Journal of Physics: Conference Series

PAPER « OPEN ACCESS You may also like

] ] ] . - Very low frequency electromagnetic -

Analysis of principles of equivalence and emloy euency st ;ecfmca. res'igévn e .(TLF
. . . . . . . investigation for groundwater potential

suppression in resistivity sounding technique evaluation In s complex oeolaaical terrln

southwestern Nigeria
. . . Olawale O Osinowo and A Idowu Olayinka
To cite this article: Oluseun Adetola Sanuade et al 2019 J. Phys.: Conf. Ser. 1299 012065 Y
- A Three-dimensional Map of the
Heliosphere from IBEX
Daniel B. Reisenfeld, Maciej Bzowski,
Herbert O. Funsten et al.

View the article online for updates and enhancements. - Preliminary desian of a liquid propellant

enaine for a reusable sounding rocket
Y | Jenie, A C Asyary and R E Poetro

@The Elgctroqhgmical Society Learn More & Register

243rd Meeting with SOFC-XVIII

Boston, MA » May 28 - June 2, 2023

This content was downloaded from IP address 165.73.223.225 on 26/05/2023 at 14:28


https://doi.org/10.1088/1742-6596/1299/1/012065
https://iopscience.iop.org/article/10.1088/1742-2132/9/4/374
https://iopscience.iop.org/article/10.1088/1742-2132/9/4/374
https://iopscience.iop.org/article/10.1088/1742-2132/9/4/374
https://iopscience.iop.org/article/10.1088/1742-2132/9/4/374
https://iopscience.iop.org/article/10.1088/1742-2132/9/4/374
https://iopscience.iop.org/article/10.1088/1742-2132/9/4/374
https://iopscience.iop.org/article/10.3847/1538-4365/abf658
https://iopscience.iop.org/article/10.3847/1538-4365/abf658
https://iopscience.iop.org/article/10.1088/1742-6596/1130/1/012035
https://iopscience.iop.org/article/10.1088/1742-6596/1130/1/012035
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsthWlnBQ-aEXp2cyO8o9sSNmxmWA6HHvzmTeYex14j7pv4rYlJ8_DRXOD3kifmnZI9eRA_xkJzqB-ze5Cx1R8rF8To1ulRf_lYykNUysAGVA_Fbf7EaiY-0eIcnemOZSmOx6GJ2Cao7vfZVZ7MZB0r1DWCtOunWJePniXQ-WSP2CGOT_618aBLYhfE9KsJZWwvRZCSFjn-SB199110I4VQjTDYbDGIs75FYAWQfYhQuZIav8YBNtv-uPZRkGu6mfWxK3djFM1a1D6KWUY8DaZuc9Ks6q1vu21HaUbpAUCeDhw&sai=AMfl-YSBWNq_21O_0lTtxh_PqXbMe1-711rDadEi9_UZ6ppa9E0P1e3WvQ7R6R93UtgGLmw4m5Vpwd1UOkLr6YY&sig=Cg0ArKJSzLm1gMOzqKH6&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/243/registration%3Futm_source%3DIOP%26utm_medium%3Dbanners%26utm_campaign%3D243REG

3rd International Conference on Science and Sustainable Development (ICSSD 2019) IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1299 (2019) 012065  doi:10.1088/1742-6596/1299/1/012065

Analysis of principles of equivalence and suppression in
resistivity sounding technique

Oluseun Adetola SANUADE'*, Joel Olayide AMOSUN?, KehindeDavid
OYEYEMP, Abayomi Adesola OLAOJO*, Tokunbo Sanmi FAGBEMIGUN?
Jane Idowu FALOYO’®

'Geosciences Department, King Fahd University of Petroleum & Minerals, Dhahran,
Saudi Arabia.

*Department of Geophysics, Federal University Oye-Ekiti, Ekiti State, Nigeria
*Department of Industrial Physics, Covenant University, Ota, Ogun State, Nigeria
“Department of Earth Sciences, Ajayi Crowther University, Oyo, Oyo State, Nigeria.
’Department of Applied Geophysics, Federal University of Technology Akure,
Nigeria.

