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Abstract

This study compares the resolution capabilities different electrode arrays in
imaging 2-D earth models by employing the Finiteffdrence modeling scheme. The
software called RES2DMOD was used to generate 2ybtisetic models having a
resistive block in a conductive environment withffdrent resistivity values, three
conductive blocks in a highly resistive environmeand a high resistive dyke in
conductive environment. The synthetic data were @omninated with 6% Gaussian
noise and inverted using the RES2DINV inversion sefre. The reconstructed
resistivity values reproduced from a block of 1@n at a depth of 2.8 m by Dipole-
dipole, Pole-dipole, Wenner-schlumberger and Wen@aerays are 94.12m, 90.92m,
77.802m and 46.7Q2m respectively. For a dyke model with a resistivafy5002m, the
inverted resistivity values are 358m, 31202m, 28102m, and 291Qm respectively.
This shows that the dipole-dipole array recover am accurate resistivity value of the
block. However, the pole dipole array gives a highesolution image at deeper depth
when two blocks of different resistivity values & conductive environment along a
spread of 35 m. For the same structure, the dipdipele, pole-dipole, schlumberger
and wenner arrays gave a depth estimates with véoiaof 9.12m, 13.6m, 7.88m and
6.75m from the true value. The study shows thatalgdipole gives best resolution for
vertical structures such as dykes while the Polpale seems more efficient for this
same purpose at deeper depth. Also, Wenner arrayegilow resolution while
investigating dipping structures. Schlumberger agrawas able to image sharp
boundaries between two lithological units but givgmor results for dipping
structures.
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1.0 Introduction

The application of models in electrical methodsgebphysical prospection is a vital tool in intetptmn of electrical
responses (i.e., resistivity, conductivity, andrgeability) over target of different shapes, siaad dimensions [1]. Amongst
the earliest studies in geophysics involves the afseesistivity methods in which apparent resisfiviesponses using
theoretical models were carried out [2, 3]. Ald® techniques have been extended with succesqrahinvestigation and
the relative advantages and limitations of différdectrode being documented[4-7].

Geoelectrical surveying techniques have becomepalpochoice for shallow subsurface investigatiand has been applied
with great success to solve hydrogeological [8g@hlogical [10, 11], engineering and environmeptablems [12-14]. The
most widely used of these methods is Electricalisiggy Tomography (ERT). The importance of tharmgding density in
determining the resolution of electrode array ogunfation was carried out by [15,16]. Recent stutiage shown that by
using a large set of well-distributed and spacedsue=ments, it is generally possible to obtainlialie 2D/3D resistivity
images of the subsurface with good resolution [8](-2

Two strategies for obtaining the maximum spatialohation in electrical resistivity tomography suyseusing a limited
number of four-electrode measurement configurattmnemploying model resolution matrices and lineaependence of
the Jacobian matrix elements, the first method peed results that are nearer to optimal, but therskis several orders of
faster magnitude[26].The resolution of differerpéey of geological structure in the subsurface sanigh different types of
electrode configuration.
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The sensitivity of different kind of electrode arta noise which contaminates geoelectric dataegdriom one configuration
to another thereby influencing the resolution of timodel. A study of crosshole resistivity imaginging
somespecifiedelectrodeconfigurations was carrigdrmliconcluded thata comprehensive comparisoneahthaging abilities
of the different electrode array is needed to ustderd the geoelectric response over different ggoktructures for practical
imaging applications [27]. This suggests that addél research work is required to understand Heead these arrays so that
their characteristics can be more fully understand explored. This will also help us understandsihetial resolutions and
the noise sensitivitiesofthese different electrodsaforfieldworkdesignand aid datainterpretatiornthis way, we can predict
which features of the earth model can be resolweldvehich details cannot be resolved from the imggurveys using these
electrode arrays. Decision prior to field surveytba best electrode array that could be used witlew to imaging the
feature of interest with high resolution under mial data gathering is taken. It follows therefdratttime could be saved
and cost of geophysical survey in obtaining optinmesults reduced.

In this study, four electrode configurations naméNenner, Wenner-Schlumberger, Pole-dipole and IBidgole arrays for
imaging four different synthetic models of geol@gicelevance were considered. We assessed theiuties ability by
comparing recovered model parameter with the trodefrparameter.

