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Abstract: The application of geophysical methods is widely used for the assessment
of subsurface geological features, including the determination of potential groundwater
aquifers, understanding of stratigraphy sequences, and structural analysis. The demand for
groundwater exploration is on the rise, encompassing needs for domestic, industrial, and
agricultural purposes. However, unsuccessful groundwater exploration has occurred owing
to a lack of comprehensive subsurface information. Groundwater, as an alternative water
source, remains largely unexplored within the Penang Island. In relation to this, a thorough
study on the geophysics and geology should be carried out. It is certainly not as simple
as just digging a well to draw water. Current technologies widely used for groundwater
exploration include geophysical methods, remote sensing, Geographic Information System
(GIS), hydrogeological, and machine learning. Therefore, geophysical methods were
applied to obtain subsurface information to determine and classify the materials using
selected geophysical properties. Geophysical methods, particularly Electrical Resistivity
Tomography (ERT) is a non-invasive technique that allows for accurate identification of
aquifer boundaries, saturated zones, and is cost-effective. This research aims to assess the
subsurface features and evaluate the delineation of potential groundwater zones using 2-D
electrical resistivity imaging and serves as a preliminary guide for identifying suitable
locations for groundwater exploration in Universiti Sains Malaysia, Penang Island,
Malaysia. Eight resistivity survey lines (LRO1-LRO0S8) are conducted within the research
area. The 2-D resistivity imaging survey was conducted using Pole-dipole array for LR02,
LRO3, LR04, LR06, LR0O7, and LRO8 while Wenner Schlumberger array for LRO1 and
LRO3 with 5 m minimum electrode spacing. The Wenner-Schlumberger array was chosen
due to site constraints in placing the remote electrodes within the study area. The research
area’s geology is characterised by an underlying igneous rock, featuring a centrally
positioned granitic range that extends in a north-south direction, accompanied by low-
lying elevations ranging between 5 metres and 20 metres above sea level. For this research,
an automated multi-electrode resistivity meter, the ABEM Terrameter SAS 4000 system
is employed. The resistivity values underwent an inversion process using RES2DINV
software to generate the electrical resistivity topography model. The resistivity profiles
are cross plotted using Surfer 8 and Sketchup software to obtain the overview of resistivity
anomalies continuity between the resistivity profiles. The results showed the resistivity
values ranged from 1 Qm to 20,000 Qm. Subsurface materials were categorised into four
types based on their resistivity value ranges: Water-saturated zones (1 Qm to 300 Qm),
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weathered material (301 to 1,000 Qm), weathered bedrock (1,001 to 4,500 Qm), and fresh
bedrock (> 5,000 Qm). Several faults and anomalies are interpreted as potential water-
saturated zones for groundwater drilling purposes. They are the continuation of water-
containing zones between LR02, LROS, and LROS profiles. These zones are proposed as
a suitable potential location for drilling for groundwater. This outcome could contribute
to establishing a one-stop centre for hardrock groundwater resources and developing
sustainable guidelines for their management in the granitic region of Malaysia.

Keywords: 2-D electrical resistivity imaging, groundwater, granitic, saturated zone,

sustainable.

Introduction

Ensuring a clean water supply is crucial for
public health, supporting various needs such
as drinking, domestic use, sanitation, food
production, and industrial activities. The
Department of Irrigation and Drainage Penang
oversees the regulation of Penang’s water
supply, with Perbadanan Bekalan Air Pulau
Pinang (PBAPP) serving as the water operator.
The key water sources for Penang include the
Air Itam Dam, Teluk Bahang Dam, and the
Muda River. As stated by PBAPP, the Muda
River contributes to 80% of Penang’s raw water
supply. Nevertheless, the El Nino phenomenon
and inadequate rainfall in 2021 led to a
substantial reduction in the water levels of Muda
River’s (Perbadanan Bekalan Air Pulau Pinang,
2021). The Ayer Itam Dam and Teluk Bahang
Dam similarly exhibit diminishing capacity due
to this phenomenon. If such occurrences persist
and extend for prolonged periods, the potential
for water supply disruption is significant, given
that USM relies entirely on PBAPP for its water
supply.

