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7.1 INTRODUCTION

Electrical resistivity methods were developed in the early 1900s but
have become very much more widely used since the 1970s, due
primarily to the availability of computers to process and analyse the
data. These techniques are used extensively in the search for suitable
groundwater sources and also to monitor types of groundwater
pollution; in engineering surveys to locate sub-surface cavities, faults
and fissures, permafrost, mineshafts, etc.; and in archaeology for
mapping out the areal extent of remnants of buried foundations of
ancient buildings, amongst many other applications. Electrical resis
tivity methods are also used extensively in downhole logging. For the
purposes of this chapter, applications will be confined to the use of
direct current (or very-low-frequency alternating current) methods.

Electrical resistivity is a fundamental and diagnostic physical
property that can be determined by a wide variety of techniques,
including electromagnetic induction. These methods will be discussed
in their respective chapters. That there are alternative techniques for
the determination of the same property is extremely useful as some
methods are more directly applicable or more practicable in some
circumstances than others. Furthermore, the approaches used to
determine electrical resistivity may be quite distinct - for example,
ground contact methods compared with airborne induction tech
niques. Mutually consistent but independent interpretations give the
interpreter greater confidence that the derived model is a good
approximation of the sub-surface. Ifconflicting interpretations result,
then it is necessary to go back and check each and every stage of the
data acquisition, processing and interpretation in order to locate the
problem. After all, the same ground with the same physical properties
should give rise to the same model irrespective of which method is
used to obtain it.

7.2 BASIC PRINCIPLES

7.2.1 True resistivity

Consider an electrically uniform cube of side lenght L through which
a current (1) is passing (Figure 7.1). The material within the cube
resists the conduction of electricity through it, resulting in a potential
drop (V) between opposite faces. The resistance (R) is proportional to
the length (L) of the resistive material and inversely proportional to
the cross-sectional area (A) (Box 7.1); the constant of proportionality
is the 'true' resistivity (symbol: p). According to Ohm's Law (Box 7.1)
the ratio of the potential drop to the applied current (VII) also
defines the resistance (R) of the cube and these two expressions can be
combined (Box 7.2) to form the product of a resistance (0) and
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a distance (area/length; metres); hence the units of resistivity are
ohm-metres (Qm). The inverse of resistivity (l/p) is conductivity (0-)
which has units of siemens/metre (S/m) which are equivalent to
mhos/metre (Q-l m- 1). It should be noted that Ohm's Law applies
in the vast majority of geophysical cases unless high current densities
(1) occur, in which case the linearity of the law may break down.

If two media are present within the resistive cube, each with its own
resistivity (PI and P2)' then both,proportion of each medium and

, . their geometric form within the cube (Figure 7.2}becorrte important
j

considerations. The formerly isotropic cube will now exhibit vari-
ations in electrical properties with the direction of measurement
(known as anisotropy); a platey structure results in a marked aniso
tropy, for example. A lower resistivity is usually obtained when
measured parallel to limitations in phyllitic shales and slates.com
pared with that at right-angles to the laminations. The presence and

c-'orientation ofelongate brine pockets (with high conductivity) strong
ly influence the resistivity of sea ice (Timco 1979). The amount of
anisotropy is described by the anisotropy coefficient, which is the ratio
of maximum to minimum resistivity and which generally lies in the
range 1-2. Thus it is important to have some idea of the form of
electrical conductors with a rock unit. Detailed discussions of
anisotropy have been given, for example, by Maillet (1947), Grant
and West (1965) and Telford et al. (1990) (see also Section 7.3.3).

Figure 7.1 (A) Basic definition of
resistivity across a homogeneous
block of side length L with an applied
current I and potential drop between
opposite faces of V. (B) The electrical
circuit equivalent, where R is a resistor
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Box 7.1 True resistivity (see Figure 7.1)

Resistance (R) is proportional to length (L) divided by area (A):

R ocL/A.

This can be written as R = pL/A, where p is the true resistivity.

Ohm's Law

For an electrical circuit, Ohm's Law gives R = VII, where V
and I are the potential difference across a resistor and the
current passing through it, respectively.

This can be written alternatively in terms of the electric field
strength (E; volts/m) and current density (J; amps/mZ

) as:

p=E/J(Qm)

Box 7.2 Resistivity

VA
p =Ii (Q/m)

There are three ways in which electric current can be conducted
through a rock: electrolytic, electronic (ohmic) and dielectric conduc
tion. Electrolytic conduction occurs by the relatively slow movement
of ions within an electrolyte and depends upon the type of ion, ionic
concentration and mobility, etc. Electronic conduction is the process
by which metals, for example, allow electrons to move rapidly, so
carrying the charge. Dielectric conduction occurs in very weakly
conducting materials (or insulators) when an external alternating
current is applied, so causing atomic electrons to be shifted slightly
with respect to their nuclie. In most rocks, conduction is by way of

z

I

--y

Figure 7.2 Three extreme structures
involving two materials with true
resistivities Pi and Pz' After Grant and
West (1965), by permission

(A) (B) (C)
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pore fluids acting as electrolytes with the actual mineral grains
contributing very little to the overall conductivity of the rock (except
where those grains are themselves good electronic conductors). At
the frequencies used in electrical resistivity surveying dielectric conduc
tion can be disregarded. However, it does become important in
'spectral induced polarisation' and in 'complex resistivity' measure
ments (see Chapter 9).

The resistivity of geological materials exhibits one of the largest
ranges of all physical properties, from 1.6 x 10- 80m for native silver
to 1016 Om for pure sulphur. Igneous rocks tend to have the highest
resistivities; sedimentary rocks tend to be most conductive, largely
due to their high pore fluid content; and metamorphic rocks have
intermediate but overlapping resistivities. The age ofa rock also is an
important consideration: a Quaternary volcanic rock may have
a resistivity in the range 10-200 Om while that of an equivalent rock
but Precambrian in age may be an order of magnitude greater. This is
a consequence of the older rock having far longer to be exposed to
secondary infilling of interstices by mineralisation, compaction
decreasing the porosity and permeability, etc.

In sedimentary rocks, the resistivity of the interstitial fluid is
probably more important than that of the host rock. Indeed, Archie
(1942) developed an empirical formula (Box 7.3) for the effective
resistivity of a rock formation which takes into account the porosity
(cf», the fraction (s) of the pores containing water, and the resistivity of
the water (Pw)' Archie's Law is used predominantly in borehole
logging. Korvin (1982) has proposed a theoretical basis to account for
Archie's Law. Saline groundwater may have a resistivity as low as
0.050m and some groundwater and glacial meltwater can have
resistivities in excess of 10000 m.

Resistivities ofsome common minerals and rocks are listed in Table
7.1, while more extensive lists have been given by Telford et ai. (1990).

Box 7.3 Archie's Law

p = acf> -ms-n Pw

where p and Pw are the effective rock resistivity, and the resisti
vity of the pore water, respectively; cf> is the porosity; s is the
volume fraction of pores with water; a, m and n are constants
where 0.5 ~ a ~ 2.5, 1.3 ~ m ~ 2.5, and n;::::; 2.
The ratio piPw is known as the Formation Factor (F).

Some minerals such as pyrite, galena and magnetite are commonly
poor conductors in massive form yet their individual crystals have
high conductivities. Hematite and sphalerite, when pure, are virtual
insulators, but when combined with impurities they can become very
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Table 7.1 Resistivities of common geologic materials

Material Nominal resistivity (Om)

Sulphides:
Chalcopyrite
Pyrite
Pyrrhotite
Galena
Sphalerite

Oxides:
Hematite
Limonite
Magnetite
Ilmenite

Quartz
Rock salt
Anthracite
Lignite

Granite
Granite (weathered)
Syenite
Diorite
Gabbro
Basalt
Schists (calcareous and mica)
Schist (graphite)
Slates
Marble
Consolidated shales

. Conglomerates
Sandstones
Limestones
Dolomite
Marls
Clays
Alluvium and sand
Moraine

Sherwood sandstone
Soil (40% clay)
Soil (20% clay)
Top soil
London clay
Lias clay
Boulder clay
Clay (very dry)
Mercia mudstone
Coal measures clay
Middle coal measures
Chalk
Coke
Gravel (dry)
Gravel (saturated)
Quaternary/Recent sands

1.2 x 10- 5 - 3 x 10- 1

2.9 x 10- 5 -1.5
7.5 x 10- 6-5 x 10- 2

3 x 10- 5-3 X 102

1.5 X 107

3.5 x 10- 3_107

103_10 7

5 x 10- 5-5.7 X 103

10- 3 -5 x 10

3 X 102-106

3xlO-1013

10- 3-2 X 105

9-2 X 102

3 X 102_ X 106

3 x 10-5 X 102

102_106

104 _10 5

103_106

10-1.3 X 107

20-104

10-102

6 x 102-4 X 107

102-2.5 X 108

20-2 X 103

2 X 103-104

1-7.4 X 108

5 X 10-107

3.5 x 102-5 x 103

3-7 x 10
1-102

10-8 X 102

10-5 X 103

100-400
8
33
250-1700
4-20
10-15
15-35
50-150
20-60
50
>100
50-150
0.2-8
1400
100
50-100



..

Table 7.1 (continued)

Material

Ash
Colliery spoil
Pulverised fuel ash
Laterite
Lateritic soil
Dry sandy soil
Sand clay/clayey sand
Sand and gravel
Unsaturated landfill
Saturated landfill
Acid peat waters
Acid mine waters
Rainfall runoff
Landfill runoff

Glacier ice (temperate)
Glacier ice (polar)
Permafrost

Nominal resistivity (11 m)

4
10-20
50-100
800-1500
120-750
80-1050
30-215
30-225
30-100
15-30
100
20
20-100
<10-50

2 x 106-1.2 X lOB
5 x 104-3 X 105 *
103-> 104
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* - 10°C to - 60°C, respectively; strongly temperature-dependent. Based on Telford
et al. (1990) with additional data from McGinnis and Jensen (1971). Reynolds (1987a).
Reynolds and Paren (1980,1984) and many commercial projects.

good conductors (with resistIvItIes as low as 0.1 Qm). Graphite
dispersed throughout a rock mass may reduce the overall resistivity of
otherwise poorly conducting minerals. For rocks that have variable
composition, such as sedimentary rocks with gradational facies, the
resistivity will reflect the varying proportions of the constituent
materials. For example, in northern Nigeria it is possible, on the basis
of the interpreted resistivities, to gauge whether a near-surface ma
terial is a clayey sand or a sandy clay. Resistivities for sandy material
are about 100 Q m and decrease with increasing clay content to about
40Qm, around which point clay becomes the dominant constituent
and the values decrease further to those more typical of clay: well
formed and almost sand-free clay has a value in the range 1-10 Q m
(Reynolds 1987a).

The objective of most mordern electrical resistivity surveys is to
obtain true resistivity models for the sub-surface because it is these
that have geological meaning. The methods by which field data are
obtained, processed and interpreted will be discussed later.

The apparent resistivity is the value obtained as the product of
a measured resistance (R) and a geometric factor (K) for a given
electrode array (see Section 7.3.2), according to the expression in
Box 7.2. The geometric factor takes into account thegeometric spread
of electrodes and contributes a term that has the unit of length
(metres). Apparent resistivity (Pa) thus has units of ohm-metres.



424 An introduction to applied and environmental geophysics

7.2.2 Current flow in a homogeneous earth

For a single current electrode implanted at the surface ofa homogene
ous medium of resistivity p, current flows away radially (Figure 7.3).
The voltage drop between any two points on the surface can be
described by the potential gradient (- c5 VI c5x), which is negative
because the potential decreases in the direction of current flow. Lines
ofequal voltage ('equipotentials') intersect the lines ofequal current at
right-angles. The current density (J) is the current (I) divided by the
area over which the current is distributed (a hemisphere; 2nr2

), and so
the current density decreases with increasing distance from the current
source. It is possible to calculate the voltage at a distance (r) from
a single current point source (Box 7.4). If, however, a current sink is
added, a new potential distribution occurs (Figure 7.4) and a modified
expression is obtained to describe the voltage at any point (Box 7.5).

(A)

Figure 7.3 (A) Three-dimensional
representation of a hemispherical
equipotential shell around a point
electrode on a semi-infinite, homo
geneous medium. (B) Potential decay
away from the point electrode
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---~T----:;:::::,JIil::------H+"r

Current flow
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surface
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Box 7.4 (See Figure 7.3)

The potential difference (b V) across a hemispherical shell of
incremental thickness br is given by:

bV I
br = - p. J = - p 2n:r2 .

