F lys h. 1'11(' geo­
elect ri cal roc k s l ru ctur(' is 
more homogeneous in 1 i 111 e­
stone t ha n in F lys h. 

11e l ativ e ly h o m oge ll eo us 
s truct ure wit h H'HisLivity 
"aill es of 50- 500 o hl11 -

meters . 

L a rgc-a rea h omogPIll'o ll S 
s t ruC(lIH' w ith resist ivity 
val ups of 50- 200 o hlli­
meters. 

L arge-a rea ho m og(' ll eous 
st ru cture with res ist ivity 
va lucs of 500- 5000 ohm­
meters . 

Very la rge-area ho mogeneoll s 
s tru cture w it h resis tiv ity 
val ues of 50- 200 oh m­
meters, in Burgenland prov­
in ce, extensive zones in 
t he vicini tv of Lake N eu­
sied l wi t h" low res ist ivity 
v a lues « 20 ohmm eters) . 

Homogeneity 

Ver y pronoun ced frag­
m ent ation of t he bed­
r ock. 

Very p ronounced frag­
m entation of t he b ed­
r ock. 

Very pro ll o llll ced frag­
mentat ion of t he bed­
r oc k. 

Ver y pronoun ced frag­
m entation of t he bed­
rock . 

YIostl y weak fragmen­
iaLio n of the bedrock. 

Mostly weak fragmen­
tatio n of t he bed rock. 

Mostly weak f ragmen­
tat io n of t he bed roc k. 

lcr agmen tation of the 
bed rock weak. 

T ra nslator 's :'f ote : The expressions "schist envelop e," "calcareous alps," an d " Flysh zone" per tain to alpi ne geology ; 
no eq uivalent tr rm s exist in Am eri can geology . 

I 4. Experimental Treatment of the Problem 

4.1. Transmitters, Receivers, and Antennas 

Transmi tters used for geo-electric inves tigations 
h ave been described by T arkhov [1955], Fri tsch 

[1949], Pritchett [1952], and others. R eceivers have 
to b e especially sensi tive in order to allow m easure­
ments even in the presence of substantial attenua­
tion. A suitable circui t is given by Grosskopf and 
Vogt [1940]. Sensitivity has to b e pushed to the 
limi t un posed by r esistor and tube noise. 
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CD ZONES DESIGNATED ACCORDING TO 

THE TABLE IN SECTION 3.4 

FIGURE 10. Geo-elect1'icalmap of Austria. 

Selection of the correct antenna type is often 
difficult. If one ignores the possibility of large 
subsurface cavities where conventional antennas 
could be installed, the use of ground antennas is 
mandatory [Doluchanov, 1956]. For physically 
longer receiving antennas one has to take into 
account attenuation t hrough the adjacent rock. 
There is no point in exceeding a definite length 
given by frequency, distance from the rock, and the 
electrical properties of the rock. 

The question whether long wire or loop antennas 
are to be used was investigated by Petrovsky et al. 
[1930]. Unfortunately, general rules are difficult 
to establish. However, the use of ferrite loop 
antennas has advantages, as these can be constructed 
in small sizes. Letting l be the length and D the 
diameter of the ferrite rod; TV the number of turns 

of the coil wound on it; Q~ 't the Q of t his coil, 

and J.l.o the relative permeability, one obtains 

Uo= wHoAJ.l.err 10- 8 volts 

for the peak value, Uo, of the voltage induced in the 
winding, with H being the magnetic field strength 
induced by the transmitter at the receiving location. 
With L being the self-inductance, and R the 
resistance of the coil : 

and 
A~5D2W L R - l}, 

J.l. e ll 
J.l.o 

D2 
1+ 1.8 [2 (J.l.o - 1) 

One may substitute approximately 200 for J.l.O ' 

However, it has been shown by experiments that 
electromagnetic energy frequently arrives under­
ground from various directions, and that these paths 
do not always coincide with the straight line con- I 
necting transmitter and receiver. This has to be 
taken into account when using loop antennas. I 

4.2. Noise 

Atmospheric noise can usually be neglected under­
ground. With a more extensive overburden, noise 
intensities are reduced to values of 10- 8 volt /m, or 
less. 

On the other hand, noise in mines and illuminated 
limestone caves may be generated by electric cur­
rents and arc lights. This was investigated by 
Burgholz [1944] and others. I 

4.3. Measurements in Potash Deposits 

[Barrett, 1952; Fritsch, 1948] 
The most favorable propagation conditions exist 

in sal t and potash deposits. The resistivity values 
of these deposits are mostly between 108 and 1012 ! 

ohmmeters. However, only very small traces of 
moisture (0.001 of a percent of volume) increase 
conductivity substantially. 

If one conducts propagation measurements in 
potash deposits, one must not overlook the fact that 
the deposit is bounded at the top and bottom (the 
"roof" and the "floor") by rock zones of subs tan- , 
tially higher conductivity. Figure 11 shows a 
schematic diagram of such a deposit, substantially I 
exaggerated in a vertical direction. The distance 
between transmitter and receiver ranged up to 10 
km, and the depth of the terminal locations down to . 
300 to 400 m. The overburden just beneath a layer 
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FIGUR]!: 11. Schematic diagram oj a potash deposit. 

of sod has resistivities in the range 500 to 1500 

I 
ohmmeters. Between overbmden and salt deposit 
is a clay layer which shields the deposit fLgainst 
moisture penetrating in a vertical direction. Its 

I 
resistivity is oHen reduced to values of 50 olU11meters 
or less. Below the salt deposit there are relatively 
dry rock strata having resistivity values mostly 

I 
between 103 and 104 ohmmeters. 