As per the USM Financial Report, the main
campus requires approximately 417 million litres
of water a month (14MLD) for consumption.
This substantial consumption leads to an annual
expenditure of approximately RM1 million on
water bill tariffs. Hence, this investigation was
undertaken to explore alternative water sources
for USM. Additionally, reducing expenses
related to water bills can contribute to the optimal
functioning of USM (Yunus et al., 2023).

Groundwater is the water located beneath
the Earth surface. It can be classified into two
main categories: Water in alluvium and water

in rock. The existence of groundwater in
alluvium originates from comets and asteroids
that hit Earth millions of years ago. This type
of groundwater accumulated in the Earth’s
atmosphere and transformed into precipitation.
The precipitates then seeped into the alluvium
to create a groundwater cycle which exists till
today. This type of groundwater is prone to
contamination from atmosphere/ground and is
also dependent on season’s (dry/wet); therefore,
it is not sustainable for drinking and could
introduce geohazard if the extraction is not
controlled (Anuar & Muztaza, 2018).

In contrast, groundwater in rock formed
billions of years ago during the formation of the
Earth (~4.5 billion years). The formation of our
Earth started with the circulation of rocks, dust
and Helium gas (He), which were compacted
into a ball of molten rock that trapped He inside.

Through He nuclear fusion process,
Hydrogen (H) was formed followed by other
type of gases including Oxygen (O,) and heavy
elements (Earle, 2006). Water was then formed
as H and O, combined, which was then trapped
in the rock and is called hardrock groundwater.
The hardrock groundwater accumulated and
migrated closer to the Earth’s surface and resides
inside porous and permeability rock bodies.
At the same time, the hardrock groundwater is
supported by water from precipitation through
porosity and permeability of alluvium and
rock (Figure 1). This hardrock groundwater is
clean, rich with minerals, sustainable due to
its massive quantity, independent of seasons,
less/non geohazard problems, and is safe for
consumption (Anuar & Muztaza, 2018).
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Groundwater is the water that occupies
the cracks and voids in the soil, sand, and
rocks beneath the surface of the Earth. There
are two main zones which are unsaturated and
saturated zones. The unsaturated zone is found
immediately below the land surface and within
this zone one can find both water and air. The
latter fills in the open spaces or pores. The region
where water occupies these voids is referred to
as a saturated zone or aquifer, with the upper
boundary of this saturated zone being termed the
water table. Precipitation, including rain, hail,
or snow, infiltrates the ground through fractures
and cracks until it reaches the bedrock, where its
escape and it is outward flow is impeded. The
source of surface water and groundwater are the
same and are interconnected.

Figure 1 shows the schematic diagram for
the source of surface and groundwater. As rain
falls onto the ground, water begins to infiltrate
into the subsurface. The speed of water that
soaks into or infiltrates the soil depends on soil
type, land use, intensity, and length of the storm.
Water infiltrates faster into sand than clay or
silt, and almost no water filters into paved areas.
Rainfall that cannot be absorbed into the ground
accumulates on the surface, giving rise to runoff
streams. As the soil becomes fully saturated,
excess water gradually percolates through
the unsaturated zone into the saturated zone,
replenishing the groundwater. Subsequently,
water flows through the saturated zone toward
areas of groundwater discharge (Muztaza &
Ismail, 2020).

‘.

k NNt -YB}c;,uhdeter" w
.'()'S'Ql;ratedvzon."-'

1124

A Malaysian government-commissioned
report found Penang state to be the most
water-vulnerable state in the country (Ranhill
Consulting, 2011). This vulnerability stems
from the state’s heavy reliance on a single
shared river system, the Muda River, to meet
majority of its water requirements. In recent
years, low water level warnings for the state
dams have been increasing in frequency. In
2016 alone, Penang spent around $110,000 on
cloud-seeding operations to induce rainfall and
refill the critically low dam water levels. As a
heavily urbanised state with a rising population,
it is imperative to prioritise the development
of alternative water sources to ensure the
preservation of the state’s water security.

