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ABSTRACT 
 
 

Owing to the disastrous consequences of ground subsidence in the urban area, great attention had
always been accorded to areas with suspected signs of subsidence occurrence in order to mitigate
its effect. Microgravity and electrical resistivity imaging (ERI) survey techniques were conducted
at a parking lot of which possible occurrence of subsidence is anticipated due to the increased
exposure of surface cracks and very slight depression. This study aimed to map and delineate the
subsurface condition of the area with the view of revealing probable subsidence prone zones within
the study area. To this end, the microgravity survey data was acquired at a station interval of 2 m.
Pole-dipole configuration with 2 m electrode separation was adopted for the electrical resistivity
imaging survey. The two methods showed good correlation with each other and proved their
effectiveness in imaging the subsurface. A large proportion of the subsurface area was found to be
residual soil (mainly silt and or clayey sand) with saturated zones identified by low gravity
(< - 40.94 mGal) and resistivity (<150 Ω.m) values, which have the tendency to undergo expansion
and contraction processes due to rise and fall in moisture content. The subsurface condition was
found to be relatively stable, devoid of any subsidence triggering features such as voids or cavities.
However, it is inferred to be unsuitable for engineering structures due to the expansive and
contractive properties of the subsurface geomaterials (residual soil). Therefore, it is concluded that
the area is not prone to subsidence and the surface cracks presents are mere effects of the expansion
and contraction process, which could be avoided by the excavation of the expansive soil or good
engineering design before the establishment of any structure. 
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INTRODUCTION 
Ground subsidence is a global geohazard 

phenomenon that involves gradual downward settling 
or sudden sinking of the Earth’s surface at a regional 
or local scale (Bell et al., 2005). Both natural processes 
(e.g. soil compaction, development of subterranean 
voids by the solution of host rocks, tectonic and 
volcanic activities) and anthropogenic activities (e.g. 
subsurface mining, tunnel construction and extraction 
of groundwater) are known to be the principal causes 
of subsidence (Cárdenas‐Soto et al., 2020; Marschalko 
et al., 2015). The aftermath of ground subsidence is 
often disastrous, especially in the urban area. It usually 
leads to injury or loss of lives, a decrease in water 
quality, extensive damage to the surface and 
subsurface structures such as buildings, roads, 
pipelines, underground tunnels (Cao et al., 2020; 
Hussain et al., 2020; Salehi et al., 2019). Due to the 
frequent occurrence of subsidence and its significant 
impact on lives and properties, it has gained the great 
attention of researchers globally (Pradhan et al., 2014).

 

A concerted effort has been made by several 
researchers to explore related aspects on ground 
subsidence (Abidin et al., 2013; Ghazifard et al., 
2017). The most examined aspects are; monitoring of 
the subsidence and its prediction. Remote sensing 
(RS) and geographic information system (GIS) 
techniques are mostly employed for ground 
subsidence study because of their efficiency in data 
collection, analysis and validation (Oh and Lee, 2010; 
Zheng et al., 2013). However, both techniques are 
deficient, as they are constraint to surface features 
only. To have a better understanding of the source of 
the subsidence, its monitoring and prediction, 
subsurface information is often required. 

Near-surface geophysical techniques such as 
Microgravity Imaging, Electrical Resistivity Imaging, 
Ground Penetrating Radar, Seismic Refraction and 
Ambient Noise Tomography offer a solution to the 
aforementioned limitation of RS and GIS techniques 
(Cárdenas‐Soto et al., 2020; Martínez-Moreno et al. 
2013; Sastry and Mondal, 2013). Quite a number of 
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researchers employed the geophysical techniques to 
study subsidence. Yassin et al. (2013) conducted 
a geohazard assessment of karst features (sinkholes, 
caves, cavities) using electrical resistivity imaging 
(ERI) at two complex construction sites in the north of 
Ipoh, Perak, Malaysia. The result shows the 
effectiveness of the method in delineating or mapping 
the subsurface as it revealed low resistive anomalies 
for the suspected sinkholes and predicts the likely 
occurrence of subsidence at one of the construction 
sites. Pazzi et al. (2018) integrated microgravity, 
electrical resistivity imaging (ERI) and seismic 
techniques to delineate sinkhole-prone areas for 
susceptibility assessment and risk mitigation. They 
found that the area is characterized by paleochannels 
and that the sinkhole-prone area corresponds to these 
paleochannels. More so, an integrated study using
self-potential, electrical resistivity imaging (ERI), and 
frequency-domain electromagnetic was successfully 
carried out to characterize urban subsidence in Butte, 
Montana, U.S.A. (Prudhomme et al., 2019). In the case 
study by (Sastry and Mondal, 2013), they employed 
microgravity, induced polarization imaging and 
electrical resistivity imaging to detect Salna sinking 
zones at Garhwal Himalaya, India. The authors 
inferred the existence of several vertical to sub-vertical 
faults, and that the sinking of Salna village is along 
these inferred faults. 

