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ABSTRACT
Geophysical survey techniques were carried out to identify the potential zones of
manganese ore in Central Peninsular Malaysia. Electrical resistivity tomography and
induced polarization (IP) geoelectrical methods have been used to identify the metal
distribution andmineralization zones. Five geoelectrical survey profiles were deployed
at the proposed site using pole–dipole array in the W–E direction with lengths of 400
m and 800 m. The results of the resistivity and IP inversion indicate the presence of
well-correlated low resistivity (≤ 200 �m) and high chargeability zones (≥ 10 ms)
embedded in the varied weathered host rock as massive and disseminated ore bodies.
The 3-D maps generated enabled the delineation of the conductive bodies orientation
andmineral of interest distribution.Results of the geochemical analysis contributed to
validating the site as a potential mineralized zone with a high concentration of man-
ganese. The study suggests further geophysical investigations in the southern segment
of the research area to produce a more consistent image of the subsurface structures,
and conclusively identifying the extension of mineral deposits for the purpose of ore
prospecting to aid drilling operations.

Key words: Electrical resistivity tomography, Gua Musang, Induced polarization,
Kelantan, Manganese ore, Peninsular Malaysia.

INTRODUCTION

Malaysia is endowed with a rich variety of ore deposits, par-
ticularly in the Central Belt of Peninsular Malaysia (Scrivenor,
1928), and is anticipated to remain on the path of mining de-
velopment, motivated by the continued demand for mineral
resources, notably manganese, iron, gold, tin, and other metal-
lic ores (e.g. Majid et al., 2013; Kusin et al., 2017).

Manganese is a ferrous ore with growing significance in
steel industries worldwide for the purpose of production of
various alloys, thereby depriving low- and high-grade deposits
and encouraging the prospect of such ore deposits (Ramazi
and Mostafaie, 2013; Ismail et al., 2016). However, the pro-
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cess of formation and deposition of manganese ores requires
various geological conditions that were initially formed from
ancient marine sedimentary rocks, and as a result of subse-
quent tectonic uplifts and erosions, these deposits have been
exposed above the continent (Schulz et al., 2018). Studies in-
vestigating the geology of the Central Belt by the Malaysian
Department of Minerals and Geosciences have shown that
most of mineral deposits, e.g. base metals deposits, occur
within Permo-Triassic metasedimentary rocks (e.g., Hutchi-
son, 2007; Basori et al., 2016). The study area is located in the
Central Belt of Peninsular Malaysia, and there is a strong mo-
tivation to investigate the potential occurrence of manganese
ores in the region.

The identification of subterranean geological conditions
in mineral prospecting using traditional methods such as pit
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Figure 1 Geological map of the study site with inferred geological cross-section A-A.
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Manganese ore exploration in Central Belt, Peninsular Malaysia 3

Figure 2 Map of study area at Ladang Sungai Terah, Gua Musang region, showing the 3-D elevation of deployed survey lines.

testing and drilling operations remains a major issue, with
limited area coverage and little spatial observations over ex-
tremely complex formations (Corral and Earle, 2009). As a re-
sult of these issues, geophysical prospecting approaches have
been used as alternative tools, some of which are scalable, and
which provide spatial continuous detection of physical prop-
erty sources with their changes (e.g., Day-Lewis et al., 2017;
Power et al., 2018). Selection of such techniques for the pur-
poses of mineral exploration is controlled by the physical char-
acteristics of mineral in the ore bodies, their host rocks, the
geological setting and the topographical parameters ( Sultan

et al., 2009; Ramazi and Mostafaie, 2013; Gurin et al., 2015;
Zhang et al., 2018).

Geoelectrical investigations have proven to be an effec-
tive geophysical method for delineating mineralized structure
regions (Riva et al., 2019). The integration of electrical resis-
tivity tomography (ERT) and induced polarization (IP) in geo-
electrical methods is extensively applied in detailed surveys of
geochemical parameters for the delineation base metals de-
posits (Moreira et al., 2020). Notwithstanding the simulta-
neous application of such approaches in mineral exploration,
these methods are also used in a wide variety of environmen-
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Figure 3 (a) Location of ERT-IP survey lines indicated in plan view; (b) geoelectrical data acquisition electrodes arrangement exhibiting the mea-
surement sequence to construct pseudo-sections (Loke et al., 2013); (c) equipment and tools used for the data acquisition of ERT-IP subsurface
manganese deposits.

tal and hydrogeological studies as well (e.g., Revil et al., 2012;
Loke et al., 2013; Binley et al., 2015; Rosolen et al., 2019).

