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Foreword 

This repor t  expands upon the mater ia l  of ear th  medium e lec t r ica l  parameter  
presented in an invited paper  a t  the Work- measurements ,  resu l t s  and applications 
shop on Radio Systems in For re s t ed  and/or  is not exhaustive, but only representat ive 
Vegetated Environments, held by the of the subject mat te r .  Nevertheless,  the 
United States Army Communication Com- 

mand at Fort Huachuca, Arizona, Novem- r eade r  with an overview of basic  methods, 
b e r  1973. 

account given h e r e  should provide the 

The survey  of work in the area r e su l t s  and applications in this  a r ea .  

n 
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M E A S U R E M E N T  O F  E A R T H  MEDIUM ELECTRICAL 
CHARACTERISTICS: TECHNIQUES, 

RESULTS, AND APPLICATIONS 

Abstract 

An overview of measurement techniques, stant of ear th  medium i s  given. 
tion of these measurement techniques to 

geophysical investigations is also discussed. 

Applica- 
measurement  resul ts ,  and factors  influ- 
encing the conductivity and dielectric con- 

Introduct ion 

The ear th  e lectr ical  conductivity u and 
dielectric constant E can have a decided 
effect  upon the performance of electro- 
magnetic sys tems (e. g., communication 
sys tems and geophysical probing sys tems) .  
These parameters  influence the choice of 
antenna, the antenna efficiency, whether 
a ground sc reen  is needed and i ts  s ize ,  
the t ransmission loss  and phase shift, the 
dominant path of propagation, the effect 
of dispersion, hardening cons id erations,  
the relat ive communication efficiency, 
and environmental effects, among other 
factors .  Values of u and E for  a wide 
number of environments are hence needed 

in theoretical  assessments  of sys tem 
utility . 

Examples of laboratory and in s i tu  
methods of determining u and E a r e  given 
in this  report .  
both surface and d r i l l  hole procedures.  
Some references  describing various 
methods a r e  given; however, the reference 

l i s t  is not to be considered definitive. 
The re  a r e  numerous other  references 
describing these procedures which a r e  

The in s i tu  methods include -- 

not listed herein.  
information, a l i s t  of overview re fe r -  
ences concerned with electr ical  prob- 
ing of the ear th  (with particular emphasis 

on methods of measuring (5 and E and 
resu l t s  for o and E )  a r e  presented. 
References pertaining to specific meas- 
u r  e m ent schemes and applications 
a r e  a lso given. 
a1 t e r n a t i v e m e as u r em en t s c h e m e s wh i c h 
a r e  not mentioned herein.  
me a s  u r e m ent techniques is how ever  
thought to be representative of the more 
commonly used procedures.  

For general  background 

18-79  

The re  a r e  of course 

The l is t  of 

The electr ical  constitutive parameters  
u and E depend upon frequency, water 
content, temperature,  geological constit- 
uents, weathering factors,  local 
anomalies, and other considerations. Due 
to the myriad factors  influencing o and E, 
it i s  preferable  to perform in si tu meas-  
urements  of 0 and E, ra ther  than perform 
laboratory measurements on "representa- 
tive samples"  or to re ly  on "textbook 
values." Hence, -- in situ measurement 
schemes, ra ther  than laboratory 
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measurement  schemes  or "nominal 
values" for (T and E, a r e  s t r e s sed  in this 
summary .  

In s i tu  measurement  schemes  have the -- 
potential of probing the near  surface,  a s  
well as g rea t e r  depths. 
thus can be used for  detecting buried ob- 
jects,  faults, and discontinuities, in a d d i -  
tion to  determining the ground parameters .  
For example, these methods have been 
used to  determine the location of plastic 
and metall ic pipes, the depth of the water 
table, the location of gravel  deposits, 
identifying mineral  nodule deposits on the 

These techniques 

ocean floor, determining glacial  ice  depth, 
defining geothermal a reas ,  mapping the 
boundaries of buried sa l t  domes, and 
locating underground chambers.  In many 
situations, l a rge  propagation lo s ses  o r  
seve re  data inversion requirements  pre-  
clude successfully determining a detailed 
subsurface profile of u and E .  Neverthe- 
less, in si tu measurement  schemes and -- 
data inversion methods do hold grea t  
promise in geology, hydrology, mining, 
archaeology exploration, and location of 
energy r e sources  and definition of the i r  
extent, among others.  

Laboratory Measurements 

BRIDGE METHODS 

A parallel-plate capacitor is commonly 
used to  hold the right c i rcu lar  disc  sample 
of the mater ia l .  Two te rmina l  holders  
(see Fig. 1) are commonly used. This 
method has  been used for  frequencies of 

9 to  10 Hz. Procedures  exist  for  
accounting for  the inductance and con- 
ductance of the connecting leads.  
care has  to be taken to  insure a good 
contact between the sample and the elec- 
t rodes.  Substitution techniques with liquid 
immersion of the sample enable one to  
attain high accuracy for  the loss  tangent. 
(See Ref s .  10, 14, 16, 18, 19, 21, 22, 
26, 27, 6 2 . )  

Much 

TRANSMISSION LINE METHODS 

A short-circuited t ransmission line 
with the sample at  the end of the l ine 
( see  Fig.  2 )  enables one to use  standard 
impedance transformation formulae to  

Fig. 1. A Hartshorn-Ward capacitive 
holder. Upper electrode i s  
micrometer-  driven. 

