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Foreword 
(This Foreword is not a part of IEEE Std 356-1974, Guide for Radio Methods of Measuring Earth Conductivity.) 
This guide is the result of a survey of radio techniques employed for measuring the conductivity 

of the earth. Results are applicable to the design of communication channels that are influenced 
by the electrical characteristics of the earth. Emphasized are those techniques used at frequencies 
where the loss tangent is large. 

The techniques are classed broadly into those which make use of drill holes into the earth and 
those which do not. Also, we distinguish between those methods that are passive and those that 
are active. In the latter case, the radio source is controlled. 

Comments and critiques on the various techniques are included. The guide contains 68 refer- 
ences employed in the survey, plus appendixes which contain theoretical and practical details un- 
derlying some of the methods. 

At the time it approved this standard, the Wave Propagation Standards Committee of the 
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1. Purpose and Scope 

The earth’s surface and the material below 
it affect both the point-to-point radio-wave 
propagation above and below the earth’s sur- 
face and the impedance of the antennas em- 
ployed. For this reason the radio engineer is 
concerned with the macroscopic electrical 
properties of the earth. The properties of con- 
cern here are the conductivity and dielectric 
constant (or permittivity). We are also con- 
cerned with the horizontal stratification that 
may exist. However, we do not consider the ef- 
fects of surface roughness in any detail. 

In what follows, the magnetic permeability 
of the earth is taken to be that of free space p o  
= 4~ x lo-’ H/m. Exceptions, of course, occur 
in localized regions containing magnetic ma- 
terial for which the magnetic permeability p 
differs from p, (for example magnetite). 

The techniques for determining the elec- 
trical constants of the earth can be broadly di- 
vided into two categories: 

(1) those where drill-hole access into the 
earth does not exist 

(2) those where drill holes can be employed 
Where a drill hole can be used, the methods 

for single drill holes give localized values of the 
constants in the vicinity of the hole. Propaga- 
tion between two holes can be used to deduce 
bulk values of the electrical constants of the 
earth between. To characterize a broad area of 
the earth’s surface would require data from an 
impractically large number of costly holes. 

When interest is in the earth constants over 
a large area, such as coverage for broadcast 
stations, or where drill holes do not exist, 
techniques are employed which may be char- 
acterized as those which use surface probes. 

The material in this guide is drawn from 
numerous articles and papers; most of it 
is available in the open literature. Useful 
summary texts are  those of Keller and 

Frischknecht, Ref [l] and Grant and West, 
Ref [2]. Theoretical background is found in 
the prolific writings of Wait, including his 
book, Ref [3]. These sources treat for the most 
part surface-probing techniques, although one 
chapter of Keller and Frischknecht, Ref [ l ]  
treats some well-logging methods. Additional 
material is reported below with pertinent ref- 
erences (Ref [4]). 

In Section 2, we discuss techniques using 
surface probes and in Section 3 we discuss 
methods suitable for drill holes (including well 
logging) and, additionally, a few miscella- 
neous specialized cases. In what follows we ex- 
clude discussion of those arrangements which 
employ gamma, x-ray radiation, or similar 
sources of radiation. 

SI  units are employed throughout this 
guide. 

2. Surface-Measurement Techniques 
(Probes) 

The earth sometimes may be considered as 
a homogeneous (ideal) semi-infinite medium 
or, in practice, horizontally stratified. The 
loss tangent for such a conductive medium is 

p = tan \k = u/wE,E, (Eq 1) 
where 

E ,  = le9 /367r F/m 
w = the angular frequency 

f = the wave frequency 
= 27rf 

E, = the real relative dielectric constan;t of 
the earth (or permittivity relative to 
that for free space). 

For most cases of interest, the loss tangent is 
large. 

As we have indicated, radio waves penetrate 

7 
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into the earth. The wave field strength atten- 
uates exponentially with depth, the field 
strength decreasing to e -1 at  the skin depth 6. 
For highly conducting media 

Actually most methods give an apparent 
since the theory is based on 

Surface measurements can be divided into 

(1) broad area coverage 
(2) local areas 
In the broad area category, described below, 

ground-wave propagation is the usual meth- 
od. Local area measurements are of several 
types, as discussed later. 