*sheunsky@gmail.com

Abstract. The principles of equivalence and suppression in resistivity sounding technique are
phenomena where different resistivity models may produce resistivity curves that are essentially the
same. The understanding of these phenomena could be of great importance in using resistivity
sounding technique for citing boreholes in places underlain by Basement Complex rocks. In such
areas, it would be difficult to identify the fractured/weathered bedrock from the sounding
interpretation. This is because the resistivity of the weathered layer is usually intermediate between
those of the adjacent layers (i.e. residual overburden) on top and the fresh bedrock below. Therefore, it
is important to analyse the problems of suppression and equivalence in resistivity sounding data for
estimating thickness and resistivity of the subsurface layers. Several resistivity models were generated
ranging from two-layer to five-layer models to investigate these phenomena. The apparent resistivity
curves were plotted for these models. The results show that the problems of suppression and
equivalence exist in resistivity sounding data. Hence, geophysicists should not make any a priori
quantitative inferences using the shape of the resistivity sounding curve.

Keywords: Equivalence, suppression, resistivity, models.

1. Introduction

The principle of equivalence in resistivity sounding is a phenomenon where different
combinations of resistivity values and the thicknesses of the subsurface layer produce the same/similar
apparent resistivity curves [1]. This is a well-known problem in the interpretation of sounding data
which could occur 1D, 2D or 3D geoelectrical sounding data. This problem has been studied in many
1D interpretations of geoelectrical sounding data [2-11]. The principle of equivalence is such that
several models produce the same results which often lead to ambiguity in Physics of 1D
interpretations because several layered models basically produce same or similar response [9-11]. For
instance, if there are layers that are conductive in between two resistive layers, in which lateral
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conductance (o) is the same, this will lead to equivalence. Also, equivalence would occur in a
situation where a resistive layer is between two conductive layers, in which they have the same
transverse resistance (py).

Moreover, the suppression principle is an essential principle which needs to be clearly
understood to properly evaluate the interpretations of resistivity sounding curves. This principle states
that, a thin layer with resistivity values that lies between the overlying and underlying resistivity
values would produce no effect on the resistivity curves [7, 10-12]; thereby such thin layers would be
missed during resistivity sounding data interpretation. In practical terms, if a thick section of shale
overlies a thin freshwater-saturated sandstone and the sandstone is underlain by the basement
complex, a resistivity sounding data in the subsurface would produce resistivity curve in which the
thin layer of sandstone would not have effect on the shape of the curve and hence would not be
detected by the resistivity method. The principle of suppression is an essential problems of resistivity
soundings for the detection of successive groundwater aquifers [7] and needs to be studied. Therefore,
an inversion solution in resistivity sounding data may not produce the geological reality [13] and
would lead to the non-uniqueness of the resistivity data interpretation [7].

More so, these principles could lead to error when the depth to the fresh basement is to be
determined [14]. The phenomena are also very important during the selection of borehole sites in areas
that are underlain by crystalline basement complex rocks. In such areas, identifying the fractured or
weathered zones from the sounding interpretation is often difficult [15]. This is because the resistivity
of the fractured zone is always intermediate between the resistivity values of the adjacent layers (i.e.
residual overburden). In this case, the fractured zone would not be identified on a resistivity sounding
curve which may partly be the reason for variations in the depth to fresh basement estimated by
resistivity sounding data and that confirmed by borehole drilling [16].

Therefore, objective of this study is to analyse the principles of suppression and equivalence
in resistivity sounding data for estimating thickness and resistivity of the subsurface layers.

2. Methodology
In this study, the principles of equivalence and suppression were analysed using the workflow
in Fig. 1.
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1. Build a three-layer model

2. Plot resistivity curve

3. Remove middle layer

4, Plot resistivity curve

5. Select a new three-layer model by changing
the thickness and resistivity of middle layer

6. Plot resistivity curve

7. Select a new three-layer model with reduction
of thickness of middle layer by a factor

8. Plot resistivity curve

9. Select a new three-layer model with reduction in resistivity contrast
between the middle layer and the overlying/underlying layer

10. Plot resistivity curves

11. Select a five-layer model with a thin middle
layer of high resistivity

12. Plot resistivity curve

Fig. 1: Workflow for the analyses of principles of equivalence and suppression

The step-by-step explanation of the workflow is given below:

1. The analysis started by selecting a three-layer model, in which the middle layer is
relatively conductive compared to the enclosing layers (Fig. 2).
2. The apparent resistivity sounding curve for the three-layer model is computed by

convolution (Ghosh, 1971), using MATLAB 2018a for a Wenner array to generate curve.
The theory involved in the computation of apparent resistivity is described in the next
section.