Thus the voltage Vr at a point r from the current point source is:

f I pI 1
Vr = fbV = - p 2n:r2br = 2n: .~ .

1----1
V

A
+/

M N
-/

B
C,

I.
P, P2 ~I C2

AM .. I.. MB
I I I I
I I I
1" AN "j" NB ~I
I I
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Figure 7.4 Current and equipoten
tiallincs produced by a current source
and sink. From van Nostrand and
Cook (1966), by permission

Figure 7.5 Generalised form of
electrode configuration in resistivity
surveys
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Box 7.5 (See Figure 7.5)

For a current source and sink, the potential Vp at any point P in
the ground is equal to the sum of the voltages from the two
electrodes, such that: v;, = lj, + Va where lj, and Va are the poten
tial contributions from the two electrodes, A( + I) and B( - I).

The potentials at electrode M and N are:

However, it is far easier to measure the potential difference,
(iVMN , which can be rewritten as:

(i VMN = VM - VN = ~~ {[A~ - ~B ] - [ A~ - ~BJ}
Rearranging this so that resistivity P is the subject:

p=2n(i:MN{[A~_~BJ-[A~- ~BJrl

7.3 ELECTRODE CONFIGURATIONS AND
GEOMETRIC FACTORS

7.3.1 General case

The final expression in Box 7.5 has two parts, namely a resistance
term (R; units 0) and a term that describes the geometry of the
electrode configuration being used (Box 7.6) and which is known as
the geometric factor (K; units m). In reality, the sub-surface ground
does not conform to a homogeneous medium and thus the resistivity
obtained is no longer the 'true' resistivity but the apparent resistivity
(Pa) which can even be negative. It is very important to remember that
the apparent resistivity is not a physical property of the sub-surface

Box 7.6. The geometric factor (see Figure 7.5)

The geometric factor (K) is defined by the expression:

K=2n[A~-~B- A~+ ~BTl
Where the ground is not uniform, the resistivity so calculated is
called the apparent resistivity (Pa):

Pa = RK, where R = bV/I.
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media, unlike the true resistivity. Consequently, all field resistivity
data are apparent resistivity while those obtained by interpretation
techniques are 'true' resistivities.

Figure 7.6 shows that, in order for at least 50 % of the current to
flow through an interface at a depth of z metres into a second medium,
the current electrode separation needs to be at least twice - and
preferably more than three times-the depth. This has obvious
practical implications, particularly when dealing with situations
where the depths are of the order of several hundreds of metres, so
requiring very long cable lengths that can produce undesirable
inductive coupling effects. For very deep soundings where the elec
trode separation is more than several kilometres, telemetering the
data becomes the only practical solution (e.g. Shabtaie et al. 1980,
1982). However, it should be. emphasised that it is misleading to

\ equate the depth of penetrationwith the current electrode separation
as a general rule of thumb in the region of a resistivity survey. This
aspect is discussed in Section 7.3.3. "

7.3.2 Electrode configurations

The value of the apparent resistivity depends on the geometry of the
electrode array used, as defined by the geometric factor K. There
are three main types of electrode configuration, two of which are
named after their originators - Frank Wenner (1912a,b) and Conrad
Schlumberger-and a range of sub-types (Table 7.2 and Figure 7.7).
The geometric factors for these arrays are given in Box 7.7 and
a worked example for the Wenner array is given in Box 7.8. Arrays
highlighted in bold in Table 7.2 are those most commonly used.
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Figure 7.6 Proportion of current
flowing below a depth z (m); AB is the
current electrode ~alf-separation
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Table 7.2 Electrode configurations (see also Figure 7.7)

Wenner arrays

Schlumberger array

Dipole~dipole arrays

Wenner

Schlumberger

Dipole
dipole

Square

Standard Wenner
Offset Wenner
Lee-partitioning array
Tripotential (ex, fJ and y arrays)

Standard Schlumberger
Brant array
Gradient array

Normal (axial or polar)
Azimuthal
Radial
Parallel
Perpendicular
Pole~Dipole

Equatorial
Square (special form of equatorial)

Figure 7.7 Electrode configurations
used in electrical surveys

C,. -- -- -a - - - - +P,. - -- - -a - - - - + P2• - - -- -a- -- - .C2• • X. •
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.------------ a ------------+

C,.--a--.C2.----------- na -----------.-P,.-- a--+P2 (n=3)
•• X ••
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I
I
I
I
I
I
I
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a X.
I
I
I
I
I
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Dipole-dipole arrays have been used extensively by Russian
geophysicists since 1950, and especially in Canada, particularly
for 'induced polarisation' surveys (see Chapter 9) in mineral ex
ploration, and in the USA in groundwater surveys (Zohdy 1974).
The term 'dipole' is misapplied in a strict sense because the inter
electrode\senarationJor each of the current or potential electrode
pairs should be insignificant with respect to the length of the
array, which it is not. However, the term is well established in its
usage.

Box 7.7 Apparent resistivities for given geometric factors
for electrode configurations in Figure 7.7
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(alpha/beta arrays)
(gamma rays)

I,

Wenner array:

Two-electrode:

Lee array:

Schlumberger array:

Gradient array:

Pa = 2naR
Pa = 3naR

Pa = 2nsR

Pa = 4naR

Pa = n:T 1 - ::2] R;

L2 1
P =2n--R

a a G

a ~ 5b

\

I-X I+X
where G = (y2 + (1 _ X)2)3/2 + (y2 + (1 + X)2)3/2

andX=x/L, Y=y/L

Dipole-dipole array: Pa = nn(n + l)(n + 2)aR

Pole-dipole array: Pa = 2nn(n + 1)aR

Square array: Pa = na(2 + J2) R

These different types and styles of electrode configuration have
particular advantages, disadvantages and sensitivities. Factors affect
ing the choice of array type include the amount of space available
to layout an array and the labour-intensity of each method. Other
important considerations are the sensitivity to lateral inhomogene
ities (Habberjam and Watkins 1967a; Barker 1981) and to 'dipping
interfaces (Broadbent and Habberjam 1971). '

A graphic example of the different responses by the three main
electrode configurations is given by so-called '~Jgnal contribution
sections' (Barker 1979) shown in Figure 7.8. These sections are
contoured"plots of the contribution made by each unifvolume of the
sub-surface to the voltage.E:1_e!isu~~c:i_ atthe surface, y.:,\ .
!. \,)' . > ., ~y;.

tV r);J \j
l) , .'

..
.,J
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-----------L-----------

(6)

(C)

c, c.

..'./
..
\

Box 7.8 Worked example of how to calculate a geometric factor

Using the expression previously defined in Box 7.6 (see also
Figure 7.5), and substituting in the correct values for the Wenner
array:

K=2n[~-~-~+~J-l =2n[~_2J-l
a 2a 2a a a 2a

=2na.

Hence, as Pa = KR, Pa = 2naR.

Figure 7.8 Signal contribution sec
tions for: (A) Wenner, (B) Schlumberger
and (C) dipole-dipole configurations.
Contours indicate the relative contri
butions made by discrete volume
elements of the sub-surface to the total
potential difference measured between
the two potential electrodes PI and P2'

From Barker (1979), by permission



Figure 7.8A shows the signal contribution for a Wenner array. In
the near-surface region, the positive and negative areas cancel each
other out and the main response, which originates from depth, is
largely flat (see the 1 unit contour). This indicates that for horizon
tally, layerecrInedia, the Wenner array has a high vertical resolution.
The Schlumberger array has almost as high a vertical resolution, but
note that the form of the signal contribution at depth is now concave
upwards (Figure 7.8B). For the dipole-dipole array (Figure 7.8C), the
lobate form of the signal contribution indicates that there is a poor
vertical resolution and that the array is particularly sensitive to deep
lateral resistivity variations, making it an unsuitable array for depth
sounding (Bhattacharya and Patra 1968). Nevertheless, this sensi
tivity can be utilised in resistivity profiling (see Section 7.4.3).

A modified electrode array (Lee partitioning array) was devised by
Lee (Lee and Schwartz 1930) in an attempt to reduce the undesirable
effects of near-surface lateral inhomogeneities. An alternative tri
potential method was proposed by Carpenter (1955) and by Carpen
ter and Habberjam (1956) which combined the apparent resistivities
obtained for the alpha, beta and gamma rays (Figure 7.9). The

Electrical resistivity methods 431

Figure 7.9 Wenner tripotential elec
trode configurations for N = 2. x is the
fixed interelectrode separation, and
the active electrode separation is 2x,
From Ackworth and Griffiths (1985),
by permission

ALPHA

(0 t• P, PI

10 '] I, I
'6 '1

I -,
' 2 5 81

C, t (3 t C2

BETA

(0t + P2 P,
I I , ,

') I -'0
I '2 J f s f 8,

6)C, C1

GAMMA

0~ +I P2,
"

I

"
's ,) 8' -'

0
I 6, J

C, t C2 6) t

• _--0 • .. 0 ..• a

I I I I I I I -a x 2x 3x I.x 5x 6x

N .2

a • 2x
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C•
•

\

OFFSET P =999
C, a

method has been discussed further by Ackworth and Giffiths (1985).
A smoothing technique using the tripotential method was produced
by Habberjam and Watkins (1967a).

An alternative technique, called the Qilset Wenner method (Barker
1981), has been readily adopted for its ease of use. The method is
extremely simple in concept. Figure 7.10 shows a single contribution
section for a standard Wenner array. A conducting sphere buried in
a semi-infinite homogeneous medium with true resistivity of 100 Q m
is located in a positive region of-the signal contribution section
(Figure 7.10A). The corresponding apparent resistivity, calculated
using an exact analytical method (Singh 1976), is 91.86 Q m. Offsetting
the Wenner array one spacing to the right (Figure 7.10B), the previ
ously positive areas are now negative and vice versa, and the buried
sphere is located in a negative region resulting in an apparent
resistivity of 107.81 Qm. The average of these two apparent resis
tivities is 99.88 Q m, thereby reducing the error due to a lateral
inhomogeneity from around ± 8% to only 0.1 %.

One array that is seldom used, but which has two major advan
tages, is the S<Luar:tW!r[llj'. This is a special form of the equatorial

, dipole-dipole array for n= 1. The square array is particularly good T

for determining lateral azimuthal variations in resistivity. By swap
ping P 1 and C2 , the square is effectively rotated through 90° and thus
the apparent resistivity can be determined for two orthogonal direc
tions. For ground that is largely uniform, the two resistivities should
be the same, but where there is a difference in resistivity due to a form
of anisotropy (transverse anisotropy as it is measured only in the x - y
plane), the two resistivities will differ. The ratio of the two resistivities
is an indication of the transverse anisotropy. Profiles and maps of
transverse anisotropy can be interpreted qualitatively to indicate

"t anomalous ground. The second advantage of the square array is that 
. it lends itself to rapid grid mapping. By moving two electrodes at

Figure 7.10 (A) Signal contribution
section for a Wenner array with a con
ducting sphere (negative K) in a posi
tive region in a medium with resistivity
lOOfim. (B) Offset Wenner electrodes
in which the sphere is now in a nega
tive region. Distortion of contours
due to the presence of the sphere is
not shown. From Barker (1981), by
permlSSlOTI
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Table 7.3 Comparison of dipole-dipole, Schlumberger, square and Wenner electrode arrays

Criteria Wenner Schlumberger Dipole-dipole Square

Vertical resolution .j.j.j .j.j I .j.jv

Depth penetration .J ' I .j.j.J Nv";
Suitability to VES I I .jN .j xv";
Suitability to CST ' I I X .j.j.j .j.j.jv..; v
Sensitivity to orientation Yes Yes Moderate No
Sensitivity to lateral

inhomogeneities High Moderate Moderate Low
Labour intensive Yes Moderate Moderate Yes

(no*) (no*) (no*)
Availability of

interpretational aids '.j . .j.J.j .j.j\JI 'JI

.J = poor; .J.j = moderate; .j.j.J = good; x = unsuitable
• When using a multicore cable and automated electrode array

a time, the square can be moved along the transect. By increasing the
dimensions of the square, and thus generally increasing the depth
penetration and repeating the same survey area, three-dimensional
models of the resistivity distribution can be obtained. Of all the
electrode configurations, the square array is the least sensitive to
steeply dipping interfaq:s (Broadbent and Habbe~ja~ 1971) and
thus it can cope in situations where the sub-surface media are not
horizontally-layered. Being a particularly labour-intensive field
method, it is best restricted to small-scale surveys where the electrode
separation is only of the order of a few metres. This technique has
particular value in 3-D mapping of buried massive ice and in shallow
archaeological investigations, for example.

