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ABSTRACT

Capacitive resistivity (CR) is an emerging geophysical technique designed to ex-

tend the scope of the conventional methodology of DC resistivity to environments

where galvanic coupling is notoriously difficult to achieve, for example across engi-

neered structures (roads, pavements), hard rock, dry soil or frozen ground. Concep-

tually, CR is based on a four-point array capacitively coupled to the ground. Under

certain conditions capacitive measurements of resistivity are equivalent to those ob-

tained with the DC technique, thus making DC interpretation schemes applicable to

CR data. The coupling properties of practical sensor realizations are shown to be a

function of their geometrical arrangement. Separate bodies of theory are associated

with two complementary but distinct sensor types: the capacitive line antenna and

the plate-wire combination. The use of plate-wire combinations results in localized

coupling, which, in conjunction with a quasi-static (low frequency) formulation of the

transfer impedance, provides a valid emulation of the DC measurement with point

electrodes.

A parametric study of the complex quasi-static transfer impedance reveals the

existence of a restricted range of practical parameters that permits successful oper-

ation of CR instruments at low induction numbers. Theory predicts that emulation

of the DC measurement is compromised if low-induction-number operation is not

maintained throughout a survey area, for example in a zone of high conductivity.
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Validation of the theory is achieved using specially designed field-scale experiments

carried out with a CR instrument capable of measuring the full complex transfer

impedance. At intermediate dipole separations, the results are consistent with the

predictions of quasi-static theory. Deviations observed in the near and far separation

zones can be explained by geometric effects or the breakdown of quasi-static condi-

tions, respectively. Finally, under suitable conditions the phase-sensitive expression

for apparent resistivity as a function of the complex transfer impedance is shown to

reduce to the classical DC formula for the in-phase component. CR, while capable

of emulating DC resistivity, can also be regarded as a physical complement of the

inductively coupled ground conductivity method.

INTRODUCTION

The purpose of the present study is to provide an understanding of the basis for

making capacitive resistivity (CR) measurements of the near surface. Electrical re-

sistivity is a fundamental and diagnostic physical property that can be determined

using a wide range of geophysical techniques. With the technique described here, the

emphasis lies on the capacitive nature of the coupling mechanism between sensors

and the ground, in contrast to other resistivity techniques that are either based on

galvanic coupling (e.g. DC resistivity) or inductive coupling (electromagnetic tech-

niques). Conceptually, CR draws upon the well-known measurement principle of

conventional DC resistivity, which uses a four-point geometric array to determine a

transfer resistance, except that galvanic electrodes are replaced by capacitive sensors.

From a fundamental standpoint, both techniques share the same generic equivalent

electrical circuit model (Wait, 1995). Figure 1 shows the relationship between both

techniques. The objectives of the CR technique are (a) to emulate the DC mea-

surement in such a way that popular DC survey techniques (resistivity sounding,

profiling, tomographic imaging) can be employed with CR, and (b) to ensure that
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apparent resistivities determined in this fashion comply with established DC inter-

pretation schemes (forward and inverse resistivity modeling).

CR has been developed, both at the research level and commercially, in recent

years from existing, founding studies. The earliest successful geophysical application

of electrical techniques with capacitive coupling appears to stem from research under-

taken in the early 1950s for the U.S. Department of Defense, where the requirement

was to detect concealed crevasses in Greenland and Antarctica (Cook, 1956). In the

1970s, pioneering work was carried out in Russia by Timofeev (1973; 1974; 1978).

The original Russian application required capacitive coupling to facilitate resistivity

measurements on frozen ground for the purpose of mapping permafrost. Later stud-

ies, from the 1990s onward, include a variety of empirical, technical and theoretical

information that has been incorporated into the current practical designs. Surface

measurement systems include the electrostatic quadrupole as described by Grard and

Tabbagh (1991), Tabbagh et al. (1993) and Panissod et al. (1998), the multichannel

capacitive electrode system as described by Shima et al. (1995; 1996) and a num-

ber of commercial instruments (Møller, 2001; Lee et al., 2002; Pellerin et al., 2003;

Chouteau et al., 2004). Borehole resistivity tools with capacitive sensors have been

described by Bristow and Mwenifumbo (1998), Mwenifumbo and Bristow (1999) and

Cottineau et al. (2000).

At the outset, the distinction must be made between two different practical real-

izations of a capacitive sensor, the measurement system and associated theory that

ensues. We refer to the first type of system as the capacitive line antenna, and to

the second type as the capacitive plate-wire combination. Whilst the former system

comprises linear antennas with spatially distributed coupling, the latter system ap-

proximates charge-carrying point poles that, in the simplest construction (four poles

forming two dipoles), has been termed an electrostatic quadrupole (Grard and Tab-

bagh, 1991). There are two separate bodies of work dealing with each case. Here,

although the physical basis of both types of capacitive measurement system is de-
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scribed, the main emphasis of the study is on the latter type of system due to its

closer relationship with conventional DC resistivity.

The bulk resistivity of geological and engineering materials can be more generally

described as a complex permittivity that comprises a resistivity component to allow

for conduction and a dielectric component to allow for displacement currents. The

conventional DC resistivity technique, which requires galvanic contact, can be re-

garded as a zero or low frequency implementation of electromagnetic (EM) principles

of current and voltage association that allows for the investigation of the resistivity

component. Very high frequencies, such as those employed by Ground Penetrating

Radar (GPR), are associated with electromagnetic wave propagation and enable an

assessment of the dielectric component. In an intermediate frequency range, say from

1 kHz to 25 kHz, a low-induction-number, quasi-static mode of EM operation exists

that is exploited by the capacitive resistivity technique discussed here.

In the CR technique, an oscillating, non-grounded electric dipole is used as a

source to generate current flow in the ground. A second dipole of the same type

is used to measure the resulting oscillating potential distribution at the ground sur-

face. The dipole-dipole array in its many varieties (Parasnis, 1997) tends to be the

most favorable geometry for a capacitive array. The coupling mechanism between

the sensors and the ground is predominantly capacitive and inductive effects are, or

can be made, negligible. The use of intermediate audio frequencies ensures a quasi-

static, low-induction-number mode of operation and may allow the data to simulate

the established voltage and current relationships of the conventional DC resistivity

method. The degree to which the CR measurement emulates the DC resistivity case,

from both a theoretical and empirical viewpoint, is examined in this paper.

We begin by discussing the theoretical framework for the capacitive line antenna

and the capacitive plate-wire combination. Conditions that allow a quasi-static mode

of operation are established. Subsequently, we investigate the characteristics of real-

istic capacitive sensors using electrical circuit analysis and compare both sensor types
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on the basis of their respective modeled capacitance. It is shown that the nature of

the electrical coupling exerted by the capacitive plate-wire combination implies that

this sensor type can act as a point electrode on the scale of the four-point array. Based

on these findings, we concentrate on the plate-wire combination and proceed by ex-

amining the properties of the complex transfer impedance for point poles as predicted

by the electrostatic formalism. The sensitivity of magnitude and phase of the transfer

impedance to variations in frequency, geometry and electrical properties is assessed.

In the remaining part of this paper, we describe a practical experiment in which CR

measurements were undertaken with a prototype instrument using plate-wire sensors.

We discuss the experimental results and assess their compliance with the quasi-static

assumption. Finally, we examine how apparent resistivity can be estimated from the

measured complex transfer impedance and clarify the relationship between CR and

the well-known ground conductivity method.

THEORY

In this section the existing theory for the two complementary types of capacitive

measurement systems is reviewed. The capacitive line antenna, treated as a non-

grounded dipole, is considered first. This is followed by a description of the elegant

electrostatic formalism for a basic quadrupole, which has been developed to describe

localized capacitive sensors. In both cases the context is one of conventional DC

resistivity measurements, which provides a description of apparent resistivity in terms

of injected current (I) and observed voltage (ΔV ) using a four-electrode arrangement

(Figure 2). For a homogeneous halfspace, the apparent resistivity (ρa) is equal to the

bulk resistivity of the subsurface (ρ) and is constant for any current and electrode

geometry:

ρ =
ΔV

I
· KDC, (1)

where the term

5



KDC =
2π[

1
r11

+ 1
r22

− 1
r12

− 1
r21

] (2)

denotes the DC geometric factor. The distance between a current electrode Ci and

a potential electrode Pj is expressed by rij (Figure 2). On inhomogeneous ground

different values of ρa are obtained if the electrode geometry is altered. Descriptions

of geometric factors for a variety of DC resistivity arrays can be found in Telford et

al. (1990) or Parasnis (1997).

The capacitive line antenna

Historically, the practical application of CR and qualitative interpretation of the

results appear to have often preceded attempts to develop a more quantitative the-

oretical framework. An early set of CR instruments, such as the Russian VHCEP

system, used various sets of line antennas in the form of cables laid out on the ground.

