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Abstract A series of 2D apparent resistivity data were
generated over two synthetic models representing different
geological or environmental conditions commonly associ-
ated with geophysical applications for hydrogeological,
environmental and engineering investigations. The appar-
ent resistivity data were generated for the following arrays:
Wenner-alpha (WA), Wenner-beta (WB), Wenner—
Schlumberger (WSC), dipole—dipole (DDP), pole—dipole
(PDP) and pole—pole (PP) arrays, which were paired such
that apparent resistivity data for 2D profiles in a parallel
direction are obtained with a particular array type and those
in a perpendicular direction are observed with a different
array type. The 2D apparent resistivity data for the
orthogonal paired-arrays were then collated to 3D data sets.
The effectiveness and efficiency of the orthogonal paired-
arrays in 3D geoelectrical resistivity imaging were evalu-
ated by determining the mean absolute anomaly effects of
the electrode configurations on the synthetic models. The
results show that DDP-PDP, DDP-PP, DDP-WSC, PDP-
PP, DDP-WB, PDP-WB and WB-WSC orthogonal
paired-arrays produced higher anomaly effects on the
synthetic models. This indicates that DDP-PDP, DDP-PP,
DDP-WSC, PDP-PP, DDP-WB, PDP-WB and WB-WSC
orthogonal paired-arrays are more sensitive to 3D features
of the geologic models than the other orthogonal paired-
arrays investigated.
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Introduction

Geoelectrical resistivity imaging has played an important
role in addressing a wide variety of hydrological, environ-
mental and geotechnical issues. In most geophysical
applications to environmental and engineering investiga-
tions, the geology is usually complex, subtle and multi-scale
such that both lateral and vertical variations of the subsur-
face petrophysical properties can be very rapid and erratic.
Two-dimensional (2D) geoelectrical resistivity imaging, in
which the subsurface resistivity is assumed to vary both
laterally and vertically along the survey line but constant in
the perpendicular direction, has been widely used to map
areas with moderately complex geology (e.g. Griffiths et al.
1990; Griffiths and Barker 1993; Dahlin and Loke 1998;
Olayinka 1999; Olayinka and Yaramanci 1999; Amidu and
Olayinka 2006; Aizebeokhai et al. 2010). However, geo-
logical structures and subsurface petrophysical properties
are inherently three-dimensional (3D) and the 2D assump-
tion is commonly violated; this often leads to out-of-plane
resistivity anomaly in the 2D images which could be mis-
leading in the interpretation of subsurface features (Bentley
and Gharibi 2004). Thus, a 3D geoelectrical resistivity
imaging which allows resistivity variation in all possible
directions should give a more accurate and reliable image of
the subsurface, especially in highly heterogeneous subsur-
face commonly associated with environmental, hydrologi-
cal and engineering investigation sites.

What constitutes a 3D data set that would yield signif-
icant 3D subsurface information for geoelectrical
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resistivity imaging is not clearly understood. Ideally, a 3D
geoelectrical resistivity survey is one in which the mea-
surements of apparent resistivity values are made in all
possible directions. The techniques for conducting 3D
electrical resistivity imaging have been presented by Loke
and Barker (1996). The use of pole—pole (PP; e.g. Li and
Oldenburg 1994; Loke and Barker 1996; Park 1998) and
pole—dipole (PDP; e.g. Chambers et al. 1999; Ogilvy et al.
1999) arrays in 3D electrical resistivity imaging surveys
have been reported in literature. Square and rectangular
grids with constant electrode spacing in both x- and
y-directions, in which each electrode is in turn used as
current electrode and the potential measured at all other
electrodes, were commonly used. But these methods which
allow the measurements of complete 3D data sets are in
most cases impractical because of the length of cables, the
number of electrodes, site geometry and electrode spacing
involved in practical surveys. In addition, the measurement
of 3D complete data sets using the square or rectangular
grid is time consuming and cumbersome in surveys
involving large grids since the number of possible elec-
trode permutations for the measurements will be very large.