A general guide to the suitability ofthe dipole-dipole, Schlumber
ger, square and Wenner electrode configurations is given in Table 7.3.
An important consideration for the suitability of a given array is the
scale at which it is to be deployed. For example, asquare array is not '

., really appropriate for depth soundin,g ('vertical electrical sounding';
YES) or for 'constant separation traversing' (CST) with a large
square side; whereas it is perhaps better than either the Wenner or
Schlumberger arrays for applications concerned with very shallow
depths ( < 2 m), such as in archaeological investigations. While the
main electrode configurations are now well established in their
major applications, small-scale mini-resistivity surveys have yet to
realise their full potential.

7.3.3 Media with contrasting resistivities

A geological section may show a series of lithologically defined
interfaces which do not necessarily coincide with boundaries identi
fied electrically. For example, in an unconfined sandstone aquifer,
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there is a capillary zone above the water table making the boundary
from 'dry' to 'saturated' a rather diffuse one. Furthermore, different
lithologies can have the same resistivity and. thus would form
only one electric unit.

A geoelectric unit is characterised by two basic parameters: the
layer resistivity (pJ and the layer thickness (ti) for the ith layer (i = 1
for the surface layer). Four further electrical parameters can be
derived for each layer from the respective resistivity and thickness;
these are called the longitudinal conductance (SL; units mS); transverse
resistance (T; units n m2

); longitudinal resistivity (PL; units n m); and
transverse resistivity (PT; units n m). They are defined in Box 7.9 for
the model shown in Figure 7.11. The sums of all the longitudinal
conductances and of the transverse resistances for a layered ground
are called the Dar Zarrouk 'function' and 'variable', respectively. (The
curiously named Dar Zarrouk parameters were so called by Maillet
(1947) after a place near Tunis where he was a prisoner of war.)

The importance of the longitudinal conductance for a particular
layer is that it demonstrates that it is not possible to know both the
true layer conductivity (or resistivity) and the layer thickness, so
giving rise to layer equivalence. For example, a layer with a longitudi
nal conductance of 0.05mS can have a resistivity of l00nm and
thickness 5m. Layers with the combination of resistivity 80 n m and
thickness 4m, and 120nm and 6m, are all equivalent electrically.
Equivalence needs to be considered during interpretation ofsounding
curves (see Section 7.5.4) and generally in the interpretation of
electrical data, whether obtained by contact electrical or electro
magnetic induction methods.

Box 7.9 Dar Zarrouk parameters

For a given layer:

Longitudinal conductance
Transverse resistance
Longitudinal resistivity
Transverse resistivity
Anisotropy

For n layers:

SL= hlp = h.(J
T=h.p

PL= hiS
PT= Tlh
A = PTlpL'

n

T = L (hiP;) = hlPI + h2P2 + h3P3 + ... hnPn
i~ 1

Where a point current source is located close to a plane boundary
between two homogeneous media, the lines ofcurrent flow (and hence
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of equipotential) are refracted at the boundary in proportion to the
contrast in resistivity between the two media (Figure 7.12 and Box
7.10). In a homogeneous material with no boundaries in the vicinity,
current flow lines are symmetrically radial. If a boundary is nearby,
the current flow lines will become distorted (Figure 7.12B): current
flowing towards a medium with a higher resistivity will diverge from
the radial pattern and current densities adjacent to the boundary will
decrease, whereas the current converges on approaching a medium
with a lower resistivity with a consequent increase in current den
sities. The potential at a point adjacent to a plane boundary can be
calculated using optical image theory (Figure 7.12C). If a current
source of strength S is placed in one medium of resistivity Pt. the
source's image point lies in the second medium of resistivity P2 (where
P2 > Pt) but has a reduced strength kS, where k is dependent upon the
resistivity contrast between the two media and lies in the range + 1.
This k factor is akin to the reflection coefficient in optics and in
reflection seismology, and has the form given in Box 7.11. If the
current passes from a lower resistivity medium to one with a higher
resistivity, k is positive; if it passes into a medium with a lower
resistivity, k is negative.

Box 7.10 (See Figure 7.12A)

Refraction of current flow at a plane boundary:

tan 82 /tan 8 t = pdP2'
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Figure 7.11 Thickness (h) and true
resistivity (p) ofcomponent layers with
an indication of the total longitudinal
conductance (Sd and total transverse
resistance (T); subscripts Land T refer
to longitudinal and transverse, re
spectively



436 An introduction to applied and environmental geophysics

(A)

Medium 1 Medium 2

Figure 7.12 (A) Refraction of current
flow lines, and (B) Distortion of
equipotential and current flow lines
from a point electrode across a plane
boundary between media with con
trasting resistivities (Telford et al.
1990). (C) Method of optical images
for the calculation of a potential at
a point (see text for details)

(8)

Low-resistivity
medium 1

High-resistivity
medium 2
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Box 7.11 Electrical reflection coefficient, k (see Figure 7.12C)

Potential at P:

Potential at Q:
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At the interface V = V' and r I = r 2 = r 3 . Hence:

PI 1- k

P2 1 + k
or

t
,1

i..J *
r
'3

In the case when the boundary is vertical, different types of
anomaly will be produced dependent upon the electrode configur
ation used and whether it is developed at right-angles or parallel
(broadside) to the boundary. Examples of the types of anomalies
produced are illustrated in Figure 7.13. The cusps and discontinuity
in (A), (B) and (C) are due to the positioning of the electrodes relative
to the vertical boundary with each cusp occurring as one electrode
crosses the boundary. In the case of the Wenner array, it can be
explained in detail (Figures 7.13D and E) as follows.

As the array is moved from the high-resistivity medium towards the
low-resistivity medium (case (i) in Figure 7.13), the current flow lines
converge towards the boundary, increasing the current density at the
boundary but decreasing the potential gradient at the potential
electrodes. The apparent resistivity gradually falls from its true value
until a minimum is reached when the current electrode Cz is at the
boundary (ii). Once C2 has crossed into the low-resistivity unit (iii),
the current density increases adjacent to the boundary but within the
Jow-resistivity medium, causing the potential gradient between the
potential electrodes to rise. When the entire potential electrode dipole
has crossed the boundary (iv), the current density is highest in the
high-resistivity medium, causing the potential gradient across PI - P 2

to fall dramatically. With the current electrode C I now into the
low-resistivity unit (v), the current adjacent to the boundary is
divergent. This results in an elevated potential gradient between PI
and P2 which falls to a normal value when the entire collinear array is
sufficiently far away from the boundary. At this point the current flow
is radial once more. The magnitude of the cusps and discontinuities is
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Figure 7.14' (op£.Q§ite) Apparent resis
tivity profiles·across a thin vertical
dyke using (A) a dipole-dipole array e
and (B) a Wenner array. (C) Computed
normalised resistivity profiles across ='
a thin vertical dyke with different resis
tivity contrasts. After van Nostrand ~

and Cook (1976), by permission

Figure 7.13 Apparent resistivity pro- .~

files measured over a vertical bound
ary using different electrode arrays:
(A) Wenner (with its characteristic W
shaped anomaly), (B) Schlumberger,
and (C) dipole-dipole. After Telford
et al. (1990), by permission of Cam
bridge University Press. (D) Profile
shapes as a function of resistivity con
trast. From van Nostrand and Cook
(1966), by permission. (E) Plan view of
successive moves of a Wenner array
with electrode positions indicated for
six marked points in (D)
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dependent upon the resistivity contrast between the two media.
However, if the array is orientated parallel to the boundary such that
all electrodes cross it simultaneously, the cusping is reduced. (Figure
7.13B, dashed line).

The anomaly shape is similarly varied over a vertical dyke (Figure
7.14) in which the width of the anomaly varies not only with electrode
configuration but also with the ratio of the dyke width to electrode
separation. An example of an apparent resistivity profile across
a buried hemicylindrical valley is shown in Figure 7.15. The field and
modelled profiles are very similar. The mathematical treatment of
apparent resistivity profiles across vertical boundaries is discussed
in detail by Telford et al. (1990).

The important consideration arising from this discussion is that
different array types and orientations across an identical boundary
between two media with contrasting resistivities will produce mark
edly different anomaly shapes. Thus interpretation and comparison
of such profiles based simply on apparent resistivity maxima or
minima can be misleading; for example, if maxima are used to delimit
targets, a false target could be identified in the case of maxima
doublets such as in Figure 7.14. Similar complex anomalies occur in
electromagnetic data (Section 9.4.3). Furthermore, the type of anom
aly should be anticipated when considering the geological target so
that the appropriate electrode configuration and orientation can be
chosen prior to the commencement of the survey.

Figure 7.15 Apparent resistivity
profiles across a buried valley: (A)
theoretical profile, and (B) measured
profile. After Cook and van Nostrand
(1954) (see Parasnis 1986)
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7.4 MODES OF DEPLOYMENT

There are two main modes of deployment of electrode arrays. One is
for depth sounding (to determine the vertical variation of resistivity)
- this is known as vertical electrical sounding (VES). The other is for
horizontal traversing (horizontal variation of resistivity) and is called
constant separation traversing (CST) (also called 'electrical resistivity
traversing', ERT). In the case of~ul!i-elec~rode arrays,! two forms
are available. Microprocessor:::controlled resistivity' traversing
(MRT) is used particularly for hydrogeological investigations
requiring significant depths of penetration. Sub-surface imaging (SSI)
or two-dimensional electrical tomography is used for very high
resolution in the near-surface in archaeological, engineering and
environmental investigations.

7.4.1 Vertical electrical sounding (VES)

As the distance between the current electrodes is increased, so the
depth to which the current penetrates is increased. In the case of the
dipole-dipole array, increased depth penetration is obtained by
increasing the inter-dipole separation, not by lengthening the current
electrode dipole. The position of measurement is taken as the mid
point of the electrode array. For a depth sounding, measurements of
the resistance (bV/I) are made at the shortest electrode separation
and then at progressively larger spacings. At each electrode sep
aration a value of apparent resistivity (Pa) is calculated using the
measured resistance in conjugation with the appropriate geometric
factor for the electrode configuration and separation being used
(see Section 7.3). The values of apparent resistivity are plotted on
a graph ('field curve') the x- and y-axes of which represent the
logarithmic values of the current electrode half-separation (AB/2)
and the apparent resistivity (Pa)' respectively (Figure 7.16). The
methods by which these field curves are interpreted are discussed
in detail in Section 7.5.

In the normal Wenner array, all four electrodes have to be moved
to new positions as the inter-electrode spacings are increased (Figure
7.17A). The offset Wenner system has been devised to work with
special multicore cables (Barker 1981). Special connectors at logarith
mically spaced intervals permit a Wenner VES to be completed by
using a switching box which removes the necessity to change
the electrode connections physically. Note that the offset Wenner
array requires one extra electrode separation to cover the same
amount of the sub-surface compared with the normal Wenner array.
When space is a factor, this needs to be considered in the survey
design stage.

In the case of the Schlumberger array (Figure 7.17C), the potential
electrodes (PtPz) are placed at a fixed spacing (b) which is no more

Electrical resistivity methods 441
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than one-fifth of the current-electrode half-spacing (a). The
current electrodes are placed at progressively larger distances. When
the measured voltage between P 1 and P 2 falls to very low values
(owing to the progressively decreasing potential gradient with in
creasing current electrode separation), the potential electrodes are
spaced more widely apart (spacing b2). The measurements are con
tinued and the potential electrode separation increased again as
necessary until the YES is completed. The tangible effects of so
moving the potential electrodes is discussed at the end of Section
7.4.4. A YES using the Schlumberger array takes up less space than
either of the two Wenner methods and requires less physical move
ment of electrodes than the normal Wenner array, unless multicore
cables are used.

The dipole-dipole array is seldom used for vertical sounding as
large and powerful electrical generators are normally required. Once
the dipole length has been chosen - i.e. the distance between the two
current electrodes and between the two potential electrodes - the
distance between the two dipoles is then increased progressively
(Figure 7.17C) to produce the sounding. The square array is rarely
used for large-scale soundings as its setting out is very cumbersome
(Figure 7.17E). The main advantage of the electrode configuration
is the simplicity of the method when setting out small grids. In
small-scale surveys investigating the three-dimensional extent of
sub-surface targets, such as in archaeology, the square sides are of the
order of only a few metres.