Much of the work is described in an unpublished manuscript by V. M. Timofeev which

has been translated to English by G. Rozenberg. This document, edited in Canada

by J. A. Hunter, forms the basis of our present understanding of this sensor type. In

the original Russian research, line antennas were successfully employed to inject cur-

rent and measure the electric potential on the ground surface by means of capacitive

coupling. However, those measurements could not be interpreted directly by conven-

tional DC resistivity theory because the use of line antennas meant that electrical

coupling was no longer restricted to point electrodes. Timofeev therefore developed

a modification to the DC geometric factor to account for this obvious violation of the

DC concept.

The modified DC geometric factor.—The DC resistivity technique uses

grounded dipoles for which the current along the transmitting line (i.e. the connecting

wire) and the potential along the receiving line are generally assumed to be constant.

The reason is that the conducting wire can be regarded as an equipotential surface for
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static or slowly varying fields, and this remains true even for grounded wires with high

contact resistances. However, the assumption breaks down when high-frequency fields

are employed, as observed by Timofeev during VLF surveys with grounded dipoles.

On a given segment of line antenna close to the surface, the current magnitude was

found to decay linearly with distance:

I(x) = Î(1 − x

l
), (3)

where Î is the input current, l the length of the antenna segment and x the distance

along the segment. We will show at a later stage that this empirical observation

can be understood by examining the equivalent electrical circuit of a capacitive line

antenna.

Based on the current distribution (3), Timofeev showed that a nominal DC ge-

ometric factor can be calculated for the line antenna arrangement by discretizing it

into a series of four-point arrays, each associated with a corresponding portion of the

total current. For the inline dipole-dipole array this factor is given by the integral

(Lee et al., 2002)

1

KLA
=

ΔV

ρI
=

1

π

∫ lT

0

∫ lR

0

I(x1)

Î
· I(x2)

Î
· 1

(r − x1 + x2)3
dx1dx2, (4)

where lT and lR denote the lengths of the transmitter and receiver antennas, respec-

tively, and r the separation between them. The parameters x1 and x2 are distance

coordinates along the transmitter and receiver antennas, respectively. For a symmet-

ric inline dipole-dipole array (lT = lR), the integral expression can be written as (Lee

et al., 2002)

KLA =
πl

ln
((

b2

b2−1

)2b (
b2+2b
(b+1)2

)b+2 (
b2−2b
(b−1)2

)b−2
) , (5)

where

b =
2r

l
. (6)
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With a known current injected at the feeding point of one antenna and the potential

measured at the feeding point of the second antenna, this method can be used to

calculate an apparent resistivity of the subsurface. However, it should be noted that

the entire length of the antenna contributes to the measurement, both in terms of

injected current and observed potential. We will show in the following that this may

have important consequences for the quantitative interpretation of resistivity data

obtained with capacitive line antennas.

Concept of the equivalent grounded dipole.—Suppose capacitive line antennas

are employed to form a symmetric dipole-dipole array and apparent resistivity mea-

surements are conducted over a homogeneous subsurface. An array of conventional

grounded dipoles that measures the same transfer impedance as the line antenna array

can then be regarded as the equivalent grounded array (Figure 3). As the apparent

resistivity over a homogeneous subsurface is independent of array geometry, the ge-

ometric factor KDC of such an equivalent grounded array must satisfy the condition

KDC = KLA. Consequently, given a dipole separation r, the length of the equivalent

grounded dipoles lDC will generally be different from the length of the line antenna

dipoles lLA for the geometric factors to be equal. This is important if forward and

inverse modeling algorithms developed for DC resistivity (and grounded dipoles with

point electrodes) are to be applied to CR data obtained with capacitive line antennas.

In order to calculate the length of the equivalent grounded dipole lDC explicitly, Tim-

ofeev’s geometric factor (5) must equal the DC geometric factor of the conventional

symmetric inline dipole-dipole array with dipole separation rDC and dipole length lDC

(Parasnis, 1997):

KDC
DDin =

2π
2

rDC
− 1

rDC−lDC
− 1

rDC+lDC

= πrDC

(
1 − r2

DC

l2DC

)
, (7)

where rDC > lDC. Numerical comparison of expressions (5) and (7) shows that the

capacitive line antenna dipole is always longer than its grounded equivalent. For

large separations r, the length of the equivalent grounded dipole is approximately
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half the length of the line antenna (lDC/lLA ≈ 0.5). For r > 4l the deviation from

this intuitive value is smaller than 1%. At short separations however, the equivalent

DC dipole can be significantly longer than 0.5lLA. For r ≤ 1.5l, which is not an

unusual configuration for line antenna systems, one obtains lDC/lLA ≥ 0.535, i.e. the

deviation is already greater than 7%. As a typical example, consider a line antenna

dipole-dipole array with lLA = 10 m and rLA = 15 m. The spacing between the inner

dipole endpoints for such an array would be 5 m (Figure 3). Intuitively, one might

expect the equivalent grounded array to be lDC = 5 m and rDC = 15 m. However,

the DC geometric factor of such an array (KDC ≈ 376.9) would exceed the geometric

factor of the line antenna array (KLA ≈ 326.2) by nearly 16%, resulting in a significant

overestimation of apparent resistivity. It is therefore advisable to explicitly calculate

the equivalent dipole length if line antenna data are to be interpreted quantitatively

by means of conventional DC forward or inverse modeling.

The electrostatic quadrupole

When localized capacitive sensors were first used in the early 1990s, a new theo-

retical framework was required to describe their specific properties. The concept of

an “electrostatic quadrupole”, introduced by Grard (1990), was the key idea for the

perception of CR as a generalization of DC resistivity. Rather than restricting the

theoretical formulation to a particular sensor design with finite surface extent, Grard’s

concept uses point poles to represent the electrodes. This section discusses details of

this concept and redevelops Grard’s “electrostatic formalism” with a simplified and

updated notation.

Electrostatic charge near an air-earth interface.—The electrostatic formalism

assumes electrostatic point charges near a planar interface between two homogeneous

and isotropic halfspaces representing electrically different media (Grard, 1990). A

charge located in the vicinity of the interface will create an electrostatic potential in
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its surroundings that is a function of the dielectric properties of both media and can

be readily calculated using the theory of images (Figure 4). Suppose a charge Q is

located at C and its image charge Q′ = −Q at C ′, then the potential at a point P is

given by

V (P ) =
Q

4πε(I)

(
1

r
− α

1

r′

)
, (8)

where r corresponds to the distance CP and r′ to the distance C ′P . Compared with

the free space expression, equation (8) contains an additional contribution due to the

image charge. The real factor α comprises the dielectric permittivities of the two

media:

α =
ε(II) − ε(I)

ε(II) + ε(I)
. (9)

In the case of an air-earth interface, these are given by

ε(I) = ε0 (10a)

ε(II) = ε0εr. (10b)

For static charges, α is therefore fully determined by the relative permittivity (di-

electric constant) of the subsurface:

α =
εr − 1

εr + 1
. (11)

The quadrupole concept.—It is now straightforward to extend this result to a

four-pole arrangement. A practical electric current source has two poles carrying op-

posite charges at any time. Equally, a practical measurement of the electric potential

can only be carried out with respect to a reference. This leads to the concept of an

electrostatic quadrupole where two poles C1, C2 carrying charges +Q and −Q, respec-

tively, act as a current source, while the potential difference ΔV = V1−V2 is measured

between the two remaining poles P1, P2 (Figure 5). This potential difference is then

given by (Grard, 1990)
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ΔV =
Q

4πε0

(
1

r11

+
1

r22

− 1

r12

− 1

r21

− α

(
1

r′11

+
1

r′22

− 1

r′12

− 1

r′21

))
. (12)

This expression can be simplified by introducing the electrostatic geometric factor

KES =

1
r′11

+ 1
r′22

− 1
r′12

− 1
r′21

1
r11

+ 1
r22

− 1
r12

− 1
r21

, (13)

which contains the distances between all poles, including the virtual poles carrying

image charges. It is also useful to recognize that

C0 =
4πε0

1
r11

+ 1
r22

− 1
r12

− 1
r21

(14)

has the dimensions of a capacitance and, although this is purely formal, can be

regarded as a mutual capacitance of the configuration in free space. The potential

difference can then be expressed as

ΔV =
Q

C0

(
1 − KESα

)
. (15)

For a given pair of static charges in the vicinity of a homogeneous earth, the voltage

between any two neighboring points can thus be calculated if all four positions and

the dielectric properties are known.

The quadrupole in quasi-static approximation.—The formulation so far has

been entirely based on electrostatics, i.e. the results are strictly valid only for charges

that are constant over time. For charges varying slowly with time, Q = Q(t), equa-

tion (15) can be used to derive a simple time-dependent expression for the potential.

