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Abstract

The rapid urbanization and industrialization are spurring a rising demand for building materials, base
metals, and industrial minerals. This causes the need of increasing exploration activities of greenfield mineral
deposit. While, in contrary mining industry in recent years discover fewer greenfield deposit, due to the high
costs of traditional exploration (drilling and trenching) methods and low success rate in discovery of the
mineable deposit. Whereas, the substantial growth in demand for mineral commodities increased the need for
more new discoveries. To this end, innovations in exploration strategies are required. This paper attempts and
overview of available techniques (drilling, geochemical and geophysical) for evaluation of mineral deposits,
focusing on fundamental principles, and the advantages and disadvantages of each technique. The paper also
presents a critical comparison of these exploration techniques, considering equipment cost, time required for
data collection and interpretation and also the efficiency of deposit assessment of each method. The major
advantages and disadvantages of the techniques presented is discussed in text and as well as tabulated.
Finally, the future challenges in exploration are discussed and recommendations for alternative techniques is
mooted.
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1. Introduction faces several challenges such as low success
rate in the discovery of economic mineable

The rapid urbanization and industrializa- deposits, high costs associated with exploration

tion are spurring a rising demand for building activity, shortage of exploration budget and
materials, base metals, and industrial minerals. increasingly high demand for mineral

The increasing trend of mineral commodities is commodities. According to published data, the
predicted to not ceased by 2050 (Xiang, Chenet  rate of success is 1:20-24 for brownfield
al. 2018). This growing demand for mineral (known deposits) and 1:200-3333 for
commodities necessitates the need of  greenfield (unknown deposits) exploration
exploration of greenfield deposit. Therefore, (Kreuzer 2007). These numbers indicate a huge
the holy grail of mineral industry is to identify exploration cost with using conventional
new subsurface mineral resources in order to  boring and trenching. For example to make a
meets the global mineral commodity demand. project successful for mining approximately
In other words, the ultimate aim of the mineral ~ 20,000 exploratory holes (cost USD 1,000
industry is to make it possible to identify clearly =~ million) are required for a major discovery,
below a mine site and to localize and map the 2000 holes (USD 200 million) for a moderate
extent of the resources aiming at reduced  discovery and 200 holes (USD 30 million) for a
exploration investment and time and increased ~ minor discovery (Schodde 2003, Kreuzer
profit. 2007). Thus, due to the high costs tailored with
traditional drilling exploration technique, many

However, currently the mining industry exploration companies face deficits in their
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exploration budget Fig la (Wilburn and
Bourget 2010). The insufficiency of
exploration budget results from the rising cost
of instruments, expensive labour, high cost
related to environmental regulations when
using conventional drilling exploration
technique (Minings 2016, Junaid, Abdullah et
al. 2019). This has caused decrease in
exploration activities and has ultimately
resulted in fewer discoveries of new mineral
resources in recent years. On the other hand, the
production of mineral commodities has shown
an increase Fig 1b in the last few years (Survey
2012, Survey 2015). The growing demand of
minerals necessitates an increasing pace of new
mineral discoveries. However, the real scenario
is in contrast, because many exploration
companies seized exploration activities
resulting in lower pace of new mineral resource
discoveries than is required.

To cope with increasing demand for
mineral commodities, the pace of exploration
activities should be increased. For these
purposes an innovation in exploration
strategies are required, to reduce the time and
cost involved in the quality assessment of a
mineral district. The key problem for the
mining industry is to obtain enough subsurface
information based on a small amount of drilling
core data. Since, the end of 18th century the
fundamental technique used for mineral
exploration was drilling (Ma et al. 2016). The
drilling technique is considered no more
feasible because of high investment and more
time required to completely assess the
subsurface mineral resources. However, in the
beginning of 19th century the development of
various geophysical exploration techniques
such as gravity, magnetic, seismic, 2D
electrical resistivity tomography (2D ERT) and
electromagnetic makes it possible to obtain
required subsurface information with limited
core data. These aforementioned techniques
contribute a lot to subsurface geological
investigation in last decades (Eckhardt 1940,
Hinze 2013, Alsadi and Baban 2014). The
geophysical exploration techniques
particularly 2D ERT provide a promising
approach to diagnose subsurface geology
rapidly, efficiently and economically. This
paper presents an overview of various
geological and geophysical exploration
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techniques considering applicability, efficiency
and limitations of each technique available for
mineral exploration. Recommendation of
alternative inexpensive and expeditious
technique other than drilling for subsurface
mineral exploration has also been made by the
authors.

Exploration drilling

Exploration drilling is the collection of
samples of soil or bedrock by vertical deep
drilling through the bedrock followed by
laboratory analysis (Marjoribanks 2010, Coal
2011). Drilling technique involve the
collections of samples of rocks in the form of
rock cores or rock chips followed by qualitative
analysis of the rock samples in the laboratory.
Drilling for mineral exploration is a two-stage
process. Initially, more widely spaced narrow
diameter holes are drilled to confirm the
presence of a mineral anomaly. Once, the
presence of the mineral anomaly is confirmed,
then more closely spaced holes are drilled to
precisely evaluate the economic viability of the
deposits.