Figure 7.16 A vertical electrical
sounding (VES) showing apparent re
sistivity as a function of current elec
trode half-separation (AB/2)
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7.4.2 Automated array scanning

In 1981 Barker published details of the offset Wenner array using
multicore cables and multiple electrodes for YES investigations. In
1985, Griffiths and Turnbull produced details of a multiple electrode
array for use with CST. This theme was developed by van Over
meeren and Ritsema (1988) for hydrogeological applications and
by Noel and Walker (1990) for archaeological surveys. For deeper t

sounding, where multicore cabling would become prohibitively
heavy, the cable is wound into 50m sections on its own drum with an
addressable electronic switchingunit and power supply mounted in
the hub of each cable reel. The switching units are controlled by
a laptop computer which can switch any electrode to either of two
current or two potential cables which connect the entire array of
drum reels. This system is known as the microprocessor-controlled
resistivity traversing sy.stem (Griffths et al. 1990).
• In van Overmeeren and Ritsema's continuous vertical electrical
sounding (CVES) system, an array of multiples of 40 electrodes is
connected to a microprocessor by a multicore cable. Usiing software
control, discrete sets of four electrodes can be selected in a variety of
electrode configurations and separations and a measurement of the
resistance made for each. Instead of using one cable layout for just one
YES, the extended electrode array can be used for a number of YES,
each one. offset by one electrode spacing. If the first YES is conducted
with its centre between electrodes 15 and 16, for example, the next
YES will be centred between electrodes 16 and 17, then 17 and 18, 18
and 19, and so on. A field curve is produced for each sounding along
the array and interpreted by computer methods (see Section 7.5.3) to
produce a geo-electric modeL of true layer resistlvltTes and thickness
for each YES curve. When each model is displayed adjacent to its
neighbour, a panel of models is produced (Figure 7.18) in which the
various resistivity horizons can be delimited. It is clear from Figure
},18Dthat the CVES interpretation is closest to the known physical
model .compared with those for either the tripotential alpha or
beta/gamma ratio sections (Shown in Figure 7.18B and C respective
ly). This particular method requires special equipment and associated
computer software, but it highlights a novel application of both,field
method and data analysis to improve the resolution of shallow
resistivity surveys.

In sub-surface imaging (SSI), typically 50 electrodes are laid out in
two strings of 25, with electrodes connected by a multicore cable to
a switching box and resistance meter. The whole data acquisition
procedure is software-controlled from a laptop computer. Similar
products have been produced, such as the LUND Automatic
Imaging System (ABEM), and MacOhm 21 (DAP-21) Imaging Sys
tem (OYO), and the Sting/Swift (Advanced Geosciences Inc.), among
others.
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As with van Overmeeren and Ritsema's eYES method, a discrete
set of four electrodes 'with the shortest electrode spacing (n = 1; see

! Figure 7.19) is addressed and a value of apparent resistivity obtained.
Successive sets of four electrodes are addressed, shifting each time by,
one electrode separation laterally. Once the entire array has been

c

~~anned, the electrode separation is doubled (n = 2), and the process
repeated until the appropriate number of levels has been scanned.
The values of apparent resistivity obtained from each measurement
are plotted on a pseudo-section (Figure 7.19) and contoured. The
methods of interpretation are described in more detail in Section

\

7.5.6. There are considerable advantages in using SST or equivalent

Figure 7.18 High-resolution soil
survey using a scanned array. (A) Soil
section.determined by shallow hand
drilling. Pseudo-sections obtained
using (B) Wcnncr tripotcntial alpha
and (C) beta/gamma arrays. (D) Con
tinuous vertical electrical sounding
rcsults with true resistivities indicated.
From van Overmeeren and Ritsema
(1988), by pcrmission
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Station 3 Figure 7.19 Example of the measure-
I ment sequence for building up a

I resistivity pseudo-section. Courtesy of
C1 P1 P2 C2

3a 3a 3a Campus Geophysical Instruments
Ltd.
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methods. With multicore cable and many electrodes, the entire array
can be established by one person. The acquisition ofapparent resistiv
ity data is controlled entirely by the software whose parameters are
selected at the outset. By changing the inter-electrode spacing be
tween electrodes, the 'vertical and horizontal resolutions can be
specified to meet the objectives of the survey. For example, the
horizontal resolution is defined by the inter-electrode spacing,' and
the vertical resolution by half the spacing. For example, using a 2m
inter-electrode spacing, the horizontal and vertical resolutions are
2m and 1m, respectively, for the pseudo-section display. Whether
sub-surface features can be resolved at a comparable scale is deter
mined also by the lateral and vertical variations in true resistivity.

7.4.3 Constant-separation traversing (CST)

Constant-separation traversing uses a manul electrode array, usually
the Wenner configuration for ease of operation, in which the electrode
separation is kept fixed. The entire array is moved along a profile and
values of apparent resistivity determined at discrete intervals along
the profile. For example, a Wenner spacing of say 10m is used with
perhaps 12 electrodes deployed at anyone time at 5m intervals.
Alternate electrodes are used for anyone measurement (Figure 7.20)
and instead of uprooting the entire sets of electrodes, the connections
are moved quickly and efficiently to the next electrode along the line,
i.e. 5m down along the traverse. This provides a CST profile with
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electrode separation of 10 m and station interval of5 m. The values of
apparent resistivity are plotted on a linear graph as a function of
distances along the profile (Figure 7.20). Variations in the magnitude
of apparent resistivity highlight anomalous areas along the traverse.

Sorensen (1994) has described 6."ulled array continuous electrical
profiling' technique (PA-CEP). An array of heavy steel electrodes,
each weighing 10-20 kg, is towed behind a vehicle containing all the
measuring equipment. Measurements are made continuously. It is
reported that 10-15 line kilometres of profiling can be achieved in
a day. The quality of results is reported to be comparable to that of
fixed arrays with the same electrode geometry.

7.4.4 Field problems

In order for the electrical resistivity method to work using a collinear ",
array, the internal resistance of the potential measuring circuit must .
be far higher than the ground resistance between the potential
electrodes. If it is not, the potential circuit provides a low-resistance
alternative route for current flow and the resistance measured is
completely meaningless. Most commercial resistivity equipment has
an input resistance of at least 1 Mn, which is adequate in most cases.
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Figure 7.20 A constant-separation
traverse using a Wenner array with
10m electrode spacing over a clay
filled solution feature (position ar
rowed) in limestone
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In the case of temperature glacier ice, which itself has a resistivity of
up to 120 MQ m, a substantially higher input resistance is required
(preferably of the order of 1014 Q).

Electrical resistivity soundings on glaciers are complicated by the
fact that ice does not conduct electricity electronically but by the
movement of protons within the ice lattice and this causes substantial
polarisation problems at the electrode-ice contact. Consequently,
special techniques are required in order to obtain the relevant
resistivity data (Reynolds 1982).

Perhaps the largest source offield problems is the electrode contact
resistance. Resistivity methods rely on being able to apply current
into the ground. If the resistance of the current electrodes becomes
anomalously high, the applied current may fall to zero and the
measurement will fail. High contact resistances are particularly
common when the surface material into which the electrodes are
implanted consists of dry sand, boulders, gravel, frozen ground, ice or
laterite. If the high resistance can be overcome (and it is not always
possible), there are two methods that are commonly used. One is to
wet the current electrodes with water or saline solution, sometimes
mixed with bentonite. The second method is to use multiple elec
trodes. Two or three extra electrodes can be connected to one end of
the current-carrying cable so that the electrodes act as resistances in
parallel. The total resistance of the multiple electrode is thus less than
the resistance of anyone electrode (see Figure 7.21 and Box 7.12).
However, if this method is used, the extra electrodes must be im
planted at right-angles to the line of the array rather than along the
direction of the profile. If the extra electrodes are in the line of the
array, the geometric factor may be altered as the inter-electrode
separation (C1-P1-P2-C2) is effectively changed. By planting the
electrodes at right-angles to the line of the array, the inter-electrode
separation is barely affected. This problem is only acute when the
current electrode separation is small. Once the current electrodes are
sufficiently far apart, minor anomalies in positioning are insignificant.
This also applies when laying out the survey line to start with.

Box 7.12 Resistances in parallel

Total resistance of multiple electrodes is RT :

n

I/RT = I/R 1 + I/R 2 + ljR 3 + ·.. 1/Rn = L (I/RJ
i=l

For example, if'1 ='2 = O.2R and'3 ='4 = O.5R, then:

l/Rr = 1/0.2R + IjO.2R + 1/0.5R + IjO.5R + I/R = 15/R.

Thus RT = R/15, and Rr is much less than the lowest individual
resistance (= R/5).
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Ideally, a YES array should be expanded along a straight line. If it
curves significantly and/or erratically (Figure 7.21C), and no correc
tion is made, cusps may occur in the data owing to inaccurate
geometric factors being used to calculate apparent resistivity values.
Cusps in YES field curves are particularly difficult to resolve if their
cause is unknown. Even if the apparent resistivity values have been
calculated correctly with appropriately modified geometric factors,
ambiguities may arise in the field curve which it may not be possible
to model or interpret. In the case of CST data, if the correct geometric
factors are used to derive the apparent resistivities, the CST profile
may be interpreted normally. It always pays to keep adequate field
notes in addition to recording the geophysical data so that appropri
ate corrections can be made with recourse to the correct information

Figure 7.21 (A) Supplementary elec
trodes planted in a straight line at
right-angles to the main electrode
have minimal effect on the geometric
factor as long as the offset yj a. (B) Any
number of additional electrodes act as
parallel resistances and reduce the
electrode contact resistance. (C) An
out-of-Iine electrode array will give
rise to erroneous Pa values unless the
appropriate geometric factor is used.
Shortened C 1C z produces elevated
ll.V between PI and P 2 and needs to be
compensated for by a reduced value of
the geometric factor.
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rather than to a rather hazy recollection of what may have been done
in the field.

The presence of pipes, sand lenses or other localised features, which
are insignificant in relation to the main geological target, can degrade
the quality of the field data and thus reduce the effectiveness of any
interpretation. If a conductive clay lens is present, for example, then
when a current is applied from some distance away from it, the lines of
equipotential are distorted around the lens and the current flow lines

(A)

C,
-----+---

Fig.7.22B

(8)

Current flow C2--------

Figure 7.22 Distortion of current
flow lines and equipotentials around
an anomalous feature. The boxed area
in (A) is enlarged to show detail in
(B). The magnitude of equipotentials
is for illustrative purposes only
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are focused towards the lens (Figure 7.22). The potential between
P and Q (< 0.1 V) is obviously smaller than that measured between
Rand S (~ 0.25 V) which are outside the field of effect of the lens. The
apparent resistivity derived using this value of potential is lower than
that obtained had the lens not been there, hence the occurrence of
a cusp minimum (Figure 7.23A). If the lens has a higher resistivity
than the host medium, the current flow lines diverge and the potential
between P and Q becomes anomalously high and results in a positive
cusp (Figure 7.23B).

Another feature which may occur on YES profiles is current
leakage, particularly at large current electrode separations, when the
array is aligned parallel to a conductive feature such as a metal pipe
or a surface stream. The values ofapparent resistivity become increas
ingly erratic owing to the voltage between the potential electrodes
falling to within noise levels and tend to decrease in value (Figure
7.23C). If the position and orientation of a pipe is known, there should
be no ambiguity in interpretation. There is no point in extending the
YES once it is obvious current leakage is occurring.

A method of reducing the effects of these lateral inhomogeneities
using the offset Wenner array has been described in Section 7.3.2.
There is, however, no alternative method for the Schlumberger
electrode configuration and cusps can be removed by smoothing
the curve (dashed lines in Figure 7.23).