2 -  



over an E 

loss  tangents f rom to 1.0. Either 
disc  o r  coaxial rod samples  may be used 
(see  Fig. 3) .  A difficulty is  that any one 
cavity i s  ra ther  narrow-banded. The 

range of 1 to 100  o r  more and r 

I I I analysis is based upon the impedance of 
I--- d2 ----t-d, --I the sample which is  determined via the Q 

of the cavity, the dimensions of the cavity, 
Fig. 2 .  Sample in shorted line with and/or  the cavity t ransmission coefficient. 

traveling probe. A second cavity resonator  method i s  a 

,-Rod sample 

1 I \Micrometer 

Fig. 3. Tunable TEoin mode cavity 
resonator ;  either one of the two 
alternative sample forms  is used. 

evaluate the propagation constant in the 
sample (which is related to  the complex 
dielectric constant of the sample).  
Electrode - sample contact problems can 
be overcome. Variations using open- 
c i rcui t -short-circui t  relations,  resonant 
length measurements,  and  t ime domain 
reflection coefficient can also be used .  
(See Refs. 10, 14, 18, 27, 2 8 . )  

RESONANT CAVITY METHODS 

A cavity resonator  in the TEOl mode 
is convenient for dielectric measurements  

pertubation procedure using a rectangular 

103 Or TE105 waveguide resonator  in a T E  
mode. 
of the cavity and the sample rod, and the 
resonant frequency and Q of the cavity with 
and without the sample.  The r e a l  and 
imaginaryparts  of E a r e  known in t e r m s  of r 
these quantities. (See Refs. 10, 29, 48.) 

Observed data a r e  the volumes 

Incident 

- 
Ref I ected 

Scattered 

Fig. 4.  Transmission and scat ter ing 
techniques. ( a )  Planar  sample; 
(b) spherical  sample.  
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WAVEGUIDE METHODS 

A slotted line measurement  of the VSWR 
and phase of the standing wave with a 

slotted line waveguide terminated a s  in 
Fig. 2 enables one to  compute the complex 
dielectric constant of the sample.  

Refs .  18, 23, 28 . )  

(See 

SCATTERING AND TRANSMISSION 
METHODS 

The complex refract ive index can be 
determined from comparisons of the 
theoret ical  solution and experimental  
r e su l t s  for  scat ter ing from a spherical  
sample  and t ransmiss ion  through a planar 
sample ( see  Fig.  4) .  Extensive theoretical  
r e su l t s  a r e  available fo r  these  situations. 
Very accurate  phase and amplitude meas-  

I n  S i tu  Surface 

FOUR-PROBE METHOD 

Three  common four-probe configura- 
tions a r e  i l lustrated in Fig.  5. These 
configurations consist  of two t ransmi t te r  
(current  I )  probes and two rece iver  probes. 
By using potential theory, one can deter-  
mine the voltage difference V between the 
rece iver  probes for equal, but opposite 
direction, cur ren ts  in the t ransmi t te r  
probes. 
upon the geometr ic  spacing (typically 
uniform as in Fig.  5) and the conductivity 
of the subsurface.  Measurements a r e  
performed at a low enough frequency that 
induction effects and attenuation can be 
neglected. Contact res i s tance  of the 
probes to the ground may be decreased by 

The ra t io  of V to  I depends only 

urements  a r e  required.  It is necessary 
that the sample be penetrable (i. e . ,  the 
t ransmission loss  through the sample 
should be measurable) .  Nonunique 
solutions a r e  possible, but use of two 
different s i ze  samples  can overcome this 
difficulty. (See Refs .  20, 24, 25. 1 

STANDARD SAMPLES AND COMPARISON 
MEASUREMENTS 

A comparison of dielectric measure-  
ments" by the U. s. A. ,  England and 
Canada over  the range of 10  3 to l o l o  Hz 

using standard samples  and procedures  
has  been made with accuracies  of f0.370. 
Cavities were super ior  f o r  measuring low 
losses .  Standard samples  of s i l ica  
(er = 3.82-jO.0005) and g las s  
-j0.033) are available f rom the National 
Bureau of Standards. 

= 6.20 

Measurements  

watering' '  the ground around the probe 
a n d / o r  using many closely spaced probes 

in parallel .  Receiver probes which a r e  
nonpolarizing elect  rode s a r e  preferred.  
Insulated wires  connecting the various 
probes a r e  needed to  decrease  the cable 
pickup between the cur ren t  ( t ransmi t te r )  
wires  and the voltage difference ( rece iver )  
wires.  
a t  sma l l  spacings, the Wenner a r r a y  is 
more sensit ive at  l a rge  spacings, and the 
right angle a r r a y  is somewhat between 
the Wenner and El t ran in sensitivity. 
The right-angle a r r a y  has  the advantage 
of the absence of mutual inductance be- 

II 

The El t ran a r r a y  is more  sensit ive 

tween the t ransmi t te r  and rece iver  c i r -  
cuits. (See Refs. 6, 12 ,  14, 16, 34, 43, 

55, 63.) 
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moderate  distance from the t ransmi t te r  
is simply related to  the local ground 
conditions. 

The e lec t r ic  field vector t r aces  out an 
ell ipse as a function of t ime at  the observa-  
tion point. By measuring the major  and 
minor axes  of the ellipse, o r  the radial  
and ver t ical  fields, the wave tilt  can be 
determined. 
homogeneous, this method w o r k s  well 
when the ground is not too highly conducting 
o r  very lossless .  Measurement accuracies  
then become acute, leading to possible 
uncertainties in e i ther  CJ and/or  E If 
the local ground i s  stratif ied many 
possibil i t ies occur,  some  of which lead to  
erroneous resul ts .  This method has  been 
used for  frequencies of 100 kHz to 10 MHz 

for  ground conditions of CJ = to 

If the local ground i s  

r’ 

mho/m and = 10 to  40. (See 
Refs. 14, 16, 33, 39, 43, 46 . )  

POWER REFLECTIVITY 

Determining the reflection coefficient 
at the ground surface enables one to 
es t imate  (3 and E of the ground (see  
Fig.  8). This method is  also useful fo r  
a stratif ied medium with a low loss  upper 
layer .  T ime of a r r iva l  measurements  
a r e  helpful in determining the thickness 

r 

Transmit Receive 

incident 

Fig. 8. Ground reflection. 

Receive7 

L - - 
Subsurface wave 

Fig. 9 .  Possible  modes of propagation. 

of the upper layer ,  a n d  attenuation meas-  
urements  are helpful in evaluating the 
conductivity of the upper layer .  Surface 
roughness can invalidate this procedure.  
(See Refs. 14, 44, 45, 48 . )  

MULTIPLE MODE INTERFERENCE 

For  t ransmi t te r  and rece iver  nea r  the 
surface of the ground, a number of possible 
modes of propagation are feasible (see 
Fig.  9 ) .  