We removed the middle layer from the three-layer model.

The resistivity sounding curve for the model in step 3 was also plotted to
produceresistivity curve.

~ow
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5. A new three-layer model was selected with a different thickness and resistivity of middle
layer.

6. Resistivity sounding curve was generated for the model in step 5 to produce resistivity
curve.

7. A three-layer model was also selected with a reduced thickness of middle layer by a factor
of 4 or more.

8. The resistivity sounding curve for this model was then plotted to generate resistivity
curve.

9. A new three-layer model was selected with a reduction in the resistivity contrast between

the middle layer and the overlying and underlying layer.
10. The theoretical sounding curve for this model was plotted to produce resistivity curve.

11. A five-layer model with a thin middle layer of high resistivity was generated.
12. The resistivity sounding curve for the five-layer model was also plotted to generate
resistivity curve.
2.1 Theory

The resistivity sounding curves for the models were computed by convolution [17] using
MATLAB 2018a for a Wenner array.

For a 1D layered medium, the expression for the voltage from a point source of current on the
Earth’s surface (or the apparent resistivity (p,) for a surface electrode configuration) could be written
in the form of an infinite integral involving Bessel functions and a kernel function which are
dependent on the layer resistivities and thicknesses. Therefore, the expression for p, for the Wenner
array is given by equation 1 [18].

pud) = 24 | TGOU(42) = J,2AD}dA 1
0

where A is the electrode spacing, J, is the zero order Bessel function of the first kind, A is a variable of
integration with units of inverse distance and T() is the resistivity transform function, which is a
function of the thicknesses of layer H; and layer resistivitiesR;. For a sequence of E-1 layers over a
half-space Rg, the transform T, (transform of the entire section) was obtained by recursion using
equation 2.

7}' + Rj_itanh(ll‘lj_i)

T. . =
]t 1 + Tjtanh (AH]_l)
Rj—i

j=EE—-1,....2 2

with TE = RE
Equation 2 stacks layers together from the bottom layer (j=E) to the surface successively (j=2).

2.2 Convolution integral expression

The integrand in equation 1 is rapidly changing and the original method of evaluating the
integral involved a series summation involving thousands of terms [19]. However, the integral can be
cast in the form of convolution integrals and can be evaluated more efficiently by making
substitutions; that is,

A=¢; A=e”; d\ = -e”dy
Therefore, equation 1 can be transformed to equation 3.

pa() = f T(y). h(x - y)dy 3
with: -

h(u) = 2e*{J,[e"] —Jo[2e"]}4
where h(x-y) is the filter function or impulse response which was calculated through digital
convolution using equation 5.
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pi = ZT,-hi_j :ZTi—jhj 5
h; is the filter coefficients.

The present form of the solution of the integrals requires a different filter for the Wenner array. A
single monopole filter function by Davis et al. [18] was used in this study. The filter is given by
equation 6 and the monopole apparent resistivity is given by equation 7.

hGx—) = Jo(e*)e* 76
P () = f T().J, (). e* Y dy 7

The apparent resistivity for the Wenner array was computed in terms of the monopole resistivity using
equation 8 [18].

Pa (X) = 2pm (X) ~ Pm (X + l092)8
Davis et al. [18] derived a 34-point digital filter used in this study which relates values of monopole
apparent resistivity to resistivity transform functions for the specific earth model by the convolution
sum using equation 9.

j=—22

Therefore, the transform function T*(y) for Wenner array is given by equation 10.
T*(y) = 2T(y) = T(y + log2)10

where minimum and maximum values of y are given by equations 11 and 12.