Figure 7.23 Distortion of Schlum
berger YES curves due to (A) a
conductive lens or pipeline, and (B)
a resistive lens. After Zohdy (1974), by
permission
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An additional but easily resolvable problem can occur with
Schlumberger depth soundings. When the separation of the potential
electrode pair is increased (b i to b2 in Figure 7.17C), the contact
resistance may change, causing a discrete step up or down of the next
segment of the curve (Figure 7.24). Although the value of the apparent
resistivity may change from the use of one electrode pair to another,
the gradient of the change of apparent resistivity as a function of
current electrode half-separation should remain the same. Conse
quently, the displaced segments can be restored to their correct values
and the curve smoothed ready for interpretation. Segments at larger
potential electrode separations should be moved to fit the previous
segment obtained with a shorter electrode separation. So in Figure
7.24, segment 3 is moved down to fit segment 2 which is moved up to
join on the end of segment 1. Measurements of resistance should be
repeated at both potential electrode separation when crossing from
one segment to the next. As all the electrodes are moved when
a manual Wenner array is expanded, there is no discernible displace
ment of segments of the curve. Instead, the field curve may appear to
have lots of cusps and blips through which a smooth curve is then
drawn, usually by eye (Figure 7.25). An alternative, preferable, ap
proach is to use the offset Wenner array (see Section 7.3.2) which
improves the quality of the acquired field data (Figure 7.25).

Figure 7.24 Displaced segments on
a Schlumberger vertical electrical
sounding curve due to different elec
trode resistances at P I and P2 on
expanding potential electrode separ
ations; segment 3 is displaced to fit
segment 2 which is in turn displaced to
fit segment 1 to produce a smoothed
curve
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Figure 7.25 The difference in data
quality that can be obtained by using
an offset Wenner array in place of
a normal Wenner array; the normal

. .
curve IS more nOIsy

,\7.5 INTERPRETATION METHODS

Vertical sounding field curves can be interpreted qualitatively
using simple curve shapes, semi-quantitatively with graphical model
curves, or quantitatively with computer modelling. The last method is
the most rigorous but there is a danger with computer methods to
over-interpret the data. VES field curves may have subtle inflections
and cusps which require the interpreter to make decisions as to how
real or how significant such features are. Often a noisy field curve is
smoothed to produce a graph which can then be modelled more easily.
In such a case, there is little point in spending large amounts of time
trying to obtain a perfect fit between computer-generated and field
curves. As a general rule, depending on how sophisticated the field
acquisition method is, layer thicknesses and resistivities are accurate
to between 1% and 10%, with poorer accuracies arising from the
cruder field techniques. Furthermore, near-surface layers tend to be
modelled more accurately than those at depth, primarily because field
data from shorter electrode separations tend to be more reliable than
those for very large separation, owing to higher signal-to-noise ratios.

7.5.1 Qualitative approach

The first stage if any interpretation of apparent resistivity sounding
curves is to note the curve shape. This can be classified simply for
three electrical layers into one of four basic curve shapes (Figures
7.26A- Dj. These can also be combined to describe more complex
field curves that may have several more layers. Note that the curve
shape is dependent upon the relative thicknesses of the in-between
layers (layer 2 in a 3-layer model; Figures 7.26C, Dj. The maximum
angle of slope that the rising portion of a resistivity graph may have
on a log-log graph,is 45°, given the same scales on both axes (Figure
7.26A). If the field curve rises more steeply, then this suggests error in
the data or that geometric effects due to steeply inclined horizons/are
distorting the data.
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The relative magnitudes of the true resistivities obtained from the
levels ofthe flat portions or shoulders of the graph are a useful starting
point before more involved interpretation. For example, in Figures
7.26A and B, the only difference between the two models is the
resistivity of layer 2. In Figure 7.26A, layer 2 resistivity is less than
those for both layers 1 and 3. In Figure 7.26B, the second layer
resistivity is between those for layers 1 and 3. In the case of Figure
7.26D, if the second layer is very thin (dashed line for small hJ it may
not be evident on the curve that this layer exists, i.e. its effects are
'suppressed'. 'Suppression' is discussed in more detail in Section 7.5.4.

From Figure 7.26G, it can be seen that the number of layers
identified is equal to the number of turning points (TP) in the curve,
plus one. The presence of turning-points-iriolcafes sub-surface
interfaces, so the number of actual layers must be one more than
the number of boundaries between them. However, the coordinates
of the turning points in n6 way indicate 'the depth to a boundary

.or provide specific information about the true resistivities (Figure
7.26G). From the curve shape alone, the minimum number of hori
zontal layers and the relative magnitudes of the respective layer
resistivities can be estimated.

:~ 7.5.2 Master curves

Interpretation of field curves by matching against a set of theoreti
cally calculated master curves is based on the assumptions that the
model relates to a horizontally stratified earth and that successively
deeper layers are thicker than those overlying. Although this second
assumption is rarely valid, the use of master curves does seem to
provide a crude estimate of the physical model.

Synthetic curves for two-layer models can be represented on a single
diagram (Figure 7.27), but for three-layer models the range of graphs
is very large.and books of master curves have been published (Mooney
and Wetzel 1956; European Association of Exploration Geophysi
cists ~991). It is only practicable to use the master curves method for
up to four layers. Ifmore layers are present, the graphical approach is
far too cumbersome and inaccurate. Three- and four-layer models
can also be interpreted using master curves for two layers with the
additional use of auxiliary curves (Figure 7.28) as outlined below.

The field data~ smoothed and corrected as necessary, are plotted
on a log-log graph on a transparent overlay at the same scale as
the master curves. The overlay is placed on the master curves
and, keeping the x- and y-axes of the two graphs parallel, the
overlay is moved until the segment of the field curve at shortest
electrode spacings fits one of the master curves,and its k value is noted
(Figure 7.29; in this case, k = - 0.3). The position of the origin of the
master curve is marked (A) on the overlay, which is then placed over
the auxiliary curve sheet and the line for the same k value is traced on

Electrical resistivity methods 455

Figure 7.26 (opposite) Apparent
resistivity curve shapes for different
resistivity structures: (A) to (D) are
three-layer models; (E) and (F) are
four-layer models; (G) shows a block
model for the layer resistivities and
thicknesses and the resulting apparent
resistivity curve. Neither the minimum
nor the maximum apparent resistivi
ties occur at electrode separations
equivalent to the layer depths. To pen
etrate to bedrock, electrode separation
should be about three times the bed
rock depth for a Schlumberger array
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to the overlay. The coordinates of A (which are read off the graph) are
first estimates of the true resistivity and thickness of the top layer.
Next, the overlay is replaced over the master curve sheet and moved
so that the traced auxiliary curve for k = -0.3, always lies over the
origin of the master curve until the next portion of the field curve is
coincident with one of the master curves beneath and the new k value
noted; in the example in Figure 7.29 the second k value is + 1.0. When
a fit has been obtained, the new position of the origin of the master
curves (B) is marked on to the traced auxiliary curve. The overlay is
returned to cover the auxiliary curves and the point B is placed over
the origin of the auxiliary curves and the line corresponding to the
new k value is again traced on to the overlay. The coordinates of
B (also measured off the graph) are first estimates of the resistivity of
the second layer and of the total depth to the second interface. The
above process is then repeated, going from master curve to auxiliary
curves and back again, noting the new k values in each case until the
entire field curve has been matched against master curves. The final
result should be, for a three-layer case as the example, two points
of origin A and B giving PI' 11 and Pr and (11 + (2) and hence 12 ,

From the first k value, the resistivity of the second layer can easily be
calculated (see Box 7.11), and from the second k value, P3 can be estimat
ed, thus completing the determination of the model parameters.

Figure 7.27 Two-layer master curves
for Schlumberger and Wenner arrays.
From Milsom (1989), by permission
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Curve-matching is constrained to fit the field curve with one
calculated from a very limited range of master curves. If the resistivity
contrasts do not give rise to a k value that corresponds to one of the
master curves, then the accuracy of the fitting (and of the subsequent
interpretation) will be reduced. Furthermore, the use ofmaster curves
does not allow the problems of equivalence and suppression to be
resolved (see Section 7.5.4). Interpretations obtained using this
graphical approach should be regarded as crude estimates of the
sub-surface layer parameters that can then be put into a computer
model to obtain much more accurate and reliable results.

Figure 7.28 Auxiliary curves for
a two-layer structure

7.5.3 Curve matching by computer

In 1971, Ghosh described a ,convolutionJ, method by which computers
can be used,to calculate master cury~s/forvertical electrical soundings
obtained using either a Wenner or Schlumberger array. The method
uses what is called a lipear digital filter;,the details of which are given
by Koefoed (1979). . .

" ' The program synthesises an apparent resistivity profile. for an n-
layered model,in which the variables are layer thickness and resis
tivity. Model profiles can then be compared with the field curves and,
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adjustments to the layering and resistivity yalues.can be made by trial
and error to obtain as near correspondence as possible to the field
curve.

However, in cases where a very good conductor underlies a com
paratively resistive layer (where Pl > 20P2 and -1 < k < -0.9),
Ghosh's method was found to produce inaccurate profiles. owing to
the structure of the filter, which had too few coefficients to track
a rapidly falling resistivity curve.

A computer program can easily be checked to see whether it
produces erroneous profiles ,by obtaining an apparent resistivity
curve for a simple two-layer model where the resistivity contrast is at
least 20: 1 with the lower layer being the more conductive. If the
program is unable to cope with such a contrast, the portion of the
graph at larger electrode separations will appear to oscillate (Figure
7.30) rather than pass smoothly to the true resistivity of the second
layer.

Figure 7.29 Fitting master and aux
iliary curves to a Schlumberger YES
curve; see text for details
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Much work has gone into the design of linear digital filters to
overcome this computational difficulty (e.g. O'Neill and Merrick,
1984), and now modern software packages can cope with even the
most extreme resistivity contrasts. Although these packages can deal
with as many as 251ayers, 2-6 layers are usually adequate to describe
the sub-surface. By increasing the number of layers beyond this, the
length of time to produce an acceptable fit is increased dramatically
(as there are so many more combinations of layer parameters to try)
and, more often than not, the field data do not justify such a level of
discrimination and may lead to over-interpretation.

As with master curves, it is always best to fit segments of the field
curve at shortest electrode separations first and then to work pro
gressively to greater separations. Once the top layers have been
resolved, it is then easier to obtain good estimates of the parameters
for the lower layers. The geoelectric basement (the lowest layer) is
taken to be semi-infinite in depth and only the layer"resistivity is
required. Some computer packages display both; the field and model
curves simultaneously and may produce ,gat~stical,parameters to
describe the closeness of the fit. Optimisation ofthe interpretation can

Figure 7.30 Oscillating tail,produced
by a computer program that has in
sufficient coefficients in its linear
digital filter to cope with a resistivity
contrast of more than 20: 1
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be achieved automatically by successive iterations to reduce the degree
of misfit until it falls within a specified and acceptable statistical limit.

A major advantage of the computer approach is that it provides an
opportunity to investigate the problems of equivalence and sup
pression quickly and efficiently. See Section 7.5.4 for a more detailed
discussion.

With the more sophisticated computer packages, some care has to
be taken as to the method by which the convolution method is
undertaken as different results may be produced (Figure 7.31).
Having said that, as long as the user of the computer program is
aware of its advantages and disadvantages, then good and reliable
interpretations will be obtained. The danger, as with all uses of
computers, is that, for come inexplicable reason, computer-generated
results may appear to have greater credibility than those produced by
more traditional means, which is not necessarily justified. There is
evidently an increasing and undesirable tendency for people to plug
.data into a computer package, produce a result without thinking
about the methodology or of experimental errors or about the
geological appropriateness of the model produced. As with all the

~Jools, computers must be used properly. With the availability of
laptop computers, at least preliminary interpretation of field curves

Figure 7.31 Effects of different com
putational methods on the scale of
resistivity contrasts with which the
various types of computer program
can cope without producing erro
neous data. O'Neill and Merrick
(1984), by permission
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Table 7.4 Material types and their respective resistivity ranges for Kana
State, northern Nigeria (Reynolds 1987a)

Material

Sandy soil with clay
Clayey sand soil
Clay
Weathered biotite granite
Weathered granite (low biotite)
Fresh granite

Resistivity range (12 m)

60-100
30-60
10-50
50-100
50-140

750-8000

Table 7.5 Typical VES interpretation from Kana State, northern Nigeria
(Reynolds 1987a)

Layer Resistivity (12m) Material type

I 95 Very sandy soil
2 32 Clay
3 75 Weathered granite*
4 3500 Fresh granite*

• Granite type also determined from local geological mapping and from local hand
dug wells.

'can be done while still in the field, with master and auxiliary curves r, .::1
being used as a backup,in case of problems with the computer.

