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Electrical Methods 
By A. A. R. Zohdy 

The electrical properties of most rocks in 
the upper part of the Earth’s crust are de-
pendent primarily upon the amount of water 
in the rock, the salinity of the water, and 
the distribution of the water in the rock. 
Saturated rocks have lower resistivities than 
unsaturated and dry rocks. The higher the 
porosity of the saturated rock, the lower its 
resistivity, and the higher the salinity of 
the saturating fluids, the lower the resistiv
ity. The presence of clays and conductive 
minerals also reduces the resistivity of the 
rock. 

Two properties are of primary concern in 
the application of electrical methods : (1) the 
ability of rocks to conduct an electric cur-
rent, and (2) the polarization which occurs 
when an electrical current is passed through 
them (induced polarization). The electrical 
conductivity of Earth materials can be stud
ied by measuring the electrioal potential dis
tribution produced at the Earth’s surface by 
an electric curren.t that is passed through the 
Earth or by detecting the electromagnetic 
field produced by an alternating electric cur-
rent that is introduced into the Earth. The 
measurement of natural electric potentials 
(spontaneous polarization, telluric currents, 
and streaming potentials) has also found ap
plication in geologic investigations. The prin
cipal methods using natural energy sources 
are (1) telluric current, (2) magneto
telluric, (3) spontaneous polarization, and 
(4) streaming potential. 

Telluric Current Method 

Telluric currents (Cagniard, 1956 ; Ber
dichevskii, 1960; Kunetz; 1957) are natural 
electric currents that flow in the Earths 

crust in the form of large sheets, and that 
constantly change in intensity and in direc
tion. Their presence is detected easily by 
placing two electrodes in the ground sepa
rated by a distance of about 300 meters 
(984 feet) or more and measuring the po
tential difference between them. The origin 
of these telluric currents is believed to be 
in the ionosphere and is related to ionospheric 
tidal effects and to the continuous flow of 
charged particles from the Sun which be-
come trapped by the lines of force of the 
Earth’s magnetic field. 

If the ground in a given area is horizontal
ly stratified and the surface of the base
ment rocks is also horizontal, then, at any 
given moment, the density of the telluric cur-
rent is uniform over the entire area. In the 
presence of geologic structures, however, 
such as anticlines, synclines, and faults, the 
distribution of current density is not uni
form over the area. Furthermore, current 
density is a vector quantity, and the vector 
is larger when the telluric current flows at 
right angles to the axis of an anticline than 
when the current flows parallel to the axis 
(fig. 1). By plotting these vectors we obtain 
ellipses over anticlines and synclines and 
circles where the basement rocks are hori
zontal: The longer axis of the ellipse is ori
ented at right angles to the axis of the 
geologic structure. 

The measurement of telluric field intensity 
is relatively simple. Four electrodes, M, N, 
M/, and N’ are placti on the surface of the 
ground at the ends of two intersecting per
pendicular lines (fig. 2), and the potential 
differences are recorded on a potentiometric 
chart recorder or on an z-g plotter (Yungul, 
1968). From these measurements two corn
ponents E,, and Ey of the telluric field can 
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Figure I.--Flow of telluric 	 current over on onticline. Ellipse and circles indicate telluric field intensity as 
a function of direction with respect to axis of anticline.M’ 
M-I-- N 
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Figure 2.- Examples of electrode arrays for measuring x 
and y components of telluric field. M, M’, N, and N 
are potential electrodes. 

be computed, and the total field obtained by 
adding E, and Ey vectorially. 

The intensity and direction of the telluric 
current field vary with time; therefore 
measurements must be recorded simultane
ously at two different stations to take into 
account this variation, One station is kept 
statronary (base station), and the other is 
moved to a new location in the field (field 
station) after each set of measurements. 
The ratio of the area of the ellipse at the 
field station to the area of a unit circle 
(Keller and Frischknecht, 1966) at the base 
station is calculated mathematically. When 
a contour map of equal elliptical areas is 
prepared (Migaux, 1946, 1948 ; Migaux and 
others, 1962 ; Migaux and Kunetz, 1955 ; Sch
lumberger, 1939) it reflects the major geo
logic structures of the basement rocks in 

very much the same manner as a gravity 
map or magnetic map. However., a telluric 
map (fig. 3) delineates rock structure baaed 
on differences in electrical resistivity rather 
than on differences in density o:r magnetic 
susceptibility. 

Magneto-Telluric Method 

The magneto-telluric method (Berdichev
skii, 1960; Cagniard, 1953) of measuring re
sistivity is similar to the telluric current 
method but has the advantage of providing 
an estimate of the true resistivity of the 
layers. Measurements of amplitude variations 
in the telluric field E, and the associated 
magnetic field H, determine earth resistivity. 
Magnet&&uric measurementi at several 
frequencies provide information on the varia
tion of resistivity with depth because the 
depth of penetration of electromagnetic 
waves is a function of frequency.. A limita
tion of the method is the instrumental dif
ficulty of measuring rapid fluctuations of the 
magnetic field. Interpretation techniques 
usually involve comparisons of observed data 
with theoretical curves. The method is useful 
in exploration to depths greater tlhan can be 
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reached effectively by methods using artifi
cially induced currents. 

To the author’s knowledge the telluric and 
magneto-t&uric methods have not been used 
extensively in the Western Hemisphere ; 
however, the methods have been used exten
sively in the Eastern Hemisphere by French 
and Russian geophysicists in petroleum ex
ploration. The use of the methods in ground-
water exploration is recommended at present 
only for reconnaissance of large basins. 

Spontaneous Polarization and 
Streaming Potentials 

Spontaneous polarization or self-potential 
methods involve measurement of electric po
tentials developed locally in the Earth by 
electro-chemical activity, electrofiltration ac
tivity, or both. The most common use of self-
potential surveys has been in the search for 
ore bodies in contact with solutions of dif
ferent compositions. The result of this con-
tact is a potential difference and current flow 
which may be detected at the ground surface. 
Of more interest to ground-water investiga
tions are the potentials generated by water 
moving through a porous medium (stream
ing potentiala). Measurements of these po
tentials have been used to locate leaks in 
reservoirs and canals (Ogilvy and others, 
1969). 

Spontaneous potentials generally are no 
larger than a few tens of millivolts but in 
some placee may reach a few hundred milli
volts. Relatively simple equipment can be 
used to measure the potentials, but spurious 
sources of potentials often obscure these 
natural potentials. Interpretation is usually 
qualitative although some quantitative in
terpretations have been attempted. 

Direct Current-Resistivity 
Method 

In the period from 1912 to 1914 (Dobrin, 
1960) Conrad Schlumberger began his pie-

0
neering studies which lead to an understand
ing of the merits of utilizing electrical re
sistivity methods for exploring the subsur
face (Compagnie GBnerale de Gbphysique, 
1963). According to Breusse (1963)) the real 
progress in applying electrical methods to 
ground-water exploration began during 
World War II. French, Russian,and German 
geophysicists are mainly responsible for the 
development of the theory and practice of di
re&current electrical prospecting methods. 

Definition and Units of Resistivity 

It is well known that the resistance R, in 
ohms, of a wire is directly proportional to its 
length L and is inversely proportional to its 
cross-sectional area A. That is: 

R = L/-A, 

or R=,,-, 
A 

(1) 

where p, the constant of proportionality, is 
known as the electrical resiativit,y or elec
trical specific resistance, a characteristic of 
the material which is independent of its 
shape or size. According to Ohm’s law, the re
sistance is given by 

R = AV/I, (2) 

where AV is the potential difference across 
the resistance and Z is the electric current 
through the resistance. 

Substituting equation 1 in equation 2 and 
rearranging we get 

AAV 

P=t7 
(3) 

Equation 3 may be used to determine the 
resistivity p of homogeneous and isotropic 
materials in the form of regular geometric 
shapes, such as cylinders, parallelepipeds, 
and cubes. In a semi-infinite material the re
sistivity at every point m,uat be dlefined. If 
the cross-sectional area and length of an 
element within the semi-infinite material are 
shrunk to infinitesimal size then the resis
tivity p may be defined as 
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20 (AV/L) 
0=r 

;To U/A) 

or 
EL 

p=

J 
where EL is the electric field and J is the cur-
rent densi,ty. TQ generalize, we write 

E 
p = -. 

J 
Equation 5 is known as Ohm’s law in its dif
f erential vectorial form. 

The resistivity of a material is defined as 
being numerically equal to the resistance of 
a specimen of the material of unit dimensions. 
The unit of resistivity in the mks (meter
kilogramaond) system is the ohm-meter. 
In other systems it may be expressed in ohm-
centimeter, ohm-foot, or other similar units. 

Rock Resistivities 
The resistivity p of rocks and minerals dis

plays a wide range. For example, g,raphite 
has a resistivity of the order of lOasohm-m, 
whereas ‘some dry quartsite rocks have re
s;istivitiee of more than 1Ol2ohm-m (Paras
nis, 1962). No other physical property of 
nakura.lly occurring rocks or soils displays 
such a wide range of values. 

In most rocks, electricity is conducted 
electrolytically ‘by the interstitial fluid, and 
resistivity is controlled more by porosity, 
water content, and water quality than by the 
resistivities of the rock matrix. Clay mine
rals, however, are capable of conducting elec
tricity electronically, and the flow of current 
in a clay layer is both electronic and elec
trolytic. Resistivity values for unconsolidated 
sediments commonly range from less thlan 1 
ohm-m for certain clays or sands saturated 
with saline water, to several thousand ohm-
m for dry basalt flows, dry sand, ,and gravel. 
The resistivity of sand and gravel saturated 
with fresh water ranges from about 15 to 
600 ohm-m. Field experience indicates that 
values ranging from 15 to 20 ohm-m are 
characteristic of aquifers in the southwest-

ern United States, whereas in certain areas 
in California the resistivity of fresh-water 
bearing sands generally ranges from 100 to 
250 ohm-m. In parts of Maryland resistivi
ties have been found to range Ibetween about 
300 and 600 ohm-m, which is about the same 
range as that for ,basaltic aquifers in south-
ern 1,daho. These figures indicate that the 
geophysicists should be familiar with the 
resistivity spectrum in the survey area be-
fore he draws conclusions about the distribu
tion of freshwater aquifers. 

Principles of Resistivity Method 

In mak,ing resistivity surveys a commu
t,ated direct current or very low frequency 
(<l Hz) current is introduced into the 
ground via two electrodes. The potential dif
ference is measured between a second pair of 
electrodes. If the four electrodes are arranged 
in :any of several possiMe patterns, the cur-
rent and potential measurements may be 
used to calculate resiativity. 

The electric potential V at any point P 
caused <bya point electrode emitting an elec
tric current Z in an infinite homogeneous and 
isotopic medium of resimstivity ,J is given by 

PZ 
v=-, (6)

4rR 
where R = \/x2 + 1/Z+ zz. 

I X 

Figure 4.-Diagram showing the relation-
ship between a point source of current 
I (at origin of coordinates) in an iscz 
tropic medium of resistivity p and the 

PI 
potential V at any point P. V = -

4rR ’ 

where R = d/x’ + y’ + 2. 
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For a semi-infinite medium, which is the 
simplest Earth model, and with both current 
and potential point-electrodes placed at the 
Earth surface (z = 0), equation 6 reduces to 

v= pr =- d 

s w + Y2 2&i@ 
(7) 

where AM is the distance on the Earth 
surface between the positive current elec
trode A and the potential electrode M. When 
two current electrodes, A and B, are used 
and the potential difference, AV, is measured 
between two measuring electrodes M and N, 
we get 

v&i!2 = potential at M due to ‘positive 
2n AM 

electrode A, 

Vii d!t = potential at N due to positive 
2n AN 

electrode A, 

v;=p” = potential at M due to negative 
2rrBM 

ehwtrode B, 

v~=pI1 = potential at N due to negative 
2wBN 

electrode B, 

VIYB=$(&-k) = total potential at 

MduetoAandB, 

V~*B~~~&-3) = tptalpotentialat 
I

NduetoAandB, 
and,therefore, the net potential difference is : 

AV& v,“‘” - v;” = 

1 1 1 
(81 

Rearranging equation 8, we express the re
sistivity p by: 

2* AV 
= P 1 1 1 (9) 

Equation 9 is a fundamental equation in di
rect-current (d-c) electrical prospecting. 

