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ABSTRACT

The geoelectrical method, particularly the vertical resistivity technique, is extensively utilized in numerous studies,
especially for groundwater exploration and analysis. Predominantly, the Schlumberger (SC) array is employed in these
applications. This study seeks to identify an alternative electrode configuration for delineating subsurface features and
to effectively compare various electrode arrangements within the one-dimensional (1D) technique. In addition to the
SC array, this research evaluates the classical Wenner Alpha (WA), Wenner Beta (WB), and dipole-dipole (DD) arrays.
Over a measurement length of approximately 100 meters, the WB and SC arrays demonstrated preferable delineation of
subsurface properties compared to the others. These arrays exhibited enhanced performance in signal strength, vertical
sensitivity and resolution, and depth of investigation. Therefore, in addition to the SC array, the WB array serves as a
viable alternative for vertical geoelectrical surveys. Nonetheless, further studies with extended measurement ranges are
necessary to confirm these findings and assess their applicability in larger-scale surveys.

Keywords: geoelectrical method, vertical resistivity
technique, Schlumberger, Wenner Alpha, Wenner Beta,
dipole-dipole.

Estudio comparativo de matrices geoeléctricas verticales para delinear caracteristicas bajo la superficie

RESUMEN

Los métodos geoeléctricos, particularmente el sondeo eléctrico vertical, se utilizan ampliamente en diversos estudios,
especialmente en la exploracion y analisis de aguas subterraneas. La matriz de Schlumberger predomina en estas apli-
caciones. Este estudio busca identificar una configuracién de electrodos alternativa para delinear las caracteristicas bajo
la superficie y para comparar efectivamente varias configuraciones de electrodos dentro de la técnica unidimensional.
Ademas de la matriz de Schlumberger, este articulo evalta las clasicas matrices de Wenner Alpha, Wenner Beta y dipo-
lo-dipolo. En una medicion de aproximadamente 100 metros de longitud las matrices de Wenner Beta y de Schlumberger
mostraron delineaciones preferibles de propiedades bajo la superficie en comparacion con las otras. Estas matrices mos-
traron desempeiio mejorado en fortaleza de sefial, sensibilidad vertical y resolucién y profundidad de la investigacion.
Ademas de la matriz de Schlumberger, la matriz de Wenner Beta sirve como una alternativa viable para los sondeos
verticales geoeléctricos. Sin embargo, se necesitan estudios con mayores rangos de medida para confirmar estos hallazgos
y medir su aplicabilidad en sondeos a mayor escala.

Palabras Claves: método geoeléctrico; técnica de
resistividad vertical; Schlumberger; Wenner Alpha;
Wenner Beta, dipolo-dipolo
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1. Introduction

Over the past decades, numerous studies have employed the geoelectrical
method to investigate the Earth’s subsurface. This technique measures potential
differences between two electrodes resulting from electrical currents passing
through the subsurface (Dentith & Mudge, 2014; Lowrie, 2007; Reynolds,
2011). The electrical resistivity is determined using the inversion method, a
key subsurface property that can subsequently be interpreted to infer various
geological features. For instance, geoelectrical methods can provide insights into
landslide-prone areas (Rezaei et al., 2018), fractured zones (Ojo et al., 2011),
underground cavities (Amini & Ramazi, 2017; Farooq et al., 2012), and weak
geological zones (Al-Saady et al., 2022). Additionally, this method is widely
recognized for its applications in natural resource exploration, including mineral
prospecting (Antosia et al., 2021; Arifin et al., 2019; Farduwin et al., 2021;
Fernandes et al., 2018) and groundwater surveys (Adeyemo et al., 2017; Ariyo et
al,, 2011; Bassey et al., 2019; Fajana et al., 2019; Genedi et al., 2021; Lucy et al.,
2016; Metwaly et al., 2012; Pangaribuan et al., 2017; Rizka & Satiawan, 2019).