F o r  l a rge  enough t ransmi t te r  and 
rece iver  heights, and orientations such 
that the direct ,  groundwave, and sub- 
surface wave are negligible, this situation 
reduces to the power reflectivity situation 
shown in Fig.  8. For t ransmi t te r  and 
rece iver  near  the surface,  the direct  and 
reflected waves effectively cancel each 
other and the ground wave and subsurface 
wave enables one to determine the CJ and 
E of the ground. The theory for  this 
situation is founded upon the fundamental 
Sommerfeld integrals.  More approximate 
procedures ( ray  optics) a r e  sufficient in 
some cases .  Mode interference a l so  
occurs  for  a stratif ied ground and for 
buried t ransmi t te r  and rece iver .  (See 
Refs. 14, 47 . )  

r 

n 
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ANTENNA INPUT IMPEDANCE 
METHODS 

The input impedance of an antenna 
close to  the ear th  ( see  Fig. 10) is de- 
pendent upon the e lec t r ic  parameters  of 
the ground. Horizontal l inear  antennas 
near  resonant  length and within one-tenth 
wavelength of the ground have been shown 
to be effective for determining (5 and E 

of the ground. 
surface a r e  quite effective as they a re  
closely coupled to  the earth.  Vertical  

antennas are  not as effective as horizontal 
ones (for this purpose)  as they do not 
couple as strongly to the earth.  
apparent "shortening1' of the physical 
length for  an  antenna lying on the surface 
is evident in the impedance variation rela- 

t ive to  i ts  behavior in f r ee  space.  Surface 
roughness, stratification, and local 
anomalies can mask the actual subsurface 
s t ructure .  
measurements  at severa l  different 

r 
Antennas lying on the 

An 

It is advisable to perform 

Fig.  10. Input impedance. 

frequencies or antenna lengths. (See 
Refs. 14, 32, 48,  6 7 . )  

FIELD VARIATION WITH DISTANCE 
METHODS 

The theoretical  dependence of field 
strength upon distance f r o m  the t rans-  
mit ter  ( s ee  Fig. 11) is expressed in t e r m s  
of the conductivity CJ and relative dielectric 
constant E of the ground. Hence, for a r 
r e as onab ly homogeneous ground, know ledge 
of the field strength behavior with distance 
enables one to  es t imate  the local CJ and E r '  
Theoretical  resu l t s  now exist not only 
for  a uniform flat earth,  but for cer ta in  
inhomogeneous composition, spatially- 
varying te r ra ins .  
the application of this technique is the 
effective conductivity map of the United 
States, estimated by observing the field 
decay with distance of U.S. commercial  
radio stations. (See Refs. 6, 14,  16 ,  30, 
31, 35, 36, 37, 38, 40, 47 . )  

A notable example of 

Fig. 11. Field variation with distance. 

In  S i tu  Dr i l l  Hole Measurements  

TWO-LOOP METHODS separation distance, and the medium 
electr ical  parameters .  Theoretical  
resu l t s  for  the mutual impedance dependence 
of coaxial and coplanar loops upon E 

The mutual impedance of two loops in 

an  infinite uniform medium is dependent 
upon the relat ive orientations, the is exist. 

and r 
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It has  fur ther  been shown that under 
most conditions, the mutual impedance 
of coaxial loops in a d r i l l  hole ( see  Fig. 1 2 )  
does not depend upon the presence of the 
dr i l l  hole. 
two coaxial loops in a d r i l l  hole, to 
determine E and (T, have been success-  
fully correlated with alternative ground- 
parameter  measurement schemes.  This 
method is a s imple and accurate  means 
of probing the electr ical  parameters  of 
the medium immediately surrounding the 
d r i l l  hole. (See Refs. 59, 60, 63.)  

Measurements of Zmutual of 

r 

input power level enables one to  use 
propagation models to es t imate  0 and E r 
for  the medium through which the signal 
passed. Subsurface anomalies, par t ic  - 
ularly nea r  the surface,  can have a 
decided effect upon the data quality. 
Refs. 15, 55, 6 3 . )  

(See 

ANTENNA INPUT IMPEDANCE METHODS 

Wire rad ia tors  may be used to deduce 
the electr ical  propert ies  of the medium 
from the measured input impedance (see 
Fig. 14). A var ie ty  of l inear  antenna 

SURFACE-TO-HOLE METHODS 

For a t ransmi t te r  in a dr i l l  hole and a 
r ece ive r  on the surface ( see  Fig. 131, 

Transmitter 

Dri l l  hole the field attenuation and phase shift 
between t ransmi t te r  and rece iver  a r e  
re la ted to  the (T and e r  of the ground. 

Knowledge of the geometry of the 
situation, the patterns and impedances 
of the t ransmi t te r  and receiver ,  and the 

Fig.  13. Surface-to-hole situation. 

Z. in 

Fig. 12. Coaxial loops downhole. Fig. 14. Antenna input impedance. 
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types have been used: electrically long 
insulated antennae, near  resonant length 
antennae, and electrically shor t  probes.  
These methods are  accurate  fo r  evaluating 
(J (when cr >> W E  E ) o r  cr  (when 
WE E >> 0 ) .  They are  u s e f u l  for  deter-  
mining the electr ical  paratneters  of the 
medium within one skin depth of the dr i l l  
hole. (See Refs. 16, 54, 56, 61 ,  6 3 . )  

O r  
O r  

AXIAL ELECTRIC FIELD DECAY 
METHOD 

This  method (see Fig. 15) is based 
upon the axial  field decay of the field in 
the rock medium between separated t r ans -  
mit ter  and rece iver .  The exponential 
decay of the signal with skin depth enables 
one to  determine the skin depth, and f rom 
this  u (assuming E is known). An r 
encapsulated t ransmi t te r  is prefer red  to 
reduce cable pickup difficulties. This  
technique is useful for probing the medium 
within one skin depth of the dr i l l  hole. 
(See Refs. 16, 51, 63.)  

probe 

transm itter 

Fig. 15. Axial e lectr ic  field variation. 

