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Abstract: The selection of a choice electrode is pertinent to attenuating noise and im-
proving geophysical tomographic inversion results. Besides, the detailed understanding
of the geodynamic condition of subsurface formation is crucial to sustainable potable
groundwater abstraction. Hence, the subsurface lithostratigraphic units and groundwa-
ter potential of two sites (i.e., Site 1 and Site 2) within the Universiti Sains Malaysia
were evaluated using borehole-constrained electrical resistivity tomography (ERT) and
induced polarisation (IP) tomography. Both methods employed the resolution capacities
of stainless-steel and copper electrodes at dual-spacing. The ERT and IP field data and
inversion results for copper electrodes were generally robust due to the generated higher
positive data points and lower RMS errors, percentage relative differences, and mean ab-
solute percentage errors (MAPE) than the stainless-steel electrodes, especially at Site 1
with a profile length of 200 m and an electrode spacing of 5 m. However, both electrodes
tend to produce inversion models with almost the same parameters at Site 2, using half
the profile length and electrode spacing of Site 1, i.e., 100 m and 2.5 m, respectively.
Thus, the sensitivities and resolution capacities of the tomographic electrodes are heavily
influenced by electrode spacing, profile length, amount of injected current, and depth of
investigation. The borehole lithostratigraphic units, typically sandy silt, sand, and silty
sand, have good correlations with the ERT and IP inversion results. The variability in
observed resistivity and chargeability values were due to heterogeneous weathered materi-
als and saturating water fills within the fractured and deeply-weathered granitic bedrock,
with <200 Qm and a chargeability of >1.8 msec. The models’ median depth of >40 m
mapped for the weathered and/or fractured sections was suggestive of high groundwater-
yielding capacity in boreholes to sustain a part of the university community. However,
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intended boreholes in the study area must be designed to prevent silt precipitation, which
is considered a potential threat to potable groundwater and transmissivity since some
sections are characterised by silt with little or no sand.

Key words: Electrical resistivity tomography (ERT), induced polarisation (IP) to-
mography, copper and stainless-steel electrodes, lithostratigraphy, groundwater, Penang
Malaysia

1. Introduction

Understanding lithostratigraphic conditions, such as the nature of soil con-
stituents, soil textures, pore spaces, thicknesses of weathered profiles, frac-
ture density, water saturation, and fracture connectivity, among others, is
necessary for the exploration of groundwater in sustainable quantities in
any geologic terrain, particularly crystalline basement terrain. This is be-
cause the abundance of groundwater accumulation is localised in a Basement
Complex terrain due to litho-structural dynamics of the near-surface strata
and bedrock architecture (Barker and Moore, 1998; Storz et al., 2000; Sou-
pios et al., 2007; Bery and Saad, 2012; Binley et al., 2015; Tremsin, 2017;
Gao et al., 2018; Akingboye et al., 2019; Akingboye and Osasuwa, 2021;
Rucker et al., 2021). Generally, groundwater is considered the safest source
of freshwater existing in geologic formations and plays the most important
role in man’s life and socio-economic development. Groundwater is utilised
for consumption, and domestic, industrial, and agricultural purposes and
for keeping livestock and plants alive (Cosgrove and Loucks, 2015; Akintor-
inwa et al., 2020; Akingboye and Osazuwa, 2021). Groundwater is, however,
vulnerable to contamination due to the occurrence of some aquifer zones at
near-surface depths due to permeability, porosity, water-rock interaction,
and the unconfined nature of the aquifers (Soupios et al., 2007; Hasan et
al., 2017, 2019, 2020; Akintorinwa et al., 2020; Raji and Abdulkadir, 2020).