Kura et al. (2018) mentioned that no
exploratory groundwater studies have been
published for Penang Island. Petrick et al
(2023) delineate favourable and unfavourable
groundwater potential zones in Penang Island
and the assessment was performed through
integration of remote sensing and Geographic
Information System (GIS) techniques to produce
groundwater potential map validated with
2-D Electrical Resistivity Tomography (ERT)
field data. In Malaysia, groundwater potential
mapping using remote sensing and GIS has
been conducted for the Langat Basin in Selangor
(Musa et al., 2000; Manap et al., 2013), Kedah
state (Yahaya ef al., 2007), Perlis state (Yahaya
et al.,2007), and Perak state (Surip et al., 2009).
However, groundwater assessment using 2-D
Electrical Resistivity Imaging was conducted by

L |

Groundwater fills the spaces
between soil particles and
fractured rock beneath the
earth's surface

Figure 1: The schematic diagram of the origin of surface and groundwater
Source: Earle (2006)

Journal of Sustainability Science and Management Volume 20 Number 6, June 2025: 1122-1139



POTENTIAL OF GROUNDWATER USING RESISTIVITY METHOD

Riwayat ef al. (2009) and Zamari et al. (2019)
at Johor, Azizan et al. (2018) (Perlis), Zeinab
et al. (2015) (Melaka), Anuar and Muztaza
(2020) (Perlis), and Razak and Muztaza (2022)
(Kelantan).

Therefore, this article aims to delineate
groundwater potential zones at Universiti
Sains Malaysia (USM) on Penang Island. By
employing ERT method, the study seeks to
identify and map areas with high groundwater
availability, which are crucial for sustainable
resource management. This investigation serves
as a preliminary assessment of groundwater
resources on the island, providing valuable
insights into their distribution and depth.
The findings will not only enhance our
understanding of the groundwater system in this
region but also help future studies and water
resource planning efforts, contributing to the
sustainable management of water supplies in the
face of increasing demand and environmental
challenges.

The  electrical  resistivity = methods
are widely employed in geophysics for
groundwater exploration due to their high data
accuracy, extensive coverage capability, and
environmentally non-destructive nature. This
method was selected for its ability to provide
detailed information overabroadarea. Resistivity
values are influenced by wvarious factors,
including earth-forming minerals, porosity, the
quantity and characteristics of the pore fluid,
and ground temperature (Burger, 1992; Society
of the Exploration Geophysicist of Japan, 2014).
High-resistivity values are frequently associated
with igneous and metamorphic rocks, which
are typically characterised by their dense and
crystalline structures.

However, the specific  resistivity
measurements can vary significantly based
on several factors, including the extent of
fracturing within these rock types. When
fractures are present, they can create pathways
for groundwater movement, potentially altering
the overall resistivity profile of the rock. If
these fractures are saturated with groundwater,
they may contribute to lower resistivity values
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compared to completely dry or less fractured
areas.

Conversely, in regions where the fractures
are minimal or not filled with water, the high
resistivity of the surrounding rock is often
maintained. Understanding this relationship is
critical for accurately interpreting geophysical
survey results and identifying potential
groundwater reservoirs within these geological
formations (Loke, 1997; 1999). In contrast,
sedimentary rocks typically exhibit low-
resistivity values due to their high porosity and
elevated water content (Loke, 1997; 1999). The
subsurface materials and geological structures
are interpreted and undergo an inversion process
by comparing the apparent resistivity value
measured during data acquisition and calculated
by software to produce the inversion model
representing the subsurface tomography (Loke,
1997).

Study Area

The research was conducted at the main campus
of Universiti Sains Malaysia in Gelugor, located
on Penang Island. The central region of Penang
Island features a mountainous granitic range
running in a north-south direction (Ahmad et
al., 2006). The coastal areas of Penang Island
are underlain by the Simpang Formation,
Beruas Formation, and Gula Formation. The
Pleistocene Simpang Formation is composed of
gravel, sand, clay, silt, and peat, interpreted as a
terrestrial fluvial deposit. The Holocene Beruas
Formation is a fluvial deposit comprising of
sand, gravel, clay, silt, and occasionally peat.
The lithology of the Gula Formation includes
silt, clay, sand, gravel, and peat, often containing
shell fragments (Hasan, 1990).

The geological map was generated using
Surfer§ software with geological information
obtained, as shown in Figure 2. The primary
fault, which runs approximately in a North-
South direction and divides the island was
deduced by Tjia (1985) based on aerial photo
lineaments. The faults in Penang are primarily
dip-slip faults with a normal faulting component,
associated with regional tectonic forces in the
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Figure 2: The geological map of Penang Island
Source: Geological map of Peninsular Malaysia (1985)
region. Recent field investigations have revealed The study area is Universiti Sains

multiple pieces of evidence (such as a substantial
quartz dyke/ridge-oriented North-South near
Paya Terubung and exposed fault planes in the
quarry face around Tg. Bunga) that supports the
existence of this major fault.