Electrical resistivity prospecting surveys are among
the oldest and most widely applied geophysical methods
(Reynolds, 2011). It has been typically used in exploration

surveys of mineral deposits (Bauman, 2005; Legault et al.,
2008). The IP approach is generally performed for this
type of investigation due to the high chargeability values
of metals distributed in the geological formations and has
been developed and mainly designed for the recognition of
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Figure 4 Interpreted resistivity and chargeability sections inverted from ERT and IP data for line ST 1.

disseminated sulphides (Moreira et al., 2014; Vieira et al.,
2016).

Many research works have been conducted using the geo-
physical methodologies for manganese exploration with vari-
able success. The combination of ERT and IP methods was
performed to investigate the supergene manganese ore de-
posits in south-eastern Brazil (Moreira et al., 2014). Similarly,
Srigutomo and Pratomo (2016) used these techniques for ex-
ploration of manganese ore in an unknown area. Other stud-
ies have combined various geophysical methods, for instance
Ramazi and Mostafaie (2013) applied resistivity, IP and self-
potential (SP) techniques to prospect and evaluate the man-
ganese ore inMarand, Iran.More recently, Araffa et al. (2020)
deployed three geophysical techniques, including magnetic, IP
and resistivity, for mapping of manganese–iron deposits at
Wadi Al Sahu area, Sinai, Egypt.

The main objective of this study has been to analyse the
effectiveness of ERT and IP (a combination of geophysical
and geoelectrical methods) as exploration tools to locate man-
ganese prospects in Central Peninsular Malaysia. This study
will provide greater insight on the existence, shape, and depth
of the manganese ores beneath the subsurface as informed by

the data collected on-site using the combination of ERT and
IP methods.

GEOLOGICAL SETTING OF THE STUDY
AREA

The study area is located at Ladang Sungai Terah (LST), Gua
Musang, Kelantan, between the latitudes 4°57’48.41"N
to 4°58’34.42"N and longitudes 101°55’6.68"E to
101°55’48.03"E, which is part of the Central Belt of Penin-
sular Malaysia. The area can be accessed by Jelawang–Gua
Musang road, about 12 km from the Gua Musang district
(Fig. 1). The topography is characterized by hilly terrains
gridded by the West Malaysia (RSO), using datum system of
the Kertau 1948 with an elevation profile varying between
171 m and 250 m from north to south relative to mean
sea level. Figure 2 illustrates the 3-D topography of the
research area, including the geoelectrical line directions. The
occurrence of well-exposed rock outcrops is very rare on-site
as the area is predominantly covered by rubber and oil palm
trees.
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Figure 5 Interpreted resistivity and chargeability sections inverted from ERT and IP data for line ST 2.

Regional geology

The study area is part of the Central Belt of Peninsular
Malaysia. Metcalfe (2013), Zaw et al. (2014) and Basori et al.
(2016) suggested that the Central Belt represents the Per-
mian volcanic arc, which formed along the margin of the East
Malaya Block. According to Macdonald (1967), Heng et al.
(2006) and Arifin et al. (2019), rocks in the study area con-
sist of Permo-Triassic sedimentary rocks (mainly argillaceous–
arenaceous sediments and calcareous intercalation), and were
later intruded by the Triassic granitoids (Fig. 1). The man-
ganese occurrence in the LST region has been neither stud-
ied in detail nor seen intense exploration activity. However,
a brief description of the LST and other manganese occur-
rences in Central Belt (north Gua Musang) has been given by
Macdonald (1967).Ongoing geological, geochemical and geo-
physical work in the area has also provided more information
on the occurrence of manganese ore. The manganese ore can
be found as discontinuous lenses and is hosted by metasedi-
mentary rocks, consisting of phyllite and slate. In the southern
part of the survey area, a series of micritic limestone bodies
were observed and may consist of preserved fossils such as

foraminifera, bivalves and brachiopods. The prevailing struc-
tural trend is orientedN–Swithmanganese mineralization fol-
lowing the same orientation. The LST manganese ore is found
to contain nearly 42 wt% manganese metals as measured by
X-ray fluorescence analysis (Table 1).