The combined use of electrical resistivity tomography (ERT) and induced
polarisation (IP) tomography has become increasingly popular in subsurface
geological investigations to determine low-frequency resistive and capacitive
characteristics of the subsurface geologic formations (Dahlin et al., 2002;
Binley and Kemna, 2005; Cardarelli and Di Filippo, 2009; Binley, 2015;
Binley et al., 2015; Amaya et al., 2016; Aladejana et al., 2020; Rucker et

296



Contributions to Geophysics and Geodesy Vol. 51/4, 2021 (295-320)

al., 2021). In recent years, ERT has been used in a variety of geophysical
studies, ranging from small-scale to large-scale. The limitations arising from
the ambiguity in ERT geological interpretation can be resolved using the
apparent chargeability from IP survey of the investigated formation (Slater
and Lesmes, 2002; Slater and Glaser, 2003; Binley and Kemna, 2005). The
integration of ERT and IP can also resolve geophysical problems arising from
lithology, pore fluid chemistry, degree of void spaces, and soil water content,
among others (Loke, 2004; Binley and Kemna, 2005; Amaya et al., 2016;
Rakoto et al., 2019; Martinez et al., 2019; Hasan et al., 2020; Akingboye
and Osazuwa, 2021). Most importantly, due to the resolution capacity of
electrical imaging declining rapidly with larger electrode distance, the use
of borehole log can constrain the tomograms to reduce associated limita-
tions and hence greatly improve the interpretation of complex subsurface
soil profiles and bedrock architecture (Loke et al., 2013; Binley, 2015; Ak-
ingboye and Bery, 2021). On the other hand, the selection of electrodes
that are capable of injecting and conducting current easily can attenuate
cultural/self-potential noise and thus optimise the inversion results of ERT
and IP to accurately map subsurface lateral and vertical structures (Daily
et al., 2005; LaBrecque and Daily, 2008; Sirhan et al., 2011; Loke et al.,
2013; Akingboye and Bery, 2021).

Besides the integration of both methods, the ERT technique has become
popular in near-surface investigations due to its cost efficiency, field data
acquisition speed, and robust inversion model (Loke et al., 2013; Akingboye
and Ogunyele, 2019). It is used in the mapping of lithostratigraphic units,
geologic boundary conditions, depth to the top of bedrock, slope monitor-
ing, and creeping/weak soil profiles, etc (Ganergd et al., 2006; Robineau et
al., 2007; Crook et al., 2008; Chalikakis et al., 2011; Bery and Saad, 2012;
Bery, 2016; Amaya et al., 2018; Gourdol et al., 2018; Bery et al., 2019;
Cheng et al., 2019; Akingboye et al., 2020). ERT has been widely used in
groundwater /hydrogeology and environmental surveys (Daily et al., 1991;
Ahmed and Sulaiman, 2001; Arora and Ahmed, 2011; Maiti et al., 2012;
Muchingami et al., 2012; Arora et al., 2016; Uhlemann et al., 2017; Amaya
et al., 2018; Sagwr et al., 2020). The method has been used to investigate
and identify hidden underground structures, control groundwater flow at
larger spatial and temporal scales, and monitor river water discharge pat-
terns (Storz et al., 2000; Hayley et al., 2009; Coscia et al., 2012; Karim and
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Tucker-Kulesza, 2017, 2018; Hojat et al., 2020; McLachlan et al., 2020).

The study area is located within the main campus of the Universiti Sains
Malaysia (USM), Penang Island, Malaysia. Peninsular Malaysia is a tropical
country that experiences both high atmospheric temperatures and torrential
rainfall almost all year. These processes enhance the progressing weathering
of the feldspar-rich granites in the area (Ong, 1993; Ahmad et al., 2006) to
form varying weathered strata and subsurface soil-rock structures that are
good conduits for groundwater. However, the clayey /silty nature of subsur-
face weathered strata (Bery, 2016; Akingboye and Bery, 2021) could pose
a serious challenge to sustainable potable groundwater development for the
growing university community. Hence, we employed the resolution capaci-
ties of two different electrodes (i.e., conventional stainless-steel and copper)
at dual-spacing for the ERT and IP tomographic surveys in the study area.
The study, therefore, is aimed at (1) evaluating the performance of the two
electrode types through their subsurface resolution capacities based on field-
data qualities and inversion models (i.e., data points, RMS errors, and per-
centage relative differences); (2) characterising the lithostratigraphic units
and structures that are viable for groundwater exploration; and (3) delin-
eating and proposing potential zones that are free of clayey /silty intrusion
for sufficient groundwater development. As a result, this study is intended
to be a useful repository on the sensitivities and resolution capacities of
tomographic electrodes in lithostratigraphic and groundwater mapping in
terrain with clayey-silty soil variability and complex geology.