To reduce the number of data measurements and the
time and effort required for 3D geoelectrical resistivity
field surveys, a cross-diagonal surveying method in which
potential measurements are only made at the electrodes
along the x-axis, y-axis and 45° diagonal lines was pro-
posed by Loke and Barker (1996). The number of possible
independent measurement for the cross-diagonal surveying
method will still be very large for medium to large grid of
electrodes and thus time consuming to acquire, especially
if a single channel or a manual data acquisition system is
employed. In contrast to the cross-diagonal surveying
method, sets of parallel 2D lines (e.g. Chambers et al.
2002; Bentley and Gharibi 2004) and orthogonal 2D lines
(e.g. Aizebeokhai et al. 2009, 2010) which allow flexible
survey design, choice of array and easy adaptability to data
acquisition systems have been used to construct 3D images.
Most of the 3D geoelectrical resistivity surveys that have
been conducted indicate that the 3D images produced from
the 3D inversions are superior to 2D images and the quasi-
3D images produced from 2D inversions.

Traditionally, the imaging capability and efficiency of
different electrode configurations differ for different geo-
logical structures. The effectiveness and imaging capabil-
ities of geoelectrical resistivity measurements for a given
configuration of electrodes can be evaluated using the
anomaly effect (Militzer et al. 1979; Dahlin and Zhou
2004). For an effective geoelectrical resistivity survey, the
value of the anomaly effect should be significantly greater
than the background noise of the electrode configuration.
Thus, anomaly effect is a measure of the signal-to-noise
ratio of the electrode arrays and should vary with different
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geological models for a given electrode configuration.
Geoelectrical resistivity measured data with high anomaly
information usually produce good quality, high resolution
and reliable inversion images. Field measurements are
usually contaminated by different kinds of noise depending
on the noise sensitivity to electrode configuration used for
the measurements. The contamination of field observations
with noise generally depends on the potential values
measured, and hence the observed apparent resistivity data.
The anomaly effects of electrode arrays can, therefore, be
estimated using the measured apparent resistivity values.
The apparent resistivity values allow us to qualitatively
access the totality of the subsurface geological and petro-
physical features with respect to the geometrical configu-
rations of the electrodes used in observing the apparent
resistivity data. Thus, the effectiveness and imaging capa-
bilities of different electrode configurations can be suitably
compared using the apparent resistivity data (and hence
anomaly effect) obtained for the different electrode con-
figurations over the same geological features.

The relative advantages of the arrays can be harnessed
and maximised by combining apparent resistivity data sets
of different arrays. In this paper, synthetic models were
used to generate apparent resistivity data in a series of
parallel and perpendicular 2D profiles of Wenner-alpha
(WA), Wenner-beta (WB), Wenner—Schlumberger (WSC),
dipole—dipole (DDP), PDP and PP. These arrays were
paired in orthogonal form such that apparent resistivity
data of 2D profiles in parallel direction are obtained using
one array type and those of 2D profiles in a perpendicular
direction are obtained with another array type. The series
of 2D apparent resistivity data of the orthogonal paired-
arrays generated over the synthetic models were collated to
3D data sets which were then processed using a full 3D
inversion code (RES3DINV). The relative effectiveness
and imaging capabilities of the orthogonal paired-arrays for
3D geoelectrical resistivity surveys were evaluated by
determining the anomaly effects of these orthogonal
paired-arrays on two synthetic models that simulate dif-
ferent geological conditions commonly associated with
geophysical applications for hydrogeological, environ-
mental and engineering investigations. The responses of
these model structures to 3D geoelectrical resistivity sur-
veying using a combination of 2D profiles for different
orthogonal paired-arrays were assessed using the anomaly
effect of the arrays on the synthetic models which is a
measure of the signal-to-noise ratio of the surveys.