TRANSMISSION LINE METHOD 

Unshielded balanced parallel  wire  
t ransmission l ines inserted into a dril l  
hole may be used to deduce the (J and E r 
of the ground. Standard open-circuit - 
short-circui t  procedures  may be used to 
determine the character is t ic  impedance 
and propagation constant of the t rans-  
mission line. 
be used to  es t imate  (3 and E ~ .  

14 ,  16, 49 . )  

These quantities may then 
(See Ref s .  

HOLE-TO-HOLE TRANSMISSION 
METHODS 

F o r  a t ransmi t te r  in one dr i l l  hole and 
a rece iver  in a second dr i l l  hole (see 
Fig. IS), or a second rece iver  in a third 
dr i l l  hole (see Fig. 1 7 ) ,  there  a r e  a 
variety of methods of determining u and 
E of the intervening medium. r 

F o r  the situation shown in Fig. 16, 

measurement  of the absolute attenuation 
and phase shift (for cw signals) o r  the 
t ime of a r r iva l  (for pulse signals) enables 
orle to evaluate (J and E _  of the sub-surface,  
Hole separations grea te r  than a wavelength 
have yielded reliable data. Alternate 
modes of propagation (e. g. ,  up-over-down 
and surface-reflected) ra ther  than the 

Fig.  16. Two-hole method. 
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Tronsrn i t te r 

Fig. 17.  Three-hole  method. 

direct  mode can contaminate the data;  
however, these  interference phenomena 
can a l so  be used  to determine the medium 
propert ies  ( see  next section). This  
method i s  not useful in media with hole 
separations of many skin depths. 
the situation shown in Fig.  17,  the 

differential phase shift and differential 
attenuation between r ece ive r s  R1 and R2 
enables one to es t imate  (T and E ~ .  

measurement  accurac ies  a r e  not as 
seve re  for  the three-hole situation as fo r  
the two-hole situation; however, the extra  

expense of the third hole may not be 
justified. (See Refs. 16, 52, 53, 55, 56, 
57, 58, 62, 63.) 

F o r  

The 

INTER FER ENCE PHENOMENA 
METHODS 

F o r  the situation shown in Fig. 18, 
there  are a number of possible modes of 
propagation (direct ,  reflected, up-over- 
down, subsurface reflected) any one of 
which may be dominant (dependent upon a 
number of factors) .  Depending upon the 

Up - Over  - Down 

/ I I 
Subsurface reflected 

Fig. 18. Interference modes. 

re la t ive level of the different modes, 
various interference phenomena a r e  
feasible. If only two modes a r e  competi- 
tive (e. g., the direct  and reflected), then 
ray  optic procedures may be  used with 
the differential  path differences to  predict  
the notching (in-phase and out-of-phase) 

behavior of the received signal with 
frequency variation. F o r  pulse excitation, 
t ime of a r r iva l  may be used to separate  
the various modes and their  attenuation. 
(See Refs. 52, 62, 63. ) 

FOUR-PROBE METHODS 

The four-probe method is applicable 
in dr i l l  holes as well as on the surface.  
Potential theory can be used to determine 
the mutual impedance between t ransmi t te r  
(cur ren t )  and rece iver  (voltage difference) 
probes. This mutual impedance depends 
only upon geometric factors  and the ground 
conductivity. A number of variations of 
t ransmi t te r  and rece iver  probe locations 
have been used. (See Ref s .  14, 62, 63.) 

n 

Model Measurements  

In var ious cases ,  experimental  data (and the associated measurement scheme) 

for validating theoret ical  calculations o r  experimental  data for  testing the 
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feasibility of a measurement  scheme is 
difficult t o  obtain for  a number of con- 
trolled situations. 1 4 J 6 4 - 6 8  F o r  example, 
varying the in si tu water  content, the sa l t  
content, the tide level, the geologic con- 
stituents, and the geometr ic  locations of 
t ransmi t te r  and rece iver  may be exceed- 
ingly difficult, time-consuming, and 
expensive to perform with full-scale - in 

-- 

situ measurements .  
difficult, time-consuming and expensive 

In addition it may be  - 

to obtain numerical  resu l t s  for a theoretical  

model of the physical situation. 
these situations occur, it is sometimes 
useful to  perform scale-model experiments. 
This  can be  a difficult task for a homo- 
geneous medium, and even more  difficult 
for an inhomogeneous medium. Neverthe- 
less ,  models for  complicated media have 
been constructed and have led to useful 
results.  This  method has  had extensive 
use in determining the effect of subsurface 
anomalies on surface measurement  
schemes.  

When 

Sample Resul ts  for  0 and c 

Numerous resu l t s  have been o h -  E a r e  the frequency, the water content, r 
1 , 4 ,  6-8,11,12,14,19,22,26,28,33,45, geological constituents, temperature, tained 

47J55-57,62,63 for  (J and c r  of ear th  mate-  
rials unde r  a variety of conditions. Fac to r s  
which have a decided influence upon (J and 

weathering factors,  and local  anom- 
alies, among others .  "Nominal" resul ts  
for  commonly encountered media can be 

Table  1. Nominal t e r r a in  constants (from Ref .  11). 

10 c m  3 cm 1 c m  
E r 

with 
respect  

E 
D r u  E r E 

to  (sa 

Wavelength vacuum (mho/m) r u  

Sea wa te r  80 1-5 69 6.5 65 1 6  2 2  50 
F r e s h  water  80 0.001-0.1 
Humid soil, clay 30 0.01-0.02 2 4  0.6 

Fe r t i l e  cultivated soi l  15 0.005 
Grass, meadow, race 

courses ,  spor t s  
grounds 

Rocky ground 7 0.001 

Urban a reas ,  large 
towns 5 0.001 

0.05 
3-6 -0.11 

Dry soi l  4 0.01 
Very dry soil, deserts 4 0.001-0.0001 2 0.03 about 0.007 

3 -0.1 
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104 

1 o3 

1 o2 

10 

Fresh water 

Med. moist gmun 

I 1 Drysand -1 
3000 300 30 3 0.3 

f - M H z  

Fig. 19. E r  dependence upon frequency 
and t e r r a in  type. 