Exploration drilling have greater depth of
investigation (up to several kilometers)
compared to other techniques. In contrast the
principal limitation of exploration drilling is
that it provides discrete lateral information.
Since, rock mass is heterogeneous and vary
within a small region, while, drilling samples
are limited to a small area or even a single
point, therefore core sample cannot be rely as
representative of whole mineral repository
(Baines, Smith et al. 2002). Because, immense
subsurface geology leftovers undiscerned due
to several unidentified gaps between the core
samples. Hence, despite having good vertical
investigation depth, rock core sampling is
considered insufficient for detail subsurface
geological characterization of the deposit.
Furthermore, exploration drilling data
collection and analysis is slow and costly
(GWA , Hinze 1990, Heller 1993, Minnesota
2014, Tejero, Gomez-Ortiz et al. 2017). The
high cost associated with exploration drilling is
due to site preparation before and rehabilitation
after exploration activity. In addition,
application of drilling method is restricted to
specific areas, due to the large space
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Fig. 1. World mineral exploration budget versus mineral production [Wilburn et al., 2010]

requirements for equipment. Moreover, high
safety precautions are required in drilling
operation, as many serious and fatal cases have
been reported, because of heavy equipment
involved in drilling sampling (Heller 1993,
Chambers, Wilkinson et al. 2012, Minnesota
2014). The critical evaluation of pros and cons
mention above, drilling exploration techniques
is considered costly and time consuming.

3. Geochemical exploration

Geochemical method works on practical
application of geochemical and biological
prospecting and data, to investigate the mineral
deposit and hydrocarbon accumulation (Boyle
and Garrett 1970). The fundamental principle
of the geochemical exploration is that the earth
crust in vicinity of mineral deposit will have a
different chemical composition than the similar
material where there is no mineral deposit.

Geochemical exploration method is less
expensive technique but is not widely used
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because it only confirms presence of a mineral
anomaly or hydrocarbon constituents. This
limits the application of geochemical
exploration technique for reconnaissance
survey that is for identification of mineral
anomaly only. The primary requirements for
describing the economic potential of the
mineral inventory is to identify the vertical and
lateral extent of the deposit. Geochemical
exploration technique can-not provide this
information and thus lacks the capability to
describe the economic potential of the
hydrocarbon reservoir or mineral deposit. This
makes it unreliable technique for mineral
exploration (Govett 2013). The geochemical
method also fails to provide the structural
information about the source rock (Philp and
Crisp 1982). Geochemical explorations only
provide information on the mineralogical
composition of the deposit, whereas, various
lithological features such as faults, folds and
discontinuities cannot be obtained by
geochemical survey.



4. Geophysical exploration:

Geophysical exploration broadly covers
various exploration techniques such as gravity,
magnetic, seismic, 2D ERT and electromagne-
tic, which use the physical properties of rock for
subsurface geology documentation,
hydrological study and geotechnical and
environmental site investigation at or near-
earth surface. The fundamental principle and
operative physical properties of various
geophysical exploration techniques are
summarized in Table 1 (Robinson 1988,
Kearey, Brooks et al. 2013, Scott and Eng
2014). The range of physical properties of
numerous rocks measured by various
geophysical techniques are listed in Table 2.

4.1. Gravity method

Gravity is a potential field, which is a
force of attraction that acts at a distance (Pit Hil
1997, Mariita 2007). The gravity method
provide the subsurface geological and
geotechnical information based on the variation
in earth gravitational field,due to change in rock
densities laterally in the vicinity of measuring
point. In other words gravity survey measures
the variation in acceleration due to gravity.

Gravity method is reported to be an
inexpensive and suitable technique for studying
earth structure feature laterally, after diversified
applications such ground water, mineral and
hydrocarbon exploration, geotechnical and
environmental investigation, (Leaman 1973,
Carmichael and Henry Jr 1977, Ali and
Whiteley 1981, Aboud, Selim et al. 2011,
Reynolds 2011, Leli¢vre, Farquharson et al.
2012) . The principle advantage of gravity
method is its less susceptibility to cultural noise
and hence gravity survey can be carried out in
heavily populated areas. Ground vibration is
the only noise which may affect gravity data,
which may result due to vehicular traffic, low
flying aircraft, heavy equipment or wind.

The gravity method requires several
readings at a single station in order to survey
precisely for latitude and elevation. This makes
surveying large areas using gravity method
uneconomical and time consuming. The quality
of gravity data is also affected by many
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temporal variations such as free air, bouguer,
earth tides and topographic anomalies and
many corrections and reductions for these
errors are required in interpretation of gravity
data (Ali and Whiteley 1981, Hinze 1990,
Kana, Djongyang et al. 2015, Thomas 2016) .

4.2. Magnetic method

Magnetic method is passive geophysical
exploration method, which provide subsurface
geological information based on magnetism.
Magnetism like gravity is a potential field,
which is the force that acts on another magnetic
body or electrically conducting material at a
distance (Hinze, Von Frese et al. 2013). The
operative physical property for magnetic
method is the magnetic moment per unit
volume, which is the vector sum of induce
magnetization obtained by the product of
magnetic susceptibility and permanent or
remnant magnetization (Sharma 1987, Hinze,
Von Frese etal. 2013, Yassonov and Nurgalieva
2013).

Magnetic method an indirect geophysical
technique that is considered useful in
characterizing and mapping geological
structures (Aboud, Selim et al. 2011,
McClenaghan 2011, Kana, Djongyang et al.
2015, Khan, Bilali et al. 2018). Magnetic
exploration may detect directly some iron ore
deposits (magnetite or banded iron formations).
It is often useful for deducing subsurface
lithology and structure. Comparative to other
geophysical method, the magnetic method is
less expensive, having operation cost three
times less than the gravity method (Hinze 1990,
McClenaghan 2011, Kana, Djongyang et al.
2015). The survey requirements for magnetic
method are not as stringent and therefore data
collection is comparatively faster and
inexpensive.