MATERIALS AND METHODS

Electrical resistivity tomography and induced polarization
techniques

Electrical resistivity tomography (ERT) is a direct current
(DC) technique developed to image the resistivity pattern of
the subsurface using multi-electrode systems (Griffiths and
Baker, 1993). Measurements of ERT are conducted by inject-
ing a DC through the ground with two transmitter current
electrodes C1 and C2 to generate an electrical circuit, and
recording the resulting variations in electrical potential (�V)
across two other receiver potential electrodes P1 and P2. The
measured potential differences are converted to apparent re-
sistivity (ρa) in units of ohm-m (Riva et al., 2019). The results
of such methods depend on the arrangements of electrodes or
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Table 1 Quantitative analysis of elements in manganese ore sample from southern of Kelantan using the X-ray fluorescence method

Detected Elements
Manganese

(Mn)
Iron
(Fe)

Titanium
(Ti)

Potassium
(K)

Barium
(Ba)

Zinc
(Zn)

Calcium
(Ca)

Arsenic
(As)

Results (%) Maximum 41.24 1.64 0.04 0.05 2.40 0.035 0.49 0.060
Minimum 41.34 1.67 0.06 0.07 2.70 0.040 0.53 0.065

Table 2 Characteristics of the acquired ERT and IP profiles using pole–dipole configuration

Acquisition date Profile
Origin

coordinates End coordinates
Total

length (m)
Electrode
spacing (m)

Parameter
measureda

Estimated
maximum depth

(m)

10th to 12th
January 2020

ST 1 437156 E 437370 E 400 5 ρa,M 100
549163 N 54145 N

ST 2 437038 E 43447 E 400 5 ρa,M 100
549392 N 549363 N

ST 3 436988 E 437737 E 800 10 ρa,M 200
549612 N 549569 N

ST 4 437015 E 437345 E 400 5 ρa,M 100
549869 N 549914 N

ST 5 437058 E 437411 E 400 5 ρa,M 100
550451 N 550407 N

a
ρa (apparent resistivity) and M (chargeability) are obtained from ERT and IP survey, respectively.

the response of physical properties to the DC applied (Loke,
2004; Upadhyay et al., 2020).

IP is a current-stimulated electrical phenomenon ob-
served as a delayed voltage response in earth materials
(Sharma, 1997). IP methods are deployed in a comparable ap-
proach to DC resistivity techniques. On the other hand, this
approach was used to determine the chargeability M (in ms),
which demonstrates the magnitude of electrical polarization
effects (i.e., ability to store electrical charge) experienced by
ions in the vicinity of metallic minerals within rocks (e.g.,
Spitzer and Chouteau, 2003). As the transmitted electrical cur-
rent into the ground is interrupted, the voltage gradually de-
cays over time across the potential electrodes to zero. This
voltage decay study is manifested as time-domain IP (TDIP)
and is connected to the presence of either clay minerals in the
weathered regions or conductive minerals in rocks (Martínez
et al., 2019).

The survey profiles were arranged in a W–E direction,
which intersects perpendicularly to the regional structure ori-
entation, i.e. the N–S direction of Kelantan. Other affecting
factors for the design and surveying of the lines were the ob-
served indicators of mineralization in the field; small outcrops
of the lenses of manganese mineral disseminated within the
phyllite and slate metasedimentary rocks in the centre of the
study area, located mostly according to the setting of regional

structural geology of the area. Each survey line started at a
specified location and traversed along the terrain and plateau
of area over a distance of 400 m before ending at the oppo-
site location. Line ST 3 was extended further than the other
lines to reach 800 m in length so as to acquire the electri-
cal data of the exposed mineral bodies in the centre of area.
Both methods (ERT and IP) rely on the placement of several
electrodes along a survey line connected to a multi-core ca-
ble. The distance between electrodes controls the degree of
lateral and vertical resolution, while the spread length of the
configuration array limits the maximum investigation depth.
In order to maximize the model resolution, the electrodes
need to be placed closer together (Martínez et al., 2019).
The recorded ERT and IP anomalies have a good correla-
tion with mineral body outcrops, demonstrating the effective-
ness of the used geoelectrical methods for manganese mineral
exploration.