Malaysia’s main campus in Gelugor, Penang.
The topography is plain, with elevations ranging
from 4 metres to 11 metres. Eight surveys were
conducted within the USM Campus, ranging
between 200 m and 400 m (Figure 3). Survey
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Figure 3: Location of research areas within the main campus of Universiti Sains Malaysia (USM)
Source: Google Earth (2023)

line LR 01 is laid out behind the animal facility
(L15) and the starting point of survey line LR 03
is laid out at 240 m of LR 01, extended behind
Indah the Kembara student residence (K10).
Survey line LR 02 is set up along the tennis
court while 75 m of survey line LR 08 intersects
at 200 m of LR 02. Survey line LR 04 is laid out
along the Tasik Aman. Survey lines LR 05 and
LR 06 were set up along the main road near the
Bukit Gambier main entrance. Survey lines LR
07 were laid out between Tasik Aman and Tasik
Harapan. Table 1 shows the information on field
measurement of the electrical resistivity survey
of the research area. The Wenner-Schlumberger
array was chosen for RL1 and RL3 due to site

constraints in placing the remote electrode
within the study area.

Methodology

A resistivity survey exhibits sensitivity to
minor changes in resistivity, facilitating the
identification of subsurface materials and the
mapping of geological features like fractures,
faults, and cavities. In the context of groundwater
exploration in a granitic setting, the presence of
fractures and faults heightens the likelihood of
groundwater infiltrating the rock’s pore spaces.
Additionally, the porosity of rocks plays a role
in determining the degree of water saturation,

Table 1: Information on field measurement

Survey Line LR0O1 LR02 LR03 LRO04 LRO5 LRO6 LRO7 LROS
Survey length (m) 400 200 200 200 390 340 200 400
Electrode WS PDP WS PDP  PDP PDP  PDP  PDP
Configurations*
Estimated depth of 70 70 35 70 125 125 70 125
data (m)

*Note: pdp = Pole — dipole array, WS = Wenner Schlumberger array.
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Table 2: The resistivity values of some types of water

Types of Water Resistivity
Precipitation 30 -1000
Surface water, in areas of igneous rock 30-500
Surface water, in areas of sedimentary rock 10 —-100
Groundwater, in areas of igneous rock 30-150
Groundwater, in areas of sedimentary rock >1
Seawater ~0.2
Drinking water (max. salt content 0.25%) >1.8
Water for irrigation and stock watering (max. sat content 0.25%) >0.65

Source: Keller and Frischknecht (1996)

thereby impacting the resistivity values for
certain water types, as illustrated in Table 2
(Keller & Frischknecht, 1996).

The resistivity survey employs a
measurement principle, where a controlled
current is transmitted between two electrodes
inserted into the ground while simultaneously
measuring the potential between two other
electrodes (ABEM, 2018). The calculation of
resistance (R) is determined using Ohm’s Law,
as expressed in Equation 1:

V
R=— (1)
where:
R = Resistance, Ohm
V' = Electric Potential, Volts
1 Current, Ampere

The equipment utilised in this survey
includes an automated multi-electrode resistivity
meter, the ABEM Terrameter SAS400 system,
Electrode Selector (ES10-64C), Lund multicore

Station 32
r 1

G 30 P13, P2 a0 G2

Station 18 Resh >

€1 24 P1 3, P2 24 €2
il { BRI B,

Multi-core cable
€ PyP2Cy Electrode Number
S 6 7 8 9 10 11 12 13 14 15 16 17T 18 19
A A L 1 !} | 1 L L ' L ' ' '

cables, stainless steel electrodes, and a jumper,
as depicted in Figure 4. For data acquisition,
two or four multicore cables with 21 take-outs
each, along with stainless-steel electrodes, are
interconnected using jumpers and then linked
to the Terrameter SAS4000 system (ABEM,
2018). The length of the survey line varies
according to the target data depth required and
the accessibility of the area. At the same time,
the electrodes are set up at constant intervals
along each survey line. The resistivity array
influences the data resolution, sensitivity to
lateral and vertical changes, and the depth of
data penetration. In this survey, the pole-dipole
array was chosen for its effective vertical data
coverage, whereas the Wenner-Schlumberger
array exhibits moderate sensitivity to both
vertical and lateral structures (Lowrie, 2007).

