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ABSTRACT

This paper presents results of previous investigations involving 1D and 2D resistivity imaging of
linear geological structures with varying traverse orientations relative to the structure azimuth
with a view to determining the effect of such variation on the resolution of the structures. It
observed that the orientation of 2D traverse relative to a fault azimuth significantly determines
the resolution of the structure while the alignment of 1D vertical electrical sounding (VES)
relative to the structure azimuth defines the form of the VES curve and leads to inconsistency in
resistivity and thickness estimates and overall depth estimates at deep depth. 2D structures
were best resolved with 2D resistivity images when the traverses were established normal (in-
line) to the structure azimuth. Structures delineated by in-line 2D images are corroborated by
in-line VES interpretation models and confirmed by drillers’ logs, whereas the resolution of
such structure is impaired on parallel (cross-line) 2D resistivity images/maps with distorted and
disjointed image of the investigated fault at deep depth. For two orthogonal VES alignments
(in-line and cross-line) to the azimuth of an investigated fault, deviations in layer resistivity
values were generally <17% while thickness/depth estimates deviated by as much as 30-78%,
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at deep depth.

1. Introduction

In a simple geological environment with horizontal or
near horizontal layering and lateral homogeneity, the
vertical electrical sounding (VES) technique of the
electrical resistivity method is relevant in subsurface
layer delineation and layer thickness or depth to geo-
electric interface determination and is, therefore, often
applied in engineering site and groundwater investiga-
tions in both sedimentary and basement environments
(Olorunfemi and Fasuyi 1993; Aina et al. 1996; Edet
and Okereke 1997; Ajayi et al. 2005; Olorunfemi et al.
2005; Idornigie et al. 2006; Ojo et al. 2007; Nejad et al.
2011; Shrestha and Shah 2013; Bayowa et al. 2014; Ojo
et al. 2015).

However, in a complex geological environment
with both lateral and vertical geoelectrical discontinu-
ities, the 1D VES technique (that assumes vertical
variations in earth resistivity only) suffers limitation
in distorted VES curve (Zohdy et al. 1974) and error in
VES data interpretation. In such a complex geological
environment, a 2D image of the subsurface is required
for the identification of vertical and near-vertical dis-
continuities such as faults and fractured zones, shear
zones, to define basement bedrock topography and
identify basement depressions - geological features
that are relevant to groundwater accumulation and

transmission. This may have informed the growing
application of the 2D imaging technique, involving
2D data gathering often with the dipole-dipole array,
in groundwater investigation (Chirindja et al. 2017;
Gao et al. 2018; Hasan et al. 2018; Olorunfemi and
Oni 2019; Olorunfemi et al. 2020). In such cases, the
2D imaging technique is adopted as a reconnaissance
technique while the VES is adopted as a confirmatory
technique. The integration of the aforementioned
geoelectrical survey techniques has significantly
improved the success rate of groundwater develop-
ment through borehole drilling in basement complex
environment (Muchingami et al. 2012; Ratnakumari
et al. 2012; Kumar et al. 2014; Hasan et al. 2017;
Olorunfemi and Oni 2019; Olorunfemi et al. 2020).
However, the earth model is essentially 3D with X,
Y and Z axes. 1D earth model that is derived from 1D
VES data set is an oversimplification of the earth’s
model. The VES-derived earth model is a good
approximation when the earth model shows resistivity
variations in the vertical (Z) only. The deviation from
this basic assumption, in practice, accounts for the
ambiguities in VES data interpretation. 2D data gath-
ering assumes that the earth resistivity varies in two (X
and Z) directions only, that is, laterally and vertically
where the lateral variation is along the direction of the
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traverse line (X direction). Resistivity values are
assumed uniform along a direction (Y) perpendicular
to the azimuth (direction) of the traverse line. Where
such 2D traverse line is established normal to the
strike of an inclined geological feature, such as
a fault, the 2D technique measures resistivity varia-
tions across the dip and with respect to depth while
homogeneity (or uniformity) is assumed along the
strike of the geological feature, which often time may
not be true. This constitutes the basic limitation of the
2D data gathering technique (Loke et al. 2013), in spite
of its closeness to defining the 3D earth model, which
normally would require two orthogonal 2D images.
This paper investigates how the orientation of 2D
traverse line and alignment of 1D VES electrode
spread relative to the azimuth of investigated linear
geological structure affects the resolution of the
inverted 2D images of such structure and the
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determination of its geoelectrical characteristics in
a typical basement complex environment.