Acquisition and inversion of datasets

Geoelectrical data acquisition for subsurface properties was
carried out by using a resistivity metre system integrated with
a built-in programmable microprocessor (ABEM Terrameter
LS2), which automatically identifies the specific four stainless
metal steel electrodes within each measurement without any
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Figure 6 Interpreted resistivity and chargeability sections inverted from ERT and IP data for line ST 3.

human interference (Fig. 3). The pole–dipole array with unit
electrode spacing of 5 and 10 m (Table 2) were used to ob-
tain the apparent resistivity and apparent chargeability mea-
surements as this approach produces better lateral and vertical
resolution (Dahlin and Zhou, 2004; Arifin et al., 2019; Kay-
ode et al., 2019). Figure 3(b) shows the electrode arrangement
and sequence measurement to construct a pseudo-section. A
total of 5 parallel electrical survey lines were deployed with
lengths of 400 m and 800 m. The survey lines were set up
in the W–E direction, positioned generally perpendicular to
the trend of main geological structures on-site to provide con-
sistent datasets for manganese exploration. A direct current
(DC) supplied by a 12-V battery was driven into the ground
by using 41 to 61 stainless steel metal electrodes connected by
jumpers to two reels of 200 m multi-core electrical cables and
the potential difference measured is recorded through the po-
tential electrodes. The location and elevation of the electrodes
along every survey line were geo-referenced using a portable
global positioning system (GPS) to synchronize the data for
processing and inversion procedure.

Inversion modelling of the apparent resistivity and
chargeability data was performed using RES2DINVx64 to-
mography inversion software. Prior to inversion, a topo-

graphic correction was incorporated, and any data affected
by noise were filtered out. The inversion algorithm used the
constrained least-squares technique based on the robust finite
element method to generate a calculated model that empha-
sizes true resistivities of subsurface geological features (Loke
et al., 2006).Rootmean square errors of inverted data for lines
ST 1, 2, 3, 4 and 5 were less than 11%, after a maximum of ten
iterations for the acquired lines. The 2-D inverted results were
again tabulated and processed using Oasis Montaj software,
from Geosoft, combined with GPS data obtained at the po-
sition of each electrode to develop a 3-D visualization model
for better understanding of the complex geological structure.
The previously inverted data was interpolated using a minimal
curvature algorithm.

RESULTS

2-D electrical resistivity tomography and induced
polarization models

Figure 4 illustrates the inverted resistivity and chargeability
section obtained along the geophysical survey line ST 1 in the
southern part of the study area. The resistivity image shows
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Figure 7 Interpreted resistivity and chargeability sections inverted from ERT and IP data for line ST 4.

a main massive low resistivity zone at the centre of this sur-
vey line between 130 m and 205 m with a delineated resistiv-
ity value of less than 170 �m, as indicated by black dashed
lines shown in Figure 4a, while high resistivities of surround-
ing host rock were greater than 800 �m. Other multiple con-
ductive subsurface features were distinguished within a depth
of between approximately 5 m and 25 m. Figure 4(b) shows
that the high chargeability values measured are greater than
10 ms, at a distance of 110 m to 270 m, well compatible with
low resistive zones described above.

The results of the electrical resistivity tomography (ERP)
and induced polarization (IP) survey line derived from data
measured along line ST 2 with a total length of 400 m (Fig. 5)
showed a significant similarity in the characteristics of resistiv-
ity and IP response compared to line ST 1. The major conduc-
tive feature is also detected in the middle of this profile with
a higher depth varying from about 35 m down to 100 m, at a
distance between 150 m and 205 m from the starting point of
the survey line. As shown in Figure 5(a and b), the values of
resistivity and chargeability for the conducting bodies are less
than 200Ωm and greater than 5 ms, respectively. These bodies
are well correlated, and the values recorded for the surround-

ing regions correspond well to basement rocks, with resistivity
measured to be greater than 2000 Ωm and chargeability less
than 1.0 ms.