2. Geological setting of the study area

The study area is located in Minden within the Universiti Sains Malaysia
(USM), Penang Island, Malaysia. The two investigated sites, i.e., Site 1 and
Site 2, were located between latitudes 5° 21’ 43.56"” — 5° 21’ 44.89” N and lon-
gitudes 100° 18’ 20.09” — 100° 18’ 26.64” E, and 5° 21’ 32.58" — 5° 21/ 29.15” N
and 100° 18 31.32"” — 100° 18’ 30.86" E, respectively, as shown in Figs. la
and 1b. Peninsular Malaysia is located at the southeastern margin of the
Eurasian continent and was formed by the amalgamation of the Sibumasu
Block and Indo-China Block along the Bentong-Raub suture during the
Permian-Triassic (Metcalfe, 2000, 2001; Ny et al., 2015a, 2015b; Cao et al.,
2020). The collisional event resulted in the closure of the Paleo-Tethys ocean
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Fig. 1. (a) Aerial geophysical data acquisition map of the study area showing the two
established geophysical traverses (i.e., S1 for Site 1 and S2 for Site 2) and the borehole
point. (b) Geological map of Penang Island, Malaysia showing the study area (modified
after Ahmad et al., 2006; Abdul Hamid et al., 2019). (c) Illustration of the study area,
showing the grounded stainless-steel electrode with a curved edge and the copper electrode
clipped with a jumper cable, and (d) the drilled borehole point (indicated as “BH”) at
Site 1. (e) Borehole log displaying the lithostratigraphic units beneath Site 1 at an 85-
meter station distance.
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basin, leaving the basin’s remnants preserved in the Bentong-Raub Suture
(Metcalfe, 2000, 2013). The Bentong-Raub and Lebir faults divide Peninsu-
lar Malaysia into Western, Central, and Eastern Belts. The Carboniferous-
Permian basement in the Central Belt is characterised by a sequence of
limestone, shale, and subordinate sandstone, siltstone, and conglomerate
(Schwartz et al., 1995). The Malaysian granitoids are typically Permian-
late Triassic I-type granites located within Eastern Belt in the Indo-China
domain and the late Triassic S-type granites are found within the Western
and Central Belts in the Sibumasu domain, consisting of biotite granites
and granodiorites (Ng et al., 2015b). The S-type granites and the I-type
granites of the Sibumasu blocks and Indo-China blocks, respectively, were
formed through the partial melting of the metamorphic basement during the
collision (Ng, 2015a, 2015b; Cao et al., 2020). The granitoids are known as
the Main Range Granite Province and the Eastern Granite Province and are
surrounded by the Bentong-Raub Suture. The approximately NS trending
faults are widespread in the region due to the collision event (Abdullah and
Purwanto, 2001).

Penang Island is located on the northern side of Peninsular Malaysia.
The island is underlain by igneous rock, typically granite (Fig. 1b). The
granites of Penang Island are divided into the North Penang Pluton and
the South Penang Pluton based on the proportion of alkali feldspar to to-
tal feldspar. The North Penang Pluton granites are rich in orthoclase and
intermediate microcline, while their South Penang Pluton counterparts con-
tain microcline (Ong, 1993; Ahmad et al., 2006). The North Penang Pluton
is divided into three groups: the Tanjung Bungah group, Paya Terubong
group, and the Batu Ferringhi group. The Tanjung Bungah group is lo-
cated north of Penang and is made up of medium-to-coarse-grained biotite
granites that were formed in the early Jurassic. These granites are pre-
dominantly rich in orthoclase and intermediate microcline feldspar. The
Paya Terubong group is situated southeast of Penang Island with an age of
early Permian to late Carboniferous and is composed of medium-to-coarse-
grained biotite granite with microcline. The Batu Ferringhi group, located
on the northwestern coast of Penang Island, is characterised by medium-to-
coarse-grained biotite granite of the early Jurassic age. The granites consist
of predominantly orthoclase and intermediate microcline feldspar.