Basic theory of geoelectrical resistivity surveys

The goal of geoelectrical resistivity surveys is to deter-
mine the distribution of subsurface resistivity by taking
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measurements of the potential difference on the ground
surface or borehole. Typically, an electric current 7 is
injected into the ground through two electrodes and the
resulting potential A® is measured between two other
electrodes. The apparent resistivity p,, which depends on
the electrode configuration, is determined from these
measurements. If the ground is homogeneous, the
apparent resistivity equals the true resistivity. But for a
typical heterogeneous subsurface, the true resistivity as a
function of depth is estimated by inverting the measured
apparent resistivity data set. Anomalous conditions or
heterogeneities are then inferred from the inverse resis-
tivity models. Low-frequency alternating current is
employed as source signals in the DC resistivity surveys
in determining subsurface resistivity distributions. Thus,
the magnetic properties of the materials can be ignored
(Telford et al. 1976) so that Maxwell’s equations of
electromagnetism reduced to:
1

o

V x E =0, (2)

where E is the electric field in V/m, q is the charge
density in C/m® and &, is the permittivity of free space.
These equations are applicable to continuous flow of
direct current; however, they can be used to represent the
effects of alternating currents at low frequencies such
that the displacement currents and induction effects
are negligible. Usually, a complete homogeneous and
isotropic earth medium of uniform resistivity is assumed.
For a continuous current flowing in an isotropic and
homogeneous medium, the current density 7J is related to
the electric field, E through Ohm’s law J = 6E. The
electric field vector E can be represented as the gradient

of the electric scalar potential E = —V®. This gives the
fundamental Poisson equation for electrostatic fields as

1
qu)(x7y’ Z) = _%q(xm)uz)' (3)

The current sources in typical electrical resistivity
surveys are usually point sources. Thus, the current and
the current density over a volume element AV around a
current source / located at (xg, ys, z5) are given by the
relation (Dey and Morrison 1979):

V.J= (ﬁ)é(x—xs)é(y_ys)é(Z_ZS)> (4)

where 0 is the Dirac delta function. Hence, the potential
distribution due to a point current source is

Vol ) V0= () 36030020
)

This partial differential equation, which is a self-adjoint,
strongly connected and non-separable elliptic equation of
second order, gives the subsurface potential distribution in
an isotropic non-uniform 3D medium due to a point current
source. Numerous techniques have been developed to solve
this problem, i.e. to determine the potential distribution that
would be observed over a given subsurface structure. The
potential ®(x, y, z) and the normal component of the
current density a% are continuous across the boundary
between two media of different resistivities but the current
lines are refracted in accordance to the boundary
conditions.

A number of electrode configurations have been used in
recording geoelectrical resistivity survey data, each suitable
for a particular geological situation. Regardless of the type
of electrode array used, two procedures are adopted in
classical resistivity surveys. The first is vertical electrical
sounding (VES) (Koefoed 1979) where the centre point of
the electrode array remains fixed, but the electrode spread is
increased so as to obtain information of the variations in the
subsurface resistivity with depth. The subsurface is
assumed to consist of horizontal layers in which the resis-
tivity varies only with depth but not laterally. Thus, the
model of interpretation of VES is one-dimensional (1D) and
is insensitive to lateral variations in the subsurface resis-
tivity, which might lead to changes in apparent resistivity
values. These changes are often misinterpreted as changes
in resistivity with depth; however, useful results can be
obtained for geological situations such as depth to bedrock
and water table where the 1D model is approximately true.
The second approach is the constant separation traversing
(CST) or profiling where electrode separation remains fixed
but the entire array is progressively moved along a straight
line or profile. This yields information about lateral varia-
tions in the subsurface resistivity along the profile and is
incapable of detecting variations with depth.