Suppose an alternating current I = I(t) is injected across C1 and C2, then instanta-

neous charges Q1 = −Q2 with a magnitude of |Q1| = |Q2| = Q will be carried by the

two poles. These charges can be expressed as the time integral of the injected current

and with I = Q̇ one obtains for harmonic currents

Q(t) =
∫ t

t0
I(t̃)dt̃ =

1

iω
I(t) + const. (16)

The integration constant represents an arbitrary static charge at time t0 that has no

effect on the time-varying process and can be neglected. Insertion into equation (15)

makes the expression for the potential difference time-dependent:
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ΔV (t) =
I(t)

iωC0

(
1 − KESα

)
. (17)

As charge, current and potential become a function of time, the dielectric permittiv-

ities in equation (9) must now be regarded as complex quantities. As the injection

of current across C1 and C2 implies electric current flow in the ground, the observed

potential will be a function of subsurface resistivity. The general form of the complex

permittivity is

ε = ε0εr − i
1

ρω
, (18)

i.e. it contains resistivity in its imaginary component and relative permittivity in its

real component. In the case of the air-earth interface, the relevant complex permit-

tivities are

ε(I) = ε0 (19a)

ε(II) = ε0εr − i
1

ρω
. (19b)

Accordingly, the factor α (equation 11) is now also a complex number:

α =
ρωε0(εr − 1) − i

ρωε0(εr + 1) − i
. (20)

It comprises the electrical properties of both media together with the frequency of

operation and is representative of the electrical behavior of the arrangement.

The transfer impedance

Z =
ΔV

I
(21)

between the current dipole and the potential dipole can be regarded as the charac-

teristic response function of the quadrupole. In equation (17), it is useful to identify

Z0 =
1

iωC0

(22)

as the transfer impedance of the quadrupole in free space (α = 0). The result is a

simple relation for the complex transfer impedance:
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Z = Z0(1 − KESα). (23)

The deviation from the free space value Z0 is given by the product of the geometric

factor KES and the complex factor α representing the electrical properties of the

subsurface.

The quasi-static regime

The above equations have been derived by formally inserting a time-varying charge

function associated with a time-varying current I(t). The procedure ignores the elec-

trodynamic framework of Maxwell’s equations in which I(t) is associated with an

oscillating electromagnetic field and associated induced secondary currents. There-

fore, conditions needed to be established under which such electromagnetic effects

could be neglected for practical quadrupoles. Grard and Tabbagh (1991) argue that

the quasi-static approximation applies and equation (17) remains valid if the wave-

lengths λ(I), λ(II) of an electromagnetic wave of angular frequency ω in media of

permittivities ε(I), ε(II) are much greater than the characteristic distances r and r′ in

the respective medium. In electromagnetic terms, this corresponds to the well-known

condition of a low-induction-number regime, i.e. the characteristic distances involved

must be small compared with the electromagnetic skin depth.

The induction number B is a means of describing the nature of EM induction as

a function of geometry and electrical properties. B is defined as the ratio between

a characteristic measurement scale length L and the electromagnetic skin depth δ

(McNeill, 1980)1:

B =
L

δ
= L

√
ωμ0σ

2
. (24)

1Sometimes the induction number is defined as the square of expression (24), neglecting

the constant factor 1/2: B′ = L2ωμ0σ.
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A broad class of applied electromagnetic instruments employ an equivalent low-

induction-number mode of operation. Based on experience from applying the electro-

static technique to long-offset resistivity sounding, Benderitter et al. (1994) proposed

the condition:

B2 � 1. (25)

If this condition is violated, equations (17) and (23) are no longer valid as the quasi-

static approximation breaks down and inductive effects become significant. The char-

acteristic scale length L is taken to be the transmitter-receiver separation r. Equation

(25) then provides an upper frequency limit for quasi-static operation:

f < fU =
ρ

πμ0r2
. (26)

The limiting frequency fU decreases with separation as 1/r2 and is proportional to

resistivity; in other words, the condition can be fulfilled with either larger separations

in more resistive environments or shorter separations in more conductive environ-

ments. If we assume r < 10 m for near surface applications and a lower resistivity

limit of 10 Ωm, an upper frequency limit of approximately 25 kHz is obtained. The

low-induction-number condition (25) simultaneously satisfies the wavelength condi-

tions defined earlier: in the above example (25 kHz) the free space wavelength is

approximately 12,000 m, whereas in a 10 Ωm medium the wavelength reduces to

45 m.

In summary, frequency of operation is the fundamental parameter that deter-

mines whether inductive effects are significant or can be neglected. This condition

is restrictive in terms of an upper frequency limit. On the other hand, frequency is

also significant for the capacitive coupling mechanism as the transmitter is required

to inject an electric current across a dipole representing a predominantly capacitive

load. We will now show that this condition is restrictive in terms of a lower frequency

limit.
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CAPACITIVE SENSORS

Thus far, electric current has been treated as an independent parameter with

constant magnitude. However, in a practical instrument the output current is likely

to be a function of a variety of external factors, including sensor design. A simple

electric circuit model can be used to estimate the current in the transmitter output

circuit for a given frequency. The transmitter circuit may be modeled as the ground

resistance in series with the capacitance of the sensors, driven by the electromotive

force of the generator (Shima et al., 1995). This corresponds to the outer circuit on

the right-hand side of Figure 1. The load represents a complex impedance of

Z(ω) = XC + R =
1

iωC
+ R , (27)

where R represents the resistive, XC the reactive component of the impedance and

C the effective sensor capacitance. It is worth noting that R mainly comprises the

ohmic ground resistance as seen by the transmitter circuit. This is in contrast to

the transfer resistance typically measured in DC resistivity, which is calculated from

the injected current and the voltage measured at the receiver. Here, the voltage UTx

generated by the transmitter (or E in the notation of Shima et al.) is relevant. Its

application at the terminals will result in a current flow

I =
UTx

Z(ω)
. (28)

A practical aim both in DC resistivity and CR is to create high electric dipole moments

at the transmitter so that the observed signal at the receiver is above detection level

for a given array separation. This is particularly important for electrode arrays with

large geometric factors. From experience with DC resistivity, currents of the order of

10 mA and higher are typically required for shallow investigations. To achieve this, the

complex load at the transmitter output must be overcome. For example, a portable

battery-powered transmitter with an output power of 10 W can drive a 10 mA current
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at voltages of 1000 V. The maximum output impedance this transmitter would be

able to overcome while maintaining a constant current would be of the order of 105 Ω.

Realistic values for the sensor capacitance are crucial for a meaningful estimate of

the total impedance. Shima et al. (1995) have used the parallel-plate approximation to

estimate sensor capacitance. Whilst this may suffice for an approximate calculation,

a more detailed analysis is required if the influence of sensor geometry is of interest.

The parallel-plate formula states

C = εrε0
A

d
, (29)

where A is the area of the plates and d their separation. The factor A/d will be

typically of the order of 102 m so that capacitances in air (εr = 1) are expected to

be of the order of C ≈ 1 nF. It is safe to assume that the ohmic ground resistance

(typically a few Ω) is negligible with respect to the sensor reactance, so that the total

impedance becomes

Z(ω) ≈ 1

iωC
. (30)

We have verified this assumption through practical measurements. Hence, to keep

the impedance below a desired threshold, the frequency must satisfy

f ≥ fL =
I

2πCUTx

. (31)

For the above values, i.e. a typical capacitance of 1 nF and an impedance limit of

105 Ω, one obtains a lower frequency limit of fL = 1.6 kHz.

Capacitance of realistic sensors

The above analysis shows that CR measurements are critically dependent on sen-

sor capacitance. The capacitance of the transmitter dipole controls current injection

into the ground. Larger capacitance is associated with a lower output impedance

so that higher currents can be generated. The passive receiver dipole measures the
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electric field immediately above the ground surface due to the current flow generated

by the transmitter. For both types of dipole, the sensor capacitance is a quantitative

measure for the degree of electrical coupling with the ground.

For realistic sensors, the parallel plate model is oversimplistic because it assumes

plates of infinite area. A more accurate estimate of sensor capacitance can be ob-

tained by modeling the capacitance of geometric structures. The capacitance of a

conductor over a ground plane is determined by the geometric shape of the conduc-

tor, its perimeter and the distance of the conductor from the surface. Essentially, the

relation

C =
Q

U
=

1

U

∫ ∫
σ dS (32)

is used to calculate capacitance, where S is the surface of the conductor and σ is

the surface charge density. When a voltage U with respect to ground is applied,

surface charges occur on both the ground plane and the conductor. Their density σ

is a measure of the discontinuity of the normal component Dn of the dielectric flux

density D = −ε0εr∇V :

Dn1 − Dn2 = σ. (33)

The potential V can be calculated from Laplace’s equation by solving the associ-

ated boundary-value problem (Ringhandt and Wagemann, 1993). Here, the relevant

geometries are those of a wire segment and a thin plate above a ground plane.