300



Contributions to Geophysics and Geodesy Vol. 51/4, 2021 (295-320)

3. Methodology

The two investigated sites, i.e., Site 1 and Site 2, were located in the same
vicinity but separated by few building blocks within USM. The survey line
employed at Site 1 was 200 m in length with an electrode spacing of 5 m,
whereas a spread length of 100 m with an electrode spacing of 2.5 m was
used at Site 2. Both sites used the same numbers of electrodes, comprising
a total of 41 electrodes each, for two different electrode types (i.e., stainless-
steel and copper electrodes), as shown in Fig. 1c. The variation in profile
length and electrode spacing was aimed at determining the efficiency of
each of the used electrode types and for detailed evaluation of both small
and large electrode spacing in the tomographic surveys. The ABEM LUND
Imaging System, consisting of the ABEM SAS Terrameter 4000, an elec-
trode selector (i.e., ES 10-64C), and multi-core cable reels, was used, and
the Wenner-Schlumberger array was employed for both ERT and IP field
data measurements. The output current was set at 200 mA and the acqui-
sition delay and time were respectively set at 0.4 sec and 0.6 sec, while the
current-off was set at 1 sec. These settings would enable the equipment to
take both ERT and IP measurements during the survey. Furthermore, the
positive data points were programmed to be recorded only, whilst all the
negative data points were rejected automatically. The method improved the
resolution of field data; otherwise, artefacts from buried structures and/or
earth material(s) could be introduced into tomograms. To have a detailed
interpretation of subsurface layers with depths, an existing borehole (BH)
log at the station distance of 85 m at Site 1, as shown in Figs. 1d and le,
was used to constrain the generated ERT and IP inversion results and to
determine the nature of the lithostratigraphic units in the study area. The
borehole has a total depth of about 41 m. The drilled borehole, however,
did not reach the fresh bedrock, hence, the depth to the top of the fresh
bedrock was not recorded.

The ERT and IP acquired field data sets were processed and iteratively
inverted using RES2DINV software. The inversion methods involving the
use of forward modelling and data inversion to determine the true resis-
tivity /chargeability distribution of the subsurface formation are well doc-
umented in the works of deGroot-Hedlin and Constable (1990), Silvester
and Ferrari (1996), Loke (2004), Binley and Kemna (2005), Dahlin and
Loke (2018), and Akingboye and Ogunyele (2019), among others. The fi-
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nite-element method of 4 nodes with Lo-norm was used as the least-squares
constraint to obtain the best tomographic inversion models by minimise the
differences between the calculated and observed apparent resistivity and
chargeability values. Also, a damping factor of 0.05 with a minimum value
of 0.01 was employed to stabilise the inversion process and increase the ac-
curacy of the calculated apparent resistivity and chargeability values and
the resolution of the generated final inversion models. We adopted RMS
error analysis to achieve a cut-off error point of 30% from a maximum error
of 200% to generate the inverse model sections with apparent resistivity
and chargeability percentage errors of below 30%, and impotantly, to avoid
the extermination of valuable data points. The iterations of ERT and IP
inversions were limited to the 7th iteration due to the RMS errors gener-
ated at the 5th iteration being relatively large. We carefully examined the
inversion results from the 3rd iteration to observe changes in the subsurface
structures. This is because an inverted tomographic model with the lowest
convergence error limit may sometimes not give the required ideal subsur-
face geological structures and anomalies as suggested by Loke (2004). After
several attempts, we considered the 7th iteration as the ideal result as it
yielded significantly no or small changes in error values and, at the same
time, produced the most realistic subsurface inverted ERT and IP models.

Furthermore, we adopted the procedures and equations in our previous
work (Akingboye and Bery, 2021) to evaluate the resolution capacities of the
used electrodes for the study. The percentage relative differences between
the ERT and IP inversion results were evaluated using Eq. (1), taking the
data sets of the copper electrodes as the reference because their overall in-
version results were proven to be reliable based on quality of data points and
low RMS errors. Most importantly, Egs. (1)—(5) were used for the analyses
of additional statistical parameters, namely the mean (u), standard devi-
ation (SD), RMS error, and mean absolute percentage error (MAPE) to
accurately evaluate the resolution capacities of both electrodes:

X, copper

— “gtainless — steel
X% relative difference — X x 100% s (1)
copper
1 N
H= N Z X% relative difference (7) » (2)
=1
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N 2
Z (X% relative difference (¢) — M)

SD = \| =L 3
N ’ (3)
N 2
Z (X% relative difference (1))
RMS = \| = 4
N ’ (4)
100%
MAPE = Z ‘X% relative difference (7) | (5)
=1

where X represents the measured geophysical parameters, i.e., resistivity
and chargeability in 2m and msec, respectively.