2rr
The factor 

1 1 1 i----m + .-
AM BM AN BN 

is called the geometric factor of the electrode 
arrangement and generally is designated by 
the letter K. Therefore, 

P =K?!. 
Z 

If the measurement of p is made over a semi-
infinite space of homogeneous and isotropic 
material, then the value of p computed from 
equation 9 will be the true resistivity of 
that material. However, if the medium is in-
homogeneous and (or) anisotropic then the 
resistivity computed from eqaation 9 is 
called an apparent resistivity jz 

The value of the apparent resistivity is a 
function of several variables: the electrode 
spacings AM, AN, BM, and BN, the geometry 
of the electrode array, and ‘the true resis
tivities and other characteristics of the sub-
surface materials, such as layer thicknesses, 
angles of dip, and anisotropic properties. The 
apparent resistivity, depending on the elec
trode configuration and on the geology, may 
be a crude average of the true resistivities 
in the section, may be larger or smaller than 
any of the true resistivities, or may even be 
negative (Al’pin, 1950 ; Zohdy, 1969b). 

Electrode Configurations 
The value of ,C(eq. 9) depends on the four 

distance-variables AM, AN, BM, and BN. If 
p is made to depend on only one distance-
variable the number of theoretical’ curves can 
be greatly reduced. Several electrode arrays 
have been invented to fulfill this goal. 

Wenner Array 

This well-known array was first proposed 
for geophysical prospecting by Wenner 
(1916). The four electrodes A, M, N, and B 
are placed at the surface of the ground- along 
a straight line (fig. 5) so that AM = MN = 
NB = a. 
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LEE-PARTITIONING ELECTRODE ARRAY 
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SCHLUMBERGER ELECTRODE ARRAY 

Figure 5.-Wenner, Lee-partitioning, and Schlumbe+ 
ger electrode arrays. A and B are current electm&es, 
M, N, and 0 are potential electrodes; a and AB/2 
are electrode spacings. 

For the Wenner array, equation 9 reduoes 
to: 

Thus the resistivity ‘iiw is a function of the 
single distance-variable, a. The Wenner ar
ray is widely used in the Western Hemis
phere. 

Lee-Partitioning Array 

This array is the same as the Wenner ar
ray, except that an additional potential elec
trode 0 is placed at the center of the array 
between the potential electrodes M and N. 
Measurements of the potential difference are 
made between 0 and M and between 0 and 
N. The formula for computing the Lee-par

titioning apparent resistivity is given by 

FL.P. =4.&V 

Z 
where AV is the potential difference between 
0 and M or 0 and N. This array has Ibeen 
used extensively in the past (Van Nostrand 
and Cook, 1966). 

Schlumberger Array 

This array is the most widely used in ele
trical prospecting. Four electrodes are placed 
along a straight line on the Earth surface 
(fig. 5) in the same order, AMNB, as in the 
Wenner array, but with ABSMN. For any 
linear, symmetric array AMNB of electrodes, 
equation 9 can be written in the form: 

P = 
(D/2)2 - (‘MN/W z, (12)-= 

m z 
but if MN+O, then equation 12 can be writ
tenas 

E 
5 = P (AB/2)a r 

Av
where E = lim - = electric field. 

MN+0m 

Conrad Schlumlberger defined the resis
tivity in terms of the electric field E rather 
than the potential difference AV (as in the 
Wenner array), It can lbeseenfrom equation 
13 .that the Schhmberger apparent resistiv
ity 78 is a function of a single distance-vari
able (m/2). In practice it is possible to 
measure 78 according to equation 13, but 
only in an approximate manner. Tlhe ap
parent resistivity pa usually is calculated by 
using equation 12 provided that AB 1 5cm 
(Dappermann, 1954). 

Dipole-Dipole Arrays 

The use of dipole-dipole arrays in elec
trical prospecting has ,becomecommon since 
the 1959’s, particularly in Russia, where 
Al’pin (1950) developedthe necessary)theory. 
In a dipole-dipole array, &hedistafice between 
the current electrodes A and B (current di
pole) and the distance between the potential 
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AZIMUTHAL 

(c) 

PARALLEL 

EQUATORIAL 

Figure 6.-Dipale-dipole arrays. The equatorial 

electrcdes M and N (Imeasuring dipole)are 
significantly smaller than the distance T, be-
tween the centers of the two dipoles. Figure 
6 (a, b, c, and d) shows the four basic dipole-
dipole arrays t.hat are recognized : azimuthal, 
radial, parallel, and ,perpendioular. When the 
azimuth angle 0 formed by the line T and the 

current dipole AB equals z, the azimuthal 
2 

(b) 

RADIAL 

@> 

PERPENDICULAR 

AXIAL OR POLAR 

is a bipole-dipole array because A6 is large. 

lel and radial arrays reduce to the polar (or 
axial) array. It can be Bhown (AYpin, 1960; 
Bhattacharya and ..Patra, 1968; Keller and 
Frischknecht, 1966) that the el&ric field 
due to a dipole at a given point is inversely 
proportional to the cube of the distance T 
and that for a given azimuth angle 8the value 
of the apparent resistivity T;is a function of 
the single distance-variable r. 

array and the parallel array reduce to the Of the various dipoledipole arrays, the 
equatorial array, and when B = 0 the paral- equatorial array in iti,bipoledipole form (AB 
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is large and MN is small) has been used more 
often than the other dipole-dipole-arrays. By 
enlar,ging the length of the current dipole, 
that is, by making it a bipole, the electric cur-
rent required to generate a given potential 
difference AV at a given distance T from the 
center of the array, is reduced. Furthermore 
the apparent resistivity remains a function 
of the single distance variable, 
E = d(AB/2)2 + r2, (Berdichevskii and 
Petrovskii, 1956). The equatorial array has 
been used extensively ,by Russian geophysi
cists in petroleum exploration (Berdichevskii 
and Zagarmistr, 1958). Recently it has been 
used in ground-water investigations in the 
United States (Zohdy and Jackson, 1968 and 
1969 ; Zohdy, 1969a). 

Electrical Sounding 
and Horizontal Profiling 

Electrical sounding ,is the process by which 
depth investigations are made, and horizon
tal profiling ,is the process by which lateral 
variations in resistivity are detected. How-
ever, the resulrte of electrical sounding and of 
horizontal profiling often are affected by both 
vertical and horizontal variations in the elec
trical properties of the ground. 

If the ground is comprised of horizontal, 
homogeneous, and isotropic layers, electrical 
sounding data represent only the variation 
of xesistivity with depth. In practice, how-
ever, the electrical sounding data are in
fluenced by both vertical and horizontal 
heterogeneities. Therefore, the execution, in
terpretation, and presentation of sounding 
data should be such that horizontal variations 
in resistivity can be distinguished easily 
from vertical ones. 

The basis for making an electrical sound
ing, irrespective of the electrode array used, 
is that the farther away from a current 
source the measurement of the potential, or 
the potential difference, or the electric field 
is made, the deeper the probing will be. It 
has been stated in many references on geo
physical prospecting that the depth of prob
ing depends on how far apart two current 

electrodes are placed, but this condition is 
not necessary for sounding with a dipole-
dipole array. Furthermore, when sounding 
with a Wenner or Sohlumberger ‘array, when 
the distance ,between the current electrodes 
is increased, the distance between the cur-
rent and the potential electrodes, at the cen
ter of the array, is increased also. It is this 
latter increase that a.ct+y matters. 

In electrical sounding with the Wenner, 
Schlumberger, or dipole-dipole arrays, the 

AB
respective electrode spacing a, -, or r, is 

increased at successive logarithmic inter
vals and the value of the appropriate ap
parent resistivity, &, -ir,, or po, is plotted as 
a function of the electrode spacing on log
arithmicardinate paper. The curve of 

AB 
-P = f (a, -, or r) is called an electrical 

sounding curve. 
In horizontal profiling, a fixed electrode 

spacing is chosen (preferably on the basis 
of studying the results of electrical sound
ings), and the whole electrode array is moved 
along a profile after each measurement is 
made. The value of apparent resistivity is 
plotted, generally, at the geometric center 0 
of the electrode array. Maximum apparent 
resistivity anomalies are obtained by orient
ing the lprofiles at right angles to the strike 
of the geologic structure. The results are pre
sented as apparent resistivity profiles (fig. 
7) 	 or apparent resistivity maps (fig. 8), or 
both. In making horizontal profiles it is rec
ommended that at least two different elec
trode spacings rbe used, in order to aid in 
distinguishing the effects of shallow geologic 
structures from the effects of deeper ones 
(fig. 9). In figure 9, the effect of shallow 
geologic features is suppressed on the profile 
inade with the larger spacing, whereas the 
effect of deeper features is retained. 

In certain surveys, the two current elec
trodes may be placed a large distance apart 
(1-6 km) and the potential electrodes 
moved along the middle third of the line AB. 
This method of horizontal profiling has been 
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Figure 7.Uorizontal profile and interpretotions over a shallow grovel deposit in California (fohdy, unpub. data, 
1964; Zohdy, 1964) using Wenner 

called the Schl,umberger AB profile (Kunetz, 
1966 ; Lasfargues, 1957) ; in Canada and in 
parts of the United lStates it is referred to 
sometimes as the “Brant array” (fig. lOa). 
A modification of this procedure where the 
potential electrodes are moved not only along 
the middle third of the line AB but also 
alon,g hnes lateral,ly displaced from and 
parallel to AB (fig. lob) i,s called the “Rec
tangle of Resistivity Method” (Breusse and 
Astier, 1961; Eunetz, 1966). T,he lateral dis
placement of the profdes from the line AB 

AB 
may be as much as -. 

4 
Another horizontal profiling technique, 

used by many mining geophysicists, has been 
giveq, the name “dipoledilpole” method, al
though it does not approximate a true dipole-
dipole. The lengths of the current and poten
tial “dipoles” are large in comparison to the 

array at o = 9.15 meters. 

distance between their centers. This arrange
ment introduces an extra variable in the cal
culation of theoretical curves :and makes 
quanti~tative interpretation of lthe results 
difficult. 

Practically all types of the common eloc
trade arrays have been used in horizontal 
profiling, including poledipole (Hedtkrome, 
1932 ; Logn, 1964) and dipoledipole array8 
(Blokh, 1957 and 1962). 

The interpretation of horizontsJ pro6ling 
data is generally qualit&ive,and the primary 
value of the data is to locate g&logic struc
tures such as ‘buried stream channels, veins, 
and dikes. Quantitative interpretation can be 
obtained by making a sufficient number of 
profiles with different eJectrode spacings and 
along sets of traverses of different azimuths. 
Best interpretative results are obtained ,gen
erally from a com,bination of horizontal pi 
filing and electrical sou.nd.ing data. 
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Figure 8.-Apparent-resistivity map near Campbell, Calif. Unpublished data obtained by Zohdy (1964) using 
Wenner array. Crosshatched areas are buried stream channels containing thick gravel deposits. Stippled areas 
are gravelly clay deposits. 
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Figure 9.-Horizontal profiles over a buried stream channel using two electrode spacings: o = 9.l!j meten (30 
feet) and CI = 18.3 meters (60 feet) (after Zohdy, 1964). VES 4 marks the location of an electrical scund
ing used to aid in the interpretotion of the profiles. 

Comparison of Wenner, 
Schlumberger, and Dipole-Dipole 

Measurements 
The Schlumberger and the Wetier elec

trode arrays are the two most widely used 
arrays in resistivity prospecting. There are 
two essential differences Ibetween these ar
rays : (1) In the Schlumlberger array the dis
tance between the potential elect 3desMN is 
small and is always kept equal to, or smaller 
than, one-fifth the distance *betweenthe cur-
rent electrodes AB ; that is, AB L 5MN. In 
the Wenner array mis always equal to 3MN. 

(2) In a Schlumberger sounding, the p&en
tial electrodes are moved only otx.aeionally, 
whereas in a Wenner sounding they and the 
current electrodes are movti after each 
measurement. 