Furthermore, Martínez-Moreno et al. (2015)
tested the applicability of microgravity and ERI 
techniques for subsurface cave detection in the 
gypsum karst system of Sorbas (SE Spain). They 
found the techniques to be effective in imaging the 
subsurface. The increased appearance of surface 
cracks and slight depression at some part of the 
parking lots (Fig. 1) has no doubt instilled fear in the 
mind of the residents about the possible occurrence of 

subsidence. In view of this, the assessment of 
subsurface features (such as voids, cavities, faults) 
capable of igniting or triggering the occurrence of 
ground subsidence is very paramount in order to 
forestall the catastrophic consequences of either loss 
of lives or economic losses or both. Hence, the present 
study is necessitated with the goal to make known the 
subsurface condition of the area and to delineate zones 
or areas vulnerable to subsidence. To achieve this 
goal, microgravity imaging and ERI surveys were 
conducted at the parking lots. The choice for these 
methods employed stem from their efficacy in 
mapping the subsurface as stated in various literatures. 
The findings of this study will significantly reduce the 
impact associated with subsidence in the area by 
updating the area’s risk zoning or deploying 
appropriate engineering design or technique.  

 
METHODOLOGY 
STUDY AREA AND GEOLOGICAL SETTING 

The study area, a parking lot at Universiti Sains
Malaysia (USM), Penang Island Malaysia, is located 
between latitude 5° 21' 33.12" to 5° 21' 36.36" N and 
longitudes 100° 18' 21.96" to 100° 18' 23.76" E. The 
geological setting of the island is relatively 
homogeneous as it is dominated by granitic rock 
(Kong, 1994). The island is divided mainly into two 
groups; the North Penang Pluton (NPP) and the South 
Penang Pluton (SPP). The NPP is dominated by Type 
I granite, which is made up of orthoclase to 
intermediate microcline granite, while the SPP is 
dominated by Type II granite, which is mainly 
microcline granite (Ahmad et al., 2006; Kong, 1994). 
The study area belongs to the South Penang Pluton, 
which is of late Carboniferous age. It composed of 
fined grained biotite and medium to coarse-grained 
biotite granite (Ali et al., 2011; Pradhan and Lee, 

Fig. 1 Site photos of the parking lots, the red circles indicate (a) series of cracks (b) cracks with a slight 
depression. 
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Fig. 2 Geology map of Penang Island modified from (Kong, 1994). 

Fig. 3 Profile layout for the survey. The black solid 
line represents the resistivity line while the 
small red circles represent the microgravity 
measurement point.  

2010). The geology map of Penang Island showing the 
study area is shown in Figure 2. 

 
METHODOLOGY 

The subsurface condition of the parking lots was 
examined by microgravity and electrical resistivity 
imaging techniques. The survey layout adopted for 
both techniques are as shown in Figure 3.  

 
MICROGRAVITY 

Microgravity technique enable the effective 
delineation and detection of small subsurface density 
contrast with high accuracy by measuring the variation 
of the gravitational acceleration of the earth (Pazzi et 
al., 2018). The high sensitivity of the technique made 
it suitable for this study and other various applications. 
The presence of subsidence triggering features such as 
cavities or voids are mostly associated with 
short- wavelength which constitutes a decrease in the 
density with respect to the host rock and, thus in 
the gravity value (Martínez-Moreno et al., 2013). 