2. 1D and 2D resistivity data gathering
techniques

The 1D VES technique involves measurements of ver-
tical variations in ground resistivity by gradually
expanding the current (A, B) and potential (M, N)
electrodes (Figure 1(a)) with respect to a fixed centre
of the electrode array. The Wenner and the
Schlumberger electrode arrays are commonly adopted
in the VES technique with the Schlumberger array
often preferred due to relative ease of field logistic
(two electrodes are moved at a time except when
repeated measurements are made) and the adjudged
relatively higher depth of investigation with respect to
the Wenner array [depth of investigation of 0.125AB
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Figure 1. (a) Schlumberger array and (b) dipole—dipole array and data presentation in pseudosection format (culled from Sharma

1997).
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Figure 2. OAU agric farm (site i): (a) location map; (b) 2D image with superimposed VES interpretation model; (c) VES
interpretation curve; (d) correlated VES interpretation model and borehole lithological log (culled from Olorunfemi et al. 2018).
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Figure 3. OAU faculty of science (site ii): (a) location map; (b) 2D image with superimposed VES interpretation model; (c) VES
interpretation curve; (d) correlated VES interpretation model and borehole lithological log (culled from Olorunfemi et al. 2019).



as against 0.115AB for Wenner array (Roy and
Apparao 1971)], where AB is the total current elec-
trode spread length (see Figure 1(a)). The apparent
resistivity (ps.) equation is defined as

L2

o (1)

psc =R

where R (AV/I) is ground resistance, L (AB/2) is half
current electrode spacing, I (MN/2) is half potential
electrode spacing and m is a constant (22/7 or 3.143).
The VES data are presented as VES curves —
plots of apparent resistivity against electrode spa-
cings on a bilograthmic graph paper. For the
Schlumberger array, the electrode spacing is AB/2
which is half the current-current electrode spacing
(Telford et al. 1990; Reynolds 1997; Keary et al.
2002). The curves are quantitatively interpreted by
a method involving partial curve matching and
computer-aided 1D forward modelling with soft-
ware such as W-GeoSoft/WinSev 5.1. The quanti-
tative interpretation of VES curve is not unique.
Ambiguities in interpretation are due to equiva-
lence, suppression and dip effect (deviation of
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geoelectric interface from horizontal). Ambiguities
in VES interpretation can be minimised when
interpretation is constrained by information from
borehole lithological or wireline logs.

2D resistivity data gathering involves a field design
that enables measurements of earth resistivity along
lateral and vertical directions to be carried out. Several
electrode arrays including the dipole-dipole, Wenner,
pole-dipole and Wenner-Schlumberger arrays can be
adopted. For the dipole-dipole array (Figure 1(b)) that
is commonly adopted, the lateral resistivity variations
are measured with constant current (A-B) and poten-
tial (M-N) dipole spacing (a) and inter dipole (AB-
MN) spacing (na) (Figure 1(b)) while the vertical
variations are measured with constant current and
potential dipole spacing but increasing inter dipole
spacing with expansion factor, n, varying from 1 to 5
or even more if deeper depths are of interest (Telford
et al. 1990; Reynolds 1997; Keary et al. 2002). The
measuring station is the point of intersection of two
45° inclined lines from the midpoints of the current
and potential dipoles (Figure 1(b)). The apparent
resistivity equation (pgq) is defined as
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Figure 4. OAU agric farm (site iii): (a) location map; (b) 2D image with superimposed VES interpretation model; (c) VES
interpretation curve; (d) correlated VES interpretation model and borehole lithological log (culled from Olorunfemi et al. 2019).