1.1 Basic Theory

Solutions to the forward problem require that wewdea theoretical response based on a given sapaf parameters, using
the appropriate equations that relate the modilaaata. For electrical resistivity method, thiygical law is governed by a
second-order differential equation (Poisson’s eiquatwhich can be solved analytically or approxietatusing numerical
methods. For arbitrary resistivity distributionetRinite Difference (FD) or Finite Element (FE) ha@ues are often used to
solve the Poisson’s equation in multidimensionaksa For a 2-D earth model, it is assumed thatuhent is suppliedto the
ground by means of a pair of infinite lineelectredextending at right angles to the directionof teasurement profile and
there is no change in the conductivity distributedong the y-direction. Therefore the resistivitgiplem can be treated as
purely 2-D and can be solved easily by a finitdedd@nceevaluation of the potential field and apparesistivity curves [28].
The flow of steady electric current in a non-unifomedium containing a current source is governagtlbyequation below
[29]:

1 _ 9.2

—V. (p(x,y,z) Vu(x,y, z)) == (1.2)

When the system represented by (Equation 1.1stscted to two dimensions (x, z), then it becomes
a 1 0dv a 1 v _

E (p(x,z) E) + E (p(x,z) 5) + CI(X, Z) =0 (12)

D = q(x,2)

¥Vherep is the resistivity of the medium [ohm-mij|s the electric scalar potential [vol§,is the charge density [Ampere m
1.
The FD scheme was first developed in [29] and legroved upon in [30]. Using this scheme, the ptigd distribution in
the 2D transformed potential (Equation 1.2) cansbkred by the FD algorithm according to the diseadion-by-area
method developed in [30]. In this case, the eatiliscretized into domains using irregular meshaafes which divides the
earth into rectangular blocks each having homogenend isotropic resistivity. The semi infinite adnem was made finite
by introducing an artificial boundary and dividitlie mesh into a number of rectangular cells as shiovWrigure 1 so as to
reflect the changes in resistivity distribution aodallow for reliable estimation of the potentiifference variations across
the region. Each of these points is called an ettrokthe discretized medium and represents acatrtiross-section of the
ground The calculation of the potential distribution sdbe discretized semi-infinite rectangular grisisolved by Finite
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Figure 1: 2-D Finite Different Rectangular Mesh

An illustration of this method is shown in Figure Quppose the element P represents the locati@ncnfrrent electrode
supplyingl amperes into the subsurface such that its neigigpefements are denoted by E, W, N. and S. Simeg@oint P
represents the shaded aabad, the current density,glue to the electrode at P is given as:
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Figure2: An Element P Representing a Current Source in ar&is Model [29]
Hence, the approximated potential differer@g) at point P using central difference formu#d] is

(ﬁ) _ Vi jthgn — Vii—hwa (1.4)

axty; hg+ h,,/2

“ £t R/ Also at point (i,j-h) is given
1ov _ (t (0 o
(p aX)i,j—hW/z (p)i,j—hw/z e (Vl,] Vl,]—hw) (1.5)

Also, at point (i,j+k/)

10v _ (1 -1 N o
(P aX)i'j_'_hE/z = (p)i'j+hE/2 hE (VL_]+hE/2 171,_]) (16)
This represents the solution to the Jacobian Matrikying to approximate the non-linear of the emsion scheme. The
resistivities are discretized and interpreted asayes center of each cell. In other words, thsetfiace resistivity can be

obtained from the second order differential equmdtier performing some iterations.

2.0 Methodology

2.1 ModelingProcedure

Synthetic data computed for generic earth modetgyute RES2DMOD [32] forward modeling software eveontaminated
with 6% Gaussian noise prior to inversion. Thisdmee necessary in order to reflect field conditid®gnthetic data were
obtained using Wenner (Wen), Wenner-Schlumbergezn@®¢h), pole-dipole (PdP) and dipole-dipole (DpRphrys and
subsequently inverted the synthetic dataset wighRES2DINV [32] inversion software. The inversialgorithm that is
commonly used for regularization based on the Isgsares optimization scheme is the smoothnessragred or L,- norm
method [33]. It gives optimal results where thesuface geology exhibits a smooth variation [34]situation where a
sharp transition in the subsurface resistivityxpeeted (for instance a dyke), this scheme tendsniar out the boundaries.
Another optimization scheme is the blocky aqrriorm that tends to produce models with regions ihpiecewise constant
and separated by sharp boundaries [35]. For thidysthe l3- norm optimization method was adopted becauséoiva
models with sharp variations in resistivity whicha good choice when geological discontinuities esgected [36]. The
synthetic models used in this study represent sgawmogical structures useful for groundwater, aecihagical and
environmental studies. Summary of the parametesptad for the inversion processes is shown in Table
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Table 1: Summary of the Parameters and information useth®2D Resistivity Inversion (Modified After [37])