The microgravity survey was conducted using 
the Scintrex CG-5 gravity meter. The sensing element 
of the CG-5 gravimeter is based on a fused quartz 
elastic system (Scintrex Ltd., 2012). The CG-5 meter 
has a resolution of 0.001 mGal which made it suitable 
for both detailed field investigations and large scale 
regional or geodetic surveys (Scintrex Ltd., 2012).
A total of 387 microgravity measurement stations 
were established on eight survey profiles 
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 (MG1- MG8). The measurements were made at 2 m 
station interval along the profile lines. Seven profiles 
(profiles MG1-MG7) had a Northeast-Southwest 
orientation and one (profile MG8) had Northeast-
Southwest and North-South orientation (Fig. 3). At 
each station, three repeated measurements were made 
in order to enhance the signal-to-noise ratio. The 
instrument drift was taken into account by establishing 
a base station which was visited and measured at the 
beginning and end of each profile line. The acquired 
microgravity data was subjected to the standard 
gravity corrections such as drift correction, latitude 
correction, free-air correction, Bouguer correction and 
removal of the regional field to obtain residual 
Bouguer gravity anomaly. Details on each of the 
corrections can be obtained in Hackney (2020) and Li 
and Götze (2001).  

The RBGA is further subjected to a tilt angle 
derivative filter (TDR) using Geosoft software (Oasis 
Montaj v. 8.4). It has been established that TDR is 
effective in mapping basement structures, edge 
detection, and mineral exploration (Ibraheem et al., 
2018). The filter is defined as in Equation 1. 

 𝑇𝐷𝑅 = 𝑡𝑎𝑛ିଵ ቀ ௏஽ோ்ு஽ோቁ                                                (1)
 
where VDR is the vertical derivative and THDR is the 
total horizontal derivatives (Saada, 2016). The 
advantage of the filter is that it does not require any 
parameter such as density, structural index, inclination 
and deflection angle, etc. for its computation (Akin et 
al., 2011). In general, it is useful as a complementary 
tool in the structural interpretation of the subsurface 
geomaterials, as it allows the identification of 
anomalies with low and high amplitude. As reported 
by Cárdenas‐Soto et al. (2020), the TDR filter tends to 
constraint the amplitude of potential field to values 
ranging from − 𝜋/2 to + 𝜋/2.  
 
ELECTRICAL RESISTIVITY IMAGING (ERI) 

For the electrical resistivity imaging (ERI) 
survey, measurements were made using ABEM 
Terrameter SAS4000 instrument, which injects 
electric current (𝐼) into the earth through a pair of 
stainless-steel electrodes and measures the potential 
difference (∇𝑉) through the other pairs of stainless-
steel electrodes. Pole-dipole array configuration with 
an electrode spacing of 2 m was employed for the 
measurement. The configuration was chosen because 
of its good horizontal coverage and low distortion of 
equipotential surfaces (Loke, 2018; Smith, 1986). The 
measured apparent resistivity (𝜌௔) of the configuration 
is written as in Equation 2. 
 𝜌௔ = 2𝜋𝑛ሺ𝑛 + 1)𝑎 ∇௏ூ                                                (2)
 
where ∇𝑉 is the potential difference,  𝐼 is the electric 
current, 𝑎 is the electrode spacing and 𝑛 is the data 
level. 

Six resistivity profile lines (RL1-RL6) were 
established within and outside the microgravity 

acquired area. Profiles RL1-RL4 were 80 m long, 
oriented in Northeast to Southwest direction whereas 
profiles RL5 and RL6, oriented in West to East 
direction are 52 m and 55 m long respectively. The 
acquired ERI data was subjected to filtering 
processes  (such as the extermination of bad data 
point and root mean square error statistics) as 
recommended by Loke (2018). Thereafter, inversion 
of the data was carried out using Res2Dinv software 
(v. 3.56, Geotomo Inc.). Based on the geological 
setting of the study area, sharp discontinuities are not 
expected, as such, the smoothness-constrained least-
square inversion method was employed. The 
inversion process tries to produce a better model by 
minimizing the root mean square (RMS) error value 
after each iteration. 

 
RESULTS AND DISCUSSION 

The result and discussion of the study outcome 
are presented in line with the methodology.  