However, magnetic method makes a
limited contribution in mineral exploration,
because of low vertical depth of investigation
compared to other geophysical techniques
(Hinze 1990, Bevan 1998, Kana, Djongyang et
al. 2015). For mineral resource evaluation,
subsurface geological identification is required
to a greater extent both laterally and vertically.
Whereas, a limited subsurface investigation



depth makes it inappropriate for detail
evaluation of a mineral deposit. Furthermore,
the high sensitivity to cultural noise due to
various sources such as man-made structures
made of ferrous material, traffic and high
voltage electric cables have greater effects on
the quality of magnetic data. This makes the
magnetic method inappropriate for mineral
exploration covering large and populous areas.
Although, being the rapid data collection
ability, the interpretation of the data is complex
due to high sensitivity to noise that is the:
inability in interpretation method to
differentiate between various steel objects
(Clark 1983, Hinze 1990, Telford, Telford et al.
1990, Kana, Djongyang et al. 2015). Therefore,
the complex interpretation due to several
corrections and reductions associates with
magnetic data, reduces its application in
mineral exploration. Furthermore, magnetic
and gravity method are mostly used
combinedly to complement each other prior to
the use of other geophysical techniques.

4.3. Seismic method

Seismic method for subsurface geological
investigation exploits propagation of strain
energy, as an elastic wave (artificially
generated seismic waves) in subsurface
ground. Elastic waves are generated by
sledgehammer striking a plate or block, weight
drop, or an explosive charged in buried hole.
The transmitted elastic waves, refract or reflect
at boundary having varying density or
elasticity. Measuring the arrival time of the
transmitted wave back to the surface and
velocity of the wave, provides base for
geological interpretation (LANGE , Weller
1974, Sengbush 2012).

In comparison to other geophysical
methods, seismic method has maximum depth
of investigation (up to 3000m) and high vertical
resolutions (Milkereit, Berrer et al. 2000,
Salisbury, Milkereit et al. 2000, Salisbury and
Snyder 2007, Al-Anezi, Al-Amri et al. 2012).
The greater depth of investigation and low
operative cost compared to drilling, makes
seismic method appropriate technique for deep
hydrocarbon explorations.

Seismic method compare to other
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geophysical technique is considered expensive
for mineral exploration (Salisbury and Snyder
2007, Lelievre, Farquharson et al. 2012,
Sengbush 2012). As, most minerals lie at depth
up to 200 m, which can easily be investigated by
other inexpensive geophysical techniques.
Therefore, seismic method is limited to
hydrocarbon exploration. The other serious
limitation of seismic method in mineral
exploration is that most minerals occur in
sedimentary geology, seismic data in such areas
have high noise (Van Overmeeren 1981, Eaton
2003, Salisbury and Snyder 2007), because
sedimentary geology is usually hard rock. To
overcome noise problem in sedimentary
geology using seismic method, dynamite is
usually practiced to produces high frequency
seismic waves, which makes seismic method
uneconomical and unreliable technique.
Compare to 2D ERT, seismic data collection
and interpretation is slow and time consuming.
It is therefore argued that for mineral
exploration other than hydrocarbon, 2D ERT is
expeditious and inexpensive technique
compare to seismic method.

4.4. 2D electrical resistivity tomography (2D
ERT)

2D ERT is the study of earth response to
the current. The subsurface geological
characterization using 2D ERT is carried out by
galvanic injection of DC current in to the
ground surface by pair of electrodes and
measuring resultant potential difference
simultaneously by other pair of electrodes.
Depending on the electrodes arrangement 2D
ERT survey may be carried out either
Schlumberger, Wenner, Dipole-Dipole or Pole-
Dipole array, however that is not within the
scope of this paper (Loke 1999, Cardimona
2002, Bentley and Gharibi 2004, Samouelian,
Cousin et al. 2005, Auken, Pellerin et al. 2006,
Maganti 2008, Karaaslan and Karavul 2018).

In comparison to other geophysical
exploration techniques, 2D ERT have low
operation cost, fast and easy data collection and
interpretation and less sensitivity to culture
noise (Meju 2002, Rucker, Crook et al. 2012).
Furthermore, the wide range of earth material
resistivities also makes the method applicable
to identification of earth lithologies and



structures that control identification. 2D ERT is
reported a reliable and efficient technique by
several authors after being applied for wide
spread purposes such as mineral exploration,
environmental, hydrogeological and
archeological site investigation (Griftiths and
Barker 1994, Macnae 1995, Dahlin 1996, Van
Schoor 2002, Yeh, Liu et al. 2002, Abu-Zeid,
Bianchini et al. 2004, Lapenna, Lorenzo et al.
2005, Auken, Pellerin et al. 2006, Cassiani,
Bruno et al. 2006, Papadopoulos, Sarris et al.
2009, Chambers, Wilkinson etal. 2012, Mojica,
Pérez et al. 2017). 2D ERT gives the
quantitative model of subsurface geology,
which can provide the accurate estimate of
thickness, depth and resistivity of subsurface of
layer.

Serious limitations of 2D ERT is that
unlike other geophysical methods, direct
contact of electrodes with ground surface is
required (Frederick D. Day-Lewis). If any
electrode lacks direct contact with the ground
surface the quality of the data is affected
significantly. To add more, the resistivity data
can be affected by various non geological
sources such as (pipelines, buried utility cables
and ground power lines), lateral near surface
geological variation and lightening or natural
earth current (Sheriff 2002, Lucius, Langer et
al. 2007). Therefore, larger area, far removed
from these sources of noise is required for 2D
ERT survey. Another consideration regarding
2D ERT is that the data collection requires at
least three crewmembers, which make it labor
intensive compare to gravity and magnetic
method. However, although 2D ERT have low
vertical depth of investigation as compared to
seismic and electromagnetic methods, the
simplicity of operation, low cost and
sophisticated results, 2D ERT is the most
widely used technique for shallow mineral
exploration.