Wire segment above a ground plane.—An infinite cylindrical conductor sus-

pended over the ground plane represents a two-dimensional problem for which an

analytical solution to equation (32) exists. The capacitance per unit length of such a

conductor is given by (Smythe, 1950; Yuan and Trick, 1982)

Ĉ =
2πε0εr

ln
(

d+
√

d2−a2

a

) =
2πε0εr

acosh
(

d
a

) , (34)

where a is the radius of the conductor and d is the distance from its center to the

ground plane.
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Thin plate above a ground plane.—The capacitance of a rectangular plate of

finite thickness suspended over the ground plane has no analytical solution. An

approximate functional expression is given by Sakurai and Tamaru (1983) as:

C = ε0εr ·
[
1.15

w · l
h

+ 1.40
(

t

h

)0.222

· (2w + 2l) + 4.12
(

t

h

)0.728

· h
]
. (35)

Here, w and l are the width and length of the plate, respectively, t its thickness and

h the elevation of the bottom face above the ground surface. Compared with the

parallel-plate approximation (29), the capacitance of a single plate is greater because

the opposing “plate” of the capacitor is now replaced by the infinitely wide ground

plane, and fringing fields at the edges and corners of the plate must be taken into

account.

Implications for the capacitive line antenna

We have shown earlier that it is likely that a total sensor capacitance of the

order of 1 nF will be required in order to limit the transmitter output impedance

to practical values at audio frequencies. Capacitances much lower than 100 pF may

be inadequate to provide sufficient capacitive coupling. According to the conceptual

model of a line antenna (Figure 6), the antenna can be regarded as a composite of

wire segments of equal length, each having a distinct capacitance. Following equation

(34), a wire segment with d/a = 6 (e.g. d = 6 mm, a = 1 mm, corresponding to a wire

of 2 mm diameter elevated above ground with a 5 mm air gap) has a capacitance per

unit length of Ĉ = 22.5pF/m. By analogy with the parallel-plate capacitor, greater

capacitances are observed if the wire is closer to the surface, i.e. for smaller values

of d/a. However, note that ratios much smaller than d/a = 2 are unrealistic due to

the finite extent of the sheathing required for electrical insulation of practical wires.

The results demonstrate that suitable conditions exist under which line antennas may

be employed successfully, however a minimum length condition applies. For relevant
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ratios of d/a, total capacitances of the order of 1 nF are reached only by line antennas

with a length of several meters, particularly for d/a ≥ 2.

This conceptual model can also help explain the linear decrease in electrical current

along the antenna as observed by Timofeev. The simplified equivalent circuit model

of a line antenna comprises n identical capacitors connected in parallel (Figure 6).

Hence the total capacitance of a symmetric non-grounded dipole is given by the sum

of the capacitances of the individual segments:

CLA =
1

2

n∑
i=1

Ci. (36)

The division by two is due to the two poles connected in series with each other. In this

model, an identical amount of current Ii leaks to the ground through each individual

capacitive segment Ci:

Ii =
U

Zi

= iωUCi, (37)

where U is the voltage across the antenna, which is assumed to be constant in this

model as the antenna itself represents an equipotential surface. The electrical current

observed along the antenna can thus be described by equation (3), as current leakage

is proportional to distance.

The plate-wire combination

The conceptual model of a plate-wire combination is shown in Figure 7. Its total

sensor capacitance is given by the sum of the individual components (CPlate and

CWire), which act as parallel capacitors. A practical dipole consists of two plate-wire

components in series so that the total dipole capacitance is simply

CPWDipole =
1

2
(CPlate + CWire). (38)

The key objective in designing a plate-wire sensor is to make CWire negligible with

respect to CPlate. This condition is intended to make the sensor act in a “pole-

like” manner, so that coupling will be focussed on a small area and the electrostatic
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formalism can be applied. The objective is most simply achieved by using a minimum

elevation for the plate and ensuring that the wire is sufficiently raised above the

ground surface. However, using equations (35) and (34) it can be shown that, for

sufficiently small elevations (e.g. approaching 1 mm), CWire increases dramatically

and exceeds CPlate (Kuras, 2002). The sensor design must aim to avoid this situation,

as the plate would serve no purpose and the majority of the current would be injected

through the wire segment. As elevation increases to, say, several millimeters, the

capacitance of the wire segment falls off rapidly to well below the capacitance of the

plate, which decreases more slowly.

PROPERTIES OF THE COMPLEX TRANSFER IMPEDANCE

The above results give rise to the hypothesis that a CR measurement with capac-

itive plate-wire sensors may be adequately described by the electrostatic formalism.

The experimental validation of this fundamental concept with a practical CR instru-

ment is the goal of this study. To understand the general properties of the quadrupole

in quasi-static approximation, it is useful to examine the functional behavior of the

complex transfer impedance over a wide range of parameters. For this purpose, Grard

(1990) considered the normalized transfer impedance

Z

|Z0| = −i(1 − KESα), (39)

whose modulus varies in the range between 0 and 1, while the phase relation and

algebraic sign of Z are retained. A plot of magnitude and phase of Z/|Z0| as a

function of the generalized frequency

Ω = ρωε0(εr + 1) (40)

is shown in Figure 8. Using this generalized frequency, Grard was able to show that

three different characteristic regimes can be distinguished for Z/|Z0|, depending on

20



the electromagnetic balance between the dielectric term ε0εr and the resistivity term

(ρω)−1 in the expression for complex permittivity (18). All relevant parameters that

determine this balance (frequency, resistivity and relative permittivity) are embedded

in Ω. Analysis of some numerical examples (Table 1) reveals that under the circum-

stances likely to be encountered in CR one can expect Ω � 1. However, the size of

Ω is not necessarily an indicator for quasi-static conditions. In the numerical exam-

ple, all three regimes of Ω are associated with low induction numbers (Table 1) and

thus quasi-static conditions. Instead, Ω � 1 is equivalent to a situation in which the

resistivity term dominates and conduction currents outweigh displacement currents.

Under such conditions the interaction of the electromagnetic field with the earth is

governed by diffusion rather than wave propagation. For Ω � 1 and KES ≈ 1 (the

typical conditions for CR), the magnitude of the transfer impedance will be small

with respect to its free space value (Figure 8a) and the observed potential is likely to

be in phase with the injected current, although strong phase shifts are not impossible

— particularly for KES < 1 − 10−5 (Figure 8b).

Parameter study

In addition to this general assessment, we have undertaken a detailed parametric

study in which the functional dependence of the complex transfer impedance was

examined with respect to individual parameters (frequency, array geometry, electrical

properties). The aim was to determine whether a realistic range of parameters exists

that could be implemented in a practical CR instrument and would allow successful

operation of the CR technique under quasi-static conditions.

Variation with frequency

Restrictions on the choice of frequency have already been discussed in the context

of the quasi-static approximation and sensor capacitance. We have demonstrated that

21



the range of frequencies of operation is constrained by an upper limiting frequency

(25 kHz) associated with the condition of low induction numbers and a lower limiting

frequency (1.6 kHz) as a result of the need to inject sufficiently high currents via the

transmitter dipole. These limitations apply under all circumstances. However, even in

quasi-static approximation, the transfer impedance Z remains a function of frequency.

As an example, the electrostatic potentials observed with a square electrostatic array

(r = 1 m) at an elevation of 1 mm are shown in Figure 9. The calculation is based on

equation (23), assuming a constant current of 10 mA. Relative permittivity was set

to a typical value of εr = 10, as a range of 3 ≤ εr ≤ 40 is likely to cover most practical

ground conditions (e.g. Topp et al., 1980). Curves for a range of resistivities from 0.1

to 1000 Ωm are displayed. The frequencies considered span four orders of magnitude

and extend beyond the limiting frequencies fL and fU . The values of an equivalent

DC array are shown as dashed lines. Figure 9a shows that, in the frequency range

relevant for CR, the magnitude of the potential can be expected to vary strongly with

frequency in conductive environments, i.e. for resistivities lower than 10 Ωm. This

is in contrast to the DC potentials, which are frequency-invariant. Above a certain

frequency specific to the value of resistivity, the CR magnitudes assume a constant

level and cease to be sensitive to frequency variation. The threshold frequencies are

higher for more conductive ground.

Phase angles occur only in the CR potentials (Figure 9b). It should be noted

that in equation (23) the phase is negative throughout, i.e. the response represents a

phase lag, as expected for a capacitive impedance. The plots show that for the relevant

frequency range, significant phase lags can be expected for conductive ground, while

higher resistivities are more likely to be associated with an in-phase response.

The results demonstrate that there is no one single “ideal” frequency of operation

in CR and any practical choice of frequency will represent a trade-off between the

contradicting requirements described above. Values sufficiently distant from the two

limiting frequencies fL and fU are likely to be a good compromise. We therefore
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conduct all further calculations in this study at a fixed frequency of 15 kHz.