4. Results and Discussion

4.1. Resolution capacities of electrical tomographic (ERT and IP)
electrodes in subsurface investigations

The ERT and IP results of the acquired total positive data points before and
after filtering for both electrodes at the two sites are presented in Fig. 2. For
Site 1, the stainless-steel and copper electrodes recorded a total of 386 and
413 positive data points, respectively, before filtering. At Site 2, the copper
electrodes obtained 415 positive data points compared to the stainless-steel

% Before filtering = After filtering (30% cutt-off error)

440
-
=

B

13 409

=

E Stainless steel Copper Stainless steel Copper
Site 1 Site 1 Site 2 Site 2

Type of electrode used in survey

Fig. 2. A comparative bar plot of the total number of positive data points before filtering
and after filtering from the two investigated sites.
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electrodes with 412 positive data points. The acquired number of positive
data points was reduced by 13 and 4 to obtain 373 and 409 data points
for the stainless-steel and copper electrodes, respectively, after filtering due
to the removal of associated errors arising from cultural/self-potential noise
and/or current relays. The number of data points at Site 2, however, re-
mained unchanged after filtering for both electrode types. The capacity for
high current conductivity and sensitivity of copper electrodes at increased
electrode spacing resulted in a negligible drop in data points, allowing for
the derivation of more subsurface information of higher quality (Daily et al.,
2005; LaBrecque and Daily, 2008; Sirhan et al., 2011).

The qualities of the resistivity and chargeability values measured in the
field were further analysed based on calculation from the RMS errors. The
estimated RMS errors for both ERT and IP results (i.e., using stainless-steel
and copper electrodes) at the two investigated sites were plotted against
their iteration levels as shown in Fig. 3. The data sets from the cop-
per electrodes at Site 1 were of good quality. The ERT inversion results

7
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Fig. 3. Charts of %RMS errors of inversion models derived from the 1st to 7th iterations
for ERT (a, b) and IP (c, d) for Site 1 and Site 2 data sets inversion.
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for stainless-steel electrodes yielded RMS errors decreasing from 30.2% to
26.22%, whereas that of copper electrodes decreased from 17.79% to 14.09%,
as shown in Fig. 3a. The RMS errors of the IP inversion models ranged from
6.23% to 5.88% and 1.97% to 1.68% for the stainless-steel and copper elec-
trodes (Fig. 3b), with exact RMS errors of approximately 6.0% and 1.8%,
respectively. Field measurements were stable for both electrodes at Site 2.
The ERT RMS errors reduced from 6.42% to 4.39% for the stainless-steel
electrodes and 6.40% to 4.4% for the copper electrodes as shown in Fig. 3c.
The IP models, on the other hand, ranged between about 0.47% and 0.46%,
and 0.21% and 0.18% for the stainless-steel and copper electrodes, respec-
tively (Fig. 3d).

It is a standard practice to increase the distance between the poten-
tial electrodes when potential measurements are made for larger electrode
positions between the current electrodes. This somewhat results in mea-
surements with high RMS errors (Martinez et al., 2019). Hence, Site 1,
with larger electrode spacing (i.e., 5 m) and a profile length of 200 m, sig-
nificantly reduced the resolution power of the stainless-steel electrodes and
the array than the recorded data sets for the copper electrodes. However,
the observed results for Site 2 proved that both electrodes’ performance was
good for small electrode spacing (i.e., 2.5 m) and profile length of 100 m.
The observation may be due to the shallower depth of penetration and/or
shorter period for the injected current waveform to penetrate the subsur-
face formation from a short profile (Daily et al., 2005; Binley and Kemna,
2005; Martinez et al., 2019). The employed statistical analyses provided de-
tailed insights into the performances of both electrode types and also showed
that copper electrodes have higher resolution strengths and stabilities (i.e.,
with very low sensitivity to noise) in subsurface tomographic imaging than
stainless-steel electrodes. The results from the analyses agree with other
works conducted by researchers like Clark et al. (1970), LaBrecque and
Daily (2008), Cardarelli and Di Filippo (2009), Sirhan et al. (2011), and
Martinez et al. (2019), among others.