A noteworthy aspect of the geoelectrical method in groundwater studies
is the application of the one-dimensional (1D) vertical resistivity technique,
commonly referred to as vertical electrical sounding (VES). The majority of
these studies utilize the Schlumberger array (Adeyemo et al., 2017; Ariyo et
al., 2011; Bassey et al., 2019; Fajana et al., 2019; Genedi et al., 2021; Metwaly
et al., 2012; Pangaribuan et al., 2017; Rizka & Satiawan, 2019), while only
a few adopt the Wenner configuration (Adeyemo et al., 2017; Lucy et al.,
2016). However, as outlined by Dentith & Mudge (2014), Lowrie (2007), and
Reynolds (2011), numerous other electrode configurations, including Wenner,
dipole-dipole, and pole-pole arrays, can also be implemented beyond the
Schlumberger arrangement.

Another important observation is that most studies focus on applying
these configurations (other than Schlumberger) for subsurface profiling
using two-dimensional (2D) methods, where various electrode arrays are
compared. For example, Dahlin & Zhou (2004) numerically analyzed the
resolution and efficiency of different electrode arrays in resistivity profiling
surveys. Additionally, standard arrangements such as Wenner Alpha, Wenner-
Schlumberger, and dipole-dipole arrays have been compared in various contexts,
including the detection of underground cavities (Amini & Ramazi, 2017),
investigation of buried concrete pipes (Abdul-Nafiu et al., 2013) or tunnels
(Hassan et al., 2018), identification of bedrock over buried waste (Guedes et
al., 2020), and characterization of pollutant infiltration in unconfined aquifers
(Moreira et al., 2016). Among these classical electrode arrays, the dipole-dipole
array is often preferred due to its sensitivity in representing subsurface targets.
Also, it has a deeper depth of investigation (Szalai et al., 2009).

Conversely, limited studies were comparing vertical geoelectrical
configurations. Alao et al. (2019) and Fajana et al. (2019) contrasted the
Schlumberger array with its modifications in depicting subsurface information.
Furthermore, Adeyemo et al. (2017) compared Wenner Alpha and Schlumberger
arrays based on their output thickness measurements. Arnaut et al. (2022)
simulated and conducted geoelectrical measurements using Wenner Alpha,
Beta, and Gamma arrays to identify, quantify, and reduce lateral effects. Szalai
et al. (2009) also studied the depth of investigation and vertical resolution from
several arrays.

Given these observations, a comparative study of conventional
electrode arrays for vertical geoelectrical surveys is essential to evaluate their
effectiveness for shallow investigation. This study compares the Wenner Alpha,
Wenner Beta, Schlumberger, and dipole-dipole configurations. Additionally, it
aims to elucidate why the Schlumberger array is predominantly used in vertical
geoelectrical surveys and explore the potential of other arrangements in the 1D
method for describing subsurface resistivity properties.

2. Material and methods

The vertical geoelectrical method (or VES) aims to provide a vertical
distribution of electrical resistivity as a function of depth below the Earth's
surface (Dentith & Mudge, 2014; Lowrie, 2007; Reynolds, 2011). Typically,

the electrode configurations assessed in this study include Wenner Alpha
(abbreviated as WA), Wenner Beta (WB), Schlumberger (SC), and dipole-
dipole (DD) arrays. Each primary array consists of four electrodes: two
current electrodes (4 and B) to inject electrical current into the subsurface and
two potential electrodes (M and N) to measure the potential difference (AV)
resulting from the injected current (/). The resistance (R) is calculated using the
following formula:

T M

To determine the observed apparent electrical resistivity (p,), the
measured resistance (R) is normalized by a geometrical factor (k), as described
by Dentith & Mudge (2014), Lowrie (2007), and Reynolds (2011):

p,= kR @)

wherep_is the observed resistivity (all units are in the International System).

Figure 1. Electrode configuration, (a) Wenner Alpha (WA), (b) Wenner Beta (WB),
(c) Schlumberger (SC), and (d) Dipole-dipole (DD)
(adapted and modified from Loke, 2023).

Figure 1 illustrates the electrode positions for each array configuration.
The geometrical factor (k) in Equation (2) can be derived from the electrode
positions, and the general expression for it is:

11 1Y
g :2”(/\"“{, _x‘ 7 - 3 * ] (3)
withx, ,x

- op Xan > X5, » and x, are the electrode spacing of AM, AN, BM, and
BN, (all units are in the International System).