 
MICROGRAVITY  

In microgravity result, low (negative) gravity 
anomalies are usually caused by low-density zones 
such as voids or soil with high void ratios or low 
compactness (clay and silt). The pattern or size of 
a void-induced gravity anomaly is dependent on the 
source of the void and its connectivity with 
the surrounding host rock (Pazzi et al., 2018). 
Figure 4a depicts a residual Bouguer anomaly (BA) 
map with values ranging from -41.27 mGal to 
- 38.47 mGal. The South-East (SE) part of the study 
area is dominated with low Bouguer anomaly values 
(-41.27 to - 40.99 mGal) as compared to the 
remaining part of the survey area with relatively 
higher values (-40.94 to -38.47 mGal). This implies 
that the southeastern part of the study area consists of 
low-density geomaterials, which are inferred to be 
residual soil saturated with water. 

The subsurface image was further enhanced by 
the tilt angle derivative (TDR) as shown in Figure 4b. 
Upon the application of the TDR filter, the edge of 
the subsurface features was accentuated, as the low 
amplitude gravity zones area of coverage increases. 
The subsurface area with low amplitude negative 
gravity anomaly values (-1.50 to -1.37 rad) 
corresponds to the areas with surface cracks exposure 
at the parking lot. Hence the low amplitude negative 
anomaly zones (-1.50 to -1.37 rad) are inferred to be 
a residual soil saturated with water.  
 
ELECTRICAL RESISTIVITY IMAGING (ERI)  

Figure 5 shows the inverse resistivity models of 
the six 2-D electrical resistivity imaging profiles 
(RL1-RL6) obtained after five (5) iterations with 
RMS error of 7.3 % - 8.5 %. The resistivity values 
obtained ranges from 0 Ω.m – 9000 Ω.m with 
a maximum depth of 28 m for profiles RL1-RL4, 
whereas 19 m for profiles RL5-RL6. In analyzing the 
resistivity result, reference was made to a nearby 
borehole which provided the lithological information 
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Fig. 4 (a) Bouguer anomaly map with small circles which indicate the microgravity observation point 
(b) Tilt angle derivative map. 
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Fig. 5 Inverse resistivity models for the six profile lines (a) RL1 (b) RL2 (c) RL3 (d) RL4 (e) RL5 (f) RL6. 
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 Fig. 6 Overlay of the six inverse resistivity models in google map. 

 

of the area. Based on the borehole record, 1 m to about 
15 m depth of the subsurface is basically residual soil, 
mainly silt and or clayey sand (Nordiana et al., 2014). 
The resistivity result shows a saturated zone inferred 
to be part of the residual soil (silt and clay) with 
resistivity value <600 Ω.m at depth <15 m in most of 
the profiles. This reflects the lithological information 
provided by the borehole log. Moreover, underlying 
the residual soil is the highly weathered granitic rock 
and beneath lies the bedrock with resistivity value of 
600 Ω.m to 1200 Ω.m and >1200 Ω.m respectively.  

Furthermore, the six inverse resistivity profile 
were placed according to their acquisition coordinate 
position with the goal of providing a holistic view of 
the subsurface (Fig. 6). It is observed that the saturated 
zone (low resistivity zones) is more concentrated at the 
East and Southern parts of the study area. The 
saturated zone is attributed to the high water content 
of the residual soil (Loke et al., 2013). All the saturated 
zones correspond to the areas with surface cracks.  

 
CONCLUSION 

Microgravity and electrical resistivity imaging 
techniques have been successfully applied to 
investigate the subsurface condition of the study area.
The low amplitude negative gravity anomaly zone 
(- 1.50 to -1.37 rad) as depicted on the tilt angle 
derivative map corresponds to the saturated zone with
low resistivity (<150 Ω.m) as shown on the inverse 
resistivity models. This, in turn, corresponds with the 
residual soil (silt and clay) formation given by 
the borehole record which is characterized by 
expansion and contraction with the rise and fall in 
moisture content. With these properties of the residual 

soil, it can be inferred that the surface cracks 
experienced on the asphalt are largely due to 
the expansion and contraction process. Based on the 
findings of this study, the area is devoid of subsidence 
triggering features such as cavities or voids. Hence the 
area is said to be relatively stable with no likely 
occurrence of serious subsidence. However, the area 
cannot support heavy load due to the expansive and 
contractive nature of its subsurface soil. Therefore, 
grouting or other soil stabilization processes are 
recommended before the establishment of any 
structure within the area.  
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