4.2. Soil-rock resistivity and chargeability: characterisation of
subsurface lithostratigraphic units and architecture

The ERT and IP inversion results were analysed and correlated with the
borehole log (see Fig. 1e) to delineate the subsurface lithostratigraphic units
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and their geometries and depths, as well as the potential zones with high
groundwater-yielding capacity in the study area. The borehole log pro-
vided a detailed understanding of the nature of the subsurface formation
rather than relying solely on ERT and IP models. We also used the res-
olution capacities of both electrodes as determined in Figs. 2 and 3. The
resistivity and chargeability models for the stainless-steel and copper elec-
trodes obtained beneath Site 1 are shown in Figs. 4 and 5, respectively.
The 2D composite images of pseudosections of the measured, calculated,
and inverted apparent resistivity and chargeability for both investigated
sites are shown in Appendices 1 and 2. As shown in Fig. 4, the borehole-
derived subsurface lithostratigraphic units, namely the sandy silt (topsoil),
sandy, and silty sand soils, have resistivity values of about 70-600 Qm,
400—>1300 Qm and 300600 2m, respectively. Using the range of charge-
ability values incorporated with the borehole information, we differentiated
water-saturated fills from silty soils, including clean sandy. The identified
lithostratigraphic units (i.e., sandy silt, sandy, and the silty sand soils) also
have chargeability values ranging from about 3 -6 msec, 4—>18 msec, and
1—-4 msec, respectively, as shown in Fig. 5. The fresh granitic bedrock un-
derlying the overburden at this site was not imaged, even at a depth extent
of about 41 m.

The characterised subsurface lithostratigraphic units beneath Site 1 was
annotated as A, B, and C, corresponding to dry sand, sandy silt, and silty
sand strata, respectively, as shown in Fig. 4. In Fig. 4a, the delineated dry
sand (i.e., A) is at the near-surface between stations 17 m and 58 m and ex-
tends to a depth of 14m. Stations at a distance of 75m and 110m show that
the dry sand occurs at a depths of 5m to about 17m. However, this feature
plunged extensively leftward in Fig. 4b. From a station distance of 120 m
(i.e., in the topsoil) in Fig. 4a, the dry sand plunges to a depth of about 12m
(i.e., station 160 m). Similar characteristic signatures indicating strata A
was observed in Fig. 4b, but with a slight vertical dip at station 120m. The
feature separates the two low-resistive bodies, identified as lithology B, with
an oval shape, and D. This segmented section must have been a pathway
(i.e., fracture) for migrating water and this may have contributed to the
deeply weathered granitic bedrock (i.e., D). The sections annotated B (i.e.,
sandy silt) differ significantly in geometries and dipping directions as shown
in Fig. 4, particularly for the oval-shaped structure adjoining strata D (see
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Fig. 5. IP inversion models beneath Site 1 generated using the stainless-steel electrodes
(a) and copper electrodes (b) with an electrode spacing of 5 m.
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Fig. 4b). The sections labelled C (i.e., silty sandy) occur at the depths of
about 30—31.5 m. The thin-layered soil profile may be a part of the sandy
soil but must have mixed with the weathered soil produced from the deeply
weathered granitic bedrock.

The IP model shown in Fig. 5, on the other hand, clearly shows that the
sections A’ typically sand, have high chargeability values due probably to
the absence of silt and high dryness. However in Fig. 5b, the sandy body
(i.e., A’) dipping from the top layer to the left side of the model at an
angle of about 60° was fairly saturated. In Fig. 5a (i.e., the chargeability
model for stainless-steel electrodes), it is shown that the section has a very
low chargeability value of <3 msec, probably due to retained water and/or
silt. Both results show that the sandy silt (i.e., B) is the major soil profile
characterising the subsurface lithologies. The parts annotated D’ on both
IP models with high chargeability values (i.e., >13 msec) affirm that the
weathered granitic bedrock produced quality sand with very low silt.