Figure 12 shows a schematic cross section through 
a deposit, where the author conducted extensive' 

I investigaLions. Two quite thick deposits fLre situ-
ated in the relatively conductive schist. The over-

I 
burden above the top deposit is moister than the 
rock below it; thus, its resistivity is less by one 

; order of magni tude. 
Although these deposits are usufLlly considered to 

I be completely homogeneous, a definite electrical 

I structure is fLpparent, which is called "ribboning." 
The dielectric constant in particular depends on the 
angle included between the direction of m.easure­

Iments and the plane of the deposit. 
Every minor fold, as well as pinching out of the 

deposit (even if only on a small scale), influences 
, propagation in a very marked manner. For exam­
ple, the author (as will be mentioned again) achieved 
ranges up to 14 km in the H annover potash deposits, 
parallel to the Leine River. However, in a direction 
at right angles, it was not possible to bridge the 
shorter distances toward the Hildesheim mines. In 
the opinion of geologists, a fault fissure, or fL zone of 
variegated sand stone, exists at right angles to this 

I direction, explaining this result. 
Sometimes (for instance, in the German Werra 

Mines) gypsum deposits occur within the overburden, 
I resulting in extremely conductive solutions (10 - 3 to 
. 10- 6 ohmm eters) . These solutions migrate through 
I fissures and joints in the rocks so that the rock 
conductivity is increased by a considerable amount. 
In this case, the deposit is practically shielded toward 
the top when measuring propagation. 

Any break in the shale bed above the salt beds, 
even if only minor, permits penetration of moisture 
into the deposit, and a sharp decrease in it resist ivity 
to vfLlues of 10 - 2 ohmmeters or less. These zones 
then act as shields in propagation measm emen ts . 

In mines havin&, good ventilation, a wet and very 
conductive thin film is formed fLt the surface of the 
tunnels, but has little disturbing effect. Sometimes, 
however, its effect is stronger, as with strongly 
hygroscopic carnalite. Therefore, it is best Lo COll-

DEPTH 

660m 

-.-L 

DOLO MITE, 
FRAGMENTED SHALE 

POTAS H (CARN AlI TE ) (?) 

FIGURE 12. C"oss section th"o1lgh a potash deposit ("Verra 
"egi on) . 
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duct propagation experimen ts in mines with poor or 
no artificial, ven tilation. ' 

4 .4. Measurements in Karst Caves 

Joyce [193 1]; Stern [1931]; Fri tsch [1932]; Dobor­
zynski [1936, 1937]; F r itsch [1939] . 

The earliest propagation m easuremen ts were con­
d ucted in Karst caves. Large caves are generally 
well uited for such investigations, as longer an tennas 
ancllarge loops can be easily installed . 

However, cer tain difficul ties have to be taken into 
~c.count. ~he rock s truc~~re is usually strongly 
]omted. Af ter all, the ongm of the caves IS con­
nected wi th tectonic disturb ances. The conduc­
t ivity of th ese zones is usually much greater th an 
that of undisturbed formations. Therefore, one 
must always consider extensive geo-electrical h etero­
geneous layers immediately adj acent to the caves. 
These influen?e the propagation of radiofrequency 
electromagn etIC fields much more than the cavities 
themsel".es. F igure ] 3 shows a typical K arst cave 
system, III cross section , where the au thor has con­
ducted numerous measurements [Fritsch, 1932]. 
The surface opening is designated by M , the sub­
terranean cave chain by I-I, and E shows a very 
large collapsed cave. The floor of th e caves is often 
?overed by completely moist loam . Its resistivity 
IS on the order of 20 to 40 ohmmeters and is thus 
substantially below that of naturally ,"~et lim estone. 
The walls of the caves are also of ten covered by cave 
loam. This is of significance when very short 
waves are considered . The propagation of waves in 
long caves of small cross section is then often effec ted 
in a manner similar to that in waveguides . Effects 
similar to those observed by the au thor in narrow 
r iver valleys [Fritsch , 1933 ], or by Polic [1944] in 
h is model experiments, can b e no ted . 

The question whether rftdioi"requency electromag­
netic fields penetrate through t he surface openin o. of 
a cave was investigated by several au thors. For 
larger distan ces from the opening, one may surely 
neglect the field componen t directly radiated throu o'h 
the opening. '" 

4 .5 . Measurements in the Vicinity of Ore and Coal 
Deposits 

Petrevsky [1908]; Fri tsch [1936, 1937]; Wadley 
[1946]; Jung [1950]; F elegy [1953). 

Wit h few exceptions, t he conductivity of ore and 
coal deposits is no t higher than that of the adj acen t 
~'ocks . In som.e cases the resistivity of the deposit 
IS even greater t han that of the host rock. For 
example, a siderite vein is usually less conductive 
than moist schist. 

In spite of this, deposits of sufficien tly large area 
have a considerable influence on the formation of 
electromagnetic fields . The following are apprexi­
mate reasons: 

(a) The deposit usualJyseparates zones of geological 
cenductors having differen t resistivity values. The 
rock above the deposit (the "roof") is often moister 
and therefore has a smaller resistivity, even if petro­
graphically very little differen t from the rocks belo w 
the deposit (the " floor"). 

(b) In the boundary layer between t he deposit 
and the rock, water conten t is often greater than in 
other rock. Th e con centration and conductivity .of 
such fissure waters are mostly dependent on the I 

chemical constitu tion or the deposit. In any case, 
a zone of increased conductivi ty in rock is generated 
by greater water centen t. 