Two-dimensional geoelectrical resistivity surveys can
be achieved by integrating the techniques of VES with that
of electrical profiling. It involves apparent resistivity
measurements from electrodes placed along a line using a
range of different electrode separations and midpoints. The
procedure is repeated for as many combinations of current
and potential electrode positions as defined by the survey
configuration. 2D resistivity imaging can be seen as a
continuous vertical electrical sounding (CVES) in which a
number of VES conducted in a grid are merged together or
as a combination of successive profiles with increasing
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electrode spacing. Two-dimensional resistivity surveys are
usually carried out using large numbers of electrodes
connected to multi-core cables. The 2D assumption is
commonly violated because subsurface features are inher-
ently 3D. Three-dimensional surveys are traditionally
conducted using square or rectangular grid of electrodes.
The development of automated data acquisition systems
has significantly enhanced the efficiency and speed of
measuring 2D and 3D data sets.

Description of the synthetic models

In order to investigate the capabilities of different electrode
configurations in 3D geoelectrical resistivity imaging using
a combination of orthogonal paired-arrays of 2D profiles,
two synthetic model geometries representing different
geological or environmental conditions were designed. The
first is a 3D horst model structure that simulates a typical
weathered or fractured profile in a crystalline basement
complex in tropical areas (Aizebeokhai et al. 2009), while
the other is a 3D trough model structure used to simulate the
geological conditions of a typical waste dump site which is
usually complex and subtle. The choice of these two geo-
logical conditions was informed because they are inherently
associated with geophysical applications to hydrogeologi-
cal, environmental and engineering investigations.

A 3D horst structure under an area of 100 x 100 m*
(Fig. 1) with lateral variation in thickness such that the
horst thickens towards the centre of the model where the

100 m

100 m sooQm 7 /

’
,/ 700Qm y ’ 200Qm

2.5 m think Depth

150Qm

100Qm

Horst

3000 Qm

Fig. 1 A three-dimensional horst model simulating a typical weath-
ered or fractured profile developed above crystalline basement
complex
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least weathering is thought to occur and thinning outward
with increasing weathering activities was assumed. The
horst structure consists of a three-layer model comprising
of the top soil, saprolite (the weathered zone) and the fresh
basement. The top layer, corresponding to the top soil, was
assigned a uniform thickness of 2.5 m and its resistivity
varies laterally between 500, 700 and 400 Q m from left to
right. The weathered zone, represented with the thickness
of the middle layer in the model structure, is thought to
have undergone various lateral degrees of weathering or
fracturing that increase outward. The thickness of the
weathered zone is assumed to vary between a minimum of
5.75 m (depth 8.25 m) at the centre of the model structure
where the least weathering occurs to a maximum of
13.50 m (depth 16.0 m) at the edges of the model con-
sidered to be most weathered. The weathered zone in
crystalline basement complex is a product of chemical
weathering which is usually a low resistive saprolite
overlying a more resistive basement rocks (Carruthers and
Smith 1992; Hazell et al. 1992). In addition, this zone is
commonly aquiferous; thus, low resistivity model values
varying between 150 and 100 Q m were assigned to this
layer. Underlying the weathered zone is a fresh basement
of infinite thickness with a constant model resistivity value
of 3,000 Q m.

Similarly, the second synthetic model is a 3D trough
structure also assumed to be under an area of
100 x 100 m? (Fig. 2), for convenience of electrode lay-
outs. The synthetic trough model consists of three layers in
which the thicknesses of the top and the middle layers vary