172 (&) M.0. OLORUNFEMI ET AL.
paq = maRn(n + 1)(n + 2) (2)

where R(AV/I) is ground resistance, a is the dipole
length, n is the expansion factor and m is a constant
(22/7 or 3.143).

The quantitative interpretation of 2D resistivity
dipole-dipole data involves 2D inversion using appro-
priate software such as DIPRO for windows. However,
inverted images from 2D data could suffer model
boundary deformation due to the edge effect
(Sumanovac and Dominkovic Alavanja 2007). As in
other geophysical methods, the resolution of such
images decreases with depth. The advantages of this
electrode array include its relatively high depth of
investigation, defined as 0.195 AN by Roy and
Apparao (1971), where AN is the entire spread length
(see Figure 1(b)) at any particular point in time; very
high resolution of imaging 2D vertical/or near vertical
structures (fault/fractured zones) (Stummer et al.
2004) and the possibility of inverting the 2D data set
into real 2D vertical image beneath the traverse line.

3. Assessment of the effectiveness of
integrated 1D and 2D resistivity images in
groundwater investigation

The 2D electrical imaging technique has, in recent
time, found useful applications in groundwater inves-
tigation. The inverted 2D resistivity images have been
corroborated by 1D VES interpretation models and
drillers’ borehole logs, as illustrated with few case
histories below. In all the case histories, W-GeoSoft/
WinSev 5.1 and DIPRO for Windows software were,
respectively, used for the forward modelling of 1D
VES and inversion of 2D dipole-dipole resistivity
data.

3.1. Case history |

2D  dipole-dipole  imaging was used as
a reconnaissance technique to define the basement
bedrock topography and hence the overburden thick-
ness in an area underlain by mica schist within the
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Figure 6. Geophysical data acquisition map showing 2D in-line (TR 1-5) and cross-line (TR 6) resistivity traverses and the vertical
electrical sounding locations (modified after Olorunfemi et al. 2020).

estate of Obafemi Awolowo University (OAU), Ile-Ife,
Nigeria (Olorunfemi et al. 2018). Follow-up and con-
firmatory 1D VES (V1 and V2) corroborated the 2D
resistivity images. The drilled site (VES station 2) is
located within an area with a thick weathered layer,
which was confirmed by drilling (see Figure 2). The
borehole was terminated at a depth of 60 m within the
weathered basement. The lithological log correlates
perfectly well with the VES interpretation model and
the 2D image. The borehole is productive with
groundwater yield of 1.3 I/s.

3.2. Case history Il

2D dipole-dipole resistivity imaging technique was
employed to map fractured basement in an area under-
lain by near-surface grey gneiss within OAU Ile-Ife,
Nigeria, using the characteristics of low-resistivity verti-
cal discontinuity within a high-resistivity fresh basement
host rock (Olorunfemi and Oni 2019). Confirmatory
VES was carried out to investigate the characteristics of
the 2D structure which was identified to be a fractured
basement column. This was corroborated by the driller’s
log (Figure 3). The borehole was terminated within the

VES-delineated fractured basement with a groundwater
yield of 1.5 I/s. The 2D image, VES interpretation model
and driller log show perfect correlation.

3.3. Case history Il

2D dipole—dipole resistivity imaging technique was car-
ried out across a prominent low (negative) total field
magnetic anomaly characteristic of a fault zone within
a schistose basement bedrock (Olorunfemi and Oni
2019). The suspected fault zone manifests on the 2D
image as a low-resistivity discontinuity within high-
resistivity fresh basement host rock. The structure was
confirmed with a VES as a fractured basement column
and subsequently drilled with a groundwater yield of
22 1/s. The 2D image, VES interpretation model and
the borehole lithological log show perfect correlation
(Figure 4).