Once an acceptable layer model has been produced for each
vertical electrical sounding, the models can be displayed side-by-side
much like borehole logs. Between the various YES models, correla
tions are made between layers with comparable resistivities to build
up a two-dimensional picture of both the vertical and lateral vari
ations in resistivity. This can be extended into third dimension so that
maps ofthe individual layer thicknesses, akin to isopachyte maps, can
be produced,

The final stage of a resistivity interpretation should be to relate
each accepted YES model to the unknown local geology. Tables of
resistivities, such as that in Table 7.1, or more geographically specific
rock-type/resistivity ranges, can be used instead of referring to layer
numbers. The interpretation can then be described in terms of rock
units such as those listed in Table 7.4 which are from Kano State in
northern Nigeria. Thus a typical resistivity interpretation would
consist of perhaps four layers with resistivities as given in Table 7.5.

7.5.4 Equivalence and suppression

In the case of a three-layered model, if the middle layer is conductive
relative to those around it, then current flow is focused through and
virtually parallel to that layer. The longitudinal conductance SL for



462 An introduction to applied and environmental geophysics

this layer is hz/ pz = constant, and as long as the thickness and
resistivity are changed (within limits) S0 as to maintain that ratio,
there will be no appreciable change in the resulting apparent resistiv
ity curve. All the pairs of hz/ pz are electrically equivalent and no
single pair of values is preferable to any other.

However, if computer interpretation of YES curves is undertaken,
the range of hand P values can be determined so that estimates of the
ranges of both thickness and true resistivity can be made. This in itself
can be extremely valuable. For example, in northern Nigeria, the sub
surface consists of at least three layers - soil, weathered granite and
fresh granite. It has been found that weathered granite with a resistiv
ity in the range 50-1400 m provides a reasonable source of water
(given a saturated thickness > 10 m) to supply a hand-pump on
a tubewell in a rural village. If the resistivity is less than 50 0 m, this
indicates that there is more clay present and the supply is likely to be
inadequate. If the interpretation indicates a second-layer resistivity of
60 0 m and thickness 12 m, which is characteristic of an acceptable
water supply, this layer may· be electrically equivalent to only 8 m
of material (i.e. too thin) with a resistivity of 400 m ( < 500 m, thus
probably clay rich). This combination could prove to be problemati
cal for a reliable water supply. If, however, the computer models
demonstrate that the lowest limit of thickness is 10.5 m and of
resistivity is 550 m, then the site could still be used. On the other
hand, if the equivalent layer parameters are well into those for the
thin clay-rich range, then it is better to try to select another site.

Similarly, if the middle layer is resistive in contrast to those layers
surrounding it, then current tends to flow across the layer and thus
the product of the layer resistivity and thickness (which is the
transverse resistance, T; see Box 7.9) is constant. If, for example,
a gravel layer with resistivity 260 0 m and thickness 2 m is sandwiched
between soil (PI < 200 0 m) and bedrock (P3 > 45000 m), then
Tz = 520 Omz. If the model thickness is reduced to only 1m, the
gravel layer resistivity must be doubled. Similarly, if the resistivity is
reduced the thickness must be increased to compensate. Computer
analysis can be used again to resolve the range of layer parameters
which produce no discernible change in the apparent resistivity curve.

In the example illustrated in Figure 7.32A, a layer of resistivity
350m and thickness 2 m is sandwiched between an upper layer of
resistivity 350 0 m and thickness 6 m and the bedrock of resistivity
4500 Om (upper bar below curve). The longitudinal conductance
SL for layer 2 is 0.057 siemens (2 m/35 0 m). The two other models
depicted by horizontal bars are extreme values for the middle layer,
but which have the same longitudinal conductance and which gave
rise to model curves that are coincident with the one shown to better
than 0.5 %. The depths to bedrock thus range from 7.1 m to 10 m (in
the models calculated) and there is no geophysical way of telling which
model is 'right'. It is by considering whether a IOcm thick highly
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Figure 7.32 (A) Equivalence test on
a three-layer model. The models in
dicated in the lower two horizontal
bars are electrically equivalent to the
model in the top bar. Pairs of numbers
are true resistivity (n m) above layer
thickness (m). Suppression tests for (B)
an ascending curve and (C) a four
layer descending curve
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conductive horizon is more geologically reasonable than a far thicker,
more resistive band, that the most appropriate model can be chosen.

An additional form of equivalence needs to be borne in mind at the
interpretation stage and that is the equivalence between an isotropic
and an anisotropic layer. This Doll-Maillet equivalence (see Maillet
1947) results in an overestimate oflayer thickness in proportion to the
amount of anisotropy which, if present, is of the order of 10- 30%.

Apart from equivalence, the other interpretational problem is that
of suppression. This is particularly a problem when three (or more)
layers are present and their resistivities are ascending with depth
(A-type curve; see Figure 7.26B) or descending with depth (Q-type
curve; see Figure 7.26D). The middle intermediate layer may not be
evident on the field curve and so its expression on the apparent
resistivity graph is suppressed. The computer method is invaluable
here to estimate (1) if there is a hidden layer present, and (2) if there is,
its range of layer parameters. In Figure 7.32B, curves for three-layer
models (middle and lower bars) with second layers of resistivity 1500
to 4000 Q m and thicknesses 1 to 5 m are graphically indistinguishable
from that of a two-layer model (top bar). For a layer to be suppressed,
its resistivity should approach that of the one below so that the
resistivity contrast between the top and the suppressed layer is
comparable to that between the top and lowermost layers. The effects
of missing such a suppressed layer can have major effects on the
estimation of the depth to bedrock. In Figure 7.32C, a similar example
is given but for descending resistivities. The curves for models with
a suppressed layer (middle and lower bars) fit the three-layer case
(top bar) to better than 1% and are indistinguishable graphically.

If the intermediate layers are thin with respect to those overlying,~

and if either equivalence or suppression is suspected, master curves
will provide no solution. However, equivalent or suppressed layers
can be modelled very effectively using computer methods in conjunc
tion with a knowledge of what is geologically reasonable for the field
area in question.

7.5.5 Inversion, deconvolution and numerical modelling

Zohdy (1989) produced a technique for the automatic inversion of
resistivity sounding curves. Least-squares optimisation is used in
which a.~tarting mogt:l)s adjusted s!1ccessively until the difference
between the observed and ;model pseudo-sections ',is reduced to a
minimum (Barker 1992). It is assumed that there are as many sub
surface layers as there are data points on the field sounding curve
(Figure 7.33) and that the true resistivity of each of these assumed
layers is that of the corresponding apparent resistivity value. The
mean depth of each layer is taken as the electrode spacing at which
the apparent resistivity was measured multiplied by some constant.
The value of this constant is one,which reduces the difference between
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1000

the observed and model resIstIvIty curves to a mInImUm and is
determined by trial and error.

The starting model is used to generate a theoretical synthetic
sounding curve which is compared with the field data. An iterative
process is then carried out to adjust the resistivities of the model while
keeping the boundaries fixed. After each iteration the theoretical
curve is recalculated and compared with the field data. This process is
repeated until the RMS difference between the two curves reaches
a minimum (Figure 7.33).

Zohdy's method has been developed by Barker (1992) for the
inversion of SSI apparent resistivity pseudo-sections and more re
cently by using a;deconvolution method(Barker, personal communi
cation). Consequently, it is possible to produce fully automated

Figure 7.33 Automatic sounding in
version technique. (A) Observed data
and initial layering. (B) Shifted layer
ing and resulting model sounding
curve. The difference (e) between the
model and observed curves is used to
apply a correction (c) to the layering.
(C) The final layering and resulting
model curve that is closely similar to
the observed data. From Barker
(1992), by permission
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inversions of SSI pseudo-sections. The final results are displayed also
as pseudo-sections in terms of the variations in true resistivity with
depth as a function of distance along the array. Examples of inverted
pseudo-sections are given in Section 7.7.

In addition to the above inversion routines, others have been
produced, often in association with particular equipment, and also as
specific developments of true tomographic imaging (e.g. Shima 1990;
Daily and Owen 1991; Noel and Xu 1991; Xu and Noel 1993).
Commercially available\lmaging inversion pack.~g~~ are available
from a number of sources and are related to a style ofdata acquisition
and equipment. Packages vary from those which can operate easily
on a laptop computer, more sophisticated processing may require the
computational power of a workstation with full colour plotting
facilities. ,

I

Finite-element forward modelling can be undertaken using com-
mercially available ·software. The resistivity response for a two
dimensional model is calculated and displayed as a pseudo-seCtion
for comparison with the original field data. This approach is used
to help generate realistic sub-surface geometries in definable model
structures (e.g. Figure 7.34).

Figure 7.34 Final interpretation of
faulted Triassic sequence in Stafford
shire, UK. (A) Two-dimensional finite
difference model. (B) Computed
apparent resistivity pseudo-section.
(C) Field data. (D) Geological inter
pretation based on (A) and additional
information. From Griffiths et al.
(1990), by permission
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7.6 MISE-A-LA-MASSE METHOD

The mise-a-Ia-masse or 'charged-body potential' method is a devel
opment of the CST technique but involves placing one current
electrode within a conducting body and the other current electrode
at a semi-infinite distance away on the surface (Figure 7.35). The
voltage between a pair of potential electrodes is measured with
appropriate corrections for any self-potentials.

For an isolated conductor in a homogeneous medium, the lines of
equipotential should be concentric around the conductor (Figure
7.36A). In reality, lines of equipotential are distorted around an
irregularly shaped conductive orebody (Figure 7.36B) and can be

5 used to delimit the spatial extent of such a feature more effectively
than using the standard CST method. The mise-a-Ia-masse method is 'f
particularly useful in checking whether a particular conductive
mineral-show forms an isolated mass or is part of a larger electrically
connected orebody. In areas where there is a rough topography, I

terrain corrections may need to be applied (Oppliger 1984). There
are no general rules that can be applied to mise-a-la-masse data.
Each survey is taken on its own merits and a plausible model con
structed for each situation, although Eloranta (1984), for example,
has attempted to produce a theoretical model to account for the
observed potential distributions.

There are two approaches in interpretation. One uses the potential
only and uses the maximum values as being indicative of the con
ductive body. The other converts the potential data to apparent
resistivities and thus a high surface voltage manifests itself in a high

c2 .....~-----(CDI---- ~-----.

P,

Figure 7.35 Positions of electrodes
.----{ Vt--_ P2 used in a mise-a-Ia-masse survey, One

form ofgeometric factor is given where
x is the distance between the C 1

electrode down the hole and the PI
mobile electrode on the ground
surface

P. = 4ltx.!::
I

Overburden

Orebody
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An example of a mise-a-la-masse survey in ore prospecting in

Sweden is shown in Figure 7.37. One current electrode was placed
65 m below ground, 89 m down an inclined borehole (borehole 33)
and the surface potentials mapped (Figure 7.37A). As there were so
many boreholes available in this survey, it was possible to determine
the vertical distribution of potentials as well as the surface equipoten
tial distribution (Figure 7.37B). Combining all the available data, it
was possible to obtain a three-dimensional image of the potential
distribution associated with the target orebody and thus delimit its
size, strike and structure (Parasnis 1967).

A second example is shown in Figure 7.38, in which the effects of
terrain on the surface potentials can be clearly seen. The positive
electrode was placed at 220 m depth down a 1km deep borehole
(Figure 7.38A) and the surface potentials mapped (Figures 7.38B
and C). Oppliger (1984) found that when terrain slopes exceeds 10°,
surface electric potentials can be adversely affected. The terrain
corrected surface potentials are shown in Figure 7.38C. The main
differences are that the low of 85 Om and the high of 168 Om both
change in value (to 100 and 1500 m respectively) and, in particular,
the orientation of the elongate apparent resistivity high is rotated
through 30°. The ridge form of this resistive anomaly suggests that

Figure 7.36 (A) Concentric and
symmetrical distribution of equipo
tential lines around a current elec
trode emplaced within a homogeneous
medium. (B) Distortion of equipoten
tials due to the presence of an orebody.
After Parasnis (1966), by permission

Figure 7.37 (opposite) (A) Map of
surface potentials obtained in a misc
a-la-masse survey in Sweden with C i
in borehole 33. The location of Line
2680S is also shown. (B) Potentials
in a vertical section through profile
2680S. From Parasnis (1967), by
permisslOn
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a conductive body is bounded to the north and south (as indicated by
,the marked lows) and extends a limited way in an east-west direction.
This interpretation has been confirmed by other investigations.