4.5. Electromagnetic method

The fundamental principle of
electromagnetic method is, that an
electromagnetic field is generated by a
transmitter coil which propagates into the
subsurface. As the electromagnetic wave
travels through the ground, eddy current is
induced in the ground. The eddy current result
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in the generation of secondary magnetic field
which is detected by the receiver. The receiver
usually detects both the primary and secondary
field (West and Macnae 1991, Cheng, Smith et
al.2009).

The major advantage of electromagnetic
method is its good depth of investigation and
diversified data collection ability such as
surface, marine and airborne for various
purposes for example mineral and groundwater
exploration, geotechnical and environmental
site investigation (Spies 1989, Gough 1992,
Macnae 1995, Karlik and Kaya 2001). The
electromagnetic data can easily be collected
rapidly with fewer personnel required.

The key disadvantage of electromagnetic
induction is complexity in data collection and
interpretation (West and Macnae 1991, Karlik
and Kaya 2001). Because, in electromagnetic
method both electric and magnetic fields are
involved which makes it highly sensitive to
cultural noise. This makes the interpretation of
electromagnetic data complex because the
corrections associate with both electric and
magnetic field. Thus, like seismic method
electromagnetic method is not considered
economical for shallow mineral exploration,
due to high associated costs and complex data
collection and interpretation.

5. Critical comparison of various explora-
tions techniques

Based on the literature Table 3
summarizes multi-criteria critical comparison
of various exploration techniques, considering
numerous parameters, such as efficiency in
term of depth, efficacy, time and personnel
required for data collection and interpretation.

Table 3 makes us to assume that each
technique possesses some pros and cons. Not
even a single technique can be considered
appropriate for subsurface investigation of all
type of geological environment. This means
that the efficiency of these methods is highly
influenced by the deposit type and type of study
sought. The type of deposit refers to the type of
anomaly to be identified. For example, for
hydrocarbon exploration, seismic method is
better option because deep subsurface



information is usually needed. In hydrocarbon
exploration gravity and magnetic surveys can
also be used for studying the lithological
features prior to seismic survey. On the other
hand, as most minerals usually lie in
sedimentary geology and seismic survey
associated high noise in such geological
environment. Therefore, for mineral
exploration in sedimentary environment 2D
ERT is more reliable then seismic survey. In
addition, 2D ERT 1is considered the most
appropriate exploration technique for mineral
exploration compared to other geophysical
techniques, because of its simplicity and low
cost compare to seismic, and better efficiency
than gravity and magnetic methods. The type of
study to be sought means whether the target is
shallow or deep and the area to be investigated
extended larger or small. For shallow
subsurface investigation over a small lateral
extent, gravity and magnetic methods can be
considered as inexpensive and fast techniques.
Whereas, for deep investigation seismic is more
appropriate. For lithological and structural
mapping gravity and magnetic methods are
consider most appropriate, whereas, for detail
mineral resource evaluation 2D ERT and
electromagnetic methods gives better results.
However, electromagnetic method compare to

2D ERT is costly and complex, because of the
high associated cultural noise. Therefore, for
mineral resource exploration 2D ERT is the
most appropriate option, because, in mineral
resource evaluation we are more interested in
lateral and vertical geometry of bedrock and
topsoil, which can easily be obtained by 2D
ERT. Moreover, most metallic and non-metallic
minerals lie at depths up to 200 m, in such case
2D ERT is consider most inexpensive and
expeditious technique.

2D ERT is used routinely for subsurface
mineral documentation. The low operational
cost and simplicity in data collection favours its
application for mineral exploration a lot.
Although, it is widely accepted that the success
of 2D ERT depend on strong resistivity
contrast. The wide spread application of 2D
ERT in the realm of mineral exploration such as
graphite (Ramazi, Nejad et al. 2009), bauxite
(B1 2009), nickel (Robineau, Join et al. 2007),
boron (Bayrak and Senel 2012), hydrocarbon
exploration (Davydycheva, Rykhlinski et al.
2006) and coal seam identification (Singh,
Singh et al. 2004) has proved it to be a viable
technique. A few case histories of application
of 2D ERT for mineral exploration is provided
in section below.

Table 1. Fundamental principle and instrument detail of various geophysical techniques

Types of Fundamental Measured Parameter  Operative Equipment used References
Method physical Physical
principle property
Gravity Newton variation in earth Density Gravitometer
Gravitation Law  gravitational field
Magnetic Columb’s Law Spatial variation in Magnetic Magnetometer
earth magnetic field susceptibility Magnetic Compass
Seismic Snell’s Law Reflected/refracted Elastic modulii ~ Seismography
seismic waves travel Seismic source [25-27]
time Geophone
Electrical Ohm Law Earth resistivity Resistivity Resistivity Meter
resistivity Digital multimeter
Power battery
Electric wires and
electrodes
Electromagnetic Max Law Response to Conductivity Electromagnetic
Electromagnetic inductionmeter

radiation

Transmitter,Reciever




Table 2. Physical Properties Ranges of Various Rocks [Kearey et al., 2013]