I I I I I 

W 

w - Yo 

Fig. 20. E y  dependence upon the water 
content percentage (from Ref.  7).  

looked up in tables;  however, these num- 
b e r s  should be used with discretion. Due 
to  the variabil i ty of cs and f rom s i te  to 
s i te  and with environmental factors,  it is 
prudent to determine e r  and cs for  a 
par t icular  s i te  r a the r  than re ly  on "text- 
book" values. 

0 
co 
7 < 

b 

1 o - ~  I 

- 

- 

10' I I 
-40 -20 0 20 40 60 

Temperature - O C  

Fig. 21. Change in conductivity of rocks 
as they pass  through the f reez-  
ing point (from Ref. 14) .  

n 

Three  of t h e  factors which have the 
most effect upon cs and cr a r e  the geologic 
constituents, the water  content, and the 
frequency. A representat ive dependence 
of various ear th  media E and cs values is 

given in Table 1.'' Note that as the 
frequency increases ,  typically e r  de- 
c reases  and cs increases .  

r 

Media with a high water  content have a 
higher dielectric constant and conductivity 

8 than those with l e s s  water.  This is seen 
in Fig. 1 9  which depicts nominal resu l t s  
f o r  ler - jo/oeo I. 

water content 
The dielectric constant behavior 
ear th  medium with frequency is given in 
Table 2.  
difference of cy for water and ice. A 
s imi l a r  variation14 occurs  fo r  rocks 
( see  Fig. 21). Survey maps of 
the conductivity of la rge  a r e a s  have been 
performed at high frequencies6 and at  
low frequencies.12 Examples of these 
maps a r e  given in Fig.  22  (for high 

An explicit dependence of er upon the 
7 of rocks is shown in Fig. 20. 

of sample 4 

Note the dramatic  temperature  

- 12- 



Table 2 .  Behavior of sample ear th  medium. 

E at frequency (Hz) r 

Material Composition 
Temp. 

("C 1 1 o3 1 o6 l o 8  1 o9 

Soil Sandy dry 25 2.91 2.59 2.55 2.55 
Soil Loamy dry  25 2.83 2.53 2.48 2.44 
Ice F r o m  pure d i s t i l l e d  -12 4.15 3.45 3.20 

water 
Snow Fresh ly  fallen -20 3.33 1.20 1.20 1.20 

Snow Hard -pac k e d  followed -6 1.55 1.5 

Water Distilled 25 78.2 78 76.7 
by r a in  

/ a s  coal and oil). Numerous measurements 
have been performed on coal, and the 
resist ivity (or  conductivity) resul ts  cover 
a wide range. 
mining the resist ivity of a coal7 is the 

The main factor in deter-  

1 

IT > 2.5 X lom2 rnholrn 

mn 

k~ Q < IOm2 rnholm 

l a  5 2.5 X lo'* 

Fig. 23. 
Fig. 22. Ground conductivity map of the I I I 

United States base2 on a c o r r e -  
lation between resis t ivi t ies  
determined f rom the decay of 
radio-station fieldstrengths 
a n d  geological sub-outcrop 
(Keller and Frischknecht, 1966). 

Schematic map of the electr ic  
conductivity of the frozen rocks 
in the Northeastern USSR : 
(1) Frozen  rocks with an electr ic  
conductivity g rea t e r  than 
1.67 mho/m;  ( 2 )  frozen 

frequencies) and in Fig. 23 (for low 
frequencies ). 

Nominal values of various ground media 
a n d  in Table 4 are given in Table 3 for  E 

for  resist ivity p = I/a. 
r' 

There  is a great deal of interest  in the 
electrical propert ies  of resources  (such 

rocks with an eiectr ic  conduc- 
tivity r an  ing from 1.67 
to 4 
rocks with an electr ic  conduc- 
tivit ranging from 4 10-5 to  

with an electric conductivity 
ranging from to 2.5 * 

mho/m; (5)  frozen rocks with an 
electr ic  conductivity of less 
than 2.5 - mho/m. 

10- i? mho/m; (3)  frozen 

10- E? mho/m; (4) frozen rocks 

-13- 
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Table 3 .  Dielectric constants of rocks.  

Source,  m i n e r a l  
Composition 

(70 ) 
E Frequency  

(HZ) 

Wate r  
content 

(70  1 Rock 

Sedimentary  r o c k s  
Anhydrite with 

gypsum 
"Chuneski" sha le ,  

bentonitic 
T h e  s a m e  
"Gumbrin" sha le ,  

bentonitic 
Dolomite 
L imes tone  
L imes tone  
Arkos ic  sands tone  

6.3 

10-45.0 
d r y  
10 3 6  10--10 

2 6  

2 6  
10 -10 

10 - 1 0  

4-7.0 

9.5-10 

3 7  10 -10 8.0-8.6 

7.3 
8.0- 12.0 

Georgian SSR 

qua r t z ,  23 
fe ldspar ,  75 
mica, 2 
quar tz ,  40 

fe ldspar ,  45 
other ,  1 5  

G a r m  
Zubovskoe 

4.9 

Quar t z  - f e ldspa r  
s ands  tone 

5.1 '' 

4.6G 
3.96 

9.0-1 1 .o 
5.53 
7.17 

Sand s tone  

V a r  ieg at  e d sand s tone  
Shaly sands tone  
T h e  s a m e  

Metamorphic  Rocks  
Amphibolite 
Gneiss  
Gran i t e  gne i s s  
Quar t z i t e  
Quar t z  i te  
Quar t z i t e  
Quar t z i t e  
Marb le  
Marble  
Marb le  
Talc  s l a t e  
Micaceous s l a t e  
Roofing s l a t e  
Roofing s l a t e  
Phyl l i te  

Igneous rocks ,  ac id  
Bioti te -g ran i t e  apl i te  

d r y  
0.2 

7.9-8.9 

8.0-15.0 

8.0-9.0 

4.36 

4.85 

6.6 

7 .O 
8.22 

8.37 
8.9-9.0 

7.5-34.0 
9.0- 10.0 

6.71 

7.74 

13.0 

Shokshinskoe 
Ridderskoe  

103-107 

5 X 10-5 X 1 

5 X 10-5 X 10" d r Y  
d r y  
0.1 

Georgian  SSR 
Georgian SSR 

quar tz ,  40  
microc l ine ,  32 
plagioclase,  20 
other ,  8 
Altai  
Leznikovskoe 