If the deposit consists of cer tain sulfide or oxide 
ores, or of ceal having substan tial thickness, it 
n aturally influences propagation of the fields di­
rectly; otherwise, its influence is indirect. H ence, it 
is understandable that many deposits exercise their 
influence on the propaga tion of the fields even after 
they have been extensively depleted. The space 
which they occupied earlier is usually filled wi th 
b arren rock. The in terstices in this fill are naturally 
subs tan tially lar ger than those of the surrounding 
reeks, and are also much more sa turated witb watery 
solutions caused by the moisture always presen t in 
rocks and mines. Thus, already depleted and filled 
deposits may often have less res istivity t han those 
which have no t been depleted. 

Figure 14 shews a cross section t hrough a coal 
mine. The coal seams are being worked in two 
t unnels (lOth and ll th tunnel). 'The rocks consist 
of carbonaceous schists and sandstones which, under 
cenditions of natural rock moisture, have approxi­
m ately the same resistivity values as the coal itself , 
or sometimes lower. The overburden consists prin­
cipally of marl, also conductive. In this case, the 
mine structure is extensively shielded elect.ri cally. 
The ranges to be expected can .only be sm all. 

F I G URE 13. Cross section throu gh a /(m st cave system. 
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FIGUlm 14. Cro~s section through a coal mine. 

In figure 15, we see a cross section througll an iron 
mine, where the author has 'Llso made studies. The 
limestone rock has resistivity values of severftl thou­

i sand ohmmeters. Gray copper ore seams which have 
I been min ed out and backfLlled hftve substantiftlly less 

resistivity because of their higher water contenL. In 
the vicinity of the surface opening, A, the first 
tunnel penetrates through a fault zone, L, having 
less resistivity. In this case, it was possible to prove 
that the field s radiated from a transmitter, located 
at point B, through the rocks Cftl1 be still measured 

I at point C. In the direction from B toward A, the 

® 

o 

field strength of the transmitter at B decrea ed slowly 
aL fu·st, but very rapidly after passing through 
layer L. Thus, no reception was possible at A. How­
ever , good reception was possible at point C and 
immediately below the humus layer, between C 
and D . 

4 .6 . Other Mea surements 

In addition to Lunnels and drifts in mine installa­
tions and caves, investigatio ns of the kind described 
were conducted usin g railroad tun nels. For example, 
the author has conducted propagation experiments 
toward an old mine tunnel, u ing the approximately 
8-km-long Tauern (railroad) tunnel in Austria 
[Fritsch, 1952]. In all such investigations, special 
additional measurements are necessary in order to 
determine whether the rails or overhead wires influ­
ence t il e test results. In accordance with the author's 
expel·ience, the rails, if ins taHed on a moist roadbed, 
have only a small effect on propagaLion. However , 
elcctrical overhead wires interfere strongly. One has 
to disconnect these wires Jrom those outside the 
tunnel portal, and furthermore , one has to ground 
the wires to the rails at various places inside the 
tunnel. 

4 .7. Effect of Industrial Conductors 

:M easurement results are unfortunately almost 
always influenced by the numerous industrial con­
ductors which are found inside caves, mines, and 
tunnels , leading out to points on the earth's surface. 

These conductors (electrical wiring, tubing, rails, 
hoisting cables, etc.) guid e the flelds, simulati ng very 
lo ng ranges in certain directions. Thus, for example, 
reports on extremely long ranges in coal mines 
[Stipanits, 1938] are incorrect because the effect of 
the hois ting ca bles was not taken in to accoun t. 

As one almost always ha to count on the presence 
of industrial conductors, thei.r effect must be evalu­
ated by additional measurements, and then sup­
pressed by disconnecting, grounding, or installation 
of filters wherever this is possible [Fritsch, 1939]. 

m 
1500 

1000 

500 

FIGURE 15. Cross section through an iron mine. 
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5 . Important Results 

5 .1. Ranges Obtained 

Smith-Rose and Barfield [1926]; Eve [1932]; Fritsch 
[1942]; Haycock, Madsen, and Hurst [1949]; Bays 
{1 952] . 

Especially long ranges are possible in potash 
deposits. Figure 16 shows ranges (which the author 
obtained in the Werra mines in Thuringia, Germany) 
in kilometers. The investigations were conducted 
using transmitters with frequencies between 2600 
and 3500 kc/s. The longest range was attained be­
tween the potash mines, Godenau and Freden, in 
Hanover province (Germany). There, the distance 
between transmitter and receiver amounted to 
approximately 14 km. 

In other rocks, ranges obtained so far are natu­
u lly much smaller. In coal-bearing rocks, maxi­
mum ranges obtained are between 300 and 600 m; 
in ore-bearing rocks, ranges up to 2000 m were ob­
tained. Humus, loam, and clay strata absorb the 
fields so strongly that ranges of only a few meters, 
or sometimes of only tenths of meters are possible 
in them. In figure 17 we see the decrease in the 
field strength, E, if Eo is the field strength in the 
immediate vicinity of the transmitter, and S is the 
distance from the transmitter. Diagram (a) refers 
to only moderately moist and relatively solid lime­
stone; diagram (b) refers to the same rock, which in 
this case, however, is covered by a humus and 
erosion layer only approximately 2 III deep. This 
test was conducted using a wavelength of 60 m. 
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BERKA 
ABTERODA 

7 .3 -----HHFiEliilLI;;:;G;:;EN~R;;:;'orDA 
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4.4 STRAIG HT -LINE DISTANCE IN km 
BETWEEN SHAFTS 

(2.9 ) STRAIGHT - LINE DISTANCE IN km 

BETWEEN MEASUREMENT POINTS 

(NOT CONTI NOUS ) 

FIGU RE 16. Obtained ranges i n potash deposits . 
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FIGURE 17. Field slTength curves. 