As a direct consequenceof these two dif
ferences the following facta are realized: 
1. Schlumberger sounding curves portray a 

slightly grea,ter probing depth and resolv
ing power than Wenner sounding curves 
for equal AB electrode spacing. The maxi-
mum and the minimum values of apparent 
resistivity on a theoretical Schlumiberger 
curve (MN+O) appear on the sounding 
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Figure 10 .-Electrode arrays, far (a) Schlumberger A?i profile, 

curve at shorter electrode qxxings and are 
slightly more accentuated than on a Wen
ner curve (fig. 11). This fact was proved 
theoretically by Depperman (1954)) dis
cussed by Unz (1963)) and ~practically il
lustrated by Zohdy (1964). A true com

also called Brant array and (b) rectangle of resistivity. 

ing curves is made by standardizing the 
electrode spacing for the two arrays; that 
is, both apparent reeistivities 7ito and 78 
should be plotted as a function of Aq/2, __ __ 
or AB/3, or AB. 

parison between the two types of sound- 2. The manpower and time required for mak-
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Figure 1 I.-Comparison between four-layer Schlumberger 
for both 

ing Schlumberger soundings are less bhan 
that required for making Wenner sound
ings. 

3. 	Stray currents in industrial areas and 
telluric currents that are measured with 
long spreads affect measurements made 
with the Wenner array more readily than 
those made with the Schlumberger array. 

4. 	The effects of near- surface, lateral in-
homogeneities are less apt to affect Sch
lumberger measurements than Wenner 
measurements. Furthermore, the effect of 
lateral variations in resistivity are recog
nized and corrected more easily on a Sch
lumberger curve than on a Wenner curve. 

5. A drifting or unstable potential differ
ence is created upon driving two metal 
stakes into the ground. This potential dif
ference, however, becomesessentially con
stant after about 5-10 minutes. Fewer 
difficulties of this sort are encountered 
with the Schlumberger array than with 
the Wenner array. 

6. A Schlumberger sounding curve, as op
posed to a theoretical curve, is generally 
discontinuous. The discontinuities result 

and Wenner sounding curves. Electrode spacing is x/2 
curvei. 

I from enlarging the potential electrode 
spacing after several measurements. This 
type of discontinuity on the Schlumherger 
sounding field curve is considered as an-
other advantage over Wenner sounding 
field curves, because if the theoretical as
sumption of a horizontally :&ratified la
terally homogeneous and isotropic Earth 
is valid in the field, then the discontinui

’ ties should occur in a theoretically pre-
scribed manner (Depperman, 1954). The 
Schlum.berger curve then can be rectified 
and smoothed accordingly as shown in 
figure 12. Any deviation of the Schlum
berger sounding field curve from the theo
retically prescrimbedpattern of discontinui
ties would indicate lateral inhomogeneities 
or errors in measurements. The effect of 
lateral inhomogeneities on a Schlumberger 
curve can be removed by shifting the dis
placed segments of the curv8 upward or 
downward to where they should be in rela
tion to the other segments of the curve. 
Such information is usually unobtainable 
from Wenner sounding curves and there 
is no systematic way of smoothing the ob-
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displacements on o Schlumberger sounding curve ond method of smoothing. 

served data. With the Lee-partitioning 

method, it is possible to obtain an indica

tion of lateral changes in subsurface con

ditions or of errors in measurements, but 

there is no simple method that would re

duce the observed data so that it would 

correspond to a horizontally homogeneous 

Earth. 

The advantages of the Wenner array are 


limited to the following : (1) The relative 
simplioity of the apparent resistivity for
mula jjw = 2~3 (aV/Z) , (2) the relatively 
small current dues necessary to produce 
measurable potential differences, and (3) 
the availability of a large album of theoreti
cal master curves for two-, th#ree-,and four-
layer Earth models (Mooney and Wetzel, 
1956). 

The above comparison indicatea that it is 

advantageous to use the Schlumberger ar
ray rather than the Wenner array for mak
ing electrical resistivity soundings. The use 
of the Schlumberger array is recommended 
not only becauseof the above listed advant
ages but also, and perhaps more important, 
becausethe interpretation techniques are de
veloped more fully land they are more diver
sified for Sohlurmbergersounding curves than 
for Wenner soTding curves. 

With the invention of dipoledipole arrays 
and their use in the Soviet Union and the 
United States, their following advantages 
over the Schlumberger array became recog
nized : (1) Relatively short AB and MN lines 
are used to explore large depths, which re
duces field labor and increases productivity, 
(2) problems of current leakage (Dakhnov, 
1963; Zohdy, 1968b) are reduced to a mini-
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mum, (3) bilateral investigations are pos
sible and therefore more detailed informa
tion on the direction of dip of electrical 
horizons is obtainable, and (4) problems of 
inductive coupling and associated errors are 
minimized. 

Among the disadvantages of dipole meth
ods are: (1) The requirement of a large 
generator to provide ample amounts of cur-
rent, especially in deep exploration, and (2) 
special knowledge and special theoretical 
developments and materials are required to 
interpret most of the data obtained by dipole
di,pole arrays. Generally one cannot use the 
experience gained in using Schlum~berger or 
Wenner arrays to obtain or ‘to interpret di
pole sounding data in a straightforward way. 

Problem of Defining Probing 
Depth 

A favorite rule-of-thumb in electrical 
prospecting is that the electrode spacing is 
equal to the depth of probing. This rule-of-
thumb is wrong and leads to erroneous in
terpretations. Its origin probably stems from 
the fact that when using direct current in 
probing a homogeneous and isotropic semi-
infinite medium, there is a definite relation 
between the spacing AB separating the cur-
rent electrodes and the depth to which any 
particular percentage of the current pene
trates. For example. 50 percent of the cur-
rent penetrates to a depth equal to B/2 
and 70 percent to a depth equal to Ai% There-
fore the greater the current electrode separa
tion, the greater the amount of current that 
penetrates to a given depth. This relation is 
governed by the equation (Weaver, 1929; 
Jakosky, 1950 ) 

2 
L/b = - tan -l(22/=),

A 
where Z, = 	 current confined between depth 0 

and z, 

Zt = 	 total current penetrating the 
ground, and 

AB = distance separating (current elec
trodes. 

This current-depth relation for a homo
geneous and isotropic Earth cannot be used 
as a general rule-of-thumb to esbblish a 
so-called “depth of penetration” or “prob
ing depth” that also applies to a stratified 
or an inhomogeneous Earth. For an inhomo
geneous medium the percentage of the total 
current that penetrates to a given depth z 
depends not only upon the eleotrode separa
tion but al,so upon the resistivities of the 
Earth layers. This fact was discussed by 
Muskat (1933)) Muskat and Evinger 
(1941)) Evjen (1944), Orellatna (1960)) 
1961), and others. Furthermore, the above 
relation does not include the apparent re
sistivity nor the true resistivit,y (or resis
tivities) of the medium. Consequently it is 
of no value in interpreting apparent resis
tivity data. In fact, in resistivity interpreta
tion we do not care about the percentage of 
current that penetrates to a given depth or 
the percentage of current that exists at a 
given distance as long as we can make meas
urements of the total current I,* and of the 
potential difference AV from w’hich the ap
parent resistivity can be calculated. 

Many investigators, however, still use the 
above rule-of-thu,mb in making their inter
pretations, with variable degrees of fortui
tous success and more often failure. Perhaps 
this ruleof-thumb is of some value when 
the geophysicist has to decide on an electrode 
spacing for horizontal profiling o,ver a buried 
structure, but a better choice can be made 
after making a few soundings in the area. 

Advantages of Using Logarithmic 
Coordinates 

Electrical sounding data should be plotted 
on logarithmic coordinates with the electrode 
spacing on the abscissa and the apparent 
resistivity on the ordinate. The advantages 
of plotting the sounding data on logarithmic 
coordinates are : 
1. 	 Field data can be compared with pre-

calculated theoretical curves for given 
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Earth mod& (curvsmatching (proce
dure) . 

2. The form of an electrical sounding curve 
does not depend on the resistivity and 
thickness of the first layer provided 

that the ratios fi, -$ . . . , E, and the 
Pl Pl 

p1ratios -, 
hz 

-, 
As 

. . . , -, 
&I remain constant 

h, h h 
from model to model, where pl, pz, pA, 

, pn, are the resistivities and h,, 
i, ia, . . . , h,, are the thicknesses of 
the first, second, third, and nth layers, 
respectively. When the aJxdute values 

of p and h change but the ratios !!!- and 
Pl 

hi 
-, where i = 2,3, . . . , n, remain con
hl 
stant, the position of the curve is mere
ly displaced vertically for changes in 
p, and horizuntally for changes in h 
(fig. 13). Consequently, two curves 
with different values of p, and h, (but 

with the same values-of E and ;I 
Pl 

can be superposed by translating ode 
curve on top of the other (while the 
ordinate and abscissa axe9 remain 
parallel). This is t.he essence of the 
curve-matching method. Furthermore, 
in the computation of theoretical sound
ing curves the thickness and resistivity 
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Figure 14 .-lineor plot of sounding curves. Earth models ore the some OS in figure 13. Curve form is not preserved. 

of one of the layers can be assumed 
equal to unity, which eliminates two 
parameters in the calculati,on of a 
sounding curve for a given Earth 
model. 

When sounding curves are plotted on 
linear coordinates, the form, as well as 
the position, of the curve varies as a 
function of PI and h,, even when the ra

tios 5 and 5 remain constant (fig. 14). 
hl 

3. 	 The L& of logarithmic coordinates, on 
the one hand, suppresses the effect of 
variations in the thickness of layers at 
large depths, and it also suppresses 
variations of high resistivity values. On 
the other hand, it enhances the effect 
of variations in the thickness of layers 
at shallow depths, and it enhances the 
variations of low resistivity values. 
These properties are important because 
the determination of the thickness of 
a layer to within -r-10 meters (k32.3 
feet) when that layer is at ,a ,depth of 
several hundred meters is generally ac

ceptable, whereas a precision to with-
in one meter is desirable when the 
layer is at a depth of only a few tens 
of meters. Similarly, the determination 
of the resistivity of a conductive l,ayer 
(less than about 20 ohm-m) to the 
nearest ohm-m is necessary for deter
mimng its thickness accurately, where-
as for a resistive layer (more than 
about 200 ohm-m), the determination 
of its resistivity to within one ohm-m 
is unimportant. 

4. 	 The wide spectrum of resistivity values 
measured under different ifield condi
tions and the large electrode spacings, 
necessary for expIoring the ground to 
moderate depths make the use of 
logarithmic coordinates a logical choice. 

Geoelectric Parameters 

A geologic section differs from a gee-
electric section when the boundaries between 
geologic layers do not coincide with the 
boundaries between layers chatracterized by a-, 
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different resistivities. Thus, the electric 
boundaries separating layers of different re
sistivities may or may not coincide with 
boundaries separating layers of different 
geologic age or different lithologic composi
tion. For example, when the salinity of 
ground water in a given type of rock varies 
with depth, several geoelectric layers may 
be distinguished within a lithologically 
homogeneousrock. In the opposite situation 
layers of different lithologies or ages,or both, 
may have the same resistivity and thus form 
a single geoelectric layer. 

A geoelectric layer is described by two 
fundamental parameters: its resistivity Pc 
and its thickness ht, where the subscript i 
indicates the position of the layer in the sec
tion (i = 1 for the uppermost layer). Other 
geoelectric parameters are derived from its 
resistivity and thickness. These are: 
1. Longitudinal unit conductance, St = hi/pi, 
2. Transverse unit resistance, T, = hrpt, 
3. Longitudinal resistivity, pfi= hc/Sc, 
4. Transverse resistivity, pt = Ti/hi, and 
6. Anisotropy, A = dpt/pL. 
For an isotropic layer Pt = pL and A p 1. 
These secondary geoelectric parameters are 
particularly important when they are used 
to describe a geoelectric section consisting 
of several layers. 

For n layers, the total longitudinal unit 
conductanceis 

the total transverse unit resistance is 
n 

T =&a‘= hN+hzpr+...+h,+,,; 
i = 1 

the average longitudinal resistivity is 
n 

H l . 
PL z-m ,

S n 

the average transverse resistivity is 
n 

c him 
T i .,t=-- ,

H n 

c hr 
i 

md the anisotropy is-
Pt d TS 

A = -= -. 

I/ PL H 

rhe parameters S, T, pL,pt, and A are derived 

‘rom consideration of a column of unit 
squarecross-sectional area (1 xl meter) cut 
Butof a group of layers of infinite lateral ex
ient (fig. 15). If current flows vertically only 
through the column, then the layers in the 
column wil.1behave as resistors connected in 
series, and the total resistance of the column 
of unit cross-sectional area will be: 

R=R,+Rz+R,+...+R,, 
or 

h hz 4,
R = p1-+p*- + . . . + pn-

1x1 1x1 1x1 
n 

= c prhr- T. 
. 