Rock Class Rock Density | Magnetic Seismic Resistivity | Conductivity
Type (gm/cm® | Susceptibility | (m/sec) (Qm) (sm/m)
Igneous Granite 2.5-2.8 0-50,000 3300-6000 | 30-500 106-2*10
Basalt 2.7-3.30 | 250-180,000 | 2800-6000 | 10°-10° 10%-103
. 2.35-
Rhyolite 270 250-37700 2500-5000
. 2.40- 4.5%107-
Andesite 580 200-3500 3000-6000 1.7%102
. 1.63-
Sedimentory | Clay 260 0-360 1000-2500 | 1-100
Sandstone ;gé_ 0-21000 1400-4500 | 1-7.4*108
Limestone | 2.4-2.7 5-25000 3300-6000 | 50-4*102 2.5%10%-0.02
Shale ;;g_ 63-18600 2000-4100 | 20-2000 5*104-0.05
2_
Metamorphic | Marble 2.6-2.9 0-73000 3700-7000 505*1 03 4%10°-1072
6%10%- 2.5%103-
Slate 2.7-2.9 0-38,000 2500-5000 4107 1 7510
. 2.39-
Shist 290 315-3000 2000-3000 | 10-100

Table 3. Efficiency Comparison of Various Exploration Techniques [Kana et al., 2015]

Data Collection Data
Eaptraton | D | el | Fern | prDey | nerpreaion | apicadon
q q g Per Field Day
hours)
Many include . .
1 1000- | 1000- Mineral exploration
Drilling 3000 | 3300 35 200-300 m/day laboraFory and geotechnical study
analysis
Gravity <50 12 40-'120 3-4 Geolqglcal structure
station/day mapping
Magnetic | <50 | 1.52.5 | 1-2 10 lines Km/day | 1-2 Geological structural
mapping
Geological and
100- 40-12 shots/day geotechnical
Seismic 1000 12-15 2-4 Or 0.2-0.6 lines 2-4 days investigation,
Km/day hydrocarbon and
mineral exploration
Mineral exploration,
Electrical 50- . environmental study,
Resistivity 200 >-13 23 1-2 lines km/day | 2-3 geological and
geotechnical study
(FDEM) Mineral exploration,
Electro- 100- 1-5 lines nvironmental stud
oo 1224 | 13 kilometres 2-3 envronmena’ Suay,
magnetic 300 geological and
(TDEM) 6-20 .
. . geotechnical study
sounding station
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5.1. Case histories

5.1.1. Application of 2D ERT for Gravel
Prospecting

The potential site for fieldwork is in Story
County, central Iowa shown in Fig 2a
(Beresnev, Hruby et al. 2002). The key source
of natural aggregate in Story County is glacio-
fluvial deposits associated with the Des Moines
Lobe of the Laurentide Ice Sheet (Bettis et al.,
1996). The most common of these deposits is
outwash concentrated in former meltwater
channels, which occur as terraces or point bars.
These deposits are usually found near modern
streams that have exploited these pre-existing
channels. Terraces occur within the margins of
the channels, generally at intermediate
elevations between the Quaternary flood plain
and the till uplands. Less commonly, ice contact
deposits including kames, eskers, and crevasse
fillings are also found to be potential sources of
coarse material. These deposits occur as
isolated topographic highs and may consist of a
variety of mixed or sorted materials including
sand, gravel, till, and, occasionally, clay.

The 2D ERT data was carried out utilizing
Wenner-Schlumberger electrode array
arrangement. Total number of 24 electrodes
spaced at 4 m were used to achieve a 92 m total
length of aresistivity survey line depicted in Fig
2b. A layout of two resistivity lines was carried
out to investigate the subsurface geology of
potential site. The Borehole data was also
collected to confirm resistivity results. On
resistivity survey Line (a) four drill holes
whereas, one drill hole on resistivity line (b)
were collected as shown in Fig 3. The multi-
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e

electrode apparent-resistivity readings were
written on the disk file and transferred to an
external PC. The files are then inverted using
RES2DINV software (Loke, 1997, 1999).
Nonlinear least squares optimization technique
was adapted by a program to obtain the
inversion of apparent resistivities (Griffiths and
Barker, 1993; Loke and Barker, 1996). The
inversion program allows control of the
accuracy of final inverted sections; this
accuracy is defined as the root-mean-square
(RMS) difference between the observed and
calculated pseudo-sections. The inversion
stops when this difference decreases below a
user defined tolerance level, given in percent.

All the subsequent inverted sections have the
RMS error of less than 5%, typically 1— 2%.
The resistivity ranges 300-500 Qm represented
by reddish to dark reddish colour identified the
thickness of gravel layer. Thus, the same depth
estimated by both 2D ERT and borehole survey
confirms that 2D ERT is successful applicable
technique for sand and gravel subsurface
characterization.

5.1.2. Application of 2D ERT for coal seam
identification

East Basuria colliery is situated in the
northern part of Jharia Coalfield of Dhanbad
district(Singh, Singh et al. 2004). All the active
coal seam lies in Barakar formation of lower
Gondwana. Barakar formation predominantly
consist of sandstone of varying grain size.
Intercalation of shale and sandstone, grey and
carbonaceous shale and coal seams.

A resistivity meter Syscal Junior switch is

D D D D ) D D B S S - istivity in Ohm meters
50.4 800 127 202 320 508 asloctviey b

a)

200

a) Geological study area

LN 8 N _J jJEmjoojeal  Jeesjessyo gy N N N}
320 508
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|
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b)
b) Inverted resistivity images of the area

Fig. 2. Geological area and Inverted resistivity images of the gravel deposit [Beresnev et al., 2002]
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Fig. 3. Thickness of various geological layers obtained by core sample

used in the current study. With 48 electrodes
connected to the meter through a multielectrode
channel. Pole-dipole array configuration with
unit electrode spacing 2.5 m is adapted for data
collection. After the interpretation of the obtain
resistivity data, along Line R1 Shown in Fig 4,
high resistivity zone over 989 Qm shows an
incline coal seam of black colour located at 30-
80 m. The depth of coal seam at this position
vary in between 10-31 m. Whereas, along the
tracers R2 (Figure 5) it is noticed that a high
resistivity zone over 1632 Qm exist at surface
position from 32.5- 82.5 m at the depth of 10-31
m. Since both the resistivity lines lies along the
same coal seems but the coal bed resistivity
detected by resistivity Line R2 is more than the
resistivity Line R1. This may be due to the
presence of air-filled fractures in traverse R2
because the air-filled fractures reduce the
resistivity considerably.