Vmin = Yo—11 = —11Ax + 0.04634 11
Vmax = Yi2—(—22) = 34Ax + 0.04634 12
Therefore,
11
p;(iAx) = Z T* [(i — )Ax + 0.04634]b; 13
j=—22

3. Results and Discussion

The two layer resistivity model with layer thickness (H) = 10 m and layer resistivities of R; = 10 Qm,

R, = 100 Qm is shown in Fig. 2. The apparent resistivity curve generated for this model is shown in
Fig. 3.
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Fig. 2: A two-layer resistivity model. The upper layer resistivity is 10 Qm, while the lower layer
resistivity is 100 Qm.

Apparent Resistivity Curve
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Fig. 3: Apparent resistivity curve for a two-layer model.

For the selected three-layer resistivity model (Fig. 4), the following parameters was used to generate
the model:

H; =10 m, H, =15m, R; = 100 .2m, R, = 20 £2m, R; = 500 2m

In this model, the middle layer is relatively conductive compared to the enclosing layers (Fig. 4).
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Figure 4: A three-layer resistivity model.

The apparent resistivity curve for this model is shown in Fig. 5.
Apparent Resistivity Curve
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Fig. 5: Apparent resistivity curve for a 3-layer model.

It was noted that the resistivity curve for this model exhibit a minimum which is typical of an H-type
model (i.e. p1> p2< ps). It was observed that the values of electrode spacing (A-value) computed does
not fully capture the deeper layer as seen in Fig. 5. The position of the minimum is about two times the
depth to the conductor. At small electrode spacing, p, values correspond to the true resistivity of the
top layers while at large electrode spacing, p, values correspond to the true resistivity of the bottom
layer (Table 1).

Table 1: Computed electrode spacing versus apparent resistivity for the 3-layer model
Electrode Spacing | Apparent Resistivity (Qm)
1 99.947
1.47 99.855
2.15 99.570
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3.16 98.723
4.64 96.379
6.81 90.685
10.00 79.599
14.68 64.332
21.54 52.468
31.62 52.954
46.42 67.545
68.13 92.635
100.00 126.156
146.78 167.926
215.44 217.181
316.23 271.515
464.16 326.821
681.29 378.061
1000.00 420.769

A new resistivity model was generated (Fig. 6) by changing the thickness (H,) and resistivity (R,) of
the middle layer as thus:
Hy=10m, H’, =30 m, R; =100 2m, R’, = 40 £2m, R; = 500 £2m
Resistivity Model .m
500
450
400
350
300

250

200
60 150

70 g 100

| L I L | L 4 50
10 20 30 40 50 60 70 80
Distance (m)
Fig. 6: A new 3-layer resistivity model with different values of thickness and resistivity of

intermediate layer.
The apparent resistivity curve is shown in Fig. 7. It was observed that the resistivity curve

also exhibit a minimum

_80 i



3rd International Conference on Science and Sustainable Development (ICSSD 2019) IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1299 (2019) 012065  doi:10.1088/1742-6596/1299/1/012065

Apparent Resistivity Curve
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Fig. 7: Apparent resistivity curve for a 3-layer case with different values of thickness and resistivity of
middle layer.

Comparing the resistivity curve in Fig. 5 with the curve in Fig. 7, it was observed that
despite a different resistivity value of middle layers for the two models, the curves are graphically the
same. In these two cases, a conductive layer lies in between two resistive layers, therefore, it might
only be possible to estimate the layer conductance, i.e., the thickness divided by the resistivity is
constant for the middle layer. Hence a conductive layer and a layer with the double resistivity and
double thickness produce equal responses (principle of equivalence leading to ambiguity in 1D
geoelectrical interpretation).

However, a new 3-layer model was selected with reduction of thickness of intermediate layer
by a factor of 4 as seen in Fig. 8a. It was observed from the resistivity curve in Fig. 8b that as the
thickness of the intermediate has decreased by a factor of 4 and keeping all other parameters fixed, the
minimum exhibited in the resistivity curve disappears i.e. the middle layer is no longer evident on the
apparent resistivity curve and a two-layer case resistivity is observed. This is called the problem of
suppression in resistivity sounding i.e. thin layers that have higher resistivity contrast would be
detectable, but with equivalence limits resolution of boundary depth.
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Fig. 8a: Resistivity model for a 3-layer case with thin intermediate layer.
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Fig. 8b: Apparent resistivity curve for a 3-layer case after reducing the thickness of the intermediate
layer by a factor of 4.