2.1 Broad Area Coverage. The coverage dia- 
gram of a broadcast station is critically depen- 
dent upon soil constants. Characterizing cov- 
erage areas or states or a country such as the 
United States requires extensive measure- 
ments. The usual measurements are those of 
measuring the fields from a broadcast station 
at  many points on the surface along radials 
from the station, or near the surface by air- 
borne receivers. 
2.1.1 Theoretical Calculations. The pre- 

dicted variation of field strength with dis- 
tance, frequency, soil constants, antenna 
types, and heights is due to the theoretical 
work of Norton, Ref [5] and amplified by oth- 
ers such as Wait, Refs [6], [3]. Theoretical 
curves of field strength versus distance at  a 
given frequency are drawn for several pairs of 
values of U and t r .  The measured data are then 
compared with the theoretical curves. Gener- 
ally, a range of paired values is obtained. Mea- 
surements repeated at  other frequencies assist 
in isolating more correct values of t r and CT. 

Recent theoretical calculations using digit- 
al computers have been given by Berry and 
Chrisman, Ref [7] and by Gerks, Ref [8], based 
on Bremmer's original equations. Propaga- 
tion over a stratified earth has been treated 
theoretically by Wait, Refs [6 ] ,  [3]. 
2.1.2 Large Area Maps (Estimated Con- 

stants). Estimates of t r  and U for various types 
of ground soil (and water) are given in Norton, 
Ref [5], CCIR, Ref [9], Jordan and Balmain, 
Ref [lo], and FCC publications, Ref [l l] .  The 
FCC has published a map of conductivity for 

conductivity 
idealization of the model. 

two categories: 

the United States that  is useful for broad- 
casters and for those concerned with radio 
point-to-point communication. A similar map 
is available for Canada. There are also stan- 
dard field-strength curves published by the 
FCC and the U. S .  Army Signal Corps. 

These field-strength curves have been pre- 
pared for a spherical homogeneous earth. The 
constants deduced from a measurement are 
apparent or equivalent values in an actual 
case. 
2.1.3 Waue-Tilt Method. One feature of 

ground-wave propagation, the wave tilt, can 
be used to deduce earth constants. Assuming 
for the moment a plane homogeneous earth, 
the ground-wave fields have two orthogonal 
electric components; one is the vertical field 
strength E ,  and the other is a radial or longi- 
tudinal horizontal component Eh. The wave 
tilt, Ref [3], is the ratio 

where n is the (complex) refractive index of 
the earth relative to air given by 

12 = (E'~)''Z = (E,)'/z (I-jp)'/z  (Eq 4) 

where 
E', = the complex relative dielectric constant 
p = loss tangent given by Eq 1 

E, = the real relative dielectric constant 

Since n is complex, the resultant electric 
vector lies in the vertical plane and its end de- 
scribes an ellipse tilted forward in the direc- 
tion of propagation. A measure of the axial ra- 
tio and the tilt of the ellipse results in a mea- 
surement of n. For large loss tangents 

n = ( O / W E , ) ~ / ~  exp ( - jn /4)  (Eq 5) 

from which U can then be deduced. 
In the high-frequency band and for typical 

values of U ,  n is still large and the elliptical 
properties are difficult to measure accurately. 

An example of hf wave-tilt measurements in 
determining the electrical parameters of stra- 
tified earth is that of Eliassen, Ref [12]. 
2.1.4 Attenuation Method -Layered Earth 

Models. Maley, Ref [13], proposed a method to 
yield t r  and U for a two-layered earth from 
measurements of attenuation versus distance 
of the electric field from a vertical electric di- 
pole. The theory is based upon that of Wait, 
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Ref [3]. The method is applicable for numer- 
ical distances from 0.1 to 10 units, for which 
values of both t r  and U result. The procedure 
for data analysis involves a least-squares pro- 
cess on the data from a large number of mea- 
surements. Localized irregularities would 
then not seriously affect results. 