A measuring tape was used to set the
electrode spacing of each survey line and then
the resistivity cable was laid on the survey line.
Then, both resistivity cables were connected to

Figure 4: (a) shows the principle of the resistivity methods while (b) shows the resistivity field set up
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an electrode selector which was interconnected
with the Terrameter. Furthermore, 41 electrodes
were planted into the ground and were
connected to the resistivity cable using jumpers.
The remote cable was set up far away from the
survey line and the array used was Pole-Dipole,
which needed C, electrode with infinity distance.
The settings were fixed in the ABEM SAS4000
and when the other equipment had been set up
correctly, the minimum and maximum outputs
were 1 mA and 100 mA, respectively. Table
3 shows ABEM SAS4000 Terrameter data
acquisition setting.

The Terrameter SAS4000 is connected to a
compatible computer for the retrieval of recorded
resistivity data. The obtained data was stored in
a binary format with the file extension (.s4k) and
was subsequently converted to a readable data
format (.dat) for further processing. The data
retrieved includes details such as survey name,
electrode spacing, electrode array employed,
total number of measured data, and the type of
resistivity measurement. Each resistivity data
files also contained information on electrode
location, electrode spacing, and apparent
resistivity (pa) values for each measurement.

The resistivity data were subjected to an
inversion process using RES2DINV software to
generate the electrical resistivity pseudo section
(Loke, 1999). The accuracy of the inversion
outcome was directly related to the quality of
the measured resistivity data, as indicated by the
Root Mean Square (RMS error) in the inverted
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resistivity models. This error is determined by
calculating the residuals between the measured
and computed apparent resistivity values (Sudha
et al., 2009).

Results and Discussion

An aquifer is characterised as a geological
formation consisting of either rock or weathered
material with ample permeability to enable the
passage of water. Weathered materials such as
gravel, sand, and even silt is generally considered
effective aquifers. Additionally, well-fractured
rocks have the potential to serve as competent
aquifers. There are four existing boreholes
available in USM. However, the position of this
borehole is far from the survey line conducted.
The borehole data revealed that there are three
major subsurface formations consisting of clay,
silty sand, and granitic bedrock as mentioned
in Figure 5. The shallower granitic bedrock is
recorded at BHO4 with a depth of 7.5 m. The
other average depth of the granitic top is 30 m.
Table 4 summarises the subsurface formations
encountered in the boreholes.

Fractures play a crucial role in determining
the permeability of bedrock aquifers. It also
showed a correlation between RQD and
fractures. High RQD (between 75% and 100%)
indicates rock with few fractures or closely
spaced joints. Limited permeability makes
the rock a poor aquifer unless significant
secondary porosity (e.g., dissolution features)

Table 3: ABEM SAS4000 terrameter data acquisition setting

Function Setting Value
Current Maximum 100 mA
Minimum 1 mA
Mode Auto -
Acquisition delay - 0.3 sec
Acquisition time - 0.3 sec
Total cycle time - 3 sec
Stack Maximum 3
Minimum 1
Power line frequency - 50 Hz
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Table 4: The subsurface formations encountered in the boreholes

Borehole Depth of Borehole Top of Granitic Bedrock
No. (m) (m)
BH 01 37.5 315
BH 02 33.0 315
BH 03 375 34.5
BH 04 10.5 7.5

is present. Moderate RQD (between 50% and
75%) suggests moderately fractured rock.
Fractures may provide pathways for water flow,
creating a fair to good aquifer depending on the
extent of interconnection. Low RQD (< 50%)
represents highly fractured or crushed rock.
High permeability due to abundant fractures,
but the rock may also exhibit instability. The
rock is also likely to act as a good aquifer if the
fractures are interconnected and not filled with
clay or other impermeable materials (Adrew &
Cohen, 1995; Alhadar & Rachmansyah, 2021;
Hasan ef al., 2022). Rocks such as granite and
schist are generally poor aquifers because they
have a very low porosity. However, if these
rocks are highly fractured, they would make

good aquifers (Anuar, 2017; Razak & Muztaza,
2022).