From Figure 1, it can be observed that the WA array has the same
electrode arrangement as the SC array: A-M-N-B, similar to the WB array,
which is equivalent to the DD array (arrangement: 4-B-N-M ). The differences
lie in the electrode intervals. WA and WB arrays maintain an equal distance
between their electrodes, denoted as “a,” whereas SC and DD arrays have
similar electrode spacing with specific conditions:

1. Schlumberger (SC) Array: In the SC array (see Figure 1(c)), the dis-
tance of AM must be greater than MN

X > X

AM

@

1 1
() =5 () > i

(5)
1 3
E(«"4s)>§(xm) (6)
hence,
b>3a 7
witha>0and b> 0.
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2.  Dipole-Dipole (DD) Array: In the DD configuration (Figure 1(d)), the
AB interval must be smaller than BN

b<3a ®)

with a >0, 5> 0, and b > a, so Equation (8) can be rewritten as follows,

a<b<3a )

(all units are in the International System).

Additionally, based on Figure 1 and Equation (3), the geometrical
attribute of each configuration can be expressed as follows:

k= 2ma (10)

k,, = 6ma (11)
b2 —q?

ke =n[ o j (12)

a+b
kpp =47mb((a—b)2j (13)

where &, k. k., and k,  are the attributes for WA, WB, SC, and DD in
sequence (all units are in the International System).

The field data acquisition process for obtaining observed resistivity in
the 1D method involves measuring data from a short interval and gradually
increasing the electrode spacing from the central point “O” towards both the
right and left sides. This approach applies to all electrode configurations used in
the vertical geoelectrical method. In this study, the maximum electrode spacing
from the midpoint is 48 meters, located in the northern yard of the Engineering
Laboratory Building 3 at the Sumatera Institute of Technology (Figure 2).

To analyze the subsurface resistivity variation vertically, the study
utilizes Progress v3.0 software, which processes all types of electrode arrays
in the vertical geoelectrical method (Antosia et al., 2022). The software’s
data processing follows the workflow illustrated in Figure 3. Users are only
required to input the field-observed resistivity data and an initial vertical
subsurface resistivity model, which is derived from analyzing the curve
pattern in Figure 4. The software then automatically and iteratively performs
forward and inverse modeling until the error converges, ultimately generating
the final resistivity and depth models.

Figure 2. Measurement map of vertical electrical sounding.
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Figure 3. General flowchart of geoelectrical data processing
(Aziz, 2012; Hubbard, 2009).
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Figure 4. Theoretical three-layer sounding curves (Lowrie, 2007).
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Table 1. Field vertical geoelectrical data acquisition.

L Wenner Alpha (WA) Wenner Beta (WB) Schlumberger (SC) Dipole-dipole (DD)
(m) a(m) | ImA) [AV@mV)| a@m) | ImA) [AVmV)| a@m) | ImA) [AymV)| a@m) | ImA) | AVmv)
1.5 1.0 21.14 127.20 1.0 65.16 119.89 0.5 56.67 346.45 0.5 45.10 83.25
3.0 2.0 43.47 173.56 2.0 52.32 58.04 0.5 59.42 116.42 2.0 190.17 22.53
4.5 3.0 39.04 124.40 3.0 39.24 33.22 0.5 52.59 54.93 3.5 694.35 26.90
0.5 45.87 30.17
6.0 4.0 31.51 82.94 4.0 48.59 37.17 20 45,58 12212 3.0 241.15 73.10
7.5 5.0 33.55 76.97 5.0 43.35 31.01 2.0 51.22 91.93 45 242.93 35.51
9.0 6.0 45.73 91.97 6.0 47.63 31.30 2.0 48.94 62.26 6.0 262.79 20.35
12.0 8.0 50.22 79.21 8.0 35.93 20.64 2.0 51.98 38.32 9.0 994.59 25.38
15.0 10.0 45.67 57.86 10.0 43.96 21.22 2.0 46.20 21.00 9.0 1205.73 93.94
18.0 12.0 34.83 34.67 12.0 50.21 20.64 2.0 155.86 44.75 12.0 776.29 31.40
21.0 14.0 194.20 23.73 14.0 58.79 20.95 2.0 182.70 33.57 15.0 1233.09 26.41
24.0 16.0 52.02 32.33 16.0 160.38 48.03 2.0 162.02 20.66 18.0 1320.95 13.02
27.0 18.0 117.54 61.21 18.0 162.71 41.01 2.0 285.42 26.03 18.0 1356.63 23.53
2.0 511.29 33.89