Figure 6 presents the inversion imaging of ERT and IP
data obtained along line ST 3 (profile 3), which was the
longest line covering a total length of nearly 800 m in the cen-
tral part of the study area. Themassive low resistivity anomaly
was observed in the eastern part of this profile. This line was
positioned close to the outcrop of manganese mineral ore ex-
posure. The chargeability section model (Fig. 6b) shows that
the estimated depth of these manganese ore outcrops is ap-
proximately 40 m down from the ground surface. Field ob-
servations reveal that the manganese ores are associated with
slate as a host rock. The location of the electrical routing lines
allowed the contrast region of subsurface physical properties
detected in inversion models to be linked with zones of min-
eral concentrations (Moreira et al., 2014). Likewise, line of ST
3, similar massive conducting bodies were observed in the east
of profile line ST 4 with resistivity below 200 Ωm and charge-
ability values of above 3 ms (Fig. 7a and b). Meanwhile, the
correlated regions with high resistivity of greater than 2000
Ωmand amoderate to high chargeability ranging from 3ms to
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Figure 8 Interpreted resistivity and chargeability sections inverted from ERT and IP data for line ST 5.

15 ms may be interpreted as potential mineralized zones with
a low concentration of ore deposits hosted in slightly weath-
ered rocks.

The resistivity and chargeability data acquired from the
geoelectrical survey line ST 5 (Fig. 8) do not show any indica-
tion of the presence of massive conducting bodies. However,
multiple disseminated low resistive anomalies were located
near subsurface with varying depths from about 5 m down to
40 m. These low resistivity values (Fig. 8a) correspond to the
high chargeability values of more than 5 ms (Fig. 8b), which
may indicate the presence of manganese mineralization lenses
that is likely to be hosted by highly weathered metasedimen-
tary rocks.

Fence diagram generation

The fence diagram is produced from the 2-D resistivity
and chargeability results and is plotted as shown in Fig-
ures 9 and 10 to illustrate the correlation of delineated po-
tential mineralized features along all profiles (i.e., ST 1–5),
which are predominantly elongated in the north–south direc-
tion. The extension of the very low massive resistivity/high

chargeability structures appears to be substantially consistent,
i.e.N–S, along themeasured profiles except for the profile gen-
erated by line ST 5, where there is no observable geoelectrical
signal recorded. However, disseminated bodies of low resis-
tivity and high polarized values are well defined and observed
along all recorded lines.

Resistivity and chargeability maps

The 3-D Oasis Montaj model parameters produced from the
inversion sections of resistivity and chargeability are signifi-
cant for better correlation and characterization, as shown in
Figures 11 and 12. Based on chargeability map (Fig. 11), the
high chargeability values (red to purple colour marked with
dashed line) indicate the presence of potential mineralization
zones, which could be interpreted as deposits of manganese
ore. These deposits are geographically dispersed over a broad
scale at the west–east of line ST 3 and extend towards the
south direction, i.e. ST 2 and ST 1. Figure 12 shows the re-
sistivity map of the study area. The regions of low resistivity
values with intersection of high chargeability values revealed
in the maps probably correspond to the conductive rock bod-
ies.
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Figure 9 Aerial map of the research site showing the fence diagram of five resistivity survey lines joined together to identify the relation between
2D inversions.

DISCUSS ION

Electrical geophysical measurements using electrical resistiv-
ity tomography (ERP) and induced polarization (IP)methods
were explored to facilitate the delineation of the manganese
ore reserve underlying the study area.The resistivitymaps pro-
vide the highest resolution of the subsurface electrical proper-
ties of bedrock, which may reflect a strong connection to eco-
nomic mineralization. Whereas the results of IP are useful to
detect regions where conductive minerals are located within
the host rock (e.g., Moon et al., 2006; Bery et al., 2012), the
mineralization zones should have a high anomaly of charge-
ability in accordance with the fundamental IP theory (Telford
et al., 1990). These anomaly measurements are then evaluated
for the identification of aspect, size, distribution and structure
as a starting point for the follow-up of detailed drilling explo-
ration (Dentith and Mudge, 2014).