Following the resistivity inversion profiles,
the subsurface materials in the research area
are categorised into four classes based on their
resistivity value ranges. A low resistivity value
is construed as water-saturated zones, with
resistivity values ranging between 1 Qm and
300 Qm while a low to intermediate resistivity
value is interpreted as a weathered material
with resistivity values ranging between 301
Om and 1,000 Om (Keller & Frischknecht,
1996). Intermediate to high resistivity values
are indicative of weathered bedrock, with
resistivity values ranging between 1,001 Qm

Journal of Sustainability Science and Management Volume 20 Number 6, June 2025: 1122-1139
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Table 5: Summarise subsurface materials according to their respective resistivity values range

Resistivity Value (2m) Subsurface Materials
1-300 Water saturated zone
301 - 1,000 Weathered material

1,001 — 4,500 Weathered granitic rock

> 5,000 Fresh granitic bedrock

and 4,500 Qm, whereas fresh granitic bedrock is
identified by resistivity values exceeding 5,000
Qm (Azman et al., 2017). Table 5 provides a
summary of the classification of subsurface
materials in the research area.

Figure 6 shows the resistivity profile of
survey lines LR 03 and LR 06, respectively. The
upper part of the resistivity inversion profile
of survey line LR 03 Figure 6 (a) exhibits a
low resistivity value zone (less than 300 Qm)
interpreted as a saturated zone until the depth of
15 m.

This is weathered material with resistivity
value between 301 and 1,000 Qm at LRO3.
Weathered material is a sediment characterised
by loose or unstratified arrangement, with
particles that are not cemented together can be
found either at the surface or at various depths
(Streckeisen, 1967; Loke, 1999; Yunus et al.,
2023). By comparing with the nearest borehole
records (BHO04), the soil formation consists of
interbedded sandy silt, silty sand, and sand until
the depth of 15 m which corresponded in line
with the inversion profile.

Both silty sand and sand are types of
sediments that can influence the potential for
groundwater. Silty sand typically has moderate
to high porosity, allowing it to hold a significant
amount of water. Silty soil has medium-sized
particles, providing better water retention than
sandy soils. They have moderate water-holding
capacity and drainage characteristics. The fine
particles in silty sand create spaces between
them, contributing to porosity. Sand is known
for its high porosity due to its coarse nature.
The larger particles in sand create larger pore
spaces, allowing for greater water storage
(Anuar, 2017). Silty sand and sand are known

for having a high permeability. The larger pore
spaces between sand particles allow water to
flow between them more freely, increase the rate
of water movement and have higher infiltration
rates than fine textured soils, making it easier for
groundwater to move through (Brears, 2017).

The sharp contrast of round structural
features exhibits a high resistivity value of more
than 5,000 Qm is interpreted as fresh granitic
bedrock. This zone is located between 55 m and
85 m and between 110 m and 160 m, with a depth
ranging from between 10 m and 15 m. However,
there is a lateral variation in resistivity, probably
due to a fault. Fresh rock (unfractured) has
higher resistivity while fractured rock has lower
resistivity. The higher the degree of fracturing,
the lower the resistivity value. The potential
fault zone is located at between 85 m and 115 m
and extends to a depth of 100 m. The intrusive
bodies or fractured zone has low-resistivity
value compared to the surrounding as a result
of being a channel for water to infiltrate from
the surface. Moreover, the precipitation from
the surface seeps into the subsurface through the
fracture zone as the it has high solubility (Engfer
& Rongstad, 1991; Saad ef al., 2012) that can
lead to more fractures and creates interstices for
water flow.

The inversion profile of survey line LR 06
[Figure 6 (b)] exhibits similar features to the
inversion profile of survey line LR 03. The upper
part predominantly consists of an unconsolidated
layer extended to 25 m. This inversion profile
also shows a similar sharp structural high
resistivity zone with undulating depth from 10 m
to 25 m. The head rock of fresh granitic bedrock
is located at a distance of between 45 m and
220 m and between 270 m and 340 m. The low
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Figure 6: Interpreted electrical resistivity profiles of (a) Survey Line LR 03 and (b) Survey Line LR 06

resistivity value zone, interpreted as a fault zone,
is located from 200 m to 270 m, and extends to
100 m. Features facilitating fluid flow such as
faults and lithologies with higher porosity are
identified by low-resistivity anomalies (Kumar,
2012; Ammar & Kamal, 2018).