30.0 20.0 231.72 30.06 20.0 159.48 33.48 40 505.20 68.34 21.0 1307.45 10.98
33.0 22.0 266.01 58.37 22.0 206.77 37.06 4.0 1013.99 97.80 21.0 1206.99 14.85
36.0 24.0 220.55 65.06 24.0 206.97 31.42 4.0 766.52 55.30 21.0 1225.72 19.01
39.0 26.0 924.89 17.14 26.0 205.71 26.28 4.0 868.45 44.94 24.0 1063.61 9.61
42.0 28.0 540.73 89.68 28.0 284.15 28.02 4.0 797.64 24.46 21.0 1227.66 12.50
45.0 30.0 542.25 92.88 30.0 302.63 27.05 4.0 751.28 22.03 24.0 1035.46 13.13
48.0 32.0 486.78 74.44 32.0 297.23 23.54 4.0 740.18 17.94 24.0 748.88 22.23

where “a” refers to Figure 1 for each electrode arrangement, L is x /2 for WA and x, /2 for WB, L = b for SC and DD.

3. Results and discussion

A. Field Measurement and Data Acquisition

Field measurements were conducted using the ARES instrument from

parameters were standardized across all arrays, including a maximum power of
600 W, four data stackings, and a minimum measured potential of 20 mV. The
electrode distance (L) from the midpoint to the outer electrode was consistent
for all arrays. Table 1 summarizes the field data acquisition for the vertical
geoelectrical technique.

GF Instruments to compare each electrode configuration. The data acquisition
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Observations:

1. Current (/): the injected current increases with electrode distance across all
arrays to maintain the minimum voltage reading of 20 mV (Figure 5(a)).

2. Voltage difference (AV): the potential response decreases as the distance
between the current and potential electrodes increases (Figure 5(b)).

3. Dipole-dipole (DD) array: several voltage values did not achieve the min-
imum setting for L > 27 m despite a higher injected current than other
configurations. This indicates challenges in maintaining voltage readings
over larger distances with the DD array (see Figure 5(a)).

4. Schlumberger (SC) array: maintains better potential readings as the
electrodes remain within 4B the perimeter, reducing voltage attenuation
(Figure 5(b)).

5. Wenner Alpha (WA) array: demonstrates more stable voltage readings
due to consistent electrode spacing (Figure 5(b)).

Figure 5. Measured electrical parameters over the electrode distance “ L,”
(a) current, and (b) voltage difference.

B. Quantitative Analysis of Electrode Configurations

To substantiate the claims regarding the arrays’ performance, specific
quantitative metrics were analyzed:

1. Average electrical current and voltage

The initial analysis involves computing the average value of the raw data
from Table 1, and the results are shown in the following table.

Table 2. The average value of electrical current and voltage for all arrays.

These observations reinforce the earlier explanation that WA demonstrates
greater stability and consistency in measuring voltage response, indicating
superior signal strength. For clarity, the signal strength is categorized into three
levels: high, moderate, and low. Consequently, WA falls into the high category,
followed by WB and SC with moderate strength, while DD has the lowest.

2. Apparent resistivity calculations

Using Equations (1), (2), and (10)-(13), the resistivities for each electrode

configuration were calculated and plotted, presented in Figure 6.

a.  Apparent resistivity trends: all configurations show similar trends, fluc-
tuating resistivity values as electrode spacing increases. However, the DD
array exhibits more variability, suggesting lower reliability in resistivity
measurements (Figure 6(a)).

b. Cumulative apparent resistivity: the cumulative resistivity plot clearly
highlights deviations. The WB, SC, and DD arrays show more consisten-
cy compared to WA and follow a similar increasing pattern (Figure 6(b)).

Figure 6. Observed data over electrode spacing “L,” (a) apparent resistivity, and (b)
cumulative apparent resistivity.