3.4. Case history IV

2D dipole-dipole resistivity imaging technique was
used to identify fractured basement zone as a low-
resistivity vertical discontinuity within a high-
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resistivity fresh granite gneiss basement host rock
(Olorunfemi et al. 2020). The structure was confirmed
using the VES technique, and the VES station was
subsequently drilled with a groundwater yield of 2.0 I/
s. The borehole was terminated within the VES-
established fracture basement column. The 2D image,
VES interpretation model and the borehole lithological
log show perfect correlation (Figure 5).

4, Investigating the effect of 2D traverse
orientation relative to the azimuth of structure

The case histories outlined above demonstrate the
effectiveness and reliability of 2D images in ground-
water investigation. But for the requirement of infor-
mation on borehole depth and details of the
subsurface sequence, borehole could be sited directly
with the 2D images.

In case histories III and IV, the orientations of the 2D
image traverses were approximately normal to the azi-
muth of the suspected structure. Geological structure is
best imaged when geophysical traverses are established
normal to its trend. In other case histories, the geological
features (basement depression and fractured basement
column) that were picked were assumed to be delineated

by traverses at a high angle to the structure trend, other-
wise the image resolution would have been poor.

In a recent geophysical investigation for ground-
water development in a basement complex area
with  generally low groundwater potential
(Olorunfemi et al. 2020), a remote sensing estab-
lished regional strike-slip fault was investigated
using integrated magnetic profiling and resistivity
1D and 2D imaging techniques. Five in-line tra-
verses (TR1-5) established approximately normal
to the fault were occupied (Figure 6). In addition,
a sixth cross-line traverse (TR 6) was established
along the centre of the established fault zone
(Figure 6). The aim was to use the sixth traverse
to investigate if a cross-line (2D traverse line) will
image the fault zone with the same resolution as
displayed by the correlated five earlier in-line tra-
verses established across the structure.

4.1. 2D images acquired along in-line traverses
normal to the azimuth of investigated strike-slip
fault

The correlated 2D resistivity structures (images)
(Figure 7 and 2D) geoelectric sections (Figure 8)
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Figure 8. Correlated geoelectric sections across in-line traverses TR 1-5 (culled from Olorunfemi et al. 2020).

across the traverses identify a fault zone about
112-150 m wide with depth extent in excess of
150 m (Olorunfemi et al. 2020) as relatively low-
resistivity vertical discontinuity within a high-
resistivity fresh basement host rock (Figure 8) within
the remote sensing geo-referenced fault line that coin-
cides with the northwestern edge of the delineated
fault zone (Figure 9). In plan, the resistivity depth
slice maps generated from the 2D images also estab-
lished the fault zone as a relatively linear low-
resistivity zone which becomes more pronounced at
deep depth >50 m and whose depth extent goes

beyond 125 m (Figure 10). The geo-referenced
strike-slip fault trace also coincides with the north-
western edge of the linear low resistivity.

4.2. Cross-line 2D image parallel to the azimuth
(strike direction) of the strike-slip fault

Figure 11 shows the 2D resistivity image obtained along
a traverse parallel to the azimuth of the delineated fault
zone. VES 2B, 6B, 11B, 15B and 18B are cross-line VES
whose direction of electrode expansion is aligned par-
allel to the azimuth of fault which occupy
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Figure 9. Structure map showing correlated magnetic and resistivity anomalous zones (culled from Olorunfemi et al. 2020).

corresponding locations of in-line VES 2, 6, 11, 15 and
18 whose direction of electrode expansion is aligned
perpendicular to strike of fault. The VES stations were
located at centres of low-resistivity vertical discontinu-
ities interpreted to be indicative of a fault zone (Figure
7). Contrary to the image of a fault zone with
a significant depth extent (in excess of 150 m) exhibited
by the in-line 2D images, Figure 11 presents an image of
a near-surface intrusion-like basement rock beneath
VES 2/2B, 6/6B, 11/11B and 15/15B and a basement
depression beneath VES18/18B. The image identifies
a vertical discontinuity suspected to be another fault
zone between VES 2/2B and 6/6B. This could be a cross
fault to the established major strike-slip fault.