Figures 6 and 7, i.e., the ERT and IP inversion results beneath Site 2,
respectively, show that the resistivity values of the sandy silt, sand, and
silty sand range from about 90 —-600 Qm, 400 - >800 2m, and 200600 Qm,
and chargeability values of about 1.4—1.8 msec, 1.8 —>2.4 msec, and 1.4—
2.2 msec, respectively. The depths of the models terminated at about 20 m;
hence, they are unable to image the deeply weathered bedrock shown in
Figs. 4 and 5. The subsurface characteristic features shown in Fig. 6 are
completely the same, except for a slight change observed in the central part
of Fig. 7. The similarity in derived subsurface characteristic features may
be due to the equally generated low RMS errors and high-resolution ca-
pacities for both electrodes as earlier discussed. The central low-resistive
body (i.e., A), with resistivity and chargeability values of <200 Qm and
> 2 msec (reaching a high value of about 2.8 msec), is saturated in nature
and was denoted as A’ in Fig. 7. Generally, the subsurface materials along
this profile contain largely an equal proportion of sandy silt (i.e., B) and
sand (i.e., A). The inclined zone B’, with a moderately high chargeability
value of about 1.8 msec, as shown in Fig. 7a, divides the high chargeability
anomaly with a slightly higher value in Fig. 7b. The delineated zone may
be a pathway (i.e., fracture and/or deep-weathered trough) for water. The
sandy soil profiles beneath Site 2 have higher retained water saturation fills
than those observed in Site 1.
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Fig. 6. ERT inversion models beneath Site 2 generated using the stainless-steel electrodes
(a) and copper electrodes (b) with an electrode spacing of 2.5 m.
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The percentage relative differences between stainless-steel and copper
electrodes ERT and IP inversion models shown in Figs. 8 and 9 were pro-
duced according to the declared variables in Eq. (1), using the models of
copper electrodes as reference for both ERT and IP inversion results de-
rived for Sites 1 and 2. Both figures produced well-defined and correlated
% relative difference models for the identified lithostratigraphic units in the
study area. The sections characterised by sand have low % relative differ-
ences with values of about —50% to —10% (see Fig. 8) and —6% to —2% (see
Fig. 9). Sandy silt and silty sand have high % relative differences, with val-
ues of >10% and > 1%, as shown in Figs. 8 and 9, respectively. The water-
saturated zones and fractured and/or deep-weathered zones have the lowest
% relative differences as observed in both figures. A comprehensive sum-
mary of other estimated parameters from the percentage relative differences
between the two sites is shown in Table 1. The statistical results derived for
the ERT and IP models from stainless-steel electrodes are higher than those
of copper electrodes. However, models of Site 2 yield considerably low val-
ues. The results, just like the statistical analyses shown in Figs. 2 and 3, have
also proven that copper electrodes are capable of generating high-resolution
subsurface lithostratigraphic inversion models (LaBrecque and Daily, 2008;
Cardarelli and Di Filippo, 2009; Sirhan et al., 2011; Martinez et al., 2019).

Table 1. Summary of the derived statistical parameters for the ERT and IP inversion
models for both investigated sites.

Estimated parameters (all measured in %) Site 1 Site 2
ERT IP ERT IP
% Relative difference +70 +8
Mean (u) 14.457 12.670 0.328 0.478
Standard deviation (SD) 31.909 44.738 2.799 3.670
RMS error (RMSE) 35.031 46.497 2.819 3.701
Mean absolute percentage error (MAPE) 28.693 40.253 2.191 3.055

4.3. Soil-rock resistivity and chargeability: implications on sus-
tainable potable groundwater development

The ERT and IP inversion models for the investigated sites show variability
in observed resistivity and chargeability values for the delineated subsurface
lithostratigraphic units, typically sandy silt, sandy, and silty sand soils, and
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their resistivity values were also reduced by water saturation (Griffiths and
Barker, 1993; Dahlin et al., 2002; Binley and Kemna, 2005; Binley, 2015;
Binley et al., 2015; Amaya et al., 2016; Mashhadi et al., 2020; Rucker et
al., 2021). Groundwater in the hard rock aquifers usually occurs either
in fractures or in weathered bedrock troughs (Kim et al., 2007; Arora and
Ahmed, 2011; Akingboye et al., 2019; Hasan et al., 2020; Akingboye and
Osazuwa, 2021). The subsurface condition of the study area has a high po-
tential for groundwater abstraction despite the limited delineated fractures.
Generally, the thicknesses of the topsoil (i.e., sandy silt) and weathered layer
(i.e., the composition of the sandy silt, sand, and silty sand) are about 5 m
and >40 m, respectively, as shown in Figs. 4-7. The silty sand occurs as a
thin section of about 1.5 m in thickness at the depths of about 30—-31.5 m
beneath Site 1 (see Figs. le and 4).