3. Modeling and inversion

Next, the output comparison was performed by processing data through
the Progress v3.0 software. Erenow, the initial model must be inserted into the
software. It was determined by curve pattern analysis in Figure 4. Based on the
observed curve in Figure 6(a), the resistivity model may composite two curve
shapes, “K” and “Q” types. It contains four resistivity layers with the following
conditions, p, < p,>p,>p,, where p,, p,, p,, and p, are resistivity estimations at
the first, second, third, and fourth layers in sequence. Its initial model is shown

Parameter WA WB SC DD in the followine tabl
1(mA) 20641 | 13006 | 342.81 | 862.08 1 the foflowing fable.
AV (mV) 73.35 36.31 65.39 30.40 Table 3. Initial resistivity and depth models.
The ratio / of and AV 2.81 3.58 5.24 28.36 Layer Depth (m) Resistivity (ohm.m)
1 0 30

a.  Current ratio: the WA requires approximately 2.81 mA to achieve the 2 15 100

same voltage reading as DD, indicating higher efficiency in current usage. 3 10 50
b.  Voltage response: the WA exhibits a more stable and higher voltage re- 4 30 20

sponse than DD, which shows the lowest voltage readings.




86

Risky Martin Antosia

Figure 7. Data processing result: (a) WA, (b) WB, (¢) SC, and (d) DD.

The generated outputs of each array from the software are displayed in

Figure 7. Their results are generally identical, except in the DD, the resistivity

value in the fourth layer becomes higher than in the third layer; its curve pattern
is changed to the “KH” type.

a.

b.

WA and WB arrays: display more stable and consistent resistivity pro-
files that align with geological expectations.

SC array: shows slight variations but maintains consistency in resistivity
measurements.

DD array: exhibits fluctuating resistivity values, particularly in deeper
layers, indicating potential inaccuracies.

The results in Table 4 represent the final models of the vertical resistivity

properties beneath the earth’s surface in the study area, accompanied by the
following explanation:

a.  Layer 1: consistent resistivity across all arrays, indicating reliable detec-
tion of the near-surface layer.

b. Layer 2: all arrays show high resistivity values with lower standard devi-
ations, indicating more reliable measurement. However, the deviation for
depth value is the highest.

c¢.  Layer 3: the WA and DD arrays exhibit lower resistivity values, suggest-
ing less consistency, possibly leading to geological misinterpretations.
The depth of this layer tends not to vary across configurations.

d.

Layer 4: the WA and DD arrays have similar resistivity values, as do WB
and SC. This similarity may lead to the same geological interpretation.
Besides, DD exhibits greater depth penetration, aligning with the findings
of Szalai et al. (2009). Therefore, it can be concluded that DD has the
highest depth of investigation, WA has the lowest, and the remaining two
arrays fall within a moderate depth range.

Table 4. Subsurface resistivity and depth estimation for all electrode arrangements.

WA WB SC DD Mean

E | E| 8| E| | E| B | E|E|E &
-

= E|s| E|s| E = | E|=| E| | E
a2l e a|l e a| e = S|l alel al e
gl =&l =8| =& =8| =& =
0.00 | 33.54]0.00 | 33.01 [ 0.00 | 33.92| 0.00 |35.62|0.00| 0 |34.02|2.87
2.20 (188.33| 3.27 |206.75| 1.43 |139.45| 1.05 [117.04| 1.99 |42.69(162.89|22.18
6.74 1 16.42 | 8.61 | 41.48|9.01 [24.74| 7.81 | 6.10 | 8.04 |10.78|22.19 |58.37
14.96] 13.07 |21.99| 8.83 |18.75| 7.46 |29.42 | 17.47|21.28|24.99| 11.71 |33.46

4. Convergence analysis

The convergence of the inversion process was evaluated using the RMS

misfit values. It is shown in Figure 8.

a.

WB array: lowest RMS misfit, indicating the best fit between observed
and modeled data.

SC array: moderate RMS misfit, still within acceptable ranges.

WA array: higher RMS misfit than WB and SC but within acceptable
limits.

DD array: highest RMS misfit, suggesting less accurate modeling.

Figure 8. Convergence RMS error for all configurations.

5. Subsurface geological interpretation

The subsurface rock features are obtained and referred to in the study of

Rizka & Satiawan (2019) because of the same geological formation. As a result,

the particular configuration has a different delineation (Table 5).
a.

b.