Initial Damping Factor 0.25
Minimum Damping Factor 0.015
Convergence Limit 1.00
Minimum Change In Absolute Error

Number Of Iterations 3-7
Jacobian Matrix Is Recalculated For First Two ltiers

Increase Of Damping Factor With Depth 1.0500
Robust Data Inversion Constrain Is Used With CdtRattor 0.05

Robust Model Inversion Constrain Is Used With Ctitfactor 0.005

Extended Model Is Used

Effect of Side Blocks Is Not Reduced

Normal Mesh Is Used

Finite Difference Method Is Used

Number of Nodes Between Adjacent Electrodes is 4

Logarithm of Apparent Resistivity Used

Reference Resistivity used is the average of Mimnaund Maximum Values

Gauss - Newton Optimization Method

2.2 Model Parameterization

2.2.1 Single Resistive Block Model

The first model is a resistive block prism of 1Q0m buried in a surrounding background of low régist value of 10Qm
half space homogenous medium (Figure 3).The bloiskmpwas positioned between the 15th and 20threlées at a depth
of 1.2 m. This model depicts block slab for dramagstem allowing water flow in less resistive nuadiclay.

Figure 3: Generic Model for a Resistive Block

2.2.2 Double Resistive Block Model

This model comprised two blocks with resistivityiggtions of 3002m and 5002m for the left and right block separately
embedded in a homogeneous medium with resistifity0d2m (Figure 4). The left block was situated betweden 10th and
14th electrodes with thickness of 2.81 m whilerigét block was set in between 20th and 24th ebelets with a thickness of
1.17 m.
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Figure 4: Generic Model for Double Resistive Block.
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2.2.3 Three Conductive Block Model
Three blocks of different dimensions and resistiait 100Qm were embedded in a conductive homogenous hatespih
resistivity of 10Qm (Figure 5). The thicknesses of the block 1, 8e81.59, 4.13, and 3.96 respectively
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Figure 5: Generic model of Three Resistive Blocks.

2.2.4 Dipping Dyke Model

A dipping dyke with resistivity of 50@2m overlain by a layer of 30Q@m, across a homogeneous medium with resistivity of
1000Qm was simulated representing a geological modehtfrated fractured zone in the subsurface (Fi§uréhe location

of dyke lies between 140-165 m along horizontaiadise.
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Figure 6: Generic Model of Dipping Resistive Dyke

3.0  Results and Discussion

The inverted 2-D resistivity models from the inverssoftware RES2DINV [32] are shown in Figureo710. Also, Tables
2 and 3 present the recovered resistivity of thelef®in comparison to the true models and the asticthpseudo-depth of
the inverted models respectively. For a resistil@clb model, the inverted model parameters using MéenWenner-

Schlumberger, Dipole-Dipole and Pole-Dipole arreyth true resistivity and thickness of 16Dm and 2.55 m buried in a
homogenous environment of resistivity @m (Figure 2) are 46.2m, 77.82m, 94.10 m and 90.02 m respectively as
shown in Figure 7. The inverted model parametengu§dipole-dipole array (Figure 7) gave the closedtie to the true

model parameter and that of the background enviemtrwhile the inverted resistivity image from Weniagray gave the
poorest representation of the block model sincebtbek model is associated with the least resistigiable 2). Moreso, for
the block model, the recovered depth ranges frath 6 for Wenner array to 13.6 m for pole-dipoleagrfTable 3). For this
model, it was observed that dipole-dipole followsdWenner-Schlumberger and Pole-Dipole almost gaveplica of the

true model whereas Wenner array gave the leastgeprtatives of the true model.
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Figure 7:2-D inverse resistivity model of Single Resistivedk images for (a) Wen (b) Sch (c) DpDp (d) PdP
Table 2: Summary Of Reconstructed Resistive For Models