One perceives that the decrease in field strength in 
humus layer is very steep. In very well-conducting I 

strata, e.g., in moist clays, ranges approach those I 
calculated by Brune [1937] for water. The high I 
attenuation of the topmost erosion layer often 
induces the belief that only very small ranges are 
possible in the interior of the earth; whereas, in fact, 
the much smaller attenuation rate of firm rocks 
makes much longer ranges possible. 

It is thus evident that ranges attained to date can 
be still increased. Means for this purpose would be: 

(a) Increase of transmitter power, especially by 
pulse methods. 

(b) Use of the most sensitive receivers. Below 
the surface of the earth, much more sensitive re­
ceivers can be employed than above, as atmospheric I 

disturbances are practically eliminated. 
(c) Use of directional antennas. 
One can calculate that by the use of all technically 

feasible means available today, ranges of several 
hundred kilometers would be possible in potash de­
posits. In the completely dry rock formations, be­
low the deepest penetration of ground-water, still 
substantially larger ranges should be possible. 

5.2. Influence of Frequency 

Petrovsky [1908]; Ratcliffe, White [1930]; Smith­
Rose [1933]; McPetrie [1934]; Sen-Gupta and 
Khastgir [1936]; Banerjee and Joshi [1938]; Khastgir 
and Charkravarty [1938]; Lob [1943]; Muller [1943]; 
Cooper [1948]. 
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It was already pointed out in secLion 2.2 that 
attenuation is no t given solely by eq (4). The 
depend.e.nce of a.ttenuation on frequency is su?~tan­
t ially more compli cated and cau cd by addl tlOnal 
effects, a great portion of which have not yet been 
sufficiently investigated. In general, one may ob-

1 serve an increase in attenuation with frequency. 
H owever , in the r egion between approximately 40 
and 80 m wave length , t he ftttenuation curve is a com­
plicated function of frequency. Petrovsky and 
F ritsch [1960] have found in the course of t heir in­
vestigations th at in several types of rock, e.g., in 
limestone of only low moisture conten t, attenuation 
can ftlso decrease wi th increasing frequency. Its 
dependence on frequency is given by the "radio­
geological curve." The distribution of water ap­
pears to hftve a substan tial influence on this anomaly. 
W here the rocks do no t contain water , as in potash 
deposits, no anomalies were observed. I cc layers 
always have high attenuatio n [Granier, 1924]. 
F inally, Wait [1957, 1959] explftins the observed 
high values o[ the dielectri c constant of the under­
ground at low frequencies in terms or interfacial 
phenomena. T he latter play an impor tftn t role at 
audiofrequencies. 

5 .3 . Influence of the Geo-electrical Rock Structure 

Zuhrt [1933 ]; Fritsch [1936, 1937]; Wedensky 
[1937]; Fritsch [1944]. 

Substan tial differences in conductivity and dielec­
tric constant within most rock rormations make it 
clear that the propagation of fields in these form a­
t ions can also vary. The strong effect of a bsorbing 
clay an d loam sLrata lUIs already been mentioned . 

r Also schist zones can show high attenuaLion rates 
which increase with the degree of mechanical break­
down. In figure ] 8 an iron min e is sho wn in plan 
view. Adj acen t formations consist of dolomi te, 
schist, and vaTiegateel sandstone. T he dolomite 
shows resistivity values of several thousand ohm­
meters. However, the extensively altered schist, 
wIli ch contains some water , has resistivity values 
below 100 ohmmeters. A transmitter , located at 
poin t A, operating on a wavelength in the hundred­
meter banel, was received well as far as location 0 in 
t unnel 2, a ran ge of 300 m . In tunnell, recep tion 
was possible in the direction of B only as far as the 
limit of t he schist at D , a distance of 30 to 40 m. 
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F IGURE 19. Shadowing behind a well-conducting [iss1l1'e. 

All tun nels were similarly equipped so that t he same "circumventing wave," accor ding to Petrovsky) is 
conditions for reception existed in all three directions. shunted around the fissure which is limited in spatial 

Besides complete attenuation, the formation of extent. 
shadows behind well-conducting zones was also The tes t result shown in figure 20 demonstrates 
observed. An example is shown by figure 19. The how large an effect small scale geologic structure 
field str ength (expressed in relative units) decreases may have on the propagation of radiofrequen cy 
steeply within t he region of t he fissure con tainin g electromagnetic fields. Figure 20 represen ts a hori­
mineral solutions whose resistivity amoun ts to zontal cross section through a coal min e. The 

adj acen t rocks arc limestone. The obtained ranges 
approximately one-ten th of that of the other rock. are longest in t he directions of the coal seams (A-B). 
However, t he field strength increases again approxi- In traversing a geologic discontinuity, (O-D ) and 
mately 100 m beyond the fissure. Thus, a por tion (E- F) , the range is sharply reduced. Also, when 
of the field m ay be completely absorbed within the irradiating a very disturbed rock form ation, (O-H ) , 
r egion of t he fissure, whereas ano ther por tion (the only a small range can be obtained. 
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FIGURE 20. PTopagation measurements in a coal mine. 

Fields are also guided along well-defined O'eo­
elec~ri cal planes of discon tinuity. It is therefore 
poss1ble for fields to be guided along different paths 
tow:a~'d a measuring location, depending on the 
pos1tlOn of the geo-electrical discontinuities and 
the.ll to be combined with a defulite phase' shift. 
This may then lead to effects within the rock 
formations which are similar to fading. 

6 . Practical Significance of the Investiga­
tions 

6.1. Significance for Applied Geophysics 

Petrovsky, Skariatin, Selesnew, Dostavalov and 
Kleinmann [1930]; Hartree [193 1]; Bemalend~ and 
Khastgir [1936]; Spieker [1937]; McKinnon [1940]' 
Hor.ton [1946]; Pullen [1953]; Eliassen [1957]. ' 

F1rst of all resistivity and dielectric constant of 
large volumes. occupied by geological conductors 
can be determmed by propao-ation measurements. 
The effect of frequency can b~ determined by field 
measurements much b~tter than by laboratory 
measurements on small-s1ze samples. 