Near-surface layers (layers 1-2): consistent interpretation across all arrays.
Intermediate layers (layer 3): the WA and DD arrays interpret the third

layer as tuffaceous clay, whereas WB and SC arrays interpret it as tuffa-
ceous sand.
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c.  Deep layers (layer 4): all arrays consistently interpret the fourth layer as
tuffaceous clay, although there is a discrepancy in resistivity values.
These disparities, particularly in layer 3, may be attributed to the DD
array’s lower signal strength and higher variability, as well as potential
horizontal property influences in the WA array. The WB and SC arrays provide
more reliable interpretations due to their consistent resistivity measurements
and lower variability.

Table S. Estimating subsurface geological properties refers to Rizka & Satiawan

(2019).
WA WB SC DD
E g E 2 E 2 ) 8
E| B | B 5| B B B
- g 2 |2 % | 2] %

a ~ a ~ a &~ a =~
33.54 Tuffaceous 3301 Tuffaceous 33.02 Tuffaceous 35.62 Tuffaceous
sand sand sand sand

188.33 |Tuff 206.75 |Tuff 139.45 |Tuff 117.04 |Tuff

16.42 Tuffaceous 4148 Tuffaceous 2474 Tuffaceous 6.10 Tuffaceous
clay sand sand clay

13.07 Tuffaceous 283 Tuffaceous 746 Tuffaceous 17.47 Tuffaceous
clay clay clay clay

6. Sensitivity and resolution analysis

Szalai et al. (2009) stated that high resolution generally means sensitivity
is concentrated in a smaller depth, while high sensitivity often extends deeper
but with lower resolution. A previous study by Abbas (2017) reported that WA
has the highest resolution while DD has the lowest (Figure 9). Therefore, based
on this study, it can be concluded that::

a.  Resolution capacity: the WA array offers the highest vertical resolution,
followed by SC and WB arrays. The DD array has the lowest resolution,
limiting its effectiveness in accurately delineating subsurface layers.

b.  Sensitivity patterns: this parameter contrasts with the previous one,
meaning the DD array demonstrates the highest vertical sensitivity, allow-
ing for improved detection of deeper subsurface features. The SC follows
it, while the WB array exhibits moderate sensitivity, and the WA array has
the lowest sensitivity.

Figure 9. Sensitivity pattern diagram (Abbas, 2017).

Based on this study’s analysis, four key parameters are considered
when selecting an electrode arrangement for vertical geoelectrical surveys:

signal strength, vertical sensitivity, resolution, and the representative depth
of investigation. Overall, as shown in Table 6, WB and SC perform better in
delineating the subsurface properties than the other two. This study testifies
that the Schlumberger (SC) array is the most widely used in the 1D method.
Moreover, a viable alternative electrode mode can be considered a vertical
geoelectrical array, Wenner Beta (WB).

Table 6. Vertical geoelectrical parameters of each electrode configuration.

Parameter WA WB SC DD
Signal high moderate moderate low
strength
Vertical .
¢ . 1.c§ low moderate moderate high
sensitivity
Vertical .
¢ IC? high moderate moderate low
resolution
Depth of .

. ep. 0. low moderate moderate high

investigation

Conclusion

This study analyzed the performance of different electrode configurations
in the vertical resistivity method to assess their effectiveness in delineating
subsurface features. Four configurations were evaluated: Wenner Alpha (WA),
Wenner Beta (WB), Schlumberger (SC), and dipole-dipole (DD).

1.  Wenner Beta (WB) and Schlumberger (SC) arrays: demonstrated
better performance in all parameters. Additionally, these arrays exhibited
lower standard deviations in resistivity measurements, indicating higher
reliability and consistency.

2. Wenner Alpha (WA) array: showed above-average performance in
signal strength and vertical resolution but had lower vertical sensitivity
compared to other arrays. Despite some variability in resistivity measure-
ments, the WA array maintained stable voltage readings.

3. Dipole-Dipole (DD) array: while sensitive vertically and effectively rep-
resenting subsurface resistivity, it required more power and exhibited sig-
nificant discrepancies in resistivity patterns, particularly in deeper layers.
This led to potential geological misinterpretations, making it less reliable
for accurate subsurface delineation.

Overall, the WB and SC arrays proved more effective for 1D resistivity
surveys due to their enhanced performance metrics. However, the study’s
limitation to a 100-meter measurement length necessitates further research with
extended ranges to confirm the scalability and generalizability of these findings.
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