The highly developed deep-weathered profiles beneath the two sites in
the study area support the development of sustainable groundwater. The
weathered features were developed by the deep weathering of the feldspar-
rich granitic bedrock (e.g., Balarabe and Bery, 2021). Such susceptible
minerals (i.e., feldspars), including minerals like micas and amphiboles, cre-
ate appreciably thick weathered strata over a long time due to progressive
weathering (Robineau et al., 2007; Bery, 2016; Akingboye and Osazuwa,
2021). The geometries of sections with sand (i.e., A and D) have appre-
ciable thicknesses and widths, particularly in Fig. 6. The inferred frac-
tured and/or deep-weathered zones between stations at 120 m and 140 m
in Figs. 4-5, and 50 m and 70 m in Figs. 6-7 are envisioned as ground-
water conduits in the area. Nonetheless, most sections of the subsurface
weathered layers are considered aquifers because of the delineated depths
of about >40 m. However, careful delineation of silt-free aquifer zones is
highly important to the abstraction of sufficient potable water in the study
area. Since the fractured and/or deep-weathered zones contain little or no
amount of silt and have resistivity and chargeability values of <200m and
> 1.8 msec, respectively (Figs. 4-7), hence, are suggestive of high potable
groundwater-yielding potential. However, since half of the investigated sites
are characterised by silt mixed with little or no sand, groundwater yield may
be reduced due to groundwater occlusion caused by the relatively low per-
meability of silty strata, and the possibility of silt precipitation is envisaged
as possible pollution.

312



Contributions to Geophysics and Geodesy Vol. 51/4, 2021 (295-320)

5. Concluding remarks

The subsurface lithostratigraphic units and groundwater potential of Site
1 and Site 2 within USM, Penang Island, Malaysia, have been evaluated
using the resolution capacities of stainless-steel and copper electrodes at
dual-spacing, as well as borehole data. The evaluated subsurface resolution
capacities of the ERT and IP inversion results at 2.5 m and 5.0 m elec-
trode spacing based on field-data and inversion qualities (i.e., the total of
data points, RMS errors, percentage of relative differences, and MAPE)
suggested higher performances for copper electrodes than the stainless-steel
electrodes for Site 1. However, at Site 2, both electrodes tend to perform
excellently well based on all the analysed models and statistical parameters.

Generally, the ERT and IP models for the study area obtained through
copper electrodes offer a higher resolution contrast for subsurface lithostrati-
graphic units than the stainless-steel electrodes. The observed variability in
resistivity and chargeability values was due to the heterogeneity of the sub-
surface lithostratigraphic units characterised as sandy silt, sand, and silty
sand, and saturating water fills within fractured and/or deep-weathered
zones. The depth of the weathered layer constituents, including the deeply-
weathered fractured granitic bedrock is about > 40 m. However, the total
depths of models beneath Site 2 are limited to about > 16 m due to the
short profile length and the small electrode spacing that was used. Since
both sites are located within the same environment, it is believed that the
total model median depth for Site 2 should also be to the same extent as
Site 1. Hence, the depth of >40 m is considerable enough for abstracting
high groundwater-yielding capacity in boreholes to sustain a part of the
university community. However, since large sections of the investigated ar-
eas consist of high silt mixed with little or no sand, groundwater yield may
be reduced due to the relatively low permeability of the soil profiles. It
is, therefore, important that intended boreholes in this area be designed
properly to prevent the possibility of silt precipitation.
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Appendix

Appendix 1. Composite plots of pseudosections of the results of 2D ERT and IP inversions
beneath traverse Site 1 for the stainless-steel electrodes (a, b) and the copper electrodes
(c, d) at electrode spacing of 5 m.

Appendix 2. Composite plots of pseudosections of the results of 2D ERT and IP inversions
beneath traverse Site 2 for the stainless-steel electrodes (a, b) and the copper electrodes
(c, d) at electrode spacing of 2.5 m.
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