Analysis of the obtained resistivity and IP inversion mod-
els leads to remarkable anomalies as shown in Figures 4–8.
Generally, the high-grade concentration of minerals for the

well-correlated values of low resistivity and high chargeabil-
ity can be separated into two most significant anomalies types
which could be defined as massive and disseminated sub-
surface earth materials underlying a specific area of interest.
The massive conductive ore bodies observed at deeper higher-
thickness levels, occupied most of the centre areas in sections
ST 1 and 2, whereas the low massive resistivity features of
models relevant to ST 3 and 4 were delineated in the western
and eastern flanks of the research area. These conductive fea-
tures are surrounded by bulky geology structures and could
be described as hard basement rock, indicated by very high
resistivity and low chargeability values. The geological setting
and the described surficial lithology of the study area reflect
a relationship between areas of high resistivity and the min-
eralized manganese associated with the slate rocks exposed at
ground surface (e.g., ST 3 line).

In contrast, the disseminated anomalies are best de-
veloped at shallow depths along almost all reported sur-
veyed lines where the anomalies are thinner and bound by
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Figure 10 Aerial map of the project area presenting the high chargeability bodies, trending in approximately N–S direction as shown by dashed
lines.

intermediate resistive structures. Such structures located near
the subsurface are likely to be caused by the presence of clay
soil, moisture and the weathering of shallow in situ metased-
imentary rocks, which are predominantly composed of the
slate and phyllite enclosing the manganese ore mineralized
zones. These structures could be interpreted as host rock. Both
of the massive and disseminated low resistivity inversion mod-
els primarily coincide with higher chargeability values of the
IP inverted models. This is presumably due to the presence
of bulky manganese ore, which reduces the electrical resistiv-
ity and increases the effect of chargeability. Comparing the
results of chargeability among various studies is a challeng-
ing task, as it depends on the parameters of acquisition im-
plemented. Studies by Vieira et al. (2016) and Casagrande
et al. (2020) have shown similar or lower chargeability val-
ues for disseminated minerals. The X-ray fluorescence results
of manganese ore analysis, obtained from the centre of line
ST 1, show the presence of high-grade manganese, which can
be correlated to the detected high chargeability response in
the IP survey profile. High conductive targets were suggested
for the follow-up of the drilling programme, as shown in
Figure 13 and Table 3, with their coordinates and distances

noted, since they are likely to represent significant mineralized
zones.

The ore pseudo-3D maps and fence diagrams of ERT and
IP were produced for better understanding and recognition of
orientation, possible spatial and lateral distribution of high re-
sistivity and low chargeability locations, which serve as guide-
lines for the exploration of manganese deposits. Low resistiv-
ity structures showed an extensive horizontal continuity, i.e.
ST 3 and 4, and elongation towards the line of ST 2 and 1 iden-
tified by N–S orientation with high chargeability association,
as presented in Figures 11 and 12. Meanwhile, in the western
regions of ST 3 and 4, high values of resistivity and the as-
sociated moderate to high chargeability values are interpreted
as potential mineralization zones, but are likely to be below
economic concentration ore, deposited in slightly weathered
host rocks. In this case, however, the data interpolation be-
tween ST 4 and 5 using the algorithm method may not be
accurate, since the vertical distance of about 500 m between
these two lines is enormous, which may indicate that the min-
eralized zone, in the western portion of ST 5 line, appears to
be isolated with no continuity in the uppermost north of study
area.

© 2022 European Association of Geoscientists & Engineers,Near Surface Geophysics, 1–18
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Figure 11 Pseudo-chargeability map showing the spatial extent and distributions of polarized bodies, i.e. the purple colour marked with dashed
lines, and the manganese outcrops as indicated by red box.
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Figure 12 Pseudo-resistivity map showing the distribution of low resistive structures.
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Figure 13 Aerial Google map of the study area shows the proposed locations of 32 borehole along each survey line.