In ~he fut.ure , t~ese. proc.edures will cert~inly be 
used for the mvestlgatlOn of deep layers whlCh have 
geo-electricfl:l . discontinuities. ~~l.ow the deepest 
rocks ~ontall1ll1g. water, the res1s1t1v1ty of the rock 
formatlOns are h1gh enough, as already mentioned 
to make sub~tantial ranges possible. Thus, in thi~ 
area t~ere eX1sts the t?eore~ica~ possibility to prove 
the eX1stence of deep chscontmUltleS by meas urement 
of refi~ction and refraction. In this respect, radio­
~eolog~cal. procedures can supplement geo-electrical 
mvest1g~tlOn methods, especially in those regions 
where d1rect current methods break down because of 
the low conductivity of the rock. 

6 .2. Possibility of Subterranean Radio Communica­
tion 

Dobbelstein [1912]; lisley, Freeman and Zellers 
[1928]; Fritsch [1946]; Felegy and Coggeshall [1948]; 
Bremmer [1949]; McGehee [1954]. 

In general, one certainly will not use l"/l,dio com­
munication below the surCace of the earth. There 
are, however, exceptional cases where such methods 
are necessary. In mine catastrophes, all wire lines 
are often d~stroyed, leaving no way to talk with the 
trapped ~mers by telephone. In this case, it is 
often desu'able to establish radio communication 
b~b,~een cen~ral points and important locations 
w1thm the mme, mdependent of wire lines. Also 
such communication methods are necessary fo; 
Imhtary purposes with tTansmitters either located 
in underground cavities, or equipped with gro und 
antennas [Doluchanov, 1956; Taylor, 1919], and 
others. 

7 . Conclusions 

1. Ranges up to several kilometers are feasible 
below the surface of t he earth. 
. 2. The obtainable ranges depend on attenuation 
m the geological conductors occupying the under­
ground space, their geo-electrical structure and the 
frequency of the field. ' 

3. The attenuation of a geological conductor is 
often a very complicated [unction of frequency. 
Many anomalies have been observed. 

~. In the interior of rock formations, fields are 
gmded along geo-electrical disco 11 tinuities. Effects I 

similar to fading can be observed by superposition of 
fields guided along differ en t paths. 

5. ~t is n(;nv possible to m easure the resistivity and 
the d1~lectnc constant of large volumes occupied by 
geologlCal conductors by the use of propagation tests. 
In the future, these measurements will also attain 
significance for tasks of applied geo-electricity. In 
many mines, it is possible to establish radio circuits 
which can be utilized in case of catastrophes. 

8 . References 

Alber t! J . . L., V. V. Migulin, and P . A. Ryasin (1941), In­
vestigatIOn of the phase structure of the electromagnetic 
fi eld and the velocity of radio waves, J. Phys. U.S.S.R. 
40, No. 1/2, 11- 13. 

176 



Banerjee, S. S., and R D . Joshi (1938), Dielectric constant 
and conductivity of soil at high radio frequencies, Phil. 
Mag. (7) 25, No . 172, 1025- 1033. 

Barrett, W. M. (1952), Note on the radio-transmission 
demonstration s at Grand Salin , Texa, Geophysics 17, 
544- 549. 

Bays, C. A. (1952), Study of the propagation of electro­
magnetic waves through lithologic formations, Quarterly 
Progress Report, Signal Corps Project No. 26- 182B. 

Beckmann, B. (1948), Die Ausbreitung del' elektrom ag­
netischen Wellen (BUcberei der 1-11"-T echnik, Akad. 
Verlag Ges. m.b.H., Leipzig). 

Bimalendu, S. G., and S. R . Khastgir (1936), Direct deter­
mination of t he electric constants of soil at radio frequency, 
Phil. Mag. (7) 22, No. 146, 265- 273. 

Bremmer, H. (1949), Terrestrial radio waves (Elsevier 
Publishing Co., Inc., New York) . 

BrUne, K . (1937) , tJber die Ausbreitung elektromagnetischer 
'Wellen in Wasser, Z. Hochfrequenztechnik 50, No.3, 
73- 80. 

Burgholz, R. (1944), Die im U ntertagebetrieb von Steinkoh­
lenzechen a uftretrendcn Funkstorungen, Telegraph.­
Fernspr.-Funk-u. Fernseh-Technik 33, No . 6, 120- 126. 

Cooper, R 1. B. (1948), The attenuation of ultra-high­
frequency electromagnetic radiation by rocks, Proc. Phys. 
Soc. 61, 40- 47,482- 483 .. 

Dobbelstein, O. (1912) , tJber drahtlose Grubentelephonie 
(Allgem. Bergmannstag, ,vvien, 122- 132) . 

Doborzynski, D . (1936), tJber den Radioempfang in den 
Oj cow-H ohlen (in Polish), Przeghld Radjotechn., No . 7- 8. 

Doborzynski, D . (1936), Experimenteller Beitrag zum 
Problem des unterirdischcn Rundfunkempfanges, Hoch­
frequenztechn. u . E. 47, 12. 

Doborzynski, D . (1937), tJber das Prohlem del' Radio­
Kommunikation in Bergwerken (in Polish) (Przegladu­
Gorniczo-H unt niczego). 

Doluchanov, M. P. (1956), Die Ausbreitung von Funkwellen 
(VEB Verlag Technik, Berli n) . 

E liassen, K . E. (1957), A sur vey of ground conductivity 
and dielectric constant in Norway within the f requen cy 
range 0.2- 10 Mc/s, Geo fys iske Publ. Norske Videnskaps­
Akademi I , 19, No. 11, Oslo. 