Model True Reconstructed Resistivit{2m)
Res.
(Qm)
Wenner| Wenner- Dipole- | Pole-
Schlumberger Dipole | Dipole
One Block 100 46.7 77.8 94.1 90.9
Two Block 1 | 300 38.7 82.4 98.7 145
Blocks ["Block 2 | 500 30.4 82.4 95.0 | 140
Three | Block1 | 10 6.12 6.01 8.96 4.68
Blocks | Block 2 | 10 10.5 8.81 12.3 7.07
Block 3 | 10 30.5 12.9 17.0 10.7
Dyke 500 291 281 355 312
Table 3: Pseudo-Depth of the Inverted Model
Model | True Wenner | Wenner- Dipole- | Pole-
depth (m) Schlumbergen Dipole | Dipole
One 1.2 6.75 7.88 9.12 13.6
Block
Two 1.55 6.75 7.88 9.12 13.6
Blocks
Three | 0.5, 2.31,| 19.6 19.6 42.5 42.5
Blocks | 4.44
Dyke | 10 52.4 59.9 110.2 110.7

For the double resistive block model with true stgity values of 30@m and 5002m embedded in a homogenous medium
10Qm, the inverted resistivity values range betwee8.7G3m to 14%dm as shown in Figure 8 indicating that the true
resistivity values are underestimated. The recaootd resistivity values for the first and secomocks show that pole-
dipole gave the closest resistivity values of 140 445Q m respectively whilst the reconstructed resistiot Wenner array
(Table 2) gave the poorest representation of the tnodel. The estimated depth of burial of the veoed blocks like the
single block ranges from 6.75m for Wenner to 13fénpole-dipole array (Table 3).
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Figure 8:2-D inverse resistivity model of two blocks imades(a) Wen (b) Sch (c) DpDp (d) PdP

For the three conductive blocks model, the reconstd resistivity values for each electrode configfon are shown in

Figure 9 while the reconstructed resistivity valuesomparison to the true model resistivity isqeneted in Table 2. Also, it
was observed that the reconstructed resistivityegfor the three blocks are underestimated. Thig Ine as a result of the
influence of the background resistivity on the sggity of the individual blocks. However, the imed resistivity value of

the three blocks for Dipole-dipole array inversiorage is closer to the true resistivity valueshaf blocks while the inverted
image of the Wenner array gave the least valuesaXpr the third block of resistivity 502 m (Table 2). Also, for this

model, it was observed that the reconstructed klagipear deeper than the true depth of the modleldepth variation from

19.6 m for the Wenner and Wenner-Schlumberger an@ayt2.5m for both dipole-dipole and pole-dipoteags (Table 3).

The failure of the reconstructed models to be kedatxactly at the position of the true models cdwdddue to model

inadequacy a persistent problem in inversions agetmf the earth will always be inadequate esplycdihé actual geological
structures are complex [7].

Bl electrate spacing

Figure 9:2-D inverse resistivity model of Three blocks faj Wen (b) Sch (c) DpDp (d) PdP

The inverted model for the dipping dyke with a trasistivity of 500+

+ Qm overlain by a resistive top layer of 300n, in a background of 10Q@m is shown in Figure 10. The reconstructed
resistivity values for the dipole-dipole, pole-digoWenner-Schlumberger and Wenner arrays are(83853120Qm, 281
Qm, and 2910Om respectively. These range of reistivity indicdbat the true model resistivity of 500m was
underestimated (Table 2). The recovered resistfoitythe dipole-dipole array image give the clogesitivity to the model
true resistivity. This is followed by the pole- dlp array while a poor reconstructed image wasiobtdafor the Wenner
array. Although the Wenner and Wenner-schlumbepgeduce a clear image of the dike, both have distts on each side
of the dyke.
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Figure 10:2-D inverse resistivity model of Dipping Dyke fa)(Wen (b) Sch (c) DpDp (d) PdP

4.0 Conclusion

2-D resistivity modeling employing four electrodendigurations has been carried out on differenttisgtic models of
geological significance in order to compare theging capabilities of these different arrays. Thisdy reveals that all the
electrode arrays considered in this study are #bldelineate the contact between two geologic uwitere ever the
resistivity contrast is high. However, the accuratyhe position of the vertical (dyke) structuréfets for different arrays.
Thedipole-dipolearraygivesthebestrepresentation  faall models considered and gave  themostdetailed
imagesespeciallyforthedetectionofverticalstructusash as dyke intrusions.ThePole-dipole array atswes good
results comparable to the dipole-dipole arrayintiymthetic modelling.The recovered images using the
Wenner array usually has alowresolution which maitesen-efficient for detailedinvestigationofdipsttures. The
Wenner-Schlumbergerarray generally givesagoodrésnhutgives a poorresult forimaging dipping strucés
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