This study, along with a few other studies in the same
context, revealed the benefits of adopting integrated geophys-
ical methods in preliminary research or the development of
mining. Furthermore, the findings demonstrate that genetic
models and regional tectonic evolution should be considered
when conducting geophysical surveys in potentially mineral-
ized zones.

CONCLUSIONS

This study uses a combination of survey and observation
methods (electrical resistivity tomography (ERP) and induced
polarization (IP)) to investigate the occurrence of manganese
ore in Central Peninsular Malaysia. The profiles generated
from the ERT–IP surveys successfully showcase the presence
of highly conductive features associated with high chargeabil-
ity values, enabling the pre-delineation of the potential man-
ganese mineralization regions which help to inform and opti-
mize probing processes in mineral exploration. The results of
this study can be concluded as follows: (1) The presence of po-
tential mineralized zones, in the form of massive and dissemi-

nated ore deposits located within fresh and highly weathered
host rock, can be interpreted from regions of very low resistiv-
ity with high chargeability; (2) in the 3-D visualization mod-
els, data interpolation provides the possibility of delineating
mineralized targets with clear contrasts between the physical
properties of the subsurface along the survey lines, including
the distinct distribution and orientation; and (3) a total of 32
borehole locations were proposed for follow-up drilling on the
basis of the resistivity and chargeability distribution in subsur-
face of the study area.

This study demonstrates that the use of this ERT–IP tech-
nique is a highly effective diagnostic approach that makes it
possible to delineate and identify both the lateral and depth
extent of potential mineralized deposits. Further studies are
strongly recommended in the southern part of the site to in-
vestigate the expanse of these deposits, including a further
detailed analysis of the geochemical data which is important
for confirmation of the results. Estimation through validation
drilling or pitting near the outcrops or on the detected geo-
physical anomalies as the region is also under consideration
for future mining projects.
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Table 3 Proposed locations for the boreholes drilling programme

Line
Proposed drilling
location (PDL)

Distance from 0 m
of survey line (m)

Range of depth
from surface layer

(m)
Thickness of potential
mineralized zone (m) Easting (m) Northing (m)

ST 1 PDL 1 20 0–10 10 437,149 549,168
PDL 2 80 5–35 30 437,132 549,169
PDL 3 195 10–100 90 437,197 549,167
PDL 4 245 5–15 10 437,239 549,166
PDL 5 290 5–15 10 437,279 549,150
PDL 6 370 15–25 10 437,359 549145

ST 2 PDL 7 90 10–35 25 437,114 549,394
PDL 8 135 5–15 10 437,198 549,391
PDL 9 180 35–100 65 437,241 549,390
PDL 10 205 5–15 10 437,261 549,387
PDL 11 270 5–15 10 437,314 549,378
PDL 12 300 10–35 25 437,342 549,373
PDL 13 360 20–40 20 437,406 437,406

ST 3 PDL 14 120 10–150 140 437,112 549,617
PDL 15 290 5–30 25 437,258 549,632
PDL 16 340 0–40 40 437,302 549,627
PDL 17 400 0–40 40 437,368 549,635
PDL 18 480 0–20 20 437,448 549,626
PDL 19 550 0–20, 60–200 20, 140 437,513 549,620
PDL 20 680 0–20 20 437,632 549,605
PDL 21 740 0–50 50 437,687 549,591

ST 4 PDL22 80 30–80 50 437,079 549,874
PDL 23 150 5–20 15 437,135 549,882
PDL 24 185 5–35 30 437,164 549,881
PDL 25 250 20–100 80 437,224 549,897

ST 5 PDL 26 60 20–40 20 437,111 550,447
PDL 27 90 5–15 10 437,131 550,450
PDL 28 130 5–20 15 437,172 550,450
PDL 29 160 5–25 20 437,197 550,449
PDL 30 200 10–25 15 437,226 550,446
PDL 31 250 5–25 20 437,269 550,442
PDL 32 280 5–25 20 437,296 550,438
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