The case histories mentioned above
shows that 2D ERT successfully identified the
thickness of topsoil and bedrock based on
resistivity contrast. However, for feasibility
assessment of a deposit only the identification
of boundary between topsoil and bedrock is not
enough. Whereas, the accurate estimation of
volume and bedrock is mandatory. Therefore,
this review article shed light on recent advance
in application of 2D ERT for accurate
estimation of volume of bedrock and topsoil to
assess the feasibility of the deposit for mining.

5.1.3. Identification of coal seam using 2D ERT:

2D ERT survey was carried out at Nam
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Nao District, Phetchabun Province, Thailand
for identification of coal seams. SYSCAL PRO
by an IRIS Instrument were utilized using
Wenner -Schlumberger electrode
configurations (Phengnaone, Arjwech et al.
2020). The length of the survey profile was
177.5musing 72 electrodes at 2.5 m spacing. A
core log at study area was also collected to
validate the results of 2D ERT shown in Fig 5.

The 2D ERT data was processed using
Res2DInv software. The obtained ERT
tomogram (Figure 6) shows the geological
distribution of at site. The maximum depth of
penetration was ~40 m at the middle of the
profile, with a shallower penetration depth
towards the ends of the profile. A
heterogeneous zone of relatively low resistivity
(<100 Qm) from surface to 25 m depth over
entire profile was identified. The surface layer,
which is marked by the black dashed line in
Figure 6a, is interpreted as calcareous
mudstone intercalated with siltstone and
lignite. The core log collected on the resistivity
profile identified core seam at 15-20 m depth.
The relatively homogeneous zone of higher
resistivity (>100 Qm) extending from the
beginning to the end of the profile below ~25 m
depth is interpreted as calcareous mudstone.
The depth to the calcareous mudstone appears
to be anomalously shallow in the interval about
30-45 m along the profile. The cause of this
anomalous shallowing of the calcareous
mudstone is not known but may. The study
reveals that 2D ERT successfully discern the
coal seams.
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5.1.4. Application of 2D ERT for granite
resource evaluation

The study area is located in Senawang
district, Malaysia about 7 km away from
nearest town, Seremban Jaya towards east. The
study area spread over 3.5 km2. The ground
elevation of the area is in the range of 150-
250m. The site can be accessed by an unpaved
road from Seremban-Tamping trunk road. The
potential site for mineral resource evaluation
for granite deposit is shown in Fig 6.

The 2D ERT survey arrangement of the
area of investigation consisted of three
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resistivity lines (R1, R2, R3,) at various
locations having 400 m length each. The
subsurface apparent resistivity data was
acquired by exploiting multichannel ABEM LS
Terameter, connected to two multi cable system
with 31 output each, allowing a total number of
62 stainless steel electrodes arrangement
linearly. Prior to resistivity data collection the
total number of electrodes [ 61 electrodes, one
electrode as centre electrode] and spacing (5m)
between them was set, which remained
constant throughout the survey. The resistivity
data was collected using Schlumberger
protocol (n=2) with inner and outer electrode
spacing 5 m and 10 m respectively. The field



data (apparent resistivity) collected were
downloaded from resistivity meter and
processed further, using Res2inv Geotomo
Software. First, the area under study was
divided in series of rectangular cells and
assigned an electrical resistivity (model
parameter) value to each cell based on the
collected measurements, by solving for
forward modelling by finite element method. In
this study, the desire results were obtained after
nine iterations with a varying RMS error of
12.1%, 8.6% and 12.9% for R1, R2, and R3
respectively.

Borehole investigation of the study area
was performed in accordance with BS
5930:1981. Topsoil thickness were inferred by
three boreholes BH1, BH2 and BH3 located at
different points. The borehole samples were
collected on the resistivity survey line for the
purpose to compare both results and avoid
ambiguity in 2D ERT data due to resistivity
overlap of subsurface geological features. The
type of soil from core samples were
distinguished by colour of returned water and
wash drill cuttings. Thus, three core sample
(BH1, BH2 and BH3) shown in Fig 7(a-c) were
obtained to identify different geological strata
based on the colour of return water and washed
drill cuttings. In addition to borehole and 2D
ERT survey topographic survey was also
carried out to estimate the volume of bedrock
and topsoil.