Figure 12(a-e) displays the depth slice resistivity
maps generated from combined in-line and cross-
line 2D images. At depth ranges of up to 25-50 m,
the depth slice maps (Figure 12(a—c)) are not signifi-
cantly different from depth slice map generated from
in-line 2D images (Figure 10(a-c)) with the geo-
referenced fault trace constituting the northwestern
edge of patches of linearly oriented relatively low-
resistivity zone. At deeper depths (>25-50 m and up
to 87.5-125 m) the in-line depth slice maps (Figure 10
(d, e)) show more diagnostic characteristic features of
the fault in continuous low-resistivity zone as against
the disjointed and discontinuous patches of low-

resistivity images of the combined in-line and cross-
line depth slice maps (Figure 12(d, e)). This distortion
arose from the poor resolution of the cross-line 2D
image at deep depth.

Figure 13(a, b) compares the 2D geoeletric sections
generated from the in-line and cross-line VES, respec-
tively, along the centre of the investigated fault zone.
Table 1 compares the geoelectric parameters of the
two geoelectric sections. Both sections identify four
subsurface layers composed of the topsoil, weathered
layer, partly weathered/fractured basement and fresh
basement bedrock. The partly weathered/fractured
basement column characterised the fault zone. The
referenced table shows deviations in estimates of resis-
tivities and thicknesses of the subsurface layers: 3-65%
(but generally <10%) and 8-62% (but generally <42%)
for the topsoil; 3-7% and 9-23% (but generally <15%)
for the weathered layer; 4-44% (but generally <17%)
and 37-78% for partly weathered/fractured basement;
30-74% deviation in depth to rock head for
a uniformly generally very resistive basement. The
relatively large variation ranges in the estimated resis-
tivties and thicknesses of the topsoil are due to the
varying heterogeneous (anisotropic) nature of the top-
soil. With the exception of the topsoil, deviation in
resistivity estimates obtained from the in-line and
cross-line VES is generally less than 20% and hence
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Figure 11. 2D resistivity structure along cross-line traverse TR 6.

within the limits of interpretation error. Deviations in
estimates of thickness at shallow depth (<10 m) are
also generally <15%. This is also reflected in the simi-
larity of the two geoelectric sections at shallow depth
(see Figure 13(a, b)). Figure 13(b) (which mirrors
Figure 11), however, shows that the significantly
thick partly weathered/fractured column in the in-
line geoelectric section was grossly underestimated
by as much as 37-78%, while the depth to basement
bedrock was underestimated by 30-74% by the cross-
line geoelectric section.

5. Discussion

This study assumes a geological model of
a homogeneous low-resistivity water-saturated fault
block with infinite strike length but finite depth extent
hosted by a more resistive fresh basement host rock.
However, variations in the degree of weathering and
fracturing and in the degree of fluid saturation, in
addition to varying depth extent of the fault zone, as
currently established, will create inhomogeneity
within the fault zone. The contrast in resistivity
between the fault zone and the host rock is required
for its delineation. In essence, therefore, to resolve
such a structure, geophysical traverses must be estab-
lished normal (or at a high angle) to the structure for
2D imaging. This may explain the poor characterisa-
tion of the fault zone by a cross-line 2D image (Figure
11). As observed by Olorunfemi and Opadokun (1987,
1989) electrical anisotropy in the basement complex
environment, due to inhomogeneity arising from geo-
logical structures such as dykes, faults, joints and folia-
tion planes, could lead to errors (deviations) in
estimates of geoelectric parameters (layer resistivities
of up to 90%) and thicknesses or depths (of up
to 68%).