100 m

100 m Ground Surface

Depth
Trough structure

with varying
resistivity

between

50 Qm — 300 Qm

Weathered layer with resistivity
varying between 400Qm—600Qm

Basement rock with
resistivity of 2500Qm

Fig. 2 A three-dimensional trough model simulating the geology of a
waste dump site
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with a maximum of 4.2 and 11.8 m, respectively, and the
underlying third layer is a basement rock of infinite
thickness. The trough structure is assumed to be at the
centre of the model with varying lateral thickness and
cutting across the first and second layers. Model resistivity
values of 300 and 600 Q m are assigned to the first and
second layers, respectively, in their natural states. The
trough structure and its surroundings are thought to be
impacted by the deposited waste in the simulated dump site
and hence would consist of laterally varying low resistivity
values. Model resistivity values varying laterally between
50 and 250 Q m, different from the assigned value of 300
and 600 Q m in its natural state, were therefore assigned to
the trough structure. Part of the second layer underlying the
trough structure is also thought to be impacted by leachates
from the deposited waste so that its model resistivity value
varies to a minimum of 400 Q m from the assigned value
of 600 Q m in its natural state. The leachates from the
deposited waste in the simulated dump site are thought not
to have reached the basement; thus, its resistivity would be
approximately constant laterally. A constant model resis-
tivity value of 2,500 Q m was, therefore, assigned to the
underlying basement of infinite thickness.

Determination of apparent resistivity
and anomaly effects

The 3D synthetic model structures were approximated into
series of 2D model structures separated with a constant
interval in both parallel and perpendicular directions.
Synthetic apparent resistivity data were calculated over the
resulting orthogonal sets of 2D profiles using RES2DMOD
forward modelling code for the selected arrays. The par-
allel 2D profiles which run in the east—west direction were
denoted as in-lines while those in the perpendicular
direction were denoted as cross-lines. Electrode layouts
with different minimum separations a and inter-line spac-
ing L (a=2,4,5and 10 m; L = a, 2a, 2.5a, 4a, Sa and
10a) were used in the calculation of the apparent resistivity
data. The series of 2D model structures were subdivided
into a number of homogeneous and isotropic blocks using a
rectangular mesh. The mesh consists of four horizontal
nodes per unit electrode spacing and the thickness increa-
ses with depth. The model resistivity value of each block in
the mesh was supplied using an input text file. The 2D
modelling accounts for 3D effect of current sources; thus,
the resistivity of each of the models was allowed to vary
arbitrarily along the profile and with depth, but with an
infinite perpendicular extension.

The finite difference method (Dey and Morrison 1979),
which basically determines the potentials at the nodes of
the rectangular mesh, was employed in the calculation

of the potential distribution. A double precision, which
slightly takes a longer time but significantly more accurate,
was used in the calculations of the potential distribution.
The apparent resistivity values were normalised with the
values of a homogeneous earth model so as to reduce the
errors in the calculated potential values. The calculation
errors are often less than 5%. The forward modelling grid
used consists of four nodes per unit electrode. The calcu-
lated apparent resistivity values for each 2D profile for the
different geological models were contaminated with 5%
Gaussian noise (Press et al. 1996) so as to simulate field
conditions.

In order to maximise the relative effectiveness and
efficiency of the electrode arrays in geoelectrical resistivity
imaging surveys, the electrode arrays used in calculating
the apparent resistivity data were paired such that the 3D
data sets were obtained by collating parallel 2D apparent
resistivity data computed using one electrode array type
with those in a perpendicular direction computed using a
different electrode array. An orthogonal paired-array was
thus formed for each 3D data set obtained. Apparent
resistivity data for orthogonal 2D profiles for each of the
arrays were also collated to 3D data. In addition, 3D
apparent resistivity data were generated over the synthetic
models for the arrays using RES3DMOD computer pro-
gram which employs the conventional electrode square
grids. This allows us to qualitatively compare, through
anomaly effects of arrays on the models, the 3D apparent
resistivity data obtained from the orthogonal paired-arrays
to the 3D data sets obtained from the individual arrays
using orthogonal 2D profiles. Similarly, the 3D data sets
obtained using the conventional square or rectangular grids
of electrodes were also compared with those of the
orthogonal paired-array. The collation of the synthetic
apparent resistivity data computed for the series of
approximated 2D model structures to 3D data sets was
done using RES2DINV inversion software (Loke and
Barker 1996).