Variation with array geometry

Dimensions.—By analogy with the DC case, the CR transfer impedance is a

function of array dimensions. The limiting condition for the choice of array style in CR

is the influence of the connecting wires on sensor capacitance. The most appropriate

array style for use with capacitive sensors is therefore the dipole-dipole array, which

allows feed lines to have minimal length. Amongst the variety of conceivable dipole-

dipole geometries, the equatorial type (Parasnis, 1997) has a number of advantages,

including compact size and superior depth of investigation relative to overall array

dimensions. For the sake of clarity, we therefore present results for the equatorial

dipole-dipole array only. The inline array is discussed in Kuras (2002). Due to

scalability it is sufficient to examine unit dipoles (l = 1 m) at varying separations.

Figure 10 shows the variation of the complex potential in magnitude and phase

with dipole separation r, ranging from 0.1m to 100m. The length of the dipoles is 1m.

Array elevation was assumed constant at 1mm. Corresponding real-valued potentials

for an equivalent DC array are shown as dashed lines. Curves have been plotted for a

range of resistivities between 10−1 and 103 Ωm. In accordance with expectations, the

observed voltage is proportional to resistivity, so that higher magnitudes are observed

in resistive environments, while a conductive subsurface results in significantly lower

voltages (Figure 10a). For large separations, the CR magnitude is seen to vary as 1/r2,

in accordance with what would be expected for DC dipoles. This behavior is more

obvious in resistive environments. For low resistivities and small separations however,

a distinct deviation from the corresponding DC curves can be observed. Under such

conditions, the magnitude of the CR potential is higher than the corresponding DC

potential due to the influence of the quadrature component. By setting a minimum

voltage above which signal detection is considered realistic, a maximum separation for
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reliable operation can be derived directly from the graph. For example, assuming that

voltages of the order of 10−6 V can still be detected under favorable signal-to-noise

conditions, the maximum useful dipole separation in a 10 Ωm environment would be

approximately 25 m.

The sensitivity to phase is apparent from Figure 10b. In resistive environments,

the potentials are nearly always in phase, regardless of separation. In conductive envi-

ronments, in-phase behavior is still observed at larger distances, but significant phase

shifts may occur at small separations, where the response tends towards quadrature

(−π/2), i.e. free space conditions. For a given separation, the phase shift can in-

crease dramatically as resistivity decreases. For example, with a rectangular array

with r = 2 m one would observe phase angles of -2.47 mrad at 1000 Ωm, -8.17 mrad

at 100 Ωm, -79.9 mrad at 10 Ωm, -675 mrad at 1 Ωm, and -1450 mrad at 0.1 Ωm.

We have found the response for the equatorial configuration to be very similar to

that of the inline dipole-dipole array, except the magnitude of the potential of the

equatorial array is smaller. This is consistent with the fact that the main symmetry

axis of the equatorial configuration is perpendicular to the main symmetry axes of

the individual dipoles, causing the “coupling” between potential and current dipole

to be weaker.

Elevation.—In contrast to the DC case, elevation of the capacitive array above

the ground surface also has an influence on the transfer impedance. The size of this

effect is important for the design of practical CR instruments, because it is unlikely

that the effective elevation of a real capacitive sensor over the ground surface can

be determined with sufficient accuracy during a practical measurement. For the

purposes of this study, we consider four electrodes having the same elevation, i.e. the

entire array is assumed to be at a constant height above ground. This assumption

does not represent a serious restriction because the geometric factor, and hence the

transfer impedance, does not change fundamentally if different electrodes have slightly
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different elevations, as would be expected for measurements on natural surfaces and

across uneven terrain. Again, we consider unit dipoles due to scalability, this time at

a fixed separation of 1 m (i.e. a unit square array).

Figure 11 shows the variation of the complex potential in magnitude and phase

with array elevation. The corresponding DC potentials for an equivalent grounded

array are shown as dashed lines. As before, curves have been plotted for five dif-

ferent resistivities. The range of elevations considered is between 10−4 and 10−1 m,

corresponding to capacitive sensors lying on, or close to, the ground.

As with the DC case, the magnitude of the observed CR potential at very small

elevations is constant, and only a function of resistivity (Figure 11a). This is an im-

portant observation because it means that small changes in elevation, which may be

difficult to account for in a practical field setup, are unlikely to have a significant ef-

fect on the measurement. At larger elevations however, magnitudes start to increase

and eventually show asymptotic behavior towards the free space value. The point

where this occurs is a function of resistivity. In free space the transfer impedance is

not sensitive to resistivity. Large sensor elevations must therefore be avoided. Note

that throughout this parameter study the injected current is assumed constant, but

in practice an increase in sensor elevation is associated with an increase in impedance

in the transmitter output circuit. Realistically, the current (and hence the observed

potential) must therefore decrease, unless additional power is provided by the gener-

ator.

The CR phase curves show a fundamental change associated with the transition

from the DC case (zero elevation) to free space conditions (Figure 11b). At small

elevations the observed voltage is largely in phase, in accord with the DC case. At

larger elevations the quadrature component increases and a phase rotation towards

−π/2 is observed. This corresponds to free space conditions where the CR transfer

impedance is entirely in quadrature.
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Variation with electrical properties

The electrical properties of the subsurface (resistivity and relative permittivity)

are the only practical variables in a CR measurement and any variation in the mea-

sured transfer impedance will be attributed to a variation in electrical properties.

Resistivity.—The variation with resistivity of the complex potential in magnitude

and phase for an equatorial dipole-dipole array is shown in Figure 12. Dashed lines

represent the corresponding potentials for an equivalent DC array. Curves have been

plotted for five different dipole separations likely to be relevant in near-surface inves-

tigations, namely from 1 m (i.e. a unit square array) to 25 m. The array elevation is

fixed at 1 mm. The range of resistivities considered is between 10−1 and 103 Ωm.

The magnitude of the CR potential is found to match the DC curves almost ev-

erywhere except at low resistivities and small dipole separations (<1 m), where CR

magnitudes remain at constant levels despite a further decrease in resistivity (Figure

12a). This is due to the growing influence of the quadrature component. With de-

creasing dipole separation, the onset of this effect occurs at higher resistivities. For

the range of parameters considered, CR and DC potentials are identical in magnitude

only above resistivities of ρ = 10 Ωm. For smaller resistivities, the influence of the

quadrature component is significant and a resistivity estimate based upon the mag-

nitude would be inadequate. The phase curves reflect this transition (Figure 12b).

For high resistivities and large separations, the phase angle is close to zero, i.e. the

observed potential is in phase with the injected current. Towards low resistivities

however, phase shifts occur and the response eventually moves into quadrature.

Relative permittivity.—The sensitivity of the CR technique towards relative per-

mittivity (dielectric constant) is only marginal at audio frequencies. For the selected

frequency of 15 kHz and the range of parameter values considered in this study, we

have found the variation of the complex potential with relative permittivity to be

negligible in the range between εr = 1 (free space) and εr = 80 (water). Previous
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studies have shown that a measurable variation of the CR transfer impedance with

εr at audio frequencies can be obtained in highly resistive environments only (Grard

and Tabbagh, 1991; Tabbagh et al., 1993).

EXPERIMENTAL VALIDATION

In the following we describe a set of basic field-scale experiments undertaken with

a newly developed CR instrument to validate the predictions of the electrostatic for-

malism. The so-called CRI (Capacitive Resistivity Imaging) system has been designed

and built by the British Geological Survey and is a straightforward implementation

of the theoretical concept of an electrostatic quadrupole. Its major improvement over

previous implementations of CR technology is that it is capable of measuring the full

complex transfer impedance across pairs of capacitive sensors without the need for a

fixed reference potential. Its electronic design is based upon modern signal detection

technology. The CRI system is designed for synchronous acquisition from multiple re-

ceiver channels and can perform both static and dynamic CR measurements (Kuras,

2002).

Experimental approach.—The following experimental approach was pursued: in

an approximately homogeneous geological setting with known electrical properties,

the complex transfer impedance was measured in a number of elementary surveys and

compared with the predicted response for a homogeneous halfspace model calculated

with the electrostatic formalism. A test area on the site of BGS headquarters in

Keyworth (Nottinghamshire, UK) was selected for this purpose. On this site, near-

surface Mercia Mudstone deposits constitute an approximately uniform and isotropic

electrical background with average resistivities of between 20 Ωm and 25 Ωm within

the top few meters of ground. Two classes of experiments were carried out:

1. Moveout surveys were conducted to analyze the variation of the transfer

impedance with distance and to assess the practicability of CR measurements
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across a range of signal-to-noise conditions.

2. Directional surveys were conducted to analyze the variation of the transfer

impedance with azimuth between transmitter and receiver and to verify the

dipolar character of the potential distribution.

All measurements were performed with the BGS prototype CRI system using plate-

wire dipoles. These comprised stainless steel plates with dimensions 0.25 m × 0.25 m

and 1 mm thickness, laminated in plastic film for insulation. The surveys were con-

ducted with a static setup, i.e. sensors were placed on the ground surface and current

and potential readings taken at fixed positions. The results were then used to cal-

culate |Z| and Arg(Z). Measured data were compared with the predicted response

for a homogeneous halfspace model calculated with the electrostatic formalism. The

two unknown parameters in the experiments were resistivity and sensor elevation. To

assess the sensitivity of the results with respect to either parameter, the variation

of the potential with both resistivity and sensor elevation was considered. It was

anticipated that average resistivities of 20 Ωm ≤ ρ ≤ 25 Ωm would be observed, and

that the effective sensor elevation h would be of the order of a few millimeters.