The symdl T is usedinstead of R to indicate 
that the resistance is measured in a direction 
transverse to the bedding and also because 

T= P,h, + P,h,+- - -

i 
- lm 

Pl 

p2 

p3 

p4 

P5 

Figure 15.4lumnar prism used in defining geoelectric 
parameters of a section. Patterns are arbitrary. P = 
resistivity, h = thickness, S = total longitudinal con
ductance, 1 = total transverse resistance. 
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the dimensions of this “unit resistance” are 
usually expressedin ohm-m2instead of ohms. 

If the current flows parallel to the bedding, 
the layers in the column will behave as re
sistors connected in ,parallel and the con
ductance will be 

S=l=lR R+;+...+t
1 a & 

or 
lxhl lxhs lx& 

s= -+-+...+-
p1xl PZXl pnx 1 

2+2+...+-. h, 

Pl P2 P* 

The dimensions of the longitudinal unit con
d,uctanceare m/ohzndm = 1/ ohm = mho. It 
is interesting to note that the quantity SC= 
ha - = orhi, where IJ~is the conductivity (in-

G&se of resistivity), is analogous to trans
missivity Tc = &b( used in ground-water hy
drology, where K( is the hydraulic conductiv
ity of the P layer and b‘ is its thickness. 

The ,parameters T and S were named the 
“Dar Zarrouk” parameters by Maillet 
(1947). 

In this manual we shall refer to T and S 
as the transverse resistance and the longi
tudinal conductance; the word “unit” is 
omitted for brevity. 

In the interpretation of multilayer elec
trical sounding curves, the evaluation of S 
or T is sometimes all that can be determined 
uniquely. There are simple graphical methods 
for the determination of these parameters 
from sounding curves. The study of the para-
meters S, T, PL,pc,and x is an integral part 
of the analysis of electrical sounding data 
and also is the basis of important graphical 
procedures (for example, the auxiliary point 
method) for the interpretation of electrical 
sounding curves (Kalenov, 1957; Orellans 
and Mooney, 1966; Zohdy, 1965). 

Types of Electrical Sounding 
Curves Over Horizontally 

Stratified Media 
The form of the curvea obtained ,by sound

ing over a horizontally stratified medium is a 

function of the resistivities and thicknesses 
of the layers, as well as of the electrode con-
figuration. 

Homogeneous and isotropic medium .-If 
the ground is composedof a single homogene
ous and isotropic layer of infinite thickness 
and finite resistivity then, irrespective of the 
electrode array used, the apparent resistivity 
curve will be a ,straight horizontal line whose 
ordinate is equal to the true resiistivity p1of 
the semi-infinite medium. 

Two-layer medium ;-If the ground is com
posed of two layers, a homogeneousand iso
tropic first layer of thickness h, and resistiv
ity p,, ,underlain by an infinitely thick sub-
stratum (h, = CO)of resistivity Pz,then the 
sounding curve Ibegins, at small electrode 
spacings, with a horizontal segment (pzp,). 
As the electrode spacing i.s increased, the 
curve rises or falls depending on whether 

> PI or Pz < ,+ and on the ellectrode cow 
gguration used. At electrode spacings much 
larger than the thickness of thle first layer, 
the sounding curve asymptotically ap
proaches a horizontal line whose ordinate is 0 
equal to pz. The electrode spacin,g at which 
the apparent resistivity p asymptotically ap
proaches the value P2depends on three fac
tors: the thickness of the first layer h,, the 
value of the ratio p2/p,, and the type of elec
trode array used in making the sounding 
measurements. 

The dependenceof the electrode spacing on 
the thickness of the first layer is fai,rly ob
vious. The larger the thickness of the first 
layer, the larger the spacing required for 
the apparent resistivity to be approximately 
equal to the resistivity of the second layer. 
This is true for any given electrode array 
and for any given resistivity ratio. However, 
for m,ostelectrode arrays, including the con
ventional Schlumberger, Wenner, dipole 
equatorial and dipole polar arrays, when 
p2/pl > 1, larger electrode spacings are re-O 
quired for jito be approximately equal to p2 
than when P2/Pl< 1. Figure 16 shows a corn-, 
parison between two Schlumberger sounding 
curves obtained over two-Iayer Earth models 
in which h, = 1 meter (3.28 feet), &p, =: 010,and Pz/pl = 0.1. Figure 17 shows the dif-
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Figure 16.--Comparison between two-layer Schlurnberger curves for p/p, = 10 and 0.1; hl = 1 meter (3.28 feet) 
for both curves. 

ference in the form of sounding curves, and 
the asynrptotic approach of p to pl and to pz 
as a function of electrode array for h, = 1 
meter, pz/pl = 9, and pz/pl - 0.2. The com
parison is made between equatorial and 
polar-dipole sounding ourves. 

Three-layer medium .-If the ground is 
composedof three layers of ,resistivities pl, 
p2,and p3,and thicknesses h,, h2, and hs = 00, 
the geoelectric section is described according 
to the relation between the values of pl, pi, 
and p3. There are four possible combinations 
between the values of pl, p2, and pa. These 
are: 

Pl > p2 < pa - __-H-type eection, 
p1 < p2 < ps __-A-type section, 
PI < p2 > ps ----K-type section, 
Pl > pa > ps ----Q-type section. 

The use of the letters H, A, K, and Q to de-
scribe the relation between pl, p2,and p3in the 
geoelectric section is very convenient and also 
is used to describe the corresponding sound
ing curves. For examgle, we talk about an 
H-type electrical sounding curve to indicate 
that it is obtained over a geoelectric section 
in which pl > pz < P3.H-, A-, K-, and Q-type 
Schlumlberger sounding curves are shown in 
figure 18. 

Multilayer-medium.- If the ground is 
composed of more than three horizontal 
layers of reaistivities pl, p2, ps, . . . p,, and 
thicknesses A,, hz, h, . . . h, = 00, the geo
electric section is described in terms of re
lationship between the reeistivities of the 
layers, and the letters H, A, K, and Q are 
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used, in combination, to indicate the varia
tion of resistivity with depth. In four-layer 
geoelectric sections, there are eight possible 
relations between pl, pZ,p3,and p,: 

pi > pz C pa < p4 __,-HA-type section, 
pl > pz< p3 > p4 ----HK-type section, 
pl < pz< p3< p4 _---AA-type section 
pl < pz< pS> ,o~----AK-type section, 
PI < PZ > P3-c p4 ----KH-type section, 
Pl < PZ > p3 > p4 ___-KQ-type section, 
pl > p2> p3< p4 ----&H-type section, 
pl > p2 > p3> p4 -QQ-type section. 

Examples of Schlumberger electrical sound
ing curves for three of these eight types of 
four-layer models are shown in figure 19. 

For a five-layer geoelectric section there 
are 16 possible relationships (between pl, p2, 
p3, p4, and pS,and, therefore, there are 16 
types of five-layer electrical sounding curves. 
Each of these 16 geoelectric sections may be 
described by a combination of three letters. 
For example, an HKH section is one in which 
(pl > p2< p3 > p4 < pd. In general, ian n-
layer section (where n&3) is described by 
(n-2) letters. 

Electrical Sounding Over Laterally 
lnhomogenek Media ’ 

Lateral inhomogeneities in the ground 
affect resistivity measurements in different 
ways. The effect depends on (1) the size of 
the inhomogeneity with respect to its depth 
of burial, (2) the size of the inhomogeneity 
with respect to the size of the electrode ar
ray, (3) the resistivity contrast between the 
inhomogeneity and the surrouading media, 
(4) the type of electrode array used, (5) the 
geometric form of the inhomogeneity, and 
(6) the orientation of the electrode array 
with respect to the strike of the inhomogene
ity. 

The simplest type of a lateral inhomogene
ity, from the geometric and mathematical 
poi,nts of view, is that of a vertical plane 
boundary separating two homogeneous and 
isotropic media d resistivities p1and pZ,Al
though this Earth model is ideal and does 
not exi,st commonly in nature,. its study 
serves to illustrate the general form of the 
resistivity anomaly to be expected over a 
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Figure 18 .-Examples of the four types of three-layer Schlumberger sounding curves for three-layer Earth models. 

large variety of more complicated lateral in-
homogeneities. 

The electrical sounding curves obtained 
with an ideal Schlumberger array (m-0) 
oriented at different angles to the surface 
trace of a vertical contact (Zohdy, 1970) are 
shown in figure 20. The most im,portant fea
ture on the sounding curves that indicates 
the presence of the lateral inhomogeneity is 
the formation of a cusp which is well devel
oped whenever the sounding line makes an 
azimuth angle close to 90” with the surface 
trace of the vertical plane boundary. The 
Wenner sounding curves for azimuth angles 
of 0” to 90” are shown in figure 21. The Wen
ner curves are more complicated than the 

Schlumberger curves because a potential 
electrode crosses the contact. The effects of 
such things as dipping, vertical and horizon
tal contacts, and pipe lines have been de-
scribed in the literature for different ehx
trode arrays (Kunetz, 1966; Albin and 
others, 1966). 

Limitations of the Resistivity 
Method 

The interpretation of a multilayer sound
ing curve generally is not unique. This means 
that a given electrical sounding curve can 
correspond to a variety of subsurface dis
tributions of layer thicknesses and resistivi
ties. Furthermore, several other limitations 
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are inherent in the conventional methods of 
electrical sounding and these are considered 
in the following sections. 

Equivakace of K-type curves .--Consider 
two three-layer sections of the K type 
(p1<p*>pd. If p1in one section equals p; 
in the other section, p3= p;, and T, 5 pzhz= 
T: = p$hi, then the sounding curves for both 
sections wih be practically identical (fig. 22, 
curves a and b) . 

This type of equivalence is known as 
equivalenceby T and it also applies approxi
mately to Q-type curves. 

Equivalence of H-type curves.- Consider 
two three-layer asections of the H type 
(pl > p2C ps). If pl in one section equals pi 

in the other section, p3 = pi and S2 = h2/p2 
= S: = hz/pi, then the sounding curves for 
both sections (fig. 22, curves c and d) will be 
practically identical (equivalence by S) . The 
equivalence by S also applies to sounding 
curves of the A type (pl < p2< pa). 

For both equivalence by T and equivalence 
by S, there is a certain range, depending on 
the ratios pz/pl and hz/h,, where the two 
sounding curves coincide very closely. Special 
nomograms published by Pilayev ((1948) de-
fine this range, which is referred to as the 
domain of the principle of equivalence. These 
charts were published in the books of 
Bhattacharya and Patra (1968)) Dakhnov 
(1953)) Golovtsin (1963)) Kalenav (1957)) 
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Figure 19 .-Examples of three of the eight possible types of Schlumberger sounding curves for four-layer Earth models. 



APPLICATION OF SURFACE GEOPHYSICS 29 


I I 


P =co 

-+t 

P =o 

J O”1 \ \ I7 I

I IO 100 1000 


HALF THE DISTANCE BETWEEN CURRENTELECTRODES 

PERPENDICULARDISTANCE FROM CENTER ARRAY TO VERTICAL CONTACT 

Figuie 20 .-Examples of the voriation of Schlumberger sounding curves across a vertical contact ot various azimuths. 
m/2, electrode spacing; d, perpendicular distance from center of array 0 to surface trace of vertical contact; 
P; apparent resistivity; p, true resistivity; 7, azimuth angle (after Zohdy, 1970). 
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and Keller and Frischknecht (1966). 
Approximate equivalence of sounding 

curves of sections with horizontal or vertical 
contacts, or both, to sounding curves of sec
tions with horizontal boundaries only .- The 
form of sounding curves. obtained over sec
tions with horizontal and (or) vertical or 
inclined contacts can be quite similar to 
curves obtained over sections with horizontal 
contacts only. This is true when the sound
ing line is parallel to the strike of the verti
cal (or inclined) contact. Depending on the 
ratio d/h of the perpendicular distance from 
the center of the sounding line to the surface 
trace of the vertical contact d to the thick
ness of the top layer h,‘ one may obtain 
sounding curves that are equivalent to curves 
obtained over a three, or more, horizontally-
layered Earth model (fig. 22, curves e and 
f) . This type of equivalence is resolved easily 
by making crossed soundings (soundings 
having the same center but expanded at right 

angles to one another). The forms of the two 
sounding curves are so different from one 
another that it is easy to realize the presence 
of a lateral heterogeneity in the ground (see 
curve e’, fig. 22). The expansion of the Lee-
partitioning array parallel to the strike of 
a vertical or inclined contact does not yield 
data that are indicative of the presence of 
the lateral heterogeneity, and thle making of 
a crossed sounding is required. 