4.8 

5 5.4 2 5 x 10 
4.74 5~ lo5 

Grani te  
Grani te  

-14- 



Table 3. (Continued) 

Source,  m i n e r a l  Water  

Rock (5 ) r (Hz 1 (70 ) E Frequency  content composition 

Gran i t e  Gar  m 5.06 5 x l o 5  d r y  
Gran i t e  Valaamskoe 4.5 5~ l o 5  d ry  
Gran i t e  7 .0-9 .0  combined 

moi s tu re  

Volcanic tuff 3.8-4.5 d ry  

Igneous rocks ,  
i n t e rmed ia t e  

Diori te  
Diori te  
Daci te  

5 7  
4 7  

Kola Peninsula  5.9-6.3 10 -10 d r Y  
8.5-1 1.5 10 -10 d ry  
6.8-8.16 3 x IO6 

Igneous rocks ,  b a s i c  
5 7  

Augite porphyry Kola Peninsula  9.5-12.6 10 -10 d r y  
Basa l t  Be res tove t skoe  15.6 5~ l o 5  d r Y  
Basa l t  Kutai 10.3 5 x l o 5  d r y  
Gabbro 8.8-10.0 1 04-  l o 7  d r y  
Gabbro 

Diabase 
Diabase 
Labrador i t e  

Southern U r a l s  

(3.26% ore  content)  12.8 d r y  
Oneshsk 11.6 5 x l o 5  d r y  

d ry  4 7  9.0-13 10 -10 
Ukrainian SSR 7.82 

8.24 0.03 

Igneous rocks ,  u l t r abas i c  
Pe r ido t i t e  (P lag ioc la se )  Kola Peninsula  15.7- 18.8 1 05- 1 o7 d r y  

Pe r ido t i t e  12.1 5 x l o 5  d r y  
olivene 7 0  
augite, 25 
mica,  3 8.6 d ry  

Olivene pyroxeni te  Kola Peninsula  8.4-9.5 105-107 d ry  

Syenite 6.53 3 x l o 3  d r y  

Syenite 13.0-14.0 d r Y  
Aegerine-phyl l i te  Kola Peninsula  6.93 d r y  

Igneous rocks ,  a lkal ine 

nepheline syen i t e  
Mica nepheline syeni te  Kola Peninsula  8.47 dry 

with a e g e r i n e  
Mic roc rys t a l l i ne  Kola Peninsula  

nepheline syen i t e  
Aegerine nepheline 

syeni te  
Faya l i t e  
Luy a v r  it e 

Ur t i t e  / \  

n e a r  Mariupol  
Kola Peninsula  
Kola Peninsula  

9.55 

9.56 d rY 

8.32 d r y  

d r Y  
5 7  9.7 - 11.4 10 -10 

7.3-8.5 105-107 d ry  
Fe l spa th i c  u r t i t e  Kooshva 11.9 d ry  

- 15- 



Table 4. Resistivities of rocks. 

Res is t iv i ty  (ohm.  c m )  

Rock type  Source  Wet Dry Comments  

Sedimentary  r o c k s  
4 Dolomite Armenian  SSR 3.5 X 10 -5.0 X lo5 

Limes tone  Kazakhstan SSR 4.2 x lo7 1.2 x 10 Dolomitized 
Limes tone  G eorg ian  SSR 2.1 x 10 2.3 x 10 f o r m  
L imes tone  m a r l  Georgian  SSR 8.4 X 10 Fine  - g r  ained 

Sandstone Donbas 1.41 X 10 

7 

8 

rocks  
6.4 X 10" Water  content, 7 

0.37% 

Sand s tone  Kara-Shishak 3.5 x 106 3.1 x l o 7  

Arkos ic  J e z kaz gan 6 . 8  x lo4 1.0 x 10 

Quar t z  i t  i c  

Tuffaceous Dashkesan  105-1.0 x 10 

8 

sands tone  
4 Dashkes an  2.3 x 10 -3.3 x lo4 

sand  s tone  
7 

sands tone  

Metamorphic  r o c k s  
c lay  s l a t e  

c lay  s l a t e  
c lay  s l a t e  
c lay  slate 
Quar t z  - s e r  ic i t  e 

s l a t e  
Quar t z  - ch lo r i t e  

s l a t e  
Ca lca reous  qua r t z i t e  
Quar t z i t e  
Metamorphosed  tuff 
Gneiss  
Marble  
Marble  
Hornfe ls  
Hornfe ls  
Skarn  

Igneous rocks ,  
Acidic 

Grani te  
Gran i t e  
Grani te  
Gran i t e  porphyry  
Gran i t e  porphyry  
Quar t z  vein 
Quar t z  porphyry  
F e l d s p a r  porphyry  
Leucophyre  (albi te)  

Georgian SSR 

Georgian SSR 

N e rch ins  k 
Georgian SSR 
Z i ryansk i i  mine  

Altai 
Georgian SSR 
Altai  
Kugras in  
Nerchinsk  

Kugrasin 
T r a n s  -Caucasus  
Armenian  SSR 

6 6.4 X 10 

6 1.1 x 10 

1.0 x lo5 
4.0 x lo5 
5.0 X 10' 

5.0 x lo5 

4.0 x lo5 
8 

5 
6 

G 

4.7 x 10 
2.0 x 10 
G.8 X 10 

1.4 x 10 
7.06 X 10l1 

6.0 X 10 7 

8.1 x lo5 
2.5 X lo4 

1.6 X 10 Strongly 
qua r t z i t i c  

9 

8 
1.6 X 10 

1.0 x 10 
6.0 X 10' Shaly 
3.6 x lo9 

8 2.0 x 10 

2.0 x 1o1o 

7 1.0 x 10 
8 3.2 X 10 
10 2.5 x 10 

1.8 X lo2' 

6.0 X 10 

6.0 X 10 

8 

9 

r 

Azerba id jan  SSR 3.0 x 10' 
3.2 X 10l8 

0.3 X 10" 

1.3 X 10 

9 

9 

5 

Ubinskoe 0.36 x 10 
Kola Peninsula  0.16 X 10 

4.5 x 10 8 

Urals 7.0 X l o 3  1.0 x IO' 
Komsomol'  skoe 0.6 X 10" 1.0 x 10 

Aust ra l ia  4 x lo5 
Georgian SSR 2.9 x IO4 0.4 x lo9 

18 

Georgian SSR 9.2 X 10' 
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Table 4.  (Continued) 