During the data collation, the coordinates, line direction,
array type and electrode positions of each 2D profile were
supplied to the computer program via a text file. The col-
lations arranged the 2D apparent resistivity data and the
electrode layouts in rectangular or square grid patterns
according to the coordinates and direction of each 2D
profile used, and electrode positions in the profile. Thus,
the number of electrodes in each 2D profile, number of
profiles collated and their directions determine the size and
pattern of the electrode grid obtained. These parameters
along with the data level attained for each array determine
the data density of the resulting 3D data set. Since two
different arrays were paired in orthogonal form, the com-
puter code for the data collation assigned a general array to
all data sets obtained using the orthogonal paired-arrays, as
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the electrode arrangement for the orthogonal paired-arrays
does not follow a particular order that can be recognised by
the computer code. The 3D apparent resistivity values
collated were then assessed with a full 3D inversion code
(RES3DINV) and used to estimate the anomaly effects of
the arrays and orthogonal paired-arrays on the synthetic
models. The mean absolute anomaly effect on the models
for a given electrode configuration was defined as:

AE — Pmax — pmin’

Pay ©

where pPoao, Pmin and p,, are maximum, minimum and
average apparent resistivities, respectively, observed for
the electrode configuration.

Results and discussion

The mean absolute anomaly effects of the selected elec-
trode configurations on the synthetic models, using 3D data
sets collated from orthogonal 2D profiles, are given in
Figs. 3 and 4. The mean anomaly effects on the synthetic
models for the various electrode grid sizes and inter-line
spacing relative to the minimum electrode separation are
presented. In general, electrode arrays with high anomaly
effects on geological models usually produce better signal-
to-noise ratio than electrode arrays with low anomaly
effect. Consequently, arrays with high anomaly effects will
yield inversion images with better resolution and model

sensitivity than arrays with low anomaly effects. Anomaly
effect of any electrode configuration varies from geological
model to geological model depending on the resistivity
contrast and the general background noise level. In Figs. 3
and 4, the anomaly effects of electrode arrays on the trough
model are generally higher than the anomaly effect of
electrode arrays on the horst model.

The anomaly effects presented in Figs. 3 and 4 generally
show that DDP and PDP arrays yield larger anomaly
effects on the horst model than the other arrays investi-
gated. Similarly, DDP, PDP and WB arrays generally yield
much larger anomaly effects on the trough model than any
of the other arrays. In both synthetic models, WSC array
generally yields moderate anomaly effect while the PP
array gives the lowest anomaly effect. This result indicates
that DDP and PDP arrays would be more sensitive to 3D
features than the other arrays investigated and hence would
produce better quality and higher resolution inversion
models if the arrays are used for 3D surveys in which
apparent resistivity data of orthogonal 2D profiles are
collated. Reasonable and acceptable inversion models
would be obtained if WSC array is used for the survey. On
the other hand, PP array would yield the least model res-
olution and sensitivity; the observed low anomaly effect of
the PP array could be due to the fact that PP array is more
prone to picking telluric noise than any other array and the
array has the deepest depth of penetration.

The observed anomaly effects for the orthogonal paired-
arrays on the synthetic models are presented in Fig. 5.