Approximate equivalence between two 
multilayer sections .-A ,sounding curve ob
tained over a four- or five-layer section may 
be nearly equivalent to one obtained over a 
three-layer section. Generally this is attri
buted to the so-called principle of suppres
sion (Maihet, 1947). The error, causedby the 
effect, in interpreting the depth of contacts 
is sometimes referred to as pseudoanisotropy 
(Genslay and Rouget, 1967; Flathe, 1955, 
1963). An example of this type of equivalence 
is shown in figure 22, curves g and h. 

Figure 21 .-Examples of the’vkiation of Wenni?r sounding curves across a vertical contact ot various azimuths. Un

published data calculated by Zohdy, 1970. a, Wenner spacing; d, perpendicular distance from center of array 
to surface trace of vertical conitoct; 7, apparent resistivity; p, true resistivity. 
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Equivalence between isotropic and aniso
tropic media .-The equivalence between an 
isotropic layer and an anisotropic layer is 
exact when the equivalent layer has micro-
anisotropic properties. In practice, depths 
are generally overestimated ,bya factor equal 

to the coefficient of anisotropy A = 5 , 
PII

where p. and p,,are the (resistivities
I/
perpen

dicular to, and parallel to, the bedding, re
spectively (dg. 22, curves i ‘and j). Values 
of A generally range from 1.1 to 1.3 and rare
ly exceed2. 

Monotonic change in resistivity .-When 
the resistivity of Ithe subsurface layers in
creasesor decreasesmonotonically (A-, AA-, 
Q-, or &Q-type sections), the sounding curve 
may resemble a curve of a simple two-layer 
Earth model (principle of suppression), un
less the thicknesses of the layers increase 
significantly with depth. Recently, two new 
methods for making so-called differential 
soundings have lbeenintroduced (Rabinovich, 
1965; Zohdy, 1969) whereby the resolving 
power of the sounding curve is greatly im
proved for A- and Q-type sections. 

Relative thickness of a Zuger.-The detect-
ability of a layer of given resistivity depends 
on its relative thickness, which is defined as 
the ratio of the bed thickness to its depth of 
burial. The smaller the relative thickness of 
a given layer, the smaller the chance of its 
detectability on a soundSingcurve. In four-
layer (or more) Earth models the so-called 
“effective relative thickness” of a layer 
(Flathe, 1963)) which is defined as the ratio 
of the layer thickness to the product of the 
pseudoanisotropy, and the total thickness of 
the layers above it must be considered. For 
example, ,a layer 50 meters (164 feet) thick 
at a depth of 10 meters (32.8 feet) has a 
relative thickness of 5, which is qui,te favor-
able for its detection on a sounding curve. 
However, if the top 10 meters (32.8 feet) are 
composed of ,two layers of thicknesees of 2 
meters (6.56 feet) and 8 meters (26.2 feet) 
and resistivities of 10 ohm-m and 1,000 ohm-

m, respectively, then the pseudoanisotropy A 
of the top two layere is 4.1. Tlhereflore,the ef
fective relative thickness is 50/ (4..1>(10) = 
1.22,which is considerably smaller than the 
relative thickness of 5 previously calculated. 
The resistivity of the 50 meter (164 feet) 
third layer and of the underlying layers also 
pl,ay an important role in the detectability of 
the layer on the sounding curve. 

The limitations to interpretation men
tioned above should not ‘be discouraging to 
the geophysicist nor should they persuade 
the reader to consider the interpretation of 
sounding data as an entirely hopeless en
deavor. All geophysical methods that are 
based on potential theory (electrical, 
gravity, and magnetic methods) lack uni
que solutions. In practice, it is by correla
tion of several sounding curves, by making 
crossed soundings, by sounding with dif
ferent arrays, by traversing the area with 
horizontal resistivity profiles, by knowledge 
of its general geology, and by recognition of 
the electrical properties of the rocks in the 
studied area that correct interpretations are 
achieved. When drilling information is avail-
able it is advisable to make parametric elec
trical soundings near the wells i.n order to 
determine the resistivity parabmeters of 
the layers using accurately determined layer 
thicknesses. Then using these known resis
tivity parameters, we can determine the 
layer thicknesses in areas where drilling in-
formation is lacking. 

Analysis of 	 Electrica I Sounding 
Curves 

When an area is investigated, the sound
ing curves generally are not all of the same 
type (H, A, K, Q, and HA, for example). 
Furthermore, all the curves may not be in
terpretable in terms of horizontally strati
fied media. In this section we shall describe 
some of the qualitative and quantitative 
methods of interpretation of electrical sound
ing data. 
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Oualitative lntemretation 1 2. Preparation of apparent-resistivity maps. 
Each map is prepared by Blotting the

The qualitative interpretation of sound\ apparent resistivity value, as regis
ing data involves the following : tered on the sounding curve, at a given 
1. 	 Study of the types of the sounding curves 1 electrode spacing (common to all 

obtained and notation of the area1 dis soundings) and contouring the results 
tribution of these types on a map of (fig. 23). 
the survey area. 3. Preparation of apparent-resistivity sec-

A 
Drill hole 

20 30 75 ohm-meters 

Figure 23.-Map of apparent resistivity neor Rome, ltoly (after Breusse, 196 la). 
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Figure 24.-Section of apparent resistivity near Minidoko, Idoho. Values on contour lines designate apparent re

sistivities in ohm-meters. Snake River 

tions. These sections are constructed by 
plotting the apparent resistivities, as 
observed, along vertical lines located 
beneath the sounding stations on the 
chosen profile. The apparent resistivity 
values ,are then contoured (fig. 24). 
Generally a linear vertical scale is 
used to suppress the effect of near-
surface l,ayers. 

4. 	 Preparation of profilas of apparent-re
sistivity values for a given electrode 
spacing, profiles of the ordinate or ab
scissa of the values of the minimum 
point F~,” for H-type sections, profiles 
of the ordinate or absicissa of the maxi-
mum point pmmsXfor K-type sections, pro-
files of pL values, and profiles of S and 
T values. 

These m,aps,sections, and profiles consti
tute the basis of the qualitative interpreta
tion which should precede quantitative in
terpretation of the electrical sounding data. I 

basalt thickens toword the north. 

It should be noted, however, that an ap
parent resistivity map for a given electrode 
spacing (fig. 23) does not represent the 
areal vari,ation of resistivity at a depth equal 
to that electrode spacing, it merely indicates 
the general lateral variation in electrical 
properties in the area. For example, an area 
on the map having high apparent resistivity 
values may correspond to a shallow high re
sistivity bedrock, it may indicate thickening 
in a clean sand and gravel aquifer saturated 
with fresh water, or it may indicate the 
presenceof high resistivity gypsu:mor anhy-
Idrite layers in the section. 

Determination and Use of Total Transverse 
Resistance, T. from Sounding Curves 

In three-layer sections of the Ii: type, the 
Jalue of transverse resistance of the second 
I’ayer can be determined approximately from 
aL Schlumberger sounding curve (ng. 25) by 
nnultipIying the ordinate value of the maxi-
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)mum point (E max by the corresponding 
abscissa value of m/2 (Kunetz, 1966). The 
value of Tz’ thus determined generally is un
derestimated (fig. 26)) especially when the 
real value T,’ is large and is ~approximately 
equal to the total transverse resistance of the 
upper two layers T = T, + Tz z Tzr (with, 
T, 4 10% T,). 

T’he total transverse 8resistance of the 
upper two layers T = T, + Tz = & + pzhz 
is determined approximately by another 
graphical technique (Dzhavarof and Bira
mova, 1965). The intercept of a straight 
line tangent to the Schlulmberger sounding 
curve and inclined to the abscissa axis at 
an angle of 136” (or 45”) with the hori
zontal line for ~;=l oh’m-m is approximately 
equal to T (fig. 25). The value of T’ e T by 
this graphical method generally is overesti
mated. Therefore, for large values of T and 
where Tt z T, the average of the values of 
T’, and T’ is closeto the true value of T (fig. 
25). This is especially true when ,Jpl < < 1. 
Where the value of T increases from one 
sounding station to the next, this generally 

means that the thickness of the resistive 
layer in the section (gravel, ~basalt,etc.) also 
increases. However the increase in T might 
be caused also by an ,increasein the resietiv
ity values. A north-south profile of graphical
ly determined values of total transverse re
sistance east of Minidoka, Idaho, (fig. 26) is 
an excellent qualitative indication that the 
Snake River basalt increases in thickness ap
preciably from south to north. 

Determination of Total Longitudinal 
Conductance, S, From Sounding Curves 

In H, A, KH, HA, and ,similar type set+ 
Cons the terminal branch on the sonnding 
curve often rises at an angle of 45”. This 
usually indicates igneous or metamorphic 
rocks of very high resistivity (> i,OOOohm
m). However, in the presence of conductive 
sedimentary rocks saturated with salt water 
(p< 5 ohm-m) the so-called “electric base
ment” of high resistivity rocks may corres
pond to sandstones or limestones having re
sistivities of only 200-500 ohm-m. The total 
longitudinal conductance S is determined 

ELECTRODE SPACING, z/2, IN FEET 
IO 20 50 100 200 500 1000 2000 5000 10,000 

EXPLANATION 
10 m 40 nm 60 m 

1) Real T1=40x50=2000m 

4) T'FY2300 m 

4am 10m 

ELECTRODE SPACING, n/2, IN METERS 

Figure 25.--Grophicol determination of totol transverse resistance from o K-WE Schlumberger sounding curve. PI 
= 4 ohm-meters, pn = 40 ohm-meters, ps = 0 ohm-meters, hl = IO meters (32.8 feet), h, = 50 meters (I 64 

feet), ha = ao. 
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EXPLANATION 

: 
Electrml soundlhg 

Figure 26.- Profile of total transverse resistance values,T, 
indicate thickening of basalt layers. 

from the slope of the terminal branch of a 
Schlumberger curve, rising at an angle of 
46” (here called the S-line). It should be re-
membered that the slope of a rectilinear 
branch inclined to the abscissa at 45” is not 
necessarily equal to unity when the curve is 
plotted on logarithmic paper. The value of 
S is numerically equal to the inverse of the 
slope of this line (Kalenov, 1957 ; Keller and 
Frischknecht, 1966), and it is usually deter-
mined, very quickly, by the intercept of the 
extension of the S-line with the horizontal 
line, pd = 1 ohm-m (fig. 27). The determina
tion of S by this method is as accurate as a 
graphical procedure can be, and is valid ir
respective of the number of layers that over-
lie the high resistivity layer provided the ter
minal branch rises at an angle of 45”. When 
the resistivity of the *bottom layer is not suf
ficiently high to make the terminal branch 
rise at an angle of 45”, other methods are 
used for the graphical determination of S 
(Berdichevskii, 1957 ; Orellana, 1966 ; Orel
lana and Mooney, 1966; Zohdy, 1968). In-
creases in the value of S from one sounding 
station to the next indicate an increase in 
the total thickness of the sedimentary sec
tion, a decrease in average longitudinal re
sistivity (pt) , or both. 

in ohm-meters squared, neor Minidoka, Idaho. High values 
Dota obtained by Zohdy (1969). 

Determination of Average Longitudinal 
Resistivity, pL, from a Sounding Curve 

As the value of longitudinal conductance 
S can ‘be determined easily from a Schlum
berger sounding curve, graphical ,methods for 
the evaluation of average longitudinal re
sistivity (& from the sounding curve were 
sought so that the total depth H to the high 
resistivity bedrock could be calculated from 
the simple relation H = Sp,. It was found 
(Zagarmistr, 1957) that for three-layer eec
tions of the H type, the value of the apparent 
resistivity at the minimu,m point (~,,,,,,,) 
on a polar dipoledipole curve is approxi
mately equal to pL, provided that the thick
nessof the middle low resistivity layer is at 
least 3 times as large as the thickness of the 
first layer (h, % 3h,). This was found to be 

valid for all valaes of p = E- (Zagarmistr, 

1957; Berdichevskii and Za&rmistr, 1968). 
Using formulas developed by Al’pin and by 
Tsekov (Al’pin, 1958 ; Zagarmistr, 1957 ; 
Zohdy, 1969a), Schlumberger and equatorial 
sounding curves can be transformed into 
polar dipole sounding curves (fig. 28). The 
average longitudinal resistivity then can be 
determined and the thickness of the section 
can be calculated. 
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Figure 27.-Grophicol determination of total longitudinal conductance S from an H-type Schlumberger sounding 
curve. 