Eve, A. S. (1932) , Absorption of electromaguetic induction 
and radiation by rocks, Trans. Am. Inst . Mining Met. 
Engrs. 97, 160- 168. 

Eve, A. S., D. A. Keys, and F . W. Lee (1929). Penetration 
of rocks by electromagnetic waves, Nature 124, No . 3118, 
178- 179. 

Felegy, E. W . (1953) . U nderground radio communieation 
in Lake Superior District mines, Minin g Eng. 5, 518- 52l. 

Felegy, E. W., and E . J. Coggeshall (1948). Applicability 
of radio to emergency mine comm unications, U.S. Bureau 
of Mines Report R . J ., No. 4294. 

Fritsch, V. (1932). Beitrag zum Studium de l' Ausbreitung 
elektromagnetischer Felder in unterirdischen Hohlra umen, 
Hochfrequenztechn. u . E. 39, No.4, 136- 139. 

Fritsch, V. (1933). Ausbreit ung elektromagnetischer F elder 
langs F lllsslaufen, Hochfrequenzteehn. u. E. 41, No.3, 
100- 104. 

Fritsc h, V. (1936). Dritte Mitteilung libel' die Bergradio­
versuche in Kotterbach, Hochfrequenztechn . u . E. 47, 
190- 195. 

Fritsch, V. (1937). Mitteilung Uber die Ergebnisse der in 
den Jahre 1930- 1936 au f del' Donau durchgemhrten 
Funkversuche. Gerlands Beitr . Geoph,vsik 51, No.1, 1- 28. 

Fritsch, V. (1937). Beitrage zur F llnkgeologie III. Einiges 
libel' die Ausbreit ung H ertzschel' Felder in Gebirgen, 
Beitr. a ngew. Geoph,vsik 6, No.3 , 277- 306. 

Fritsch, V. (1939), Grllndzuge del' Funkgeologie (Verlag 
Friedr. Vieweg, Braunschweig). 

Fritsch, V. (1939), Beitr. angew. Geophysik 7, No . 4. See 
p . 452. 

Fritsch, V. (1942), Lo smorzamen to delle onde H ertziane 
attraverso i cond uttori geologici, Geofisica pura appl. 4, 
No.1, 15- 37. 

Fritsch, V. (1944), Beitrage zur Funkgeologie VIII . Aus­
breitung Hertzscher Wellen in geologischen Leitern, Beitr. 
angew. Geopbysik 11, No.2, 163- 199. 

Fritsch, V. (1946), Die funkgeo logischen Voraussetzungen 

------------------------

fUr clen Grubenfunk, R adiowelt 1, No.3, 39- 43; No.4, 
59- 64. 

Fritsch, V. (1948), Ausbreitllng hochfrequenter H ertzscher 
Felder in ICalilagerstatten, Geofisica pura app\. 12, No. 1/2. 

Fritsch, V. (19'19), Grundzuge del' angew. Geoelektrik (Wien) . 
See Fig. 253. 

Fritsch, V. (1952), Mitteilungen des Forschungsinstitutes Bad 
Gastein der Wiener Akademie del' Wissenschaften, No. 74a. 

Fritsch, V. (1960), E le ktrische Messungen an raumlich aus­
gedehnten Leitern (Verlag G. Braun, Karlsruhe). 

Fritsch, V. (1961), Messungen an raull11ichen Leitei'll (Bra un­
verlag, Karlsruhe). 

Granier, J . (1924), Absorption des ondes electromagnetiquee 
par la glace. Compt. Rend. hebd . Acad . Sci. 179, No. 23, 
1313- 1316. 

Grosskopf, J . (1942), Das Strahlungsbild eines vertikalen 
Dispolsenclers i.iber geschichtetem Boden, Hochfreq UE'nz­
techno u. E. 60, 136- 141. 

Gross kopf, J . (1943). Die Ausbreitung elektromagnetischer 
'Wellen Uber inbomogenem Boden, Hochfrequen ztechll. u. 
E. 62, 103. 

Grosskopf, J., and K Vogt (1940), T . F . T. 29, 164. See 
Fig. 2. 

Grossko.?f, J.;! and K Vogt (1941), Hochfrequenzt. u . E. 58, 
55. See I i 19. 6. 

Grosskopf, J. , and K . Vogt (1943), Del' Zusammenhang 
zwischen del' er-rekti ven Bodenleitfllhigkeit und del' Aus­
breitllngsdampfung, Hochfrequenztechn. u. E. 62 , 14. 

Hack, F. (1908), Die Ausbreitung ebener elektromagnetischer 
Wellen langs eines gesch ichteten Leiters, besonclers in den 
Fallen der clrahtlosen T elegraphie, Hochfrcquenztechn. U. 
E. 2, 165. 

Hartee, D . R (1931), Optic and equivalent paths in a strati­
fied medium, treated from a wave standpoint , P roc. Roy. 
Soc. (A), 131, 428-450. 

Haycock, O. C., E. C. Madsen, and S. R. Hurst (1949), 
Propagatio n of e lectro magnetic waves in the earth, Geo­
physics 14, 162- 171. 

Horton, C. vV. (1946) . On the use of electromagnetic waves 
in geophysical prospecting, Geophysics 11, 505. 

Howell, B. F. (1943). Some effects of geologic structure on 
radio reception, Geophysics 8, 165- 176. 

Hummel, J. N. (1935), Unterlagen der geoelektrischen Auf­
schliessungsmethoden, Beitr . Ang. Geophys . 5, 32. 

Ilsley, L. C., H. B. Freeman, a nd D . H . Zellers (1928), Ex­
periment in underground communication through earth 
strata, Dept. of Commerce, Bur . of Mines, T ech. Paper 
433 . 