Fig. 3 Mean absolute anomaly (a) 31 (c) 3
effect of electrode arrays on the
horst synthetic model. 3D = - 23
geoelectrical resistivity imaging S 5:) 1 g a2l
using orthogonal set of 2D s = 1
profiles with grid size: > 15 > 154
all x 11,b21 x 21, £ £
€26 x 26 (L = 5a) and S 14 — s S——
31 x 31 (L = 2.5a), and < < o5
= 1 L=
d 51 x 51; L is inter-line 051 Ll -
spacing and a is the minimum 0 0
electrode separation. WA WA WB  wsC DDP  PDP PP WA  WB WSC DDP PDP PP
Wenner-alpha array, WSC Electrode Array Electrode Array
Wenner—Schlumberger array,
PDP pole—dipole array, WB (d) 354
Wenner-beta array, DDP (b) s
dipole—dipole array, PP pole— 31
pole array E 3 E 25
2 S,
= =
g1 E 154
o o
c 1 c | —4—L=5a
< —t—L=22 < !
——L1=10a
0.5 —B—L=4a 05 4
0 0
WA WB  WSC DDP PDP PP WA WB  WSC DDP  PDP PP
Electrode Array Electrode Array
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Fig. 4 Mean absolute anomaly (a)s- (c) 81
effect of electrode arrays on the 7
trough synthetic model. 3D T 51 ;)
geoelectrical resistivity imaging @ '\I @
using orthogonal set of 2D h 4 e 59
profiles with grid size: 23 2 a
all x 11,b21 x 21, E E}
€ 26 x 26 (L = 5a) and o 2 sy o 1
31 x 31 (L = 2.5a), and g e a4 ——L=25
d 51 x 51; L is inter-line 4 - 14 —8—L=53
spacing and a is the minimum 0 o
electrode separation WA WB  WSC DDP  PDP PP WA  WB  WSC DDP POP PP
Electrode Array Electrode Array
(b)s (d) 7
51 6
Y] -
= 4 .;Ji 5
e bR
23 >
] A
© 3]
5 £
5 4 —+=L=2a g 2 4 —4—L=5a
14 —B—-L=da = L= 100
0 0
WA ws WSC pop PDP PP WA WB WSC Dop PDP PP
Electrode Array Electrode Array

These anomaly effects, when compared with those shown
in Figs. 3 and 4, show that the anomaly effects of electrode
configurations on subsurface structures in 3D geoelectrical
resistivity imaging surveys can be significantly improved
by collating orthogonal sets of 2D apparent resistivity data
measured with two different arrays in perpendicular
directions. This indicates that the good quality and high-
resolution 3D model images can be produced by inverting
the 3D data set collated from 2D profiles of orthogonal
paired-arrays. Thus, the efficiency and effectiveness of 3D
geoelectrical resistivity imaging can be enhanced by
measuring series of 2D apparent resistivity field data using
two different electrode arrays in perpendicular directions
such that data in parallel 2D profiles are observed by one
array type and those in a perpendicular direction by another
array type.

In Fig. 5, DDP-PDP, DDP-PP, DDP-WSC and PDP-
PP orthogonal paired-arrays generally produce higher
anomaly effects on the horst model whereas DDP-WB and
WA-WSC orthogonal paired-arrays yield the lowest
anomaly effects on the same model. Similarly, DDP-PDP,
DDP-WB, PDP-WB and WB-WSC paired-arrays give
higher anomaly effects while PDP-PP and PP-WA paired-
arrays give the least anomaly effects on the trough model.
The observed anomaly effects indicate that DDP-PDP,
DDP-PP, DDP-WSC, PDP-PP, DDP-WB, PDP-WB and
WB-WSC orthogonal paired-arrays are more sensitive to
3D features than the other orthogonal paired-arrays

investigated. Thus, these orthogonal paired-arrays with
better anomaly effects could be used to measure an
orthogonal set of 2D apparent resistivity data that would be
collated to a 3D data set such that the 2D profiles in a
parallel direction are measured with a particular electrode
array type and the 2D profiles in perpendicular direction
are measured with the second electrode array in the
orthogonal pair. The 3D resistivity images (inversion
models or pseudosections) that would be obtained using
such a technique would contain features of both arrays in
the orthogonal pair used for the apparent resistivity
measurements.

The anomaly effects of electrode arrays on the synthetic
models for conventional 3D surveys in which 3D apparent
resistivity measurements are made with square or rectan-
gular grids of electrodes were also determined and are
given in Fig. 6. There are no observable significant dif-
ferences between the anomaly effects on the synthetic
models presented in Fig. 6 and the anomaly effects on the
synthetic models for the 3D data sets generated by collating
orthogonal sets of 2D profiles shown in Figs. 3, 4 and 5.
This suggests that collating a data set from a net of
orthogonal 2D profiles, either of the same array type or
orthogonal paired-array, to a 3D data set is effective for 3D
geoelectrical resistivity survey.