Average longitudinal resistivity also may 
be determined -from borehole induction logs 
of wells in the area, 

Distortion of Sounding Curves by Extraneous 
Influences 

Electrical sounding curves may ,be dis
torted by lateral inhomogeneities in the 
ground, by errors in measurements, or by 
equipment failure. It is important to realize 
the cause of various common distortions on 
sounding curves. 

Formation of cusps.-The formation of a 
cusp on a Schlumberger sounding curve gen
erally is causedby a lateral heterogeniety, by 
current leakage from poorly insulated cables, 
by electrode spacing errors, or by errore in 
calculation (Zohdy, 1968b). When plotting 
data in the field, it is advimble to check for 
current leakage whenever a cusp is formed 

on the sounding curve. A resistive lateral 
in’homogeneity, in the form of a sand lens or 
a near-surface oaliche layer, produces a cusp 
like the one shown in curve A, figure 29; 
and a conductive inhomogeneity, in the form 
of a buried pi,pe or a clay pocket, produces 
a cusp as the one shown in curve B, figure 
29. 

Sharp maximum.-The maximum or peak 
value on a K-type sounding curve is3always 
gentle and broad, and should never have a 
sharp curvature where the ground is hori
zontally homogeneous. The formation of a 
sharp peak (fig. 30) generally is indicative 
of the limited lateral extent of the buried 
(middle) resistive layer (Alfano, 1969). 

Curve diecontinuities.-Two types of dis
continuities are observed on Schlumberger 
sounding curves. The first type is observed 
when the spacing MN is enlarged (with AB 
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Figure 28.-T ronsformation of a Schlumberger KH-type curve into a polor dipole-dipole curve to evaluate j5.m,n 
= PL and H = SpL(after Zohdy, 196901. Reproduced with permission of “Geophysics.” 

constant) aandthe value of the apparent se
sistivity, for the larger MN spacing, does not 
conform to the theoretical magnitude for 
such a change in MN (Deppermann, 1954). 
The repetition of such a discontinuity when 
MN is changed to a larger spacing for the 
second time indicates a lateral inhomogeneity 
of large dimensions. This type of discontinu
ity also may indicate current leakage, elec
trade spacing errors (Zohdy, 1968b), or 
that the input impedance of the potential-
difference measuring device is not sufficient
ly high. Examples of the discontinuities that 
are not in conformity with the assumption of 

a horizontally homogenous Earth are shown 
in figure 31. W’hen the discontinuitiees are not 
severe, the curve can ,be corrected easily by 
shifting the distorted segment of the curve 
vertically to where it should be. 

The second ty,pe of discontinuity is leascom
mon ,and occurs during the expansion of the 
current electrode spacing i% when sounding 
with a Schlumberger array. In general, the 
curve is displaced downward, that is, the 
value of the apparent resistivity at the larger 
AB is much less than the previous reading 
(fig. 32). This type of discontinuity gen
erally is caused by a narrow, shallow, dike-
like structure which is more resistant than 

5 
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the surrounding media and whose width is 
small in comparison to the electrode spacing 
(Kunetz, 1955, 1966; Zohdy, 1969a). The 
abscissa value at which the discontinuity on 
the sounding curve occurs is equal to the dis
tance from the sounding center to the dike-
like structure. 

Quantitative Interpretation 

Several methods are used in the quantits 
tive interpretation of electrical sounding 
curves. Thesemethods are classified {asanaly
tical methods, semiempirical methods, and 
empirical methods. 

Analytical Methods of Interpretation 
The analytical methods are based on the 

calculation of theoretical sounding curves 
that match the observed curves. There are 
several catalogues of theoretical master 

curves calculated for a variety of Earth 
struotures, most of which represent horizon-
tally stratified media. Mooney and Wetzel 
(1956) published an extensive catalogue of 
master curves for Wenner soundings over 
two-, three-, and four-layer Earth models. 
The Mooney-Wetzel album, now out of print, 
has several shortcomings that limit its use
fulness (Zohdy, 1964). 

Two problems are encountered in the cal
culation of theoretical sounding curves and 
in their application for the interpretation of 
field data. First, the calculation of the appar
ent resistivity value at each electrode spacing 
involves the evaluation of a difficul,t inte
gral (Stefanesoo and others, 1930) or the 
summation of an infinite series (Hummel, 
1929). Thus the use of a high speed digital 
computer is almost always necessary for the 
calculation of theoretical curves.sounding

I 
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Figure 29 .-Distortion of sounding curves by cusps caused by laterol inhomogeneites. 
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Figure 30.-Exomple of a narrow peak on a K-type curve, 
dle layer (after Alfano, 1959). Reproduced with 

Recently, however, the calculation of VES 
(vertical electrical sounding) curves of the 
Schlumberger type for horizontally stratifies 
media was simplified and greatly accelerated 
through the use of the method of convolu
tion (Ghosh, 1971). 

The second difficulty in the calculation of 
theoretical curves is that in multilayer Earth 
models, the possible combinations of resistiv
ity contrasts and layer thicknesses are infin
ite. Even in a simple two-layer Earth model, 
there are three variable parameters, pl, p2, 
and h,. With pl, pz,and h, as variables there 
are an infinite number of possible sounding 
curves for the two-layer. geoelectric section. 
However, by considering the reeistivity and 
thickness of the first layer as unity and by 
plotting the theoretical sounding curves on 
a set of logarithmic coordinates with the 
dimensionless variables AB/2 h, (Schlum
berger), a/h1 (Wenner), or r/h, (dipole-
dipole), on the abscissa; and 7dp1, idpI, or 

caused by the limited loteral extent of a resistive mid-
permission of “Geophysical Prospecting.” 

pa/p1 on the ordinate, a simple family of 
curves is obtained. These two-layer curves 
vary in shape, in a unique manner, and in 
accordance with the infinite number of values 
that the ratio pJpl may attain. A set of two-
layer master curves for the Schlumberger 
array is shown in figure 33 ; two-layer master 
sets of other arays may be different in shape. 

In three-layer Earth models, there are five 
variable parameters : pl, p2,ps,h,, and hr. By 
using the dimensionless variables 

Iis 
Cl - jdpu pa - pa/p19 vi - ;r 

1 

and by plotting the theoretical sounding 
curves on logarithmic coordinates, the result 
is still an infinite number of curves (Cag
niard, 1962). 

T*helimitations on the calculation and ap
plication of theoretical sounding curves 
should not discourage their use. Several 
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graphical methods have been devised for the 
construction of electrical sounding curves 
of p1= P2/Pl, pi? = p3/pl, and u1= b/h, that 
have not been thoretically calculated (Kal
enov, 1957; Matveev, 1964). The graphical 
construction of a given sounding curve is 
done by using the available theoretically cal
culated curves in conjunction with special 
nomograms. The graphical interpretation of 
sounding curves often is checked ‘by calculat
ing the exact sounding curve for the derived 
model on a digital computer. 

Before interpretation is made with the 
master sets for horizontal layers, the inter
preter Imust ~besatisfied with the form of the 
sounding curve, in that it is sufficiently 
smooth and not severely distorted by sharp 
cusps or discontinuities. A certain amount 
of smoothing generally is required. The type 
of curve (such as H, A, K, Q, HA, HK) 
and the minimum number of layers it seems 
to represent can be determined by visual 

inspection. Because of the principles of sup
pression and equivalence, certain three-layer 
curves may resemble two-layer ones and 
four-layer curves may resemble threlayer 
curves. The estimated number of layers is 
,generally considered to be the minimum 
number. 

Two-layer Interpretation 

If the field curve, which is plotted on log
arithmic transparent paper of the same 
module as the ma&r curves, seems to rep
resent a two-layer Earth model, we superpose 
the transparent sheet with the field curve 
over the two-l’ayer master set, and move the 
transparent paper up, down, right, or left 
(maintaining the coordinate axes of the two 
sheets parallel) until a $bestfit of the field 
curve against one of the theoretical curves is 
obtained. Occasionally the field curve may 
have to be matched #byinterpolation <between 
two of the master curves. 
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Figure 32.- Exomples of tares (discontinuities) on Schlumberger curves caused by a neor vertical dikelike structure. 
(after Zahdy, 1969a). Reproduced with permission of “Geaphysics.” 

Determine the position of the cross, which 
is the origin of coordmates of the theoretical 
curve, and trace it on the sheet of the field 
curve. Also determine the resistivity of the 
second layer (Pz) by tracing the asymptote 
to the theoretical two-layer curve. 

The abscissa value (AB/2, a, or r) of the 
“cross” equals the thickness of the first layer 
and the ordinate value (JJ) of the “cross” 
equals the true resistivity, pl, Qf the first 
layer. The trace of the asymptote to p2on the 
field sheet equals the true resistivity, p2, of 
the second layer (fig. 34). 

Three-layer Interpretation 

Determine the type of three-layer curve 
(H, A, K, Q) by inspection and aelect the 

applicable set of theoretical master curves. 
Although one of the values of p1= p2/p1in 

a set of theoretical curves may correspond to 
the real value of p1 = p2/pl of thle field curve 
(or although a value of P1= ,J~/P~in the 
album fits the observed curve through the 
principle of equivalence by T or by S), the 
value of p2= p3/pl for the field curve may 
not ,be among those for which the theoretical 
curves were computed. T’herefore, the first 
closest fit of the field curve should not be 
relied on. Better interpretations generally 
are obtained lby enveloping the field curve 
between two three-layer curves having the 
same value of p, = p2/Pl amI the same value 
of v=’ hi/h, but different values of p2= 
P3/Pl (fig. 35). If thevaluesof Pz = pS/pxfor 
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Figure 3X-Two-layer master set of sounding curves for the Schlumberger orroy (adopted from Orellona 
and Mooney, 1966). 
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the field curve and the theoretical curve are 
equal, then complete curve matching may be 
attained. 

Maintaining parallelism #betweenthe axes 
of the field curve and the theoretical curve, 
determine the position of the cross on the 
field curve, note the value of u1= h&z, desig
nating the theoretical curve, and note the 
values of pI = p2/pl and p2= p2/pl. 

Knowing h, and p1 from the abscissa and 
ordinate of the cross, the values of p2,hO,and 
p3 can be calculated from the val,ues of pl = 
&PI, w = hdh,, and p2= p3/pl, respectively. 
The determined values of hz and pz may not 
be equal to the real values in the geologic 
section because of the principle of equiva
lence. Consequently the Pylaeve equivalency 
diagram (Dakhnov, 1953 ; Kalenov, 195’7; 
Keller and Frisschknecht, 1966 ; Bhattaeharya 
and Patra, 1968) should be consulted for the 
section (H, A, K, or Q) under consideration, 
and the minimum and maximum values of hz 
and pzdetermined. 

If a satisfactory match between the field 
curve and a theoretical three-layer curve is 
impos&ble, then eikher the curve representi 

more than three layers, or it is a.three-layer 
curve with a large value of v := h2/‘h, and 
values of 1”, = pz/p, or 1~~= p3/pl that are not 
in the album. The interpretation then is made 
using the two-layer curves in conjunction 
with auxiliary point diagrams (Orellana 
and Mooney, 1966; Zohdy, 1965) or by 
graphically constructing (Bhattacharya and 
Patra, 1968 ; Matveev, 1964 ; Kallenov, 1957) 
or numerically calculating (Ghosh, 1971) 
sets of three-layer master curves for the re
quired values of W, ,A~,and p2. 

Four-layer (or more) InterpretoRion 

In practice, especially with large spacings, 
four or more layers may ,be distinctly re
flected on the curve. The maximum number 
of layers detected by the curve with the elec
trode spacing AB/2 of as much as 10,600 m 
(32,899 feet) generally does not exceed eight 
layers. Four- and five-layer curves are often 
encountered. The graphical interpretation 
(fig. 36) of multilayer sounding curves is 
made by using the three-layer curvrvesand the 
auxiliary point diagrams (Bhattacharya and 
Patra, 1968 ; Kalenov, 1957; Orellana and 
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Figure 35.4nterpretotion of o three-layer Schlumberger H-type curve. 