Furthermore, the resistivity contrast between the middle layer and the overlying layer was
reduced to R; = 100 Qm, R, = 80 Qm, and it was observed that the principle of suppression still occur
i.e. thin layer of small resistivity contrast with respect to background would be omitted (Fig. 9a). Upon
reducing the resistivity contrast between the middle layer and the underlying layers, (Fig. 9b) to R, =
400 Qm, R; = 500 Qm, the problem of suppression still persist, although at different electrode
spacing.

10
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Apparent Resistivity Curve
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Fig. 9a: Apparent resistivity curve after reducing the resistivity contrast between the intermediate layer
and overlying layer
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Fig. 9b: Apparent resistivity curve after reducing the resistivity contrast between the intermediate layer
and underlying layer.

The implications of the above in practical term are that, a thin freshwater-saturated sandstone
overlain by a thick layer of shale and underlain by the basement complex would contribute
insignificantly to the resistivity sounding curve; hence, resistivity sounding method would not be able
to detect the thin sandstone. Also, any increase in the thickness of the freshwater-saturated sandstone
will not be distinguishable from a change in thickness or resistivity of the shale. These problems also
occur when using resistivity sounding to detect successive groundwater aquifers [7].

Moreover, a 5-layer model (Fig. 10) was selected and its apparent resistivity curve was plotted. The
multilayer model include a target horizon of high resistivity (e.g. a coal layer) in the buried sequence
with the following parameters:

H;=10m,H,=15m,H; =5m, H; =20 m; R; = 100 2m, R, = 200 £2m, R; = 2000 .2m, R4 = 400
£2m, Rs =300 2m.

11
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Resistivity Model
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Fig. 10: A 5-layer model. The third layer is highly resistive typical of a coal layer.

The apparent resistivity curve is shown in Fig. 11. It was observed that the high resistivity coal layer is
insignificant in the resistivity curve. This means that a thin target (i.e. high resistivity coal seam) at a
given depth is not detectable by resistivity sounding. The resistivity of the intermediate layer was put
at 2000 Qm but it is not detectable by sounding (Fig. 11, Table 2).

Apparent Resistivity Curve
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Fig. 11: Apparent resistivity curve for a 5-layer model.

Table 2: Electrode spacing versus apparent resistivity for a 5-layer model
Electrode Spacing Apparent Resistivity

1.00 100.028
1.47 100.090

12
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2.15 100.283
3.16 100.864
4.64 102.518
6.81 106.807
10.00 116.434
14.68 134.499
21.54 163.006
31.62 201.665
46.42 246.001
68.13 286.592
100.00 313.658
146.78 323.493
215.44 320.548
316.23 313.129
464.16 306.968
681.29 303.375
1000.00 301.581
1467.79 300.731
2154.43 300.333
3162.28 300.147
4641.59 300.063
6812.92 300.026
10000.00 300.011

4. Conclusions

It has been shown from this study that geophysicists should not make any a priori quantitative
inferences using the shape of the resistivity sounding curves. This is because two different resistivity
models may produce resistivity curves that are essentially the same due to the problems of equivalence
and suppression. Understanding these two phenomena would be of use when using resistivity
sounding technique for citing boreholes in places underlain by Basement Complex rocks. It would be
difficult to identify the fractured/weathered bedrock from the sounding interpretation in such terrain.
This is because the resistivity of the weathered layer is usually intermediate between those of the
adjacent layers (i.e. residual overburden) on top and the fresh bedrock below. The weathered layer
would not be identified on the vertical electrical sounding (VES) curve which may partly be the reason
for variations in the depth to bedrock estimated by resistivity sounding interpretation and that
confirmed by borehole drilling. To reduce such ambiguity, it is advisable to integrate resistivity
sounding data with other geological or geophysical methods to determine the geometries and sizes of
features to be investigated or rather combine interpretation of electrical resistivity data with
electromagnetic data.
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