Figure 14(a-e) shows the superimposed plots of
the in-line (normal alignment) and cross-line (paral-
lel alignment to the azimuth of fault) for the five VES
points located along the middle of the fault zone

(Figure 6). The superimposed VES curves show sig-
nificant overlap at short electrode spacings of up to
6-12 m for most of the VES stations after which the
curves are separated, though with significant reten-
tion in form. The overlap of both VES curves at small
electrode spacings accounts for the significant agree-
ment in both layer resistivity and thickness estimates
at shallow depth. The cross-line VES curves slightly
differ in form on the rising segment of the VES
curves due to the suppression of the confined frac-
tured basement which characterised the fault zone as
reflected in the cross-line 2D image (Figure 11). The
inflections which characterised basement fractures
on the rising segments of the VES curves
(Olorunfemi and Fasuyi 1993; Ojo and Olorunfemi
2013) are missing (suppressed) or poorly defined on
the cross-line VES curves. This makes the cross-line
VES curves to rise at higher gradients (Figure 14(a-
e)) than the in-line curves at large electrode spacings.
The similarity in form of the VES curves makes
deviations in interpreted layer resistivity values
small while suppression of the fractured basement
column led to underestimation of depths to the
fresh basement rock head, as earlier observed. For
the two orthogonal VES alignments [normal (in-line)
and parallel (cross-line)] to the azimuth of the inves-
tigated fault, deviations in layer resistivity values
were generally < 17% while thickness/depth esti-
mates deviated by as much as 30-78%, at deep depth.

6. Conclusion

The orientation of 2D traverse relative to the azimuth
(strike direction) of a fault trace significantly deter-
mines the resolution of the 2D image while the align-
ment (i.e. direction of expansion of electrodes) of 1D
VES relative to the structure azimuth defines the form
of the VES curve and leads to inconsistency (errors) in
resistivity and thickness estimates and the overall
depth estimates at deep depth. 2D structures are best
resolved with 2D resistivity images when the 2D
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and 18B along the centre of the 2D resistivity images delineated fault zone.

Table 1. Comparison of in-line and cross-line VES interpreted geoelectrical parameters

VES No INTERPRETED GEOELECTRIC PARAMETERS
Topsoil Weathered Layer Partly Weathered/Fractured Fresh Basement bedrock
Basement
Resistivity Thickness Resistivity Thickness Resistivity Thickness  Resistivity Depth to Rock
(Qm) (m) (Qm) (m) (Qm) (m) (Qm) Head (m)

2 85 1.9 26 6.2 345/58 28.3 oo 37

2B 81/242 1.1 28 7.1 288/54 17.8 L 26

6 86 0.8 71 2.6 600 102.2 ) 110

6B 68 19 76 3.2 771 239 oo 29

1" 579 1.2 93/62 6.7 618 101.1 3358 109

11B 594 13 65 8.7 560 229 oo 32

15 264 1.0 97 1.5 226/107/859 97.5 oo 100
/186

15B 289 0.9 94 13 348/77/990 27.8 oo 30

18 185 0.6 - - 701/210/375 119.4 L 120
/906

18B 331 1.6 - - 674/118/1620 454 oo 47

Deviation 3-65% but 8-62% but 3-7% 9-23% but 4-44% but 37-78% Generally 30-74%

(in %) generally <10% generally <42% generally generally unaffected
<15% <17%

traverses are established at a high angle (normal) to
the azimuth.

The case histories presented in this paper demon-
strate that structures delineated by in-line 2D images
are corroborated by in-line VES interpretation models
and confirmed by drillers’ logs, whereas the resolution
of such structure is impaired when 2D traverses are
established parallel (cross-line) to or at a low angle to
the azimuth of the structure, as shown in the distorted

and disjointed image of the investigated fault at deep
depth, in the cross-line 2D resistivity structure and the
combined in-line and cross-line depth slice maps,
respectively. For the two orthogonal VES alignment
[normal (in-line) and parallel (cross-line)] to the azi-
muth of an investigated fault, deviations in layer resis-
tivity values were generally <17% while thickness/
depth estimates deviated by as much as 30-78%, at
deep depth.
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Figure 14. Superimposed in-line (black line) and cross-line (red line) VES curves obtained along the centre of the fault zone.
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