Mooney, 1966; Zohdy, 1966). The accuracy of 
the interpretation depends on the effective 
relative thickness of the layers and the ex
perience of the interpreter. It is suggested 
that the interpreted model be checked by (1) 
reconstructing the curve graphically using 
the method described lby Matveev (1964)) 
(2) reconstructing the first part of the 
curve *by #graphical methods and calculating 
the second part of the curve using the 
methods of Flathe (1956), Van Dam (1964, 
1965), or Tsekov (1957), or (3) calculating 
the entire curve on a high-speed digital com
puter. 

Empirical and Semiempirical Methods 9f 
Interpretation of Sounding Curves 

Several empirical methods were invented 
becauseof the lack of calculated sets of mas
ter curves and these methods are still ased 
by some investigators. 

bore’s Cumulative Resistivity Mathod 

Moore (1945,196l) developedthe so-called 
Y?umulative resistivity method,” which is an 

empirical method for determining the depth 
(but not the resistivity) to horizontal layers 
from Wenner soundings. The method haa 
been the subject of ,much discussion and has 
received both praise and condemnation (M,us
kat, 1945; Wantland, 1951). 

The cumulative resistivity curve is con
structed by plotting 

as a function of the Wenner electrode spacing 
a. The points on the curve will have the 
~ordhh3 (ii&J, 4) ; bdad + F&A 
eJ ; Mad + g&f.d + idad,~) ; . q . ; 
h&-h) + dad + . . . + fdan), G),
where a, - a, = a3 - & = a, - G., = con
tant. This curve consists of straight line 
segments intersecting at points where the 
abscissa values, according to Moore are 
equal to the depths of horizontal boun
daries. The method can be tested easily 
by using the theoretical data published in 
the Orellana-Mooney tables (Orellana and 
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Mooney, 1966) for Wenner curves. However, 
interpolation between the values given in 
the tables is necessary because the tables 
are based on electrode spacing vahxs that 
increase at a logarithmic rate (1, 1.2, 1.4, 
1.6, 2, 2.6, 3, 4, . . .), whereas Moore’s 
method assumes a constant linear increase 
(1, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, . . .). 
It is found that for horizontal two-layer 
Earth models the method gives reasormbly 
accurate results provided the contrast in re
sietivity is modera& If the contrast is large 
(pz/pl)+ * or 0, the depth to the interface 
is underestimated by aa much as 50 percent, 
whereas if the &ntrast is small, (pz/pl) = 1, 
the depth is overestimated by XUJmuch as 50 
percent. This explains why Moore’s method 
seems to work in certain areas and ,fails in 
other ear-. T,he use of the method to inter
pret three-, or more, layer curves is highly 

questionable. Furthermore, the method doea 
not give an estimate of the resistivities of the 
layers. 

Born& Lqer M&,od 

Barnes (1962, 1954) developed.an empiri
cal method for the interpretation of electrical 
sounding data. The method, now known aa 
“Barnes’ layer method,” is baeedon the erro
neous assumption that the electrode spacing 
in the Wenner array is equal to the layer 
thickness. The “layer resistivity”’ as defined 
by Barnes, however, has interesting possibili
ties, especially if the Sohlumberger array is 
used in lieu of the Wenner array, and pro
vided curve-matching interpretation is used 
in lieu of Barnes’ empirical approach (Keller, 
1968). 

All empirical methods either are rejected 
or improved by testing them with theoreti-
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Figure 36.4nterpretation of a four-layer Schlumberger curve by the auxiliary point method using two three-layer CUTVBS. Tha 
numeral 2 on the upper curve indicates that the thickness of the third layer is twice es great as the abscissa of the auxiliary K 
point. (For details of method, sea Bhattacharya and Patra, 1966; Zohdy, 1965.) 
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tally exact calculations. By testing’empirical 
methods against tested. theoretical curves, 
semiempirical methods are evolved. The con
ditions for which such semiempirical rela
tions are valid generally ,are well defined, 
and for many of these relations rigorous 
mathematical formulations proving their ap
proxi,mate’ validity can (bederived. Examples 
of these methods are: the determination of 
the value of T from K-type Schlumberger 
sounding curves, and the evaluation of ,,& 
from polar dipole-dipole sounding curves. 
The Russian literature is richly endowedwith 
such methods (Abdullaev and Dzhafarov, 
1964; Kalenov, 1957). Many of these methods 
resulted in the development of useful nomo
grams. The general goal of all such methods 
is to avoid complete curve-matching proce
dures ; consequently,only a part of the infor
mation contained in a sounding curve is 
utilized in interpretation, and large errors 
sometimes occur. Semiempirical methods, 
however, are useful in preliminary intcrpre
tations and in supplementing the ftnal in
terpretation. 

The empirical and semiempirical methods 
of interpretation are not ~recommendedex
cept in the preliminary examination of 
sounding curves. Considerable work has 
been done using these methods and some of 
it has ,beeneffective in ground-water studies. 
However, in almost every survey where the 
interpretation has ,beenIbasedon empirical 
and semiempirical methods only, more com
plete and accurate information could have 
been obtained using analytical methods. 

Applications of Resistivity Surveys 
in Ground-Water Studies 

In ground-water studies, the resistivity 
method can furnish information on su)bsur
face geology which ‘might be unattainable by 
other geophysical methods. For example, 
electrical met,hods are unique in furnishing 
information concerning the depth of the 
fresh-salt water interface, whereas neither 
gravity, magnetic, nor seismic methods can 
supply such information. A thick clay layer 

separating two aquifers usually can be de
tected easily on a sounding curve but the 
same clay bed may #beIalow velocity layer in 
seismic refraction surveys and cause errone
ous depth estimates. 

Mapping Buried Stream Channels 

Buried stream channels, which often can 
be mapped accurately <by the resistivity 
method, are favored targets for exploration. 
Horizontal profiling, electrical soundings, or 
both are ‘used in their mapping. 

In the San Jose area, Cialifornisa (&I;. 37), 
knowledge of the presence and extent of 
shallow permeable layers is important in 
planning ,pond.s for artificial recharge of 
ground water. Several ,buried stream chan
nels were discovered by Zohdy (1964, 1965) 
and Iby Page (19,68), using the combined 
techniques of horizontal profiling using the 
Wenner array and electrical sounding using 
the Schlumberger and Wenner arrays. Some 
of these channels were also investigated by 
use of induced polarization (Bodmer and 
others, 1968). 

The buried stream channel in the Peniten
cia area was discovered by making a few 
electrical soundings, the curves of which 
were ,distorted by the effect of lateral hetero
geneities. The area was covered then by hor
izontal profiling using a Wenner electrode 
spacing of a = 6.1 m (20 feet). The result 
was an isor&stivity map (fig. 38) that 
clearly delineated the course of the buried 
channel. A cross section based on the inter
pretation of four sounding curves, the ap 
parent resistivity profile, and subsequent 
drilling data are shown in figure 39. 

According to informatiqn f’rom the Santa 
Clara Valley Water Conservation District, 
the water table at one well near the percola
tion ‘ponds subsequently developed in this 
area rose from a depth of about 73 m (240 
ft) to a depth of about 37 m (130 ft) in 
two years. 

In the area near Campbell, Calif., an 
apparent-resistivity map (fig. 40) was drawn 
on the basis of horizontal profiling using the 
Wenner array with spacing of a = 9.16 
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m (30 feet). The map indicated the presence 
of high resistivity layers at shallow depth 
but did not delineate the trend of a buried 
stream channel as directly and as clearly aa 
in the Pen&ncia area. A cross-section baaed 
on the interpretation of electrical sounding 
data is shown in figure 41. The drilling of a 
well by the Santa Clara Water Conservation 
District near sounding 5 proved that the in
terpretation of the sounding curves was in 
excellent agreement‘ with observed geologic 
conditions. 

A buried stream channel saturated with 
fresh water was discovered near Salisbury, 
Md., by drilling (Hansen, 1966; Weaver and 
Hansen, 1966). A resistivity survey was 
made in the area of the channel using Sch
lumberger soundings land horizontal profil
ing (AB = 122 m (400 feet), MN = 24.4 
m (80 feet) ) . A remarkable anomaly waz 
obtained ,by horizontal profling at right 
angles to the known strike of the channel 
(fig. 42). The interpretation of depth from 
the electrical soundings was in general 
agreement with drilling data. 

From these three examples, we may con-

140 r 

a 
elude ,that,’ in shallow exploration, horizontal 
profiling can furnish i,nfor,mation on the pres
ence or absence of shallow buried stream 
channels and that electrical soundings for the 
determination of depth should precede and 
follow the horizontal profiling survey. 

There are several examples in the litera
ture (Denozier and others, 1!361; Hallen
bath, 1953) where courses of buried chan
nels were mapped on the basis of electrical 
soundings and were subsequently verified by 
drilling. A ‘map of imerpreted true resistivi
ties at a depth of 40 meters (131.2 ft) ob
tained north of Bremerhaven, West Ger
many, is shown in figure 43. The map was 
constructed on the basis of thle interpreta
tion of Schlumberger electrical soundings. 

Geothermal Studks 

In the Bad-Krozingen, Baden geothermal 
area in We& Germany (Breusue and Astier, 
1961) electrical soundings and horizontal 
profiling were made to delineate a fault 
zone where steam can be tapped for energy. 
An apparent -resistivity map was obtained 

Figure 39.- Resistivity profile ond geologic section, Peni tencia, Colif. (after Zohdy, 1964, 1965). Horizontol pm 
file obtained using Wenner array with electrode spacing a = 6.1 m (20 feet). 
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Figure 40.--Map of opporent resistivity near Campbell, Calif., obtained with Wenner array at a 
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(30 feet) and showing location of section AA’. (Unpub. data obtained by Zohdy, 1964.) 
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Figure 41.--Geoelectric section and drillitq results near Campbell, Colif. Numbers in layers designate interpreted 

true resistivities. (Unpub. data obtained by Zohdy, 1964.) 

by making horizontal profiling using the 
Schlumberger AB profile technique ( seefig. 
10a). In this survey the AB line was 4,090 
m (13,120 feet) long. Eleven parallel pro-
files spaced 100 m (323 feet) apart were 
made, each of which consisted of 111 meas
urements spaced at 100 m (326 feet) in
tervals. The apparent - resistivity map ob 
tained from this survey (fig. 44) was used 
to delineate the traces of the faults. 

In New Zealand, Banwell and MacDonald 
(1965) and Hatherton and others (1966) re-
ported on the successful use of Wenner sound
ing and horizontal profiling for delineating 
geothermal areas. Figure 45 shows an ap
parent-resistivity map prvred from Wen
ner horizontal profiling data using an elec
trade spacing of a = 549 m (1,800 feet). The 
two low-resistivity areas outlined by the 5 
ohm-meter contour are .believed to delineate 
the hottest ground. The northern area at 
the Wairakei Geyser Valley was already 

noted for its geothermal power production, 
but the large low-resistivity area southeast 
of Wairakei and northeast of Taupe was dis
covered by resistivity measurements. A teat 
well (well 225) was drilled in tlhat area,and 
a temperature of 220°C was recorded at a 
depth of 256.2 m (840 feet) where a well-
marked structural discontinuity is encoun
tered between relatively impermeable mud-
stones and a ~permeablepumice breccia. The 
geothermal power potential in this newly dis
covered area is probably considerable. 

Other studies of geothermal areas were 
made in Italy by Alfano (19160) and by 
Breusse and Mathiez (1956). 

Mapping Fresh-Salt Water Interfaces 

From 1965 to 1969, the US. Geological 
Survey made several resistivity surveys in 
the southwestern United States where fresh-
salt water interfaces wore mapped successful-
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ly with Schlumberger and equatorial electri
cal sound,ings. The apparent-resistivity map 
(fig. 46) wae obtaisned with m/2 = 306 m 
(1,000 feet) in the W,hite Sands Missile Range 
area (Zohdy and others, 1969). The apparent-
resistivity contour of 10 ohm-m delineates, 
qualitatively, the area where mineralized 
ground’water is to be expected at shallow 
depth. Quantiatative interpretation of the elec
trical sounding curves, using a digital com
puter for calculation of multilayer curves, 
resulted in the map shown in figure 47. The 
isobath lines on the map indicate depths at 

2000 1 
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which the true resistivity of the rocks is 
less than 10 ohm-m (saline ground water) 
or more than 500 ohm-m (crystalline base
ment). Examples of electrical soundings ob
tained in the White Sands Missile Range area 
are shown in figure 48. 