The observed anomaly effect of the arrays on the syn-
thetic models largely depends on the electrode grid size (or
minimum electrode separation) and data density. The
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anomaly effect on the synthetic models generally increases
with increasing data density which depends on the mini-
mum electrode separation a and data level n used in the

(a) Anomaly effect on horst model
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(b) Anomaly effect on trough structure
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Fig. 5 Mean absolute anomaly effects of paired-arrays on: a horst
and b trough models. Orthogonal set of 2D profiles in which all
parallel 2D profiles are observed with one electrode array type and
those in a perpendicular direction are observed with a different array

computation of the apparent resistivity data as well as the
electrode grid size and inter-line spacing L between the 2D
lines. The anomaly effects shown in Figs. 3, 4 and 5 are
compared with the electrode grid size and inter-line spac-
ing L relative to the minimum electrode separation. The
dependence of the anomaly effect of array on the inter-line
spacing relative to the minimum electrode separation used
in the determination of the apparent resistivity values could
not be definitely established. However, the results indicate
that the anomaly effect of electrode arrays on the synthetic
models increases with decreasing inter-line spacing. We
suggest that inter-line spacing equals or less than 4a, where
a is the minimum electrode separation, would yield high
resolution and good quality model inversion images. 3D
data sets with inter-line spacing slightly greater than 4a can
still yield model inversion images with reasonable and
acceptable resolution; but the model inversion images
would contain more near-surface artefacts capable of dis-
torting the interpretation.

Conclusions

The observed anomaly effects of electrode configuration on
the synthetic geological models show that collating
orthogonal sets of 2D apparent resistivity data to a 3D data
set is an effective and efficient technique for 3D geoelec-
trical resistivity surveys. If apparent resistivity data of 2D
profiles are collated to 3D data sets such that profiles in a
parallel direction are obtained using a particular array type
and those in a perpendicular direction are observed by a
different array, the relative efficiency and effectiveness of
the arrays can be harnessed. DDP-PDP, DDP-PP, DDP—
WSC, PDP-PP, DDP-WB, PDP-WB and WB-WSC
orthogonal paired-arrays, which were found to be more
sensitive to 3D features than the other orthogonal arrays
investigated, are particularly recommended for 3D geo-
electrical resistivity surveys in which the 3D data sets are
collated from 2D apparent resistivity data using orthogonal
paired-arrays. The observed anomaly effects on the

Fig. 6 Mean absolute anomaly (a) 3 (b)s
effects of electrode arrays on: 7.
a horst and b trough models. - 297 =
Conventional 3D resistivity b \ T
imaging using square or E Z 1 o \ g 5 | smheki
rectangular grids of electrodes - - \ \1 o —#-21x21
(PPa correspond to PP used in + 151 —- 'E 4 11x11
Figs. 3, 4, 5). PPa pole—pole 3 i ——26x26 € 3.
(in-lines), PPb pole—pole (cross- E 1 g
diagonal), PPc pole—pole g s —#-11x21 < %
(complete data set measured in ¢ ~11x11 1+
all possible directions) 0 0
WA WSC DDP PDP PPa PPb PP WA WSC DOP PP PPa PPb PR
Electrode Array Electrode Array
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synthetic models for the orthogonal paired-arrays are
independent of the electrode parameters and data density.
No significant difference was observed between these
anomaly effects of the orthogonal paired-array and the
anomaly effect of the conventional square or rectangular
grid of electrodes. This indicates that the use of 2D profiles
of orthogonal paired-arrays for 3D geoelectrical resistivity
survey is effective. The use of orthogonal paired-array in
3D geoelectrical resistivity surveys could be very useful to
applications involving hydrogeological, environmental and
engineering investigations, where the subsurface is usually
highly heterogeneous.
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