Figure 7 (a) shows the low to intermediate
resistivity value layer along the survey line of
LR 02, interpreted as an unconsolidated layer
extended to a depth of 10 m. Gravel, sand, and
silt are categorised as weathered materials due
to their loose, unbounded nature, and varying
particle sizes. These materials can be easily
transported by natural forces such as wind,
water, and gravity. They generally have high
permeability, allowing water and other fluids to
pass through relatively easily, though the degree
of permeability varies with particle size.

Theunderlain layer is an intermediate to high
resistivity value that oscillates between 1,001
Qm and 4,500 Qm representing the weathered
granitic layer. Between 120 m and 170 m, a high
resistivity zone is interpreted as fresh granitic

bedrock. Next, a low resistivity value zone (less
than 300 Qm) is extended along this survey line,
which is interpreted as being a water-saturated
zone. These are geological formations within
the saturated zone that can store and transmit
significant quantities of groundwater. This is due
to the area being typically composed of materials
like gravel, sand, and fractured rock, which have
high permeability as shown in Figure 5. The
underlain layer shows the increasing resistivity
value representing the fresh granitic bedrock.

Figure 7 (b) shows the resistivity inversion
profile of survey line LR 05, which shows a
similar pattern of resistivity value distribution
as survey line LR 02. The upper layer exhibits
heterogeneity, displaying a notable variation
of the subsurface material with a resistivity
value of less than 300 Qm. The underlain
layer is interpreted as being composed of fresh
granitic bedrock with resistivity value ossiculate
starting from 5,000 Qm onwards. The large low
resistivity value zone is located from 110 m to
250 m, interpreted as a water-saturated zone.
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Figure 7 (c) shows the inversion profile
of survey line LR 08. This profile illustrates
a gradual rise in resistivity values as depth
increases. Low resistivity water-saturated zones
with a value less than 300 Qm are found at
shallower depths of between 25 m and 175 m.
The underlain layer is a high resistivity value
zone interpreted as a fresh granitic bedrock. The
fresh granitic bedrock has an undulating depth
of 50 m and extends to 125 m.

Figure 8 (a) shows the resistivity inversion
profile of survey line LR 01. The results show

0 1 L l
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the resistivity value gradually increasing with
depth. The upper layer of resistivity profiles
of survey line LR 01 is a weathered material
with a resistivity value of between 300 Qm
and 1,000 Qm from the surface until a depth
of 20 m. By comparing the nearest borehole
log (BHO1), the type of soil formation consists
of an alternating layer of sandy silt and sandy
sand until the depth of 31.5 m, and the top of
granitic bedrock is found from a depth of 31.5
m. Silty sand typically exhibits moderate to
high porosity, enabling it to retain a substantial
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Figure 7: Interpreted electrical resistivity profiles of (a) Survey Line LR 02, (b) Survey Line LR 05,
and (c) Survey Line LR 08
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amount of water. The fine particles in silty sand
create interstitial spaces, thereby enhancing its
porosity. Sand is renowned for its high porosity
owing to its coarse texture. The borehole record
parallels the inversion profile, where the high
resistivity value (5,000 Qm) is fresh granitic
bedrock. There is no indication of the fractured
zone that can be determined from the profile,
indicating no potential for a groundwater aquifer
in this area.

Survey line LR 04 resistivity value ranging
between 1 Qm and 300 Qm is the saturated
zone [Figure 8 (b)]. The range of the saturated
zone corresponds to areas where the subsurface
materials are saturated with water. In the given
lithological setting, the weathered layer might