The inverted resistivity images of ERT
survey line (R1, R2, R3,), spread at various
locations indicate huge resistivity contrast.
Thus, the high variation in subsurface
resistivity represents different geological strata
in the form of different colours. Therefore,
topsoil being most exposed to weathering and is
usually composed of sandy soil is characterized
by low resistivity values ranging 20-800 Qm
identified by greenish to reddish colour with
varying thickness of 17-25m. The low
resistivity values shown by topsoil is because it
associates sandy soil and highly exposed to
weathering. The solid granite recognized by
dark red colour was assigned high resistivity
values greater than 1800 Qm. The high
resistivity shown by solid granite is due to
crystallized mineral formation which makes
compact material and thus have less probability

22

of presence of impurities or water content.
However, fractured granite due to presence of
cracks and pores, which may accumulate water
content or other conductive impurities shows
resistivity in between solid granite and topsoil
ranging from 800 Qm to 1800 Qm distinguish
by greenish to yellow orange. The volume of
topsoil and bedrock estimated by combine
topographic, borehole and 2D ERT was
2344505 m3 and 7449072 m3 respectively
shown in Figure 8. The combine results of all
the methodologies shows that the bedrock is 3.2
times to the topsoil and the deposit is feasible
for mining. Whereas, the estimated volume of
topsoil (2978263 m3) and bedrock (6815944
m3) by borehole (Figure 9) and topographic
survey shows the bedrock volume is 2.2 times
to overburden and hence the deposit is not
feasible for mining. 2D ERT survey calculated
the volume of topsoil and bedrock 2387031 m3
and 7407176 m3 respectively given in Figure
10. While, based on the results obtained by 2D
ERT and topographic survey the volume of
bedrock is 3.2 times to the topsoil volume
therefore, the deposit is feasible to be mined.

6. Discussion

This paper presents a review of various
exploration techniques that are used for the
discovery of new mineable deposit. The paper
also presents the challenges that are faced by
mining industry in terms, high exploration cost
and low available exploration budget. This
results in fewer exploration activities and thus
cause low pace of discovery of new mineable
deposit. The success mining project is
determined by accurate estimation of topsoil
and bedrock volume along with the cost, time
and efficiency of exploration technique. The
cost in term how much investment is carried out
in preparing the feasibility study of the mineral
venture. 2D ERT is considered simple and
inexpensive technique for mineral resource
evaluation because, the operational and capital
cost of 2D ERT is comparatively low. Time
represent the duration required for economic
analysis of mineral venture. With time the
economic worth of the mining project may
vary, because the minerals commodities prices
fluctuate significantly with time. The critical
comparison of all exploration techniques based
on literature enable us to conclude that 2D ERT



is fast and expeditious technique for mineral
resource evaluation. While, efficiency is
termed used for the accuracy and precision of
estimating the grade and rock reserve of the
mineral deposit. Considering the case study in
section 4.3, 2D ERT successfully diagnose
subsurface geology based on resistivity
contrast. The bedrock to topsoil ratio obtained
by 2D ERT (3.2) was more accurate compare to
borehole (2.2). Hence, based on the cost, time
required and accuracy, 2D ERT is consider
inexpensive, rapid and efficient technique for
mineral resource evaluation.

However, 2D ERT may result ambiguity
by overlapping of resistivities of various
geological layer. For example, in section 4.2 the
two different resistivity values of same coal
seam were recorded. Whereas, in subsurface
geological characterization of granite deposit
(section 4.3), two different geological layers
such as topsoil and water filled layer showed
same resistivity values. This shows that the
present of various impurities in geological
layers, fluctuate the resistivity values
considerably and makes the resistivity imaging
results ambiguous. Therefore, 2D ERT may
misinterpret the various geological layers in
some geological environment and cannot be
relied on independently. However, the
ambiguity in 2D ERT results can be overcome

by integrating few drilling samples to obtain the
accurate thickness of various geological layers.
Even though, the cost and time of integrated
application of drilling and 2D ERT is low
compare to the drilling exploration to be
applied independently. It is because the
combined application of 2D ERT with drilling
reduce the need of drilling samples
significantly, which in other words reduce the
time and cost of exploration and increase the
performance efficiency. Thus, in this way the
success rate of finding potential mineral
deposits can be increased with low risk of
failure and reduced exploration cost.

The critical analysis of literature available
on various exploration techniques makes us to
argue that 2D ERT in conjunction with borehole
drilling efficiently analyse the feasibility of a
mining project with reduced exploration costs
and time. The technique compared to borehole
provide the subsurface information in more
detail and efficiently estimate the volume of
bedrock. The application of 2D ERT for mineral
exploration will successfully enable the mining
companies to increase the discovery of new
mineable deposit with low exploration budget.
Thus, the challenge to mining industry such as
low exploration activities can be cope with the
application of expeditious and inexpensive 2D
ERT technique.

Quarry site

Fig. 6. Geological map of study area.
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7. Conclusion

The paper presented the various factors
influencing the success of mining project. The
essential parameters responsible for leading a
project to acceptable level of success are cost,
time and efficiency. The cost, time and
efficiency of various geological and
geophysical techniques vary widely from one
technique to another. Therefore, it is important
to select carefully a method for mineral
resource evaluation, in order to reduce cost and
time required for exploration, and increase
performance efficiency. 2D ERT provide an
inexpensive and rapid approach for feasibility
assessment of shallow mineral deposit. In
addition, the demand for mineral commodities
increases significantly, whereas, the
exploration of new mineable deposit is low.
This is due to the fact that mining industry have
low exploration budget and thus reduced the
exploration activities. Because the cost of
exploration using conventional drilling
technique is high. 2D ERT is capable of
reducing exploration cost and time by reducing
or illuminating drilling or trenching.
Furthermore, as it is stressed that most of the
mineral lies at shallow depth about 100-200 m.
The application of 2D ERT up to certain depth
is logical, inexpensive and expeditious.

Acknowledgement

This study is supported by Universiti Teknologi
Malaysia and Ministry of Higher Education
Malaysia under Research University Grant R.
J130000.7316.4B431.

Author's Contribution

Muhammad Junaid as a first author has
prepared the draft of the paper. Rini Asnida
Abdullah reviewed and proof read the
manuscript. Radzuan Saari, checked the
sequence stratigraphy of the article. Mohd Nur
Asmawisham Alel provided the relevant
literature and proof read the paper. Wahid Ali
and Hafeez Rehman proof read and help in
improving the language of the paper. Usman
Ghani contributed to the paper in improving the
figures and arrangement of the article.