The literature is rich with case histories 
of areas in many parts of the world where the 
resistivity method was successfully used for 
mapping the fresh-salt water interface 
(Breusse, 1950; Flathe, 1967, 1968 ; Flathe 
and Pfeiffer, 1964; Van Dam and Meulen-

1 kamp, 1967; Zohdy, 1969a). 

om of channel 
rom drilling data 
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e 
Figure 42 .-Apporent -resistivity profile and geologic interpretation over buried channel, near Solisbury, Md. Doto 
obtained by Zohdy ond Jockson in 1966. 
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Figure 43.-Buried skeom channel near Bremerhoven, West Germany, mopped from elec
trical sounding (after Hallenbach, 1953). Resistivities of more than- 200 ohm-m were 
interpreted to be within the buried channel. Reproduced with permission of “Geophysical 
Prospecting.” 

Mapping the Water Table 

Unlike the mapping of the fresh-salt water 
interface, the determination of the depth to 
the water table is generally a more difficult 
problem. Deppermann and Homilius (1965) 
investigated the geoel&tric conditions where 
the water table can be detected on an elec
trical sounding curve. Wherever the water 
table is overlain and underlain by several 
layers of different resistivities, its detection 
on a sounding curve may be virtually im
possible. Under favorable conditions the wa

ter table can (bedetect4 on a sounding curve 
aa a conductive layer. 

,On the island of Hawaii, Zohdy and Jack-
son (1969) made several deep electrical 
soundings to determine the depth to low-
resistivity layers that may relpresent basaltic 
lava saturated wih water. !Phey concluded 
that the minimum depth to such a layer is 
of the order of 900 m (3,000 feet) (the sur
vey was made at an average elevation of 
about 1,900 m (6,200 feet) above sea level).. 
A block diagram based on the interpretation 
of electrical soundings in the Pohakuloa 
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Figure 44.-b&p of opporent resistivity in the Bad-Kroz
ingen geothermal Oreo, Germany. AB = 4,000 m 
(13,120 feet) (after Breusse and Astier, 196 1). 

Humuula area is shown in figure 49. The top 
of the layer with resistivity of less than 1,000 
omh-m presumably may represent the water 
table. The ground water in this part of the 
island probably is partly impounded by dikes. 

Mapping Clay Layers 

Near Bowie, Ariz., a blue-clay layer sep
arates two aquifers. The lower aquifer is 
artesian. The resistivity of this clay was 
found to be in the range of 0.5-7.0 ohm-m. 
The cross section shown in figure 50 is based 
on the interpretation of electrical soundings 
in th& area. In places near VES 7 (fig. 51)0 

where the clay is covered by less than 9 m 
(30 feet) of soil, and where it has very low 
resistivity (<l ohm-m) and great thickness 
275 m (900 feet), the lower aquifer a& as 
an electric basement, 

Electromagnetic Methods 

Electrical surveys also are made using a 
time-varying electromagnetic field as an en
ergy source. These electromagnetic or in
duction methods generally use frequencies in 
the range between 100 and 5,000 Hz, but 
radio waves of higher frequencies are also 
tlsed. 

The magnetic field is produced by passing 
an alternating current through a wire loop. 
When this primary field is imposed on Earth 
materials a flow of electrical current results. 
The amount of current flow, as in other 
electrical surveys, depends on the conduc
tivity of the layers. The current flow pro
duces a secondary magnetic field which has 
the same frequency as the primary field, but 
not the same phase or direction. The secon
dary magnetic field can be detected at or 
above the ground surface by measuring the 
voltage induced in another loop of wire, the 
receiver. 

Eleotromagnetic surveys can be made 
either on the ground or from a low-flying 
aircraft. The effective depth at which conduc
tive bodies can be detected with electromag
netic methods is dependent upon both the 
frequency and spacing between the trans
mitter and the receiver loops. Thus, eleotro
magnetic measurements can be used in the 
same manner as resistivity measurements to 
obtain horizontal profiles and depth sound
ings. In general, electromagnetic surveys 
lack the resolution and depth penetration of 
resistivity surveys but have the advantage 
of being rapid and less expensive. Results of 
electromagnetic surveys generally are pre
sented in profile form. Measureme& may be 
made at one or several frequencies. Interpre
tation usually is accomplished by curve 
matching or modeling. The technique is very 
effective in locating conductive bodies within 



68 TECHNIQUES OF WATER-RESOURCES INVEISTIGATIONS 

a few hundred feet of the surface, but has 
found only limited use in ground-water in
vestigations. ‘Ihe technique has been used 
effectively in mapping buried channels where 
the channel-filling material has a resistivity 
contrast with the enclosing medium (Collett, 
1967). 

In recent years several powerful radio 
transmitters have begun broadcasting at fre
quencies of a few tens of kilo-Hertz. Radio 
waves at these frequencies penetrate the 
;Karthto suffcient depths to be of use in geo
physical exploration. Both ground and air-
borne detection systems have been developed. 
The measurements consist of one or more 
components of the electrical and magnetic 
fields. This method, which is undergoing 
rapid development, ‘has proved effective in 
dete&ing near-surface highly conductive de-
posits, but quantitative interpretation tech
niques are not yet available. 

. 

0
A description of inductive methods is con-

tamed in Keller and Frischknecht (1966). 

Induced Polarization Method 

The induced electrical polarization method 
is widely used in exploration for ore bodies, 
principally of disseminated sulfideA. Its use 
in ground-water exploration has been limited. 
The origin of induced electrical polarization 
is complex and is not well understood. This 
is primarily becauseseveral physico-chemical 
phenomena and conditions are reeponsible for 
is occurrence. 

Conrad Schlumberger (Dobrin, 1960) prob
ably was first to report on the induced polari
zation phenomenon, which he called “pro 
voked polarization.” While making conven
tional resistivity measurements, he noted 
that the potential difference, Imeasured be-
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Figure 45.--Map of apparent resistivity in geathermol oreas in New Zeolond. Wenner spacing o = 549 m (1,800 feet). 
After Banwell and MacDonald (1965). Reproduced with permission of Commonwealth Mining and Metollutgical 
Congress. 
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Figure 46 .-Mop of apporent resistivity in White Sands area, New Mexico, far electrode spacing E/2 = 305 m 
(1,000 feet) (afier Zohdy and others, 1969). 

tween the potential electrodes, often did not 
drop instantaneously to zero when the cur-
rent was turned off. Instead, the potential 
difference dropped sharply at first, then 
gradually decayed to zero after a given in
terval of time. Certain layers in the ground 
became electrically polarized, forming a bat
tery when energized with an electric current; 

upon turning off the polarizing current, the 
ground gradually discharged and returned to 
equilibrium. 

The study of the decaying potential differ
ence as a function of time is now known as 
the study of IP (induced polarization) in the 
“time domain.” This type of study requires 
heavy and generally bulky equipment in the 
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field; to avoid this limitation, mining geo
physicists began to study the effect of al
ternating currents on the measured value of 
resistivity. This is known as IP in the “fre
quency-domain.” 

Ground-water studies generally have been 
made with time-domain IP. In the time-
domain IP, several indices have been used to 
define the polarizability of the medium. 
Seigel (1959) defined the “chargeability” (in 

106” 37’ 5” 106” 30’ . 

32” 30’ 

32” 22’ 5” 

32O 15’ 

~ second,s)as the ratio of the area under the 
decay curve (in millivolt-seconds) to the po
tential difference (in millivolts) measured 
before switching the current off. Komarov 
and others (1966) define the “polarizability” 
as the ratio of the potential difference after 
a given time from switching the current off 
to the potential difference befor’e switching 
the current off. The polarizability is ex-

1 pressed as a ,percentage. 
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Figure 47.-Map of White Sands area, New Mexico, showing isobaths of the lower surface of fresh-water aquifer. 
Dotum is land surface (after Zohdy and others, 1969). 
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Figure 48 .-Examples of Schlumberger sounding curves obtained in ,the White Sands area, New Mexico (afier 
Zohdy and others, 1969). 
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Figure SO.-Geoelectric section north of Bowie, Ariz. Numbers in layers designate true resistivities. Data obtained 

by Zohdy and Eaton, 1969. 
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Figure 51 .-Examples of Schlumberger sounding curves obtained near Bowie, Arks. VES 26 shows homogeneous 
sediments (45 ohm-m) underlain by high resistivity Precambrian rocks ot o depth of about 380 m (1,250 
feet). VES 7 shows the presence of a thick section 275 m (900 feet) of low resistivity clay (<l ohm-m). Data 
obtained by Zohdy and Eaton, 1969. 
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Relationship between apparent 
chargeability and apparent 

resistivity 
Seigel (1959) showed that over a hetero

geneous medium comprised of n different ma
terials, the apparent chargeability, 7, is re
lated to the apparent resistivity by 

n 

(1) 
i - 1 

where 71 and pt are the chargeability and 
resistivity of the ith material. He also showed 
that the relation 

n 
a 1WP = 1 (2)

c a WPC ’ 
i= 1 

is valid. From equations 1 and 2 we can write 
the useful formula: 

n 

4 = l+C;lo$(f-l). (3) 
X i= 2 

If the theoretical expression for the apparent 
resistivity,p, is known, then the correspond
ing expression for the reduced apparent 

chargeability ‘i-, can be derived easily.
11 

Induced Polarization Sounding 
and Profiling 

The techniques of sounding and profiling, 
used in resistivity measurements, are also 
used in the IP method. IP sounding can be 
made using the Schlumberger, or Wenner 
array (in time-domain measurements). The 
apparent chargeability, 5 versfis the electrode 
spacing, AB/2 or AB/3, is plotted on lo
garithmic coordinates. The IP sounding curve 
is interpreted by curve matching procedures 
using sets of IP sounding master curves. 

At present, only a few two-layer master 
curves (for the Wenner array) have been 
published in the United States (Seigel, 1959 ; 
Frische and von Buttlar, 1957) but three-
layer and four-layer curves have been pub
lished in the Soviet Union. 

An IP sounding curve can be of significant 
value in complemen8ting a resistivity sound
ing curve. For example, the resistivity and 
IP sounding curves for the following four-
layer geoelectric section are shown in figure 
52: 

m/2, IN FEET 

10 100 1000 10,000 

1 10 100 1000 10,000 
n/2, IN METERS 

Figure 52 .-Apparent resistivity and apparent chargeability (IP) sounding curves for a four-layer model (modified 

0 after Vanyan and others, 1961). 
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Fig&e 53.-Geaelectric section, MS and IP sounding curves of olluviol deposits in Crimeo 
(after Kuzmino and Ogil’vi, 1965). 
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It is obvious that layer 3 cannot be distin
guished on the four-layer resistivity curve 
(which resembles a two- or three-layer 
curve). But layer 3 is character&d by a dif
ferent chargeability from the surrounding 
layers and its presence is indicated clearly 
by the IP sounding curve. 

Applications pf I nduced 
Polarization in Ground-

Water Su rveys 
Only a few IP surveys have been made for 

ground-water exploration, but there are three 
noted examples in the literature: Vacquier 
and others (195’7) ; Kuzmina and Ogil’vi 
(1965) ; and Bodmer and others (1968). 
Kuzmina atid Ogil’vi reported on work done 
near the Sauk-Soo river in Crimea and in the 
Kalinino region of Armenia. In Crimea the 
IP work consisted essentially of IP sounding 
(time domain) using the Wenner array. The 
alluvial deposits in the studied area were 
poorly differentiated by their resistivities, 
but three horizons were clearly distinguished 
by their ,polari.zaibilities (fig. 53). T,he section 
consisted of a top layer of weak polariza.bility 
(h, = 24 m (6.5-13 ft) ; vI = 0.8-1.5 per-
cent), which represents a dry loamy layer ; a 
second layer of strong polarizability (h, = 
18-20 m (60-64 ft), v2 = 3-5 percent), 
which represented a clayey sand layer sat
urated with fresh water; and a third layer 
of weak polarizability ( h3+ 03, 73 = 1 per-
cent), which represents impervious si,lt&ones. 
The survey in this area demonstrates that 
the IP work provided more complete informa
tion about the ground-water occurrence than 
did the resistivity soundings alone. 
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