1134

include silty sand, sand, and gravel layers that
are below the water table or in regions with high
groundwater presence with resistivity value of
301 Qm -1,000 Qm. The high resistivity value
observed along the survey line exhibits a distinct
structure resembling a granitic rock intrusion.
However, the continuation of the low resistivity
zone at a depth of 70 metres, extending from
a point 100 metres away from the survey line,
could not be determined due to the limited
depth of the available data. Survey line LR 07
[Figure 8 (c)] shows a similar resistivity profile
to survey line LR 04. The upper layer of the
profile is dominated by a low resistivity value
zone (less than 300 Qm). Granitic bodies with
high resistivity extend along the survey line.
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Figure 8: Interpreted electrical resistivity profiles of (a) Survey Line LR 01, (b) Survey Line LR 04,
and (c) Survey Line LR 07
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Resistivity data is an essential tool for
geophysical surveys, providing insights into
the subsurface materials based on their ability
to conduct electrical current. Different materials
exhibit distinct resistivity values, which can be
correlated to their lithological characteristics.
Table 6 shows a detailed analysis of the
resistivity data in relation to the lithological
setting of the site.

Water saturated zone 1 Qm - 300 Qm
indicates zones with high water content, typically
less than 20 metres deep. Such areas are prime
targets for groundwater extraction due to the
presence of saturated, porous materials that can
store and transmit significant amounts of water.
The unconsolidated layer with resistivity value
of between 301 Qm and 1,000 Qm consist of
silty sand, sand, and gravel. These materials,
though not fully saturated, still have significant
porosity and permeability, which can contribute
to groundwater storage. They are important
for recharge areas and can act as secondary
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aquifers. Fractures at the study area may create
pathways for water to move through otherwise
impermeable granitic rock. The degree of
connectivity between fractures influences the
groundwater flow. Highly connected fractures
form extensive networks that can significantly
enhance groundwater movement and storage.

Conclusions

The application of 2-D electrical resistivity
methods has proven successful in evaluating
subsurface features and delineating groundwater
potential zones within a granitic hard rock
formation at USM. Based on the resistivity
profiles, it can be inferred that the subsurface
materials comprise unconsolidated layers,
water-saturated zones, weathered granitic
bedrock, and fresh granitic bedrock.

From the cross plot of resistivity profiles
of survey lines LR 03 and LR 06 (Figure 9),
there is an extension of the fracture feature with

Table 6: Resistivity values to infer the distribution and extent of different lithological units

Lithological Units

This range corresponds to areas where the subsurface
materials are saturated with water at depth less than
20 m. In the given lithological setting, this might
include silty sand, sand, and gravel layers that
are below the water table or in regions with high
groundwater presence.

Unconsolidated materials such as silty sand, sand,
and gravel that are above the water table or have
partial saturation (up to 30 m). These layers are
porous and can hold varying amounts of water,
affecting its resistivity.

Original granite has undergone a weathering
process, creating a layer that is more fractured
and less dense than fresh granite. This weathered
layer still retains some degree of resistivity due to
its mineral composition. Fractures in granitic rock
significantly enhance the rock’s ability to store and
transmit groundwater.

Resistivity Value (2m) Subsurface Materials
1-300 Water saturated zone
301 - 1,000 Weathered layer
1,001 — 4,500 Weathered granitic rock
> 5,000 Fresh granitic bedrock

The most resistive material in the lithological
setting varies at 7 m to 30 m depth. Granite is a
hard, crystalline rock with very low porosity and
permeability, resulting in high resistivity readings,
signifying intact and unaltered bedrock.
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the northwest-southeast direction. Fractures in
granitic bedrock facilitate water accumulation,
turning the saturated zone into a potential
groundwater aquifer. The potential for extending
the aquifer to depths exceeding 125 metres
can be assessed for future deeper groundwater
exploration. This fracture zone is recommended
as a potential location for drilling groundwater
exploration. Figure 10 shows the cross plot of
resistivity profiles of survey lines LR 02, LR 05,
and LR 08. They are the continuation of water
water-containing zones between the profiles.
These zones are proposed as a suitable potential
location for drilling location for groundwater
exploration.

USM is situated near the boundary of two
types of igneous rocks with a coarse grain size,
indicative of greater porosity. This increased
porosity facilitates water seepage during
precipitation. Furthermore, the area exhibits at
least two sets of fractured/fault systems. These
characteristics suggest a promising potential for
groundwater exploration in this location. This
paper addresses the potential groundwater to
be explore at USM and serves as preliminary
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guidance for identifying suitable locations
for groundwater exploration. This result may
contribute to the development of a one-stop
centre for hardrock groundwater resources
and the establishment of guidelines for the
development and management of hardrock
groundwater resources in the granitic region of
Malaysia.
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