K e s i s t i v i t v  ( o h m .  c m )  

R o c k  type s o u r c e  w et Dry Coni ni ent s 

Leucophyre (albi te)  

In te rmedia te  
Porphyr i t e  
Porphyr  i t e  
Po rphyr i t e  
Diorite porphyry 
Carbonitized porphyry 
Dior i te  
Quar t z  d ior i te  
Quar t z  d io r i t e  
Dacite 
And e s it  e 

Bas i c  and u l t r abas i c  
Diabase  porphyry  
Diabase 
Diabase  
Diabase 
Diabase 
Diabase 
Diabase 
Olivine no r i t e  
Olivine no r i t e  
Basa l t  
Basa l t  
Pe r ido t i t e  

Ura l s  

Georgian SSR 

Azerbaidjan SSR 
Dashkesan 
Caucasus  
Armenian  SSR 
U r a l s  
Azerbaidjan SSR 
Georgian SSR 
Georgian S S R  
Georgian SSR 

Trans -Caucasus  
Kar  e l a i a  
Georgian SSR 
Georgian SSR 
Sibaevskoe 
Bly av ins  ko e 
Khibini 

Armenian  SSR 
Beres tove tskoe  

-1.5 s l o 2  

1 o3 
6.7 X 10 4 

6 

5 
5 
G 

5 S 10 
1.9 x 10 
2.5 x 10 
2.8 X 10 
2.0 x l o 6  

2.1 x IO6 

s 2.0 x 10 

6 4.5 x 10 

9.6 X lo4  
3.0 X l o 6  

3.8 X 10' 
2 .9  X l o4  

9 4.57 x 10 

0.16 X l o 8  
1.18 X lo7  

3 X 106-6  X 10' 
lo5-6  X l o 5  

1.6 X 10' 
G 2 . 3  x 10 

3.0 x l o 5  

5 3.3 S 1 0  

G 2.8 X 10 
5.9 x l o G  

1.8 x l o 7  

'4 1.7 x 10 

7 
11 

1.7 x 10 
2.2 x 10 

0.8 X IO9 

3.3 x l o 7  

12 1.0 x 10  

0.17 x 

9 1.3 X 10 
6.5 x l o 5  

degree of metamorphism which causes  
differences in carbonization and carbon 
ratio.  Coals have been widely classified bottom of this list.  Figure 24 depicts 
according to  the degree of carbonization measured values of resist ivity for the 
as follows: various types of coal. 

The carbon ra t io  and the ash content both 

increase in going from the top to the 

1. 

2. 
3 .  
4. 

5. 
6. 

7. 
8. 

Brown coal (B) 
Long-burning coal (D) 
Gassing coal (GI 
Greasy s team coal (bituminous) ( P a )  
Coking coal (K) 
Lumpy s team coal ( su  perbi t u minous) 

(PS) 
Lean coal  (subanthracite) (T )  
Anthracite (A)  

A complicating factor which can in- 
fluence r e su l t s  of resist ivity measurements  
is that the resis t ivi ty  paral le l  to the bedding 
plane may not be equal to the resist ivity 
normal  to  the bedding plane. 
paral le l  to  the bedding plane (p,) is 
normally l e s s  than the resis t ivi ty  normal 
to the bedding plane (pN). 

of resis t ivi ty  upon direction i s  an anisotropy 

The resist ivity 

This dependence 

- 17- 



n 

1 o3 

1 o2 

1 o1 

1 oo 

10-1 

1 o-2 

1 o - ~ ~ ~  I 
40 30 20 10 

Ash content - % 

Fig. 24. Graph of the most  probable values for  the resis t ivi ty  of coals of various grades  
as a function of quality. 
Ref .  7 .  1 

The ash content is plotted along the abscissa .  ( F r o m  

10 

1 - 
I 

0.1 C L Q  =I a 

0.01 

Longitudinal conductivity - mho/m 

Fig. 2 5 .  Summary of common ranges for  
values for  the coefficient of 
macroanisotropy and longitudina 
conductivity for thick sequences 
of rock. (a) Evaporites, (b) l ime- 
stone, (c)  sandstone, (d) shale, 
(e)  slate,  ( f )  gabbro, 
( g )  volcanics, (h) granite, and 
(i) alluvium. (F rom Ref. 7. ) 
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- 7  in the medium. A measure  of the degree = 47r 10 . However, when there  is a 
of anisotropy is the rat io  of pN to pp. 

Sample r e su l t s  for  p / p  for a variety of rock, the permeabili ty increases  (see 
rock types is shown in Fig. 25. The Fig. 26 ) .  
degree of anisotropy is not l a rge  except 
for  s l a t e  and evaporites.  

signiPicant m a g n e t  i t  e content in the 

N P  

For more  details about the dependence 
and I-( upon these and other of 0 ,  E 

factors,  the reader  is referred to the 
various references and the l i terature.  

r’ 
The permeabili ty 1-1 of ear th  medium 

is usually that of f ree  space,  o r  1-1 = po 

2 . 0 x 1 0 - 6  

1 .8X10-6  

Basalts 4 

+Granites + 

I 
x + .- 

$ 1  .4X10-6 
e, 

e, a- 
E 

1 .2x 1 o-6 

1 .ox1 0-; 

Fig. 26. Observed relationship betwGen the amount of magnetite in a rock and magnetic 
permeability. (F rom Ref. 6. ) 

Application t o  Geophysical Probing and  Profi le  Determinat ion 

The problem of determining the sub- 
surface profile of a medium (by measure-  

rnents performed on the surface and/or  
in d r i l l  holes) can b e  designated as the 

- 19- 



inverse  scat ter ing o r  inverse t ransmission 
problem. The mathematics used to  solve 
electromagnetic ground parameter  profile 
problems also a r i s e  and have been used 
in a number of other physical situations. 
For example, ground-based and satell i te-  
borne remote probing sys tems a r e  used 
in atmospheric physics probing techniques 
based on inverse scat ter ing and inverse 
t ransmission data reduction methods. 