7.7 APPLICATIONS AND CASE HISTORIES

7.7.1 Engineering site investigations

7.7.1.1 Sub-surface collapse features

In a small village in east Devon, a 5 m diameter hole appeared
overnight in the middle of the road. The local water main had been
ruptured and had discharged for over 12 hours and all the water had
disappeared down a fissure into underlying limestone. Several of the
local buildings started to crack badly, and on investigation it was
found that the rafted foundations of several houses had broken and
the houses were literally cracking open at the seams, resulting in the
emergency evacuation of the residents.

A resistivity survey was initiated in order to determine the sub
surface extent of the problem prior to drilling. Fortunately, the front
gardens of the houses affected were all open-plan so there was no
difficulty in access, but space was at a premium. A series of constant
separation traverses was instigated using the Wenner array with
electrode separations of 10, 15 and 20m. The resulting apparent
resistivity values were plotted as a contour map (Figure 7.39). It was

Figure 7.38 (A) Current electrode
configurations. (B) Actual mise-a-Ia
masse apparent resistivities measured
on the surface around inclined
borehole D-9. Contours are every
10 n m. (C) Terrain-corrected ap
parent resistivities for the same survey
with an interpreted conductive zone
indicated. From Oppliger (1984), by
permiSSIOn

Figure 7.39 (opposite) (A) Apparent
resistivity isometric projection obtain
ed using constant-separation traverses
with an electrode separation of 10m.
(B) Modelled microgravity profile that
would be expected for the geological
model shown in (C): interpreted depth
to limestone constrained by drilling.
A north-south profile is shown in Fig
ure 7.20. The position of a clay-filled
solution feature is arrowed
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clear that where the hole had appeared, there was a deep infill of clay.
It was this that had slipped through a neck of a fissure into a cave
beneath, resulting in subsidence beneath the foundations of the
houses and the rupture of the water main. The discharging water
disappeared into this newly discovered cavern. The clay depth de
creased uphill and suddenly increased again, indicating further clay
filled fissures. On drilling these resistivity anomalies, the depth to
limestone was confirmed. One drillhole penetrated the cave but failed
to locate the bottom; the cave was at least 20 m deep.

7.7.1.2 Burial oftrunk sewer

A route for a proposed new trunk sewer in South Wales was inves
tigated using electrical resistivity methods because access for drilling
equipment was not possible. Both vertical electrical soundings and
constant-separation traverses were used along the route and com
pared with available borehole data from the National Coal Board
(Prentice and McDowell 1976). The material through which the sewer
trench was to have been dug consisted of superficial deposits overly
ing Coal Measure sandstone and mudstone. The Coal Measure
material was anticipated to be massive and strong and thus hard to
excavate, while saturated superficial deposits and Coal Measure
shales were thought to provide very unstable trench walls. The CST
results using a Wenner array with 10 m electrode separation and 10 m
station interval revealed locations where sandstone bedrock was
interpreted to be close to the surface which would have required

Figure 7.40 Constant-separation
traverse data obtained along the
proposed route of a new trunk sewer
in South Wales, with the interpreted
geological section. After Prentice and
McDowell (1976), by permission
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blasting for the excavation for the new sewer (Figure 7.40). Seismic
refraction was also used to obtain acoustic velocities, which in turn
were used to determine whether blasting or ripping techniques should
be used in the excavation.

7.7.1.3 Location ofpermafrost

The presence of massive ground ice and frozen ground provides
considerable problems to engineers involved in construction projects.
First there are the difficulties in excavation, and secondly, substantial
problems can emerge with the thawing of such affected ground. It is
therefore vital that ice wedges and lenses, and the extent and degree of
permafrost, can be determined well in advance.

Ice has a very high DC electrical resistivity in the range from
1MQ m to 120 MQm (Reynolds and Paren 1984) and therefore
forms'a particularly resistive target. A variety of geophysical profiles
over a proposed road cutting near Fairbanks in Alaska are illustrated
in Figure 7.41. Data obtained in the spring show more variability and
resolution than when an active layer of thawed ground is present, as
in the autumn measurements (Osterkamp and Jurick 1980). Other
geophysical methods which are used successfully in this applica
tion are electromagnetic profiling, microgravity and ground radar
surveymg.

7.7.1.4 Location ofburiedfoundations

As part of a trial survey in January 1993, electrical resistivity sub
surface imaging was used at a disused railway yard in order to locate
old foundations concealed beneath railway ballast. Details of the
geophysical survey have been described in more detail by Reynolds
and Taylor (1994,1995) and Reynolds (1995).

. i, The SSI survey was carried out adjacent to a metal chain-link fence
~Yand an old diesel tank, and about 3 m from an existing building. It was

thought that the remains of two former buildings might still be
present beneath the railway ballast and the existing building. The site
was totally unsuitable for electromagnetic profiling, because of the
above ground structures. It was also unsuitable for gr0tl!1.d penetrat
ing radar owing to the coarse ballast and potentially conductive ash
also found on site. Despite extremely high electrode contact resist
ances, a 25 m long array was surveyed with an inter-electrode separ-

[' ation of 1m. This provided a vertical resolution of0.5 m or better. The
; apparent resistivity data were! filteredto remove noise spikes and

{, displayed as a pseudo-section· (Figure 7.42 A) which was inverted
using a deconvolution technique (Barker, personal communication).
The final pseudo-section of true resistivities against depth shows
a general increase in resistivity with depth (Figure 7.42B). In particu
lar, it revealed two areas of extremely high resistivity ( > 125000 Q m)

]
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Figure 7.41 Massive ice and frozen
ground in a sub-surface profile of
a proposed road cut near Fairbanks,
Alaska. Also shown are the spring and
autumn survey data obtained using
electrical resistivity constant-separ
ation traversing and electromagnetic
induction (EM31). Massive ground ice
produces significant apparent resis
tivity highs. From Osterkamp and
Jurick (1980), by permission
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at a depth of about 1 m which had very flat tops to the anomalies.
These were interpreted to be due to buried foundations. The main
anomaly (between 6 and 11 m along the array) was found to correlate
with the outline of one former building on an old plan. The second
feature (starting at around 18 m) is thought to be due to the other old
building. However, the location was found to be several metres
further away from the first building than indicated on the plans. The
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depth to the foundation was thought to be reasonable as adjacent
brick slabs excavated a few metres away were found at a comparable
depth.

7.7.2 Groundwater and landfill surveys

Figure 7.42 Electrical resIstIvIty
subsurface imaging pseudo-sections:
(A) apparent resistivity profile, and
(B) true resistivity-depth profile, over
buried concrete slabs at 1m depth.
From Reynolds and Taylor (1995), by
permISSIOn

!~
!

7.7.2.1 Detection ofsaline groundwater

In the mid-1950s, a comprehensive electrical resistivity survey pro
gramme was initiated in order to map out saline groundwater in areas
of the Netherlands below or at mean sea level. Figure 7.43 shows
schematically the nature of the hydrogeology in the western part of
the Netherlands. The vertical electrical soundings provided a means
of. obtaining information about the vertical distribution of fresh,
brackish and saline water bodies and their areal extent (Figure 7.44).

Pockets of saline water were found which were thought to be
remnants from before the fifteenth century after which time the
present sea-dyke formed, cutting off the sea. To the west of Alkmaar,
some 30 m of saline water was found above tens of metres of fresh
water separated by an impermeable clay layer. Major demands for
construction sand for the building of new roads and urbanisation
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could have led to the extraction of sands with the demise of the clay
barrier. This could have resulted in the mixing of the water bodies
and the contamination of an otherwise potable water supply.
Furthermore, correlation of resistivities from modelling of VES data
with borehole information about groundwater chemistry has led to
a relationship between chloride content and resistivity. Consequent
ly, it is possible to determine chloride content of the groundwater
from the resistivity data.

7.7.2.2 Groundwater potential

In Kano state, northern Nigeria, an internationally funded aid
programme was established in the 1980s to provide tubewells with
handpumps for 1000 villages in rural areas. Village populations
ranged from several hundred to no larger than 2000 people, but all
were in very remote locations. Failure to obtain a reliable supply of
water would have resulted in many of the villages being abandoned
and the populations moving to the larger towns, thereby compound
ing the local problems of sanitation and health, education and
employment, and the demise of rural culture and skills.

Figure 7.43 Schematic hydrogeo
logical cross-section for the western
part of the Netherlands. From van
Dam and Meulenkamp (1967), by
permISSIOn
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It was first recommended that geophysics was unnecessary to
locate groundwater; boreholes drilled anywhere would succeed. In
practice, borehole failures were in excess of 82 % of holes drilled,
particularly in the southern areas. Geophysical methods were then
called upon to improve the failure rate. Predominantly, vertical
electrical soundings were used on sites selected following initial
hydrogeological and photogeological inspection. Careful analysis of
the YES data with the subsequent borehole information, led to the
compilation of a database of typical formation resistivities and their
likely hydrogeological potential. It became apparent that certain
geographical regions had better and more easily resolved ground
water resources, and six drilling rigs were kept working on these sites.
This provided a window of several months in which the more
problematic sites could be investigated further until they, too, were
ready for drilling.

Figure 7.44 Distribution of resIstI
vities of a sand layer with a saline
groundwater boundary in Noord
Holland as determined by many
vertical electrical soundings. From
van Dam and Meulenkamp (1967),
by permission
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Use of geophysics to help identify the groundwater potential in
areas and to assist in the planning of drilling programmes led to the
borehole failure rate falling to 17 % ofholes drilled and a saving to the
project of £5 million - at least 10 times the cost of the geophysical
surveys (Reynolds 1987).

7.7.2.3 Landfills

There is an increasing amount of interest in the use of high-resolution
resistivity surveys in the investigation of closed landfills, particularly
with respect to potential leachate migration. Both resistivity sound
ing and sub-surface imaging have been used very successfully.

There is no such thing as a typical landfill- some are extremely
conductive, others are resistive relative to the surrounding media.
There are many variables geophysically (Reynolds and McCann
1992) and care must be taken not to presume a particular geophysical
response for any given site. For example, van Nostrand and Cook

Figure 7.45 Observed apparent
resistivity profile across a resIstive
landfill using the Wenner array. From
van Nostrand and Cook (1966), by
permISSIOn
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(1966) presented a very clear CST profile of apparent resistivity across
a resistive landfill (Figure 7.45). Barker (1990) has shown resistivity
sounding results across a landfill in Yorkshire in which the landfill is
conductive (around 20 Q m or less) over a contaminated substrate of
sandstone (Figure 7.46). The offset Wenner method was used in this
example.

Schlumberger soundings have been used by Monier-Williams et al.
(1990) as part of a broader geophysical survey around the Novo
Horizonte landfill in Brazil. Quantitative analysis of the soundings

Figure 7.46 (A) Contoured ground
conductivity values over a landfill.
Solid straight lines represent the posi
tions and orientations of resistivity
soundings. Contour interval is 20
ms/m. (B) Geoelectrical section across
the landfill based on the soundings in
(A). From Barker (1990), by permission
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Figure 7.47 Two parallel resIstlVlty
sections based on the interpretation of
Schlumberger soundings at the Novo
Horizonte landfill site, Brazil. The
profile in (A) is closer to the landfill
than that shown in (B). The back
ground resistivities above the basal
clay are high; the lower values in the
centre of the sections are assumed
to be due to contamination. Note
that the conductive zone in (B) is
apparently more shallow than in (A).
From Monier-Williams et al. (1990),
by permission
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and displays as resIstIvIty panels have revealed significant zones
with anomalously low resistivities (Figure 7.47). These have been
interpreted as being contaminant plumes arising from the landfill.
The displays shown in the figure are orientated parallel to the flank
of the landfill, but at 10 m and 70 m distance away from it.

Sub-surface imaging pseudo-sections across a landfill are shown
in Figure 7.48. The three panels illustrate the observed apparent
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reslstlVlty data, the inverted true resistivity~depth model and
a schematic interpretation. In this case, the depth and geometry
of the landfill were known at the outset. The zone of low resis
tivity associated with the saturated landfill extends more deeply
than had been expected. This is interpreted as indicating the
leakage of leachate through the base of the landfill (Barker
1992).

A further example of a sub-surface imaging pseudo-section in
verted model is shown in Figure 7.49 (Reynolds 1995). The data were
acquired over a closed shallow landfill constructed as a 'dilute and
disperse' site over river gravels. The electrical image shows the thin
capping material, the waste material and the basal gravels quite
clearly. The image is entirely consistent with depths known from
boreholes on site.