Stanley, Ref [14], published results of field 
strength versus distance measurements at  
Point Barrow. The results were matched to 
theoretical curves for a two-layer model to de- 
duce the electrical constants of the two layers 
and thickness of the upper layer. 

A related phenomenon in ground-wave pro- 
pagation is that found for a mixed earth, for 
example, propagation across a land-sea 
boundary. Millington, Ref [15], evolved a 
quasi-analytical method for predicting the 
change in field strength, with results from 
simulated microwave model measurement. 
Pressey et al, Ref [16], have given quasi-empi- 
rical methods for variations of phase of im- 
portance to navigational aid devices such as 
Decca. Wait, Refs [17] and [3], and Wait and 
Walters, Ref [la], have given the theoretical 
basis for mixed path ground-wave in both am- 
plitude and phase. The enhancement (or de- 
crease) crossing a boundary depends upon 
conductivity contrast (for example, land to 
sea). 

2.2 Local-Area Methods. Instead of distances 
of tens or hundreds of kilometers separating 
transmitting and receiving antennas, more lo- 
calized measurements involve separations of 
the order of 1 km, depending upon the tech- 
nique. Two major categories exist depending 
upon whether active or passive methods are 
used. 
2.2.1 Passive Methods. Passive methods in- 

volve measurement of natural fields of the 
earth, for example, magneto-telluric or tell- 
uric current methods; currents flow in the 
earth caused by variations in the earth’s mag- 
netic field. Perturbations to the earth’s field 
at frequencies about 1 Hz are attributed to 
sferics or lightning discharges and exclude 
man-made noise sources. (While not strictly 
radio methods, these are included here for 
completeness.) The theory of these methods 
may be found in the texts by Keller and 
Frischknecht, Ref [l], or Wait, Ref [3]. Other 
references include papers by Cagniard, Ref 
[19], Cantwell and Madden, Ref [20], Lahiri 

and Price, Ref [21], Wait, Ref [22], Yungul, 
Ref [23], and Vozoff, Ref [24]. 
2.2.1.1 Magneto- Telluric (M- T )  Method. 

In magneto-telluric methods the sources of 
the fields to be observed are natural telluric 
currents. The horizontal electric intensity Eh 
and the orthogonal magnetic intensity Hh are 
observed. At the earth’s surface the apparent 
complex surface impedance of the earth look- 
ing downward is 

assuming plane waves and uniform stratifica- 
tion. The  observations are made a t  fre- 
quencies below 1 Hz at which the loss tan- 
gents of the media are large. Then 

for nonmagnetic media, where U =  is the appar- 
ent conductivity of the earth. If the earth is 
assumed to be horizontally stratified, values 
of c a  in Eq 7 may be used to determine the 
characteristics of those horizontal layers, de- 
pending upon the model assumed. Thus, for 
two-layer models (for example, an overburden 
of finite thickness above a semi-infinite rock 
medium) the equations and curves of Cag- 
niard, Ref [19], Wait, Ref [6], and Wait and 
Conda, Ref [25] may be used for interpreta- 
tion. For three-layer models, the relations of 
Cagniard, Ref [19], and the curves of Yungul, 
Ref [23] may be employed. Vozoff, Ref [24], 
shows how a generalized inversion technique 
can yield the stratification model. 

Eh is readily observed by using a horizontal 
wire, usually fed at the center, with ends 
grounded via electrodes. The wire arms may 
be arranged in various dipole geometries. The 
magnetic field is more difficult to observe ac- 
curately. The simplest method makes use of 
the magnetic balance arrangement, with its 
bar magnet. A recent development is an opti- 
cally pumped magnetometer (Ref [l], p 239). 
2.2.1.2 Telluric-Current Method. In the 

telluric-current method only the horizontal 
electric field is measured, avoiding the trou- 
blesome measurement of the minute magnet- 
ic-field variations. In this method, measure- 
ments are made at  a base station and at  a re- 
mote site. Accurate timing is required and 
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