Joyce, J. W. (1931), Electromagnetic absorption by rocks 
with some experimental observations taken at Ma mmoth 
Cave in K entucky, Bur. of Mines, Tech. Paper 497. 

Jung, H. (1950), Bedeutung der Hochfrequenz fUr clen Berg­
bau, Elektrotechnik 4 , 145- 149. 

K elT , D . E. (1951), Propagation of short radio waves (M c­
Graw-H ill Book Co. Inc., New York). See especially p . 
396. 

Khastgi r , S. R, and M . K . Charkravarty (1938), Direct 
determination of the electro constants of soil at ult ra high 
radio frequencies, Phil. Mag. (7), 25, 793. 

Krajew, A. P. (1957), Grundlagen del' Geoelektrik (VEB 
Verlag T echnik, Berlin) . 

KUhn, U. (1958), Ausbreitungsuntersuchungen Uber unter­
schiedlichem Gelande, T echn. Mittlgn. BRF, No.2, 41- 43. 

Lichtenecker, K. (1924), Del' elektrische Leitungswiclerstand 
ki'lnstlicher und natUrlicher Aggregate, Phys. Z. 25, 169, 
193, 225 . 

Lob, E. (1943), Die Dielektrizitatskonstante und del' Ver­
lustwi n kel von trockenem llncl feuchtem Sanel bei Zentime­
terwellen, H ochfrequenztechn . lI. E . 61, No.2, 35- 38. 

Lorenz, L. , and H. A. Lorentz (1880), Wied. Ann. 9, 64l. 
Lowy, H. (1920), Elektrodynamische Erforschung des Erdin­

nern und Luftschiffahr t (Manz'sche Veriagshandlg., Wien). 
Lowy, H . (1940), Dielektr izitats konstante und Leitfahigkeit 

del' Gesteine, Ann. Ph.vs ik (4) 36, 125. 
M cGehee, Jr. F. M. (1954), Propagation of radio frequency 

energy through t he earth, Geophysics 19, No.3, 459- 477. 
McKinnon, K. A. (1940), R adiofrequency measurements of 

ground co nductivity in Canada, Can. J. R es. (A), 18, 123. 
M cP etrie (1934) , A determination of the electrical constants 

177 



of t he earth's surface at wavelengths of 1.5 and 0.46 m, 
Proc. Phys . Soc. 46, No. 5, 637- 648 . 

Millington, G., and G. A. I sted (1950), Ground-wave propa­
gat ion over an inhomogenous smoot h earth, Proc. Inst. 
Elect. Engrs., Part III, 209- 222. 

Miiller, M. (1943), Die Messung del' Frequenzabhangigkeit 
der elektrisch en Lcitfiihigkeit und Dielektrizitatskons tante 
von Gesteinsproben, Z. Geophysik 18, 59- 66. 

Niessen, K. F. (1938), Zur Entscheidung zwischen hori­
zontalcn oder vertika len elekt r. Dipolen zwecks mini­
maIer Erdabsorption bei gegebener Bodenart und Wellen-
lange, Ann. Physik Y 33, 404- 418. . . 

Petrovsky, A. (1908), Uber die AusbreIt ung der Wellen emes 
H ertzschen Oscillators , der in einem leitenden Mittel 
steht , Bull. P et erburge.r Akad. Wiss. 1217. In Russia n. 

P etrovsky, A. (1929). Uber die unmittelbare Messung der 
Lange der elekt romagnetischen Wellen und uber die 
Anisotropic derselben im Berggestein, Vestnik Elektrotech­
niki 1, No. 11(12, 329- 339. In Russian. 

P etrovsky, A. (1933), Uber die Anwendung der elektromag­
netischen 'Wellen zur Bodenforschung in der USSR, 
Beitr. ang. Geophysik 3, 149- 204. 

Petrovsky, A. (1947), D er erste Versuch ftber die Fortpflan­
zung Hertzscher Wellen durch ewig gefrorenen Boden , 
T rudy Inst. Mer zlotovendenija imeni, V.A. Obrucheva 5, 
In Russian. 

Petrovsky, A., R . Skariatin, A .. Selesnew, B. N . Dostavalov, 
a nd L . K leinmann (1930) , Uber die ondometrischen Ar­
beiten des Instit utes fiir die angewandte Geophysik, 
Arbeiten des J .A.G. 45- 69. In Russian. 

Polic, B . (1944), Die Untersuchung der Ausbreit ung von 
elektromagnetisch en Wellen in Gebirgs-, Flusstalern, 
FjorcJen us"' . mittels Modellen, T .F.T . 33,63. 

Pri tchett, \V. C. (1952), Atte nuation of radio frequency waves 
t hrough t h e earth , Geophysics 17, No. 2, 193- 217 . 

Pulien , M . W. (1953), Geologic aspects of radio wave trans­
J1'l,ission, State Geol. Surv. Rep . of Invest. Urbana, Ill ., No. 
162,73. 

Ratcliffe, J . A., and F. W . G. Whi te (1930), The electrical 
properties of t he soil at radio frequencies, Phil. Mag. (7), 
10 , No. 65, 667- 680. 

Schumann, W . O. (1948) , Elektrische Wellen . (C. H auser­
Verlag, M Dnchen). See especially p. 51. 

Sen-Gupta, B., a nd S. R. Khastgir (1936), Direct deter­
mination of t he electric constants of soil at radio frequency, 
Phil. Mag. (7), 22, No. 146, 265- 273 . 

Silverman, D., and D . Sheffet (1942), Note on t he transmis­
sion of r adio waves th rough t he earth, Geophysics 7, 
406- 413. 