Figure 7.48 (A) Wenner apparent
resistivity pseudo-section measured
across a landfill. Electrode spacing =
10 m. (B) Resistivity depth section
obtained after eight iterations. (C)
Approximate section across the land
fill based on existing information.
From Barker (1992), by permission
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7.7.3 Glaciological applications

Electrical resistivity methods have been used since 1959 to deter
mine glacier ice thickness. Measurements were first obtained
on European glaciers on temperate ice (i.e. ice at its pressure
melting point). In 1962, resistivity measurements were made on
polar ice (i.e. ice well below its pressure melting point) and were
found to be anomalously low by up to three orders of magnitude
compared with temperate ice values. Whereas the electrical resis
tivity behaviour of polar ice is now reasonably understood (Figure
7.50; Reynolds and Paren 1984), the electrical behaviour of tem
perate ice is still poorly understood. In the 1970s a considerable
amount of work was undertaken to develop field data acquisition in
Antarctica. Interpretation methods were developed to yield informa
tion on vertical thermal profiles through the ice mass and whether or
not ice shelves afloat on sea water were melting or freezing at their
base. All of these data contribute to an understanding of ice dynamics
(rate of ice movement, etc.) and the structure of the ice masses under
study.

A series of vertical electrical soundings has been made on George
VI Ice Shelf along a flow line of Goodenough Glacier which flows
westwards from the Palmer Land Plateau in the Antarctic Peninsula
(Figure 7.51). The field curves were modelled to take into account
thermal effects and the resulting interpretations are shown in Figure
7.52. The estimated ice thicknesses and rates of bottom melting were
in good agreement with those determined independently (Reynolds
1982).

Figure 7.49 Electrical reSIStIVIty
pseudo-section acquired over a closed
landfill in north Wales. From
Reynolds (1995), by permission
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Other uses of resistivity measurements have been made by Haeberli
and Fisch (1984) who drilled holes with a hot-water jet drill through
Grubengletscher, a local glacier in Switzerland. By using a grounded
electrode beyond the snout of the glacier and the drill tip as a mobile
electrode, they were able to detect the point at which the drill tip
broke through the highly resistive ice into the more conductive
substrate (Figure 7.53A). Consequently, they were able to determine
the ice thickness much more accurately than by using either the
drilling or surface radio-echosounding. With debris-charged ice at
the glacier base it is difficult to tell when the glacier sole has been
reached judging by thermal drilling rates alone. The radio-echo
sounding depth measurements were found on average to be accurate
to within 5%, but generally underestimated the depth. Electrodes
were planted at the ice-bed interface at the ends of each of 14
boreholes and standard resistivity depth soundings were undertaken
as if the glacier were not there (Figure 7.53 B).

Figure 7.50 Resistivity of ice as
a function of temperature. Mean
values from georesistivity sounding of
ice at 100m or deeper are plotted with
estimated uncertainties against the
estimated layer temperature from
a wide variety of sources. Laboratory
measurements on ice cores examined
over a range of temperatures are
shown by continuous lines. A
regression line for the data is given by
a dashed line. Given a particular
temperature, the ice resistivity can be
predicted within a factor of 2 or better.
After Reynolds and Paren (1984), by
permission
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Figure 7.51 Apparent resIstIvIty
sounding curves obtained using
a Schlumberger array at three sites
along a glacial flow line on George VI
Ice Shelf, Antarctica. In (A) and (B)
two orthogonal soundings are shown
at each site. Below each curve is the
interpreted model in terms of true
resistivities against depth within the
ice sheet. The extremely low values of
resistivity below the ice shelf indicate
that it is afloat on sea water. Model
resistivities are given in units of
10 kQ m. From Reynolds and Paren
(1984), by permission
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Figure 7.53 Electrode arrays used
for the determination of the exact posi
tion of the glacier bed (A) and for
resistivity soundings of glacier beds
(B). FE = fixed electrode outside the
glacier margins, BE = borehole elec
trode for determination of glacier-bed
position, FBE = 'fixed' borehole elec
trodes for resistivity soundings of gla
cier beds (corresponding to potential
electrodes MN in traditional surface
soundings), MBE = 'moving' borehole
electrode for resistivity soundings of
glacier beds. R = resistivity meter,
V = voltmeter, A = ammeter. From
Haeberli and Fisch (1984), by
permISSIOn
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Haeberli and Fisch discovered that the Grubengletscher was
underlain by over 100 m of unconsolidated sediments. It had been
thought previously that the glacier was in direct contact with bed
rock. This work has demonstrated that by using sub-glacial elec
trodes, significant new information can be obtained about the nature
of the materials underlying the glacier. This can have considerable
benefits when trying to understand the sub-glacial hydrogeological
regime, for example. This is of particular importance at Grubenglet
scher because of two proglacial lake outbursts in 1968 and 1970
which caused considerable damage to the nearby village of Saas
Balen.

7.8 ELECTROKINETIC (EK) SURVEYING IN
GROUNDWATER SURVEYS

When a seismic wave travels through partially or fuJly saturated
porous media, the seismic impulse effectively squeezes the rock,
causing the pore fluid to move. This generates a small electrical or
electrokinetic signal which can be detected using electrodes im
planted at the ground surface, an idea first mooted by Thompson in
1936. Around the same time, Russian workers were experimenting
with similar systems (e.g. Ivanov 1939). In 1959, Martner and Sparks
reported a systematic study of seismoelectric coupling using explo
sives at various depths. They were the first to demonstrate that the
conversion of seismic to electromagnetic energy at the water table
could be detected using surface antennae.

1



486 An introduction to applied and environmental geophysics

A partially saturated vadose zone generates characteristically
electrocapillary signals that are caused by the movement of air/water
interfaces in pore throats, and electrophoretic signals that are caused
by the displacement of bubbles within the pore fluid. However, fully
saturated aquifers generate electrokinetic signals by the displacement
of a single fluid (water or brine) when stimulated by a passing seismic
wave. The difference between the two types ofsignal can be identified,
leading to the determination of the depth to the water table in
unconfined aquifers. The dry zone or basement or any non-aquifer
rocks are characterised by the lack of any signal. The method is also
referred to as seismoelectric or electroseismic surveying (Thompson
and Gist 1993).

The basic data acquisition system consists of a seismic source,
usually a sledge hammer or shallow explosives (Figure 7.54). The
seismic impulse propagates into the ground and any electrokinetic
signals generated by the passage of the P-wave are detected, using an
electrode-pair dipole with an inter-electrode separation of between
0.5 m and 10 m. Proprietary electronics and software enable the EK
data to be converted to indicate permeability and cumulative flow in
litres per second (GroundFlow Ltd).

Although the method is described here under 'electrical methods',
it is not an active electrical technique. Neither is it purely a seismic
method. The technique has been developed recently in the USA under
the name Electro-Seismic Prospecting (Thompson and Gist, 1993)

+- SEISMIC WAVE

Figure 7.54 Schematic of electro
seismic prospecting as developed by
Thompson and Gist (1993). Repro
duced by permission
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for shallow ( < I km) hydrocarbon exploration, and in the UK by
Clarke and Millar (GroundFlow Ltd; personal communication) for
hydrogeological investigations, and by Butler et al. (1994) for map
ping stratigraphic boundaries. Reference should be made to the
various papers to see the fine differences between the various methods
proposed by various workers.

An example of the use of EK surveying has been provided by
GroundFlow Ltd, UK, and is shown in Figure 7.55. The figure shows
the EK response at a borehole site in Zimbabwe. The determination
of depth has been undertaken using an assumed P-wave velocity of
1250m/s. Note the strong EKresponses at and around the position of
the water table. Strong electrocapillary signals from the vadose zone
are evident above the water table, with electrokinetic signals derived
froin the saturated zone from 17m to 50 m. At greater depths, there is
very little signal response. The corresponding derived permeability
depth profile and cumulative flow responses are shown in Figures
7.56 A and B, respectively.

Comparison of predicted and actual borehole water flow rates has
indicated that the EK-derived values provide a reasonable indication
of the actual likely flow rates. However, this method in its modern
form is only in its infancy. If the success ofearly trials is sustained, then
this method promises to be a very useful additional tool in hydro
geological investigations.

Figure 7.55 Typical electrokinetic
signal at a borehole site in Zimbabwe.
Courtesy of GroundFlow Ltd
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7.9 LEAK DETECTION THROUGH ARTIFICIAL
MEMBRANES

The detection of leaks through man-made linings to lagoons and
landfills has become increasingly important in the last few years. The
intention oflining waste disposal sites is to ensure containment of the
waste. However, small tears or cuts in the lining can end up with
major leaks of contaminants. Various methods have been developed
to try to locate holes in the linings so that they can be repaired or
mitigation}l1easures can be taken to remedy the contamination.

The general principle behind all the methods is that the artificial
lining (high-density polyethylene (HDPE) geomembrane) is effec
tively a resistive barrier as long as there are no holes through it.
A typical resistivity of an HDPE geomembrane is > 107 Om.

Electrical current is passed between two electrodes, one of which is
'outside the membrane but in contact with the local groundwater, and
one is within the waste or in a wet sand layer immediately overlying
the geomembrane (Figure 7.57 A). The same system can be used in
water-filled lagoons (Figure 7.57B). Either a pair of potential elec
trodes or a roving single potential electrode (with the second one
located with the external current electrode) is used to detect anomal
ous electrical potentials. These occur where electrical current is able
to penetrate through holes in the geomembrane. Tears as small as

Figure 7.56 (A) Permeability-depth
profile, and (B) predicted flow derived
from electrokinetic data at a bore
hole site in Zimbabwe. Courtesy of
GroundFlow Ltd
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Figure 7.57 Leak detection systems
in waste repositories or lagoons with
man-made geomembrane liners. The
survey layout in the case where (A) the
liner is covered with a thin (O.Sm) layer
ofsand and bentonite, and (B) the liner
is filled with water. (C) A sub-liner leak
detection system that uses permanent
ly installed arrays of electrodes, with
a typical plan layout shown in (D)

Current flow

GeomembraneMobile electrode pair

~
B '-',1'-"

,\( '4r

_.";"';_;-/"7n3_/_.a";I.';'~_"""""'-1

. _ _.-/ Equipotential lines
originating from leak

Current flow

(8)

~
I

(C)

B

• • • • •
Sub·liner electrode arrays~

(D)
PLAN VIEW

-e-e-e-e-e-e-e-e

Arrays of electrodes

A

Multiplex
unit

-e-e-e-e-e-e-e-.

}++-_1~e-e-e-.-e-e-e

~__-4~-e-e-.-.-e-e-e-e

-e-e-e-e-e-e-e-.

Floor of lagoon
or landfill



490 An introduction to applied and environmental geophysics

1mm at a depth of 0.5 m beneath a sand layer have been located
successfully.

In addition to post-construction leak detection, modern contain
ment landfills are being built with sub-liner detection systems instal
led permanently. Arrays of electrodes connected by sealed multicore
cables are buried at a depth of around 1m below the geomembrane.
A current circuit is provided by two electrodes as previously de
scribed. At the time of construction, measurements are made to check
for holes in the liner so that they can be repaired before the disposal of
any waste (Figures 7.57C and D). Instead of measuring potentials
above the liner, as in the previous case,this technique permits the
measurement of anomalous potentials.below the liner. In addition,
pseudo-sections of resistivity can be obtained by using the sub-liner
arrays as sub-surface imaging arrays (see Section 7.4.2), without using
the surface current electrode pair. At the construction of the disposal
site, baseline measurements can be made when it can be assured that
there are no leaks. Once waste has begun to be put into the facility,
the sub-liner array can be monitored routinely and repeat pseudo
sections acquired.

The data are normalised so that they display changes in values
relative to the baseline dataset. Ifa leak develops at a later stage in the
facility's life, it can be identified from the routine monitoring. By using
the array of sub-surface electrodes, the spatial distribution of any
sub-liner pollutant plume can be determined so that remedial action
can be taken. This may include constructing abstraction wells down
stream of a leaking landfill so that the contaminated water can be
pumped out and treated. Examples of such leak detection systems
have been given by Mazac et al. (1990) and by Frangos (1994), among
others. Many geophysical contractors are now offering remote
leak detection surveys for containment waste repositories. The first
landfill in the UK with a sub-liner leak detection system installed
was constructed in 1995.