Moveout surveys

For this type of experiment the transmitter dipole remained at a fixed position

while the receiver dipole was progressively moved away. In a laterally homogeneous

environment, this procedure is equivalent to a centered resistivity sounding, but re-

duces the necessary array movements. Unit dipoles and injection currents of the

order of 10 mA were employed throughout the experiment. Static measurements of

the injected current and the in-phase and quadrature components of the observed

potential were made, ranging from the smallest separation possible up to the max-

imum separation for which a stable measurement could be achieved. One hundred
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automated readings were taken at each location at a rate of 10 Hz and then stacked to

obtain mean and standard deviation. The transfer impedance was calculated for each

separation in order to make the results independent of possible current fluctuations

during the experiment.

Here we discuss the results of a survey in which current and potential dipoles were

arranged in equatorial configuration. In this geometry, the minimum dipole separation

is limited only by the physical dimensions of the plates, hence a minimum separation

of 0.3 m between the dipole centers could be employed. Separations were increased

stepwise so that distances were distributed approximately evenly on a logarithmic

scale. A maximum dipole separation of 12 m was found to be practical under the

given circumstances, although it is likely that larger separations could have been

achieved with a greater transmitter dipole moment, i.e. the use of larger injection

currents or longer dipoles. A more resistive environment would also allow larger

separations to be used.

The results for the equatorial survey are summarized in Figures 13 and 14. Mag-

nitude and phase of the measured transfer impedance (colored symbols) are shown

as a function of dipole separation together with the calculated curves for a homoge-

neous halfspace model. Statistical errors were found to be within the radius of the

circles. In Figure 13, resistivity is the free model parameter while array elevation h

is kept constant at 0.5 mm. The model resistivities cover a range of values from a

conductive (1 Ωm) to a resistive regime (1000 Ωm), including the expected value of

20 Ωm. Figure 14 shows the same measured data, but the free model parameter is

now elevation, while resistivity is assumed constant at 20Ωm. Here, model elevations

range from 0.1 mm to a maximum of 10 mm, including the expected value of 0.5 mm.

Greater elevations are not realistic as the injected current would be limited by high

impedances in the transmitter output circuit.

The clear vertical separation of the model curves in Figure 13a reflects the sensitiv-

ity of the magnitudes to resistivity. Magnitudes are much less affected by variations
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in elevation (Figure 14a) and a significant effect can be observed only for h ≥ 5 mm.

Under practical conditions, the magnitude measurement is therefore likely to be much

less sensitive to array elevation than to resistivity. In direct contrast, the phase is

highly sensitive to elevation (Figure 14b), but to a lesser extent to resistivity (Figure

13b), at least for separations greater than the dipole length (r > l). The sensitivity of

the phase to elevation is a consequence of the sensitivity of the quadrature component

of Z to the geometric factor KES.

Optimal agreement between the measured data and the theoretical curves is ob-

served for a resistivity of ρ = 20 Ωm (black solid curve in Figure 13) and an elevation

of h = 0.5mm (red solid curve in Figure 14). For the magnitudes, agreement with re-

spect to both resistivity (Figure 13a) and elevation (Figure 14a) is best for separations

between 0.4 m and 8 m. In that interval, measured magnitudes follow the optimal

curve very closely. For r < 0.4 m the measured magnitude exceeds the theoretical

value by a significant margin. This effect is most likely to be due to the breakdown

of the point-pole concept for finite-size plates at such small separations. For a plate

width of 0.25 m and a dipole separation of 0.3 m, the actual separation between the

edges of the transmitter and receiver plates is only 5 cm. This discrepancy leads to

an overestimation of the measured magnitude compared to the theoretical value. At

separations greater than 8 m, the measured magnitude deviates from the optimum

model curve towards significantly higher values. Considering the smooth nature of

the deviation, it is more likely to be due to a genuine physical effect rather than a

systematic error introduced by the experimental procedure. It can be explained by

considering the associated phase response.

For the phases, measured data fit the model curves best between 0.4 m and 3 m.

A pronounced increase in phase is observed towards smaller separations (r < 0.7 m).

This effect is predicted by the quasi-static model, but to our knowledge has never

been confirmed experimentally. For r < 0.4 m the measured phase exceeds the the-

oretical value in the same fashion as the magnitude. Phase values decrease with
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increasing separations and remain negligible for 0.7 m < r < 3 m. However, instead

of maintaining the in-phase behavior as predicted by the quasi-static model, phase

values begin to increase. The same increase was also observed in the magnitudes,

where the effect is pronounced only at larger separations (r > 8 m). Phases increase

smoothly for r > 3 m and reach values of |ϕ| > π/4 beyond 10 m. We attribute

this phenomenon to inductive effects becoming increasingly relevant in the relatively

conductive environment, as previously suggested by Benderitter et al. (1994) and

Tabbagh and Panissod (2000). The induction number (equation 24) is approximately

0.105 at r = 2 m and 0.529 at r = 10 m (f = 14.2 kHz, σ = 0.05 Sm−1), indicat-

ing that Benderitter’s criterion (25) is marginal beyond r = 2 m. Under the given

circumstances in a relatively conductive environment, the quasi-static approximation

has reached its limit and for longer offsets the response is more adequately described

by electromagnetic theory.

Directional surveys

In the second set of experiments the directional variation of the CR transfer

impedance was examined. For these surveys, the location of the current dipole re-

mained fixed while the potential dipole was rotated around the current dipole at a

constant separation, i.e. on a circular arc, maintaining a constant mutual orienta-

tion between the two dipoles. Two complementary configurations are possible, in

which current and potential dipoles have either parallel or perpendicular orientation.

This type of survey was expected to give additional information about the shape of

the source field generated by the current dipole, which is anticipated to have typical

dipolar characteristics.

In similar fashion to the moveout surveys, a series of static measurements were

carried out at a range of azimuth angles. Unit dipoles at a separation of 5 m between

midpoints were employed. Theoretical responses for the homogeneous halfspace model
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were calculated as before. For a directional survey, the complex transfer impedance

can be regarded as a periodic function of the azimuth φ. Due to symmetry it is

therefore sufficient to restrict the survey to a quarter-circle, i.e. φ ∈ [0◦ . . . 90◦]. The

surveys were carried out at a different time of the year than the moveout surveys,

hence a slightly elevated background resistivity (ρ ≈ 25 Ωm) was anticipated.

Here we discuss the results of a survey with dipoles in a parallel configuration

(Figure 15). Starting from an equatorial position (φ = 0◦), the azimuth φ was

increased in steps of 5◦ until an axial or inline position (φ = 90◦) was reached.

The results of this survey are summarized in Figures 16 and 17, which are plotted

as a function of azimuth on a linear scale. In Figure 16, resistivity is the free model

parameter while elevation is kept constant at 1 mm. The same measured data are

shown in Figure 17, but now elevation is the free model parameter while resistivity is

kept constant at 25 Ωm. An angular interval of 180◦, centered around an azimuth of

φ = 45◦, is displayed to capture the periodicity of the response. The magnitude has

two distinct maxima, an absolute maximum at φ = 90◦ and a secondary maximum

at φ = 0◦. These are consistent with the interpretation of the axial configuration as

the position of maximum coupling, while the equatorial configuration is associated

with a local maximum only. Between the two maxima the magnitude has a zero and

the phase changes quadrants (φ ≈ 36◦). In similar fashion to the moveout results,

the variation of the magnitude with resistivity (Figure 16a) is strong while the effect

of elevation on magnitude (Figure 17a) is much weaker. In contrast, the variation

of the phase with resistivity (Figure 16b) is relatively weak, while its variation with

elevation (Figure 17b) is stronger.

Due to the change in seasonal conditions, the optimal fit between measured data

and calculated model curves is now observed at ρ = 25 Ωm. The agreement between

measured magnitudes and the optimal curve at ρ = 25Ωm (Figure 16a) is remarkably

good. The minimum near φ = 36◦ is reproduced by the experimental data, however

at a slightly lower azimuth. Figure 17a shows that measured magnitudes match a
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range of possible elevations smaller than 5 mm. Interpretation of the phases must

be undertaken with caution. At a dipole separation of 5 m, modeled phases are

likely to be very small, however the moveout survey has demonstrated that measured

phases at that distance may already deviate significantly from the quasi-static model.

The phase model curves were therefore not expected to fit the data particularly well.

However, phase values were generally found to be of the expected order and follow

the change in quadrants predicted by the model curves. (Figures 16b, 17b).