Smith-Rose, R. L. (1933), The electrical properties of soil 
for a lternating curren ts at radio frequencies, Proc. R oy. 
Soc. London (A), 140 , 359. 

Smith-Rose , R. L. (1935) , The electrical properties of soil 
at freque ncies up to 100 megacycles per second, Proc. 
Ph ys. Soc. 47 , 923. 

Smith-Rose, R. L., and R. H. Barfield (1926) , The attenua­
t ion of wireless waves due to t he resistance of t he earth, 
J. Inst. Elect. Eng. 64, No. 355, 766. 

Smith-Rose, R. L . (1957) . Ad vances in electronics and electron 
physics, Physics 9, 187- 238. 

Sommerfeld , A. (1910), Ausbreitung der Wellen in der 
drahtlosen T elegraphie. Einfluss del' Bodenbeschaffen­
heit auf geri chtet e und ungerichtete Wellen ziige , Jahrb . 
drahtl. T elegr. u. Telephonie 4, 157- 176. 

178 

Spieker , E . M. (1937), Radio-transmission and geology, Bull. 
Am. Assoc. Petrol. Geol. 20, 1123. 

Stern, W. (1931), Uber d ie Ausbreitung elektromagnetischer 
Wellen hoher Frequenz im bergfeuchten Gebirge, Beitr. 
z. angew. Geophysik 1, 437. 

Stipanits, M. (1938), Die dra ht lose Verstandigung im Berg­
bau und die Funkversuche im Dreifalt igkeitsschacht in 
Schlesisch-Ostrau , Montanist. Rundschau 30, No. 28, 1- 5. 

Strutt, M. J . 0. (1932), Der Einfluss der Erdbodeneigen­
schaften auf die Ausbreit ung elektromagnetischer Wellen, 
Hochfrequenztechn . u. E. 39 , No. 5, 177- 185. 

T a rchov, A. G. (1955), Radiovolnovoj metod elekt ro razvedki, I 

Tr. Mosk. Geol.-Razvedoch. Inst. 28,215. 
T aylor, A. H. (1 919), Short-wave recept ion and t ransmission 

on ground 'wires (Subterranean and Submarine), Proc. 
IRE 7, 337. 

Tra umer, F ., a nd M. Miiller (1957), Die Ausbreitung der 
BodenweJlen iiber inhomogenen Untergrund, T ech. Mitt. 
Beit r. La b. Rundfunk u. Fernsehen No. 2, 21. 

Wadley, T. L . (1946), Underground communication by radio 
in gold mines on t he \Vitwaterstr and, Report T .R .L ., 
No.3 . 

Wait, J . R. (1953), R adiation from a vertical dipole over 
a stratified ground, IRE Trans. Ant. Prop. AP-l, No. 
1,9- 12. 

Wait, J . R . (1954) , Theory of electromagnetic surface waves 
over geological co nductors, Geofis . Pura Appl. 28, 47- 56. 

Wait, J . R . (1957) , The effecti ve electri cal constants of soil 
at low frequencies , Proc. IRE 45, No. 10 . 

Wait, J . R . (1959) ,Overvoltage r esearch in geophysical 
applications (Pergamon Press, New York, and London). 

Waller , W . (1954), Sprechverbindungen in Bergwerken unter 
T age, Elektrotech. Z. (A), 75, No. 5, 191- 194. 

Wedensky , B. (1937) . Formeln fi.ir Ausbreitung und Beugung 
von Hochfrequen zwellen un tel' Beriicksich tigung der Dielek­
t rizitatskonstanten del' Erde, T ech . Phys. USSR 4, No . 8, 
579. In Russian . 

Wiener, 0 . (1912) , Die TheOl'ie des Mischkorpers fUr das 
F eld del' stationaren Stromung, Abhandl. Leipziger Akad. 
32,519. 

Wise, H oward W. (1930), Note on the accuracy of R olf's 
graphs of Sommerfeld's attenuation formula , Proc . IRE 
18, 1971. 

Wolf, A. (1946) , Electric fi eld of an oscillating dipole on 
the surface of a two-layer earth, Geophysics 11, 518- 537. ' 

Wundt, R . M . (1940). Ein Beitrag zur Brechung elektrischer 
Wellen an der Erdober fl acbe, Verhandl. deut. physik 
Ges. 21, No. 2, 43. 

Zehnder, L. (1911). Beruht die draht lose T elegraphie auf 
die Ausbreitung H ertzscher Wellen in del' Erde'? Elek­
trotech. Z., 1101. .. 

Zen neck, J . (1907) , Uber die Fortpflan zung ebener elektro­
magnetischer 'Wellen langs ei ner ebenen Leiterflache und 
ihre Beziehung zur drahtlosen T elegraphie, Ann. Physik 
(4) 23, 846-866 .. 

Zuhrt, H . (1938) , Uber die Da mpfung von Kurzwellen durch 
leitende "Va nde, Hochfrequenztechn . u . E . 41, 205- 207 . 

Zuhrt , H. (1953), E lektromagnetische Strahlungsfelder 
(Springer-Verlag, Berlin), See especially p. 445. 

(Paper 67D 2- 252) 


	jresv67Dn2p_161
	jresv67Dn2p_162
	jresv67Dn2p_163
	jresv67Dn2p_164
	jresv67Dn2p_165
	jresv67Dn2p_166
	jresv67Dn2p_167
	jresv67Dn2p_168
	jresv67Dn2p_169
	jresv67Dn2p_170
	jresv67Dn2p_171
	jresv67Dn2p_172
	jresv67Dn2p_173
	jresv67Dn2p_174
	jresv67Dn2p_175
	jresv67Dn2p_176
	jresv67Dn2p_177
	jresv67Dn2p_178