Measurement methods which have been 

parameter  profiles include four-probe 
(for mineral  exploration, location of sa l t  
domes, identification of' gravel  deposits 
o r  mineral  nodules on the ocean floor),  
two-loop mutual impedance (for detection 
of buried objects, determining the depth 
of permafrost) ,  wave tilt (for defining 
gravel  deposits), and multiple-mode inter-  
ference phenomena (for determining depth 
of the water table, the electr ical  param-  
e t e r s  near  the surface of the moon, locating 

applied to determining subsurface electr ical  subsurface anomalies surrounding a dr i l l  

0' 100' 200' 300 ' 400' 500' 550' 

Fig. 27. Experimental  setup. 
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hole, for determining glacial  thickness, 
among others.  ) 

Much consideration has  gone into data 
reduction procedures  to be used to invert  
the “inverse data.” Procedures  which have 
been successful  include least-square 
matr ix  methods, parameter  optimization 
techniques, i terat ive approaches, and 
perturbation methods. 

An example of the inverse t ransmission 
problem using the dr i l l  hole surface-to- 
hole and hole-to-hole measurement methods 
is discussed below to i l lustrate  resu l t s  for  
the electr ical  parameter  profile of a 
par t icular  ear th  medium (hard rock in 
a permafrost  zone in the Brooks Range 
in Alaska.63 These resu l t s  not only 
indicate what can be achieved in subsur-  
face profile determination, but a lso indicate 
the frequency dependence of E and u and 
the variation of E and u with temperature  
and water content. 
a l so  taken at the s i te  showing how multiple- 
mode interference phenomena can be used 
to detect anomalies in ground parameters .  

Additional data were 

Figure 27 depicts the experimental  
situation for  a frequency sweep of 5-6 MHz. 
There  are two d r i l l  holes, each of the 
o r d e r  of 600 ft deep, with a separation 
distance between holes of 550 ft. 
solid l ines  in Fig. 27 indicate direct-ray 
paths b etw een t r ans  mitt e r  and r ec eiver  
(note that hole-to-hole and surface- to-  
hole paths a r e  shown). 
in Fig. 27 a r e  an assumed subsurface 
dependence upon depth (to be determined). 
By monitoring the phase shift between 
t ransmi t te r  and receiver ,  w a s  deter-  
mined for  the frequency ranges of 5-6, 

The 

The dotted l ines 

. 

f \  1 2 - 1 3 .  and 20-21  MHz. 
The variation of e r  with depth and 

frequency is il lustrated in Fig. 28. Note 

that as the frequency increases ,  E 

normally decreases  (as  expected). There  
seems  to be an anomalous behavior near 
425 ft. 
of the permafrost ,  hence the water in the 
rock was  frozen above 4 2 5  ft and not 
frozen below 425 ft (leading to an increase 
in E ), 

depths is  possibly caused by the grain s ize  
of the rocks  being f iner  a t  these depths, 
and hence the rock perhaps had a smal le r  
water content. 

r 

This w a s  found to be the bottom 

The decrease  in e r  at the grea te r  r 

Power loss  measurements  between 
t ransmi t te r  and rece iver  provided a means 
of evaluating u versus  depth in a manner 
s imi la r  to that used for  E~ versus  depth. 
Data r e su l t s  for  u versus  depth a r e  shvwn 
in Fig. 29. Note that u typically increases  
as the frequency i s  increased, the con- 
ductivity increases  near  the bottom of the 
permafrost  (perhaps due to the temperature  
change effect upon the water in the rock), 
and the conductivity decreases  at the 
grea te r  depths (perhaps due to a decrease  
in the water content in the rock).  

Multiple-mode interference phenomena 
were used to show how a discontinuity in 
e lectr ical  parameters  could be located 
via hole-to-hole t ransmissions,  A strong 
electr ic  a1 par  am et e r  discontinuity occurs  
a t  the ground-air  interface. Its presence, 
and location relative to  t ransmit ter  and 
receiver ,  can be determined by observing 
the interference of the direct  and ground- 
air interface reflected modes (see Fig. 30).  
Due to  the additional path length of the 
reflected r ay  relat ive to the direct  ray,  
a t  some frequencies the direct  and reflected 
ray  path lengths will be in phase, and at 
other  frequencies they will be out of phase. 
The frequency width between in-phase (or 
out of phase) points i s  dependent upon the 
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5-6 MHz 

6 .  

2 

12-1 3 MHz 

6 20-21 MHz 

*: 100 200 300 400 500 600 

Hole depth - feet 

Fig. 28. Variation of e r  with depth and frequency. 
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Fig. 29 .  Variation of CT with depth and frequency. 

Hole 1 Ho 

mL depth of t ransmit ter  and rece iver .  This 
is quite evident in the experimental data 
shown in Fig.  31. Note that the closer  
the t ransmi t te r  and receiver  a r e  to the 
electr ical  discontinuity, the wider the 
notching behavior. By using a value of 

? 2  

Fig. 30. An electr ical  parameter  
discontinuity in hole-to 
hole transmissions.  
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125-1255 ft 

-30 

l O d B 1  

200 -200 ft 

OdB 'i 
-3 0 

1 OdB 

E the notch width, and the separation 
between t ransmi t te r  and receiver ,  one 
can determine where the t ransmi t te r  and 
rece iver  a r e  re la t ive to the ground-air  
interface.  This procedure can also be 
used to  locate subsurface anomalies. 
variation on the procedure using surface-  
to-hole t ransmiss ions  can also be used. 

r' 

A 

2 F, 8 14 20 26 32 

f - M H z  
Fig. 31. Variationof frequency 

notching width with depth. 
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