ESTIMATION OF APPARENT RESISTIVITY

The electrostatic formalism predicts the CR response in the form of the transfer

impedance, based upon an electrical model of the subsurface and geometric param-

eters of the measurement. A practical field technique must solve the reverse prob-

lem, i.e. apparent resistivity must be derived from a measurement of the transfer

impedance. In DC resistivity, the determination of apparent resistivity is trivial as

all calculations involve real values and resistivity of the homogeneous halfspace is the

only model parameter. In CR however, the measured transfer impedance is generally

complex and the electrostatic formalism has more than one model parameter, namely

resistivity, relative permittivity and array elevation. We will demonstrate in the fol-

lowing that a unique solution exists also for the CR problem and that resistivity can

be estimated from magnitude and phase (or in-phase and quadrature components) of

the observed transfer impedance.

The reverse problem

The factor α (equation 20) is found to be a convenient starting point for the

following calculation. The complex expression can be split into real and imaginary

parts:
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Re α =
ρ2ω2ε2

0(ε
2
r − 1) + 1

ρ2ω2ε2
0(εr + 1)2 + 1

(41a)

Im α =
−2ρωε0

ρ2ω2ε2
0(εr + 1)2 + 1

. (41b)

Solving equations (41a) and (41b) for ρ and εr, we obtain

ρ2 =
1 − Re α

ω2ε2
0((εr + 1)2Re α − ε2

r + 1)
(42a)

εr =

√
−2ρωε0 + Im α

ρ2ω2ε2
0Im α

− 1. (42b)

Mutual insertion eliminates the interdependence and a relation for resistivity is ob-

tained that is a function of α only:

ρ = − 1

2ωε0

(
(1 − Re α)2

Im α
+ Im α

)
. (43)

In similar fashion, an expression for relative permittivity can be found:

εr =
2|1 − Re α|

(1 − Re α)2 + (Im α)2
− 1. (44)

This is an important result because it shows that the quasi-static formulation of the

complex transfer impedance formally contains independent information about both

ρ and εr. However, as previously discussed, it is unlikely that reliable estimates of

εr can be obtained by low-frequency electromagnetic methods. Determination of εr

with the CR technique may be possible at higher frequencies and in highly resistive

geological environments (Tabbagh et al., 1993).

Determination of α from a measured impedance.—The reverse problem is now

reduced to the determination of α from a practical impedance measurement. The

transfer impedance Z can be expressed by the current I(t) = Îeiωt injected across

the current dipole (C1, C2) and the voltage U(t) = Ûeiωteiϕ observed at the potential

dipole (P1, P2), where ϕ is the phase shift between the two signals:

Z =
U

I
=

Ûeiϕ

Î
=

Û(cos ϕ + i sin ϕ)

Î
= Ẑ(cos ϕ + i sin ϕ). (45)
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In a practical measurement, Û , Î and ϕ must be determined. Û and Î can be either

true amplitudes or RMS values, as long as both are of the same type. Reordering

equation (23) for α yields

α =
1

KES

(
1 − Z

Z0

)
, (46)

and after insertion

α =
1

KES
(1 − iωC0Ẑ(cos ϕ + i sin ϕ)). (47)

An expression for apparent resistivity.—After separating α into in-phase and

quadrature components, the measured apparent resistivity (43) finally becomes

ρa = − 1

2ωε0

(
(1 − Re α)2

Im α
+ Im α

)
(48a)

Re α =
1

KES
(1 + ωC0Ẑ sin ϕ) =

1

KES
(1 + ωC0Im Z) (48b)

Im α = − 1

KES
· ωC0Ẑ cos ϕ = − 1

KES
· ωC0Re Z, (48c)

and a unique solution is found for the reverse problem. These three equations repre-

sent an expression for apparent resistivity as derived from a capacitive measurement

under quasi-static conditions. It is evident that ρa = ρa(Ẑ, ϕ), i.e. ρa is now a function

of magnitude and phase of the measured transfer impedance.

RELATIONSHIP BETWEEN CR AND CONVENTIONAL METHODS

DC resistivity.—The different expressions for estimating resistivity with CR

(equation 48a) and conventional DC (equation 1) characterize the relationship be-

tween the two techniques. In the case of CR, it is found that a number of conditions

apply that further simplify equation (48a). Closer inspection of the factor α (equa-

tion 20) shows that Re α ≈ 1 at low induction numbers (Grard, 1990; Kuras, 2002).
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Under such circumstances, and if the quadrupole is close to the surface (KES ≈ 1),

the quadrature component of Z vanishes (equation 48b). The CR response can then

be expected to be in phase. As a consequence, equation (48a) reduces to

ρa ≈ −Im α

2ωε0

≈ C0

2ε0

Re Z, (49)

and together with the definition of C0 (14) one obtains

ρa ≈ Re U

Î
· KDC, (50)

i.e. the phase-sensitive apparent resistivity (48a) reduces to the classical DC expres-

sion for the in-phase component of the transfer impedance. The electrostatic formal-

ism can therefore be regarded as a generalization of conventional DC theory (Tabbagh

et al., 1993).

We should mention that a number of existing CR instruments operate on the basis

of the assumption that the observed potential is entirely in phase with the injected

current, so that it is sufficient to measure its magnitude only. However, ignoring

the phase sensitivity of the potential will only be justified if (a) the quasi-static

condition is maintained over all survey measurement points and (b) the geometric

arrangement of the sensors is such that the potential dipole is neither too close to

nor too distant from the current dipole. Condition (a) may become increasingly

marginal as increasingly conductive conditions are encountered. It is also important

to recognize that the phase dependence of a CR measurement is primarily due to

the capacitive coupling mechanism and the geometry of the sensor array; it is not

directly associated with a subsurface material property. In this respect, the phase

dependence of CR measurements is totally distinct from phase rotations obtained by

induced polarization (IP) or complex resistivity measurements, which arise due to

electrical polarization in the subsurface.

Electromagnetic ground conductivity.—An adaptation of the classical electro-

magnetic coil-coil method of Slingram operates at low induction numbers and is often
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referred to as “ground conductivity”. The method is based on the mutual induc-

tive coupling of two coils and is used extensively in environmental and engineering

applications.

Under quasi-static conditions, i.e. at low induction numbers, it can be shown

(McNeill, 1980) that the mutual coupling ratio Z/Z0 as the fundamental system

response is directly proportional to conductivity. The apparent resistivity is then

given as

1

ρa

= σa ≈ 4

ωμ0s2
Im

(
Z

Z0

)
, (51)

i.e. practical instruments can be calibrated to display a conductivity reading di-

rectly. Comparison with equation (50) shows that the CR and ground conductivity

techniques can be regarded as complementary; an inductively coupled measurement

provides information about subsurface resistivity in the quadrature of the response

function, while the equivalent information for a capacitively coupled measurement is

contained in the in-phase component.

CONCLUSIONS

In this study we have set out the basis for making resistivity measurements of the

near surface based on a capacitive coupling mechanism. We have demonstrated that

different realizations of the capacitive resistivity technique are conceivable and that

the theoretical formulation of CR is invariably linked with the practical design of ca-

pacitive sensors. However, the classical DC resistivity measurement can be emulated

by the CR technique and well-known DC interpretation schemes are applicable to CR

data, provided that sensor design and geometry are carefully considered. The funda-

mental concept of point poles (i.e. infinitesimally small electrodes) is transferred to CR

theory by means of the electrostatic formalism, which allows the transfer impedance

between current and potential dipoles to be complex.
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For the purposes of practical measurements, we have demonstrated how capacitive

plate-wire combinations can be employed to simulate point poles. The surface area of

the sensor determines its capacitance, which was shown to be the relevant quantity

that ensures adequate coupling between sensor and the ground. A quadrupole of ca-

pacitive plate-wire combinations was found to measure complex potentials consistent

with those expected for a four-point array.

Using quasi-static theory, we have carried out a detailed analysis of the properties

of the complex transfer impedance and conclude that a realistic range of parameters

exists that allows successful operation of practical CR instruments under quasi-static

conditions. Experimental validation of the predicted CR response was carried out

using a recently developed prototype CR instrument. Based on the results obtained,

we propose that three different ranges of separation between current and potential

dipoles should be distinguished, namely

1. a normal or intermediate zone in which measured data can be accurately mod-

eled by quasi-static theory,

2. a near zone in which plate size becomes large compared with array dimensions

so that the transfer impedance is overestimated, and

3. a far zone in which the quasi-static approximation breaks down and full elec-

tromagnetic theory is required to describe the response of the CR array.

We have provided a quasi-static formulation of apparent resistivity specific to the

CR technique and demonstrated that the phase-sensitive expression reduces to the

classical DC formula for the in-phase component of the transfer impedance. The elec-

trostatic formalism therefore represents a generalization of conventional DC theory

for a capacitive coupling mechanism. A comparison of CR with the inductively cou-

pled ground conductivity technique suggests that the two techniques may be regarded

as complementary.
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TABLES

Small Typical Large

ρ [Ωm] 1 50 100000

f [kHz] 1 15 100

εr 1 3 80

Ω 1.1 · 10−7 1.7 · 10−4 45.1

B(L = 1 m) 0.063 0.034 0.002

TABLE 1. Range of possible values for the generalized frequency Ω and associated

induction numbers B for a scale length of L = 1 m.

43



FIGURES

FIG. 1. Equivalent electrical circuit models of (a) a generic resistivity measurement,

(b) DC resistivity and (c) capacitive resistivity. The generic model (Wait, 1995) shows

the ground impedance ZEarth and the contact impedances ZC1, ZC2 (current injection)

and ZP1, ZP2 (potential measurement). The contact impedances are predominantly

ohmic in DC resistivity and predominantly capacitive in CR.

FIG. 2. Geometry of the four-electrode arrangement used for a DC resistivity mea-

surement.

FIG. 3. Concept of the equivalent grounded dipole: inline dipole-dipole array com-

posed of (a) capacitive line antennas and (b) equivalent grounded dipoles.

FIG. 4. Electrostatic point charge Q near the interface between two media with

dielectric permittivities ε(I) and ε(II). The image charge Q′ is located at the opposite

side of the interface.

FIG. 5. Geometry of an electrostatic quadrupole in the general case. Point charges

+Q and −Q are situated at C1 and C2 near the interface between two permittive

media. Image charges are located at C ′
1 and C ′

2 on the opposite side of the interface

and the difference in electrostatic potential is measured between P1 and P2.

FIG. 6. Conceptual model of a capacitive line antenna close to the ground sur-

face.

FIG. 7. Conceptual model of a capacitive plate-wire combination close to the ground

surface.
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FIG. 8. Variation of the normalized transfer impedance Z/|Z0| with generalized

frequency Ω in magnitude (a) and phase (b) under quasi-static conditions. Results

for five values of the geometric factor KES are shown.

FIG. 9. Variation of the complex potential with frequency in magnitude (a) and

phase (b) under quasi-static conditions for a unit square capacitive array (l = 1 m,

r = 1 m). Results for five values of resistivity are shown. Array elevation h = 1 mm,

relative permittivity εr = 10, injected current I = 10 mA. Magnitude values for an

equivalent DC array are shown as dashed lines.

FIG. 10. Variation of the complex potential with dipole separation in magnitude

(a) and phase (b) under quasi-static conditions for a capacitive array in equatorial

configuration. Results for five values of resistivity are shown. Dipole length l = 1m,

array elevation h = 1mm, εr = 10, f = 15 kHz, I = 10 mA. Magnitude values for an

equivalent DC array are shown as dashed lines.

FIG. 11. Variation of the complex potential with array elevation in magnitude (a)

and phase (b) under quasi-static conditions for a capacitive array in equatorial con-

figuration. Results for five values of resistivity are shown. Dipole length l = 1m,

dipole separation r = 1m, εr = 10, f = 15 kHz, I = 10 mA. Magnitude values for an

equivalent DC array are shown as dashed lines.

FIG. 12. Variation of the complex potential with resistivity in magnitude (a) and

phase (b) under quasi-static conditions for a capacitive array in equatorial configu-

ration. Results for five values of the dipole separation r are shown. Dipole length

l = 1m, array elevation h = 1mm, εr = 10, f = 15kHz, I = 10mA. Magnitude values

for an equivalent DC array are shown as dashed lines.
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FIG. 13. Complex transfer impedances for the moveout survey in equatorial con-

figuration: comparison of measured data with quasi-static model in magnitude (a)

and phase (b). Results for five values of resistivity are shown; model array elevation

remained fixed at h = 0.5 mm.

FIG. 14. Complex transfer impedances for the moveout survey in equatorial con-

figuration: comparison of measured data with quasi-static model in magnitude (a)

and phase (b). Results for five values of array elevation are shown; model resistivity

remained fixed at ρ = 20 Ωm.

FIG. 15. Directional survey in parallel configuration to determine the azimuthal

variation of the transfer impedance.

FIG. 16. Transfer impedances for the directional survey in parallel configuration:

comparison of measured data with quasi-static model in magnitude (a) and phase

(b). Results for five values of resistivity are shown; model array elevation remained

fixed at h = 1 mm.

FIG. 17. Transfer impedances for the directional survey in parallel configuration:

comparison of measured data with quasi-static model in magnitude (a) and phase

(b). Results for five values of array elevation are shown; model resistivity remained

fixed at ρ = 25 Ωm.
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FIG. 1. Equivalent electrical circuit models of (a) a generic resistivity measurement,

(b) DC resistivity and (c) capacitive resistivity. The generic model (Wait, 1995) shows

the ground impedance ZEarth and the contact impedances ZC1, ZC2 (current injection) and

ZP1, ZP2 (potential measurement). The contact impedances are predominantly ohmic in

DC resistivity and predominantly capacitive in CR.
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FIG. 2. Geometry of the four-electrode arrangement used for a DC resistivity measure-

ment.
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FIG. 3. Concept of the equivalent grounded dipole: inline dipole-dipole array composed

of (a) capacitive line antennas and (b) equivalent grounded dipoles.
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FIG. 4. Electrostatic point charge Q near the interface between two media with dielectric

permittivities ε(I) and ε(II). The image charge Q′ is located at the opposite side of the

interface.
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charges are located at C ′
1 and C ′

2 on the opposite side of the interface and the difference in

electrostatic potential is measured between P1 and P2.
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FIG. 8. Variation of the normalized transfer impedance Z/|Z0| with generalized fre-

quency Ω in magnitude (a) and phase (b) under quasi-static conditions. Results for five

values of the geometric factor KES are shown.
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FIG. 9. Variation of the complex potential with frequency in magnitude (a) and phase

(b) under quasi-static conditions for a unit square capacitive array (l = 1 m, r = 1 m).

Results for five values of resistivity are shown. Array elevation h = 1 mm, relative permit-

tivity εr = 10, injected current I = 10 mA. Magnitude values for an equivalent DC array

are shown as dashed lines.
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FIG. 10. Variation of the complex potential with dipole separation in magnitude (a) and

phase (b) under quasi-static conditions for a capacitive array in equatorial configuration.

Results for five values of resistivity are shown. Dipole length l = 1m, array elevation

h = 1mm, εr = 10, f = 15 kHz, I = 10 mA. Magnitude values for an equivalent DC array

are shown as dashed lines.
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FIG. 11. Variation of the complex potential with array elevation in magnitude (a) and

phase (b) under quasi-static conditions for a capacitive array in equatorial configuration.

Results for five values of resistivity are shown. Dipole length l = 1m, dipole separation

r = 1m, εr = 10, f = 15 kHz, I = 10 mA. Magnitude values for an equivalent DC array are

shown as dashed lines.
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FIG. 12. Variation of the complex potential with resistivity in magnitude (a) and phase

(b) under quasi-static conditions for a capacitive array in equatorial configuration. Results

for five values of the dipole separation r are shown. Dipole length l = 1m, array elevation

h = 1mm, εr = 10, f = 15 kHz, I = 10 mA. Magnitude values for an equivalent DC array

are shown as dashed lines.
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FIG. 13. Complex transfer impedances for the moveout survey in equatorial configu-

ration: comparison of measured data with quasi-static model in magnitude (a) and phase

(b). Results for five values of resistivity are shown; model array elevation remained fixed at

h = 0.5 mm.
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FIG. 14. Complex transfer impedances for the moveout survey in equatorial configu-

ration: comparison of measured data with quasi-static model in magnitude (a) and phase

(b). Results for five values of array elevation are shown; model resistivity remained fixed at

ρ = 20 Ωm.

60



Current dipole
(Tx)

Potential dipole
(Rx)

y

x

�

FIG. 15. Directional survey in parallel configuration to determine the azimuthal varia-

tion of the transfer impedance.

61



-45 -30 -15 0 15 30 45 60 75 90 105 120 135

Azimuth φ [deg]

10
-3

10
-2

10
-1

10
0

|Z
| [

Ω
]

ρ = 1 Ωm

ρ = 10 Ωm

ρ = 25 Ωm

ρ = 100 Ωm

ρ = 1000 Ωm

Measured data

(a) Magnitude

-45 -30 -15 0 15 30 45 60 75 90 105 120 135

Azimuth φ [deg]

-π/4

0

π/4

π/2

3π/4

π

5π/4

A
rg

(Z
)

ρ = 1 Ωm

ρ = 10 Ωm

ρ = 25 Ωm

ρ = 100 Ωm

ρ = 1000 Ωm

Measured data

(b) Phase

FIG. 16. Transfer impedances for the directional survey in parallel configuration: com-

parison of measured data with quasi-static model in magnitude (a) and phase (b). Results

for five values of resistivity are shown; model array elevation remained fixed at h = 1 mm.
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FIG. 17. Transfer impedances for the directional survey in parallel configuration: com-

parison of measured data with quasi-static model in magnitude (a) and phase (b). Results

for five values of array elevation are shown; model resistivity remained fixed at ρ = 25 Ωm.
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