28

References

Aboud, E., E. S. Selim and A. El Bishlawy
(2011). "Contribution of gravity and
magnetic data in delineating the subsurface
structure of Hammam Faroun area, Gulf of
Suez, Egypt." Arabian Journal of
Geosciences 4(1): 249-257.

Abu-Zeid, N., G. Bianchini, G. Santarato and C.
Vaccaro (2004). "Geochemical
characterisation and geophysical mapping
of Landfill leachates: the Marozzo canal
case study (NE Italy)." Environmental
Geology 45(4): 439-447.

Al-Anezi, G. T., A. M. Al-Amri and H. Zaman
(2012). "Investigation of the weathering
layer using seismic refraction and high-
resolution seismic reflection methods, NE
of Riyadh city." Arabian Journal of
Geosciences 5(6): 1347-1358.

Ali, H. and R. Whiteley (1981). "Gravity
exploration for groundwater in the Bara
Basin, Sudan." Geoexploration 19(2): 127-
1 4 1 .

Alsadi, H. N. and E. N. Baban (2014).
"GRAVITY EXPLORATION
METHOD."

Auken, E., L. Pellerin, N. B. Christensen and K.
Serensen (2006). "A survey of current
trends in near-surface electrical and
electromagnetic methods." Geophysics
71(5): G249-G260.

Baines, D., D. G. Smith, D. G. Froese, P. Bauman
and G. Nimeck (2002). "Electrical
resistivity ground imaging (ERGI): a new
tool for mapping the lithology and
geometry of channel-belts and
valley-fills." Sedimentology 49(3): 441-
449.

Bayrak, M. and L. Senel (2012). "Two-
dimensional resistivity imaging in the
Kestelek boron area by VLF and DC
resistivity methods." Journal of Applied
Geophysics 82: 1-10.

Bentley, L. R. and M. Gharibi (2004). "Two-and
three-dimensional electrical resistivity
imaging at a heterogeneous remediation
site." Geophysics 69(3): 674-680.

Beresnev, 1. A., C. E. Hruby and C. A. Davis
(2002). "The use of multi-electrode
resistivity imaging in gravel prospecting."
Journal of Applied Geophysics 49(4): 245-
254.

Bevan, B. W. (1998). "Geophysical exploration



for archaeology: An introduction to
geophysical exploration."

Bi, B. (2009). "The application of the electric
method to bauxite exploration."
Geophysical and Geochemical Exploration
33(4): 400-402.

Boyle, R. and R. Garrett (1970). "Geochemical
prospecting—a review of its status and
future." Earth-Science Reviews 6(1): 51-
75.

Cardimona, S. (2002). "Electrical resistivity
techniques for subsurface investigation."
Department of Geophysics, university of
Missouri Rolla-Mo.

Carmichael, R. S. and G. Henry Jr (1977).
"Gravity exploration for groundwater and
bedrock topography in glaciated areas."
Geophysics 42(4): 850-859.

Cassiani, G., V. Bruno, A. Villa, N. Fusi and A.
M. Binley (2006). "A saline trace test
monitored via time-lapse surface electrical
resistivity tomography." Journal of Applied
Geophysics 59(3): 244-259.

Chambers, J., P. Wilkinson, D. Wardrop, A.
Hameed, 1. Hill, C. Jeffrey, M. Loke, P.
Meldrum, O. Kuras and M. Cave (2012).
"Bedrock detection beneath river terrace
deposits using three-dimensional electrical
resistivity tomography." Geomorphology
177:17-25.

Cheng, L., R. Smith, M. Allard, P. Keating, M.
Chouteau, J. Lemieux, M. Vallée, D. Bois
and D. Fountain (2009). "Evaluation of the
efficiency of several airborne
electromagnetic systems: exploration
implications." Exploration and Mining
Geology 18(1-4): 1-12.

Clark, D. (1983). "Comments on magnetic
petrophysics." Exploration Geophysics
14(2): 49-62.

Coal, E. (2011). "Exploration Drilling." 1-2.

Dahlin, T. (1996). "2D resistivity surveying for
environmental and engineering
applications." First break 14(7): 275-283.

Davydycheva, S., N. Rykhlinski and P. Legeido
(2006). "Electrical-prospecting method for
hydrocarbon search using the induced-
polarization effect." Geophysics 71(4):
G179-G189.

Eaton, e. a. (2003). Hardrock seismic
exploration, Society of Exploration
Geophysicists.

Eckhardt, E. A. (1940). "A brief history of the

29

gravity method of prospecting for oil."
Geophysics 5(3): 231-242.

Frederick D. Day-Lewis, C. D. J., Kamini
Singha, and John W. Lane, Jr. "Best
practice in Electrical Resistivity Imaging:
Data collection and processing, and
application to data from corinna, MAINE."
An administrative report for EPA region:
2217.

Gough, D. I. (1992). "Electromagnetic
exploration for fluids in the Earth's crust.”
Earth-Science Reviews 32(1-2): 3-18.

Govett, G. J. S. (2013). Rock geochemistry in
mineral exploration, Elsevier.

Griffiths, D. and R. Barker (1994). "Electrical
imaging in archaeology." Journal of
Archaeological Science 21(2): 153-158.

GWA "Code of practice,Mineral exploration
drilling." 1-68.

Heller, M. E. (1993). Exploration-sampling
drilling system, Google Patents.

Hinze (2013). Gravity and magnetic exploration:
Principles, practices, and applications,
Cambridge University Press.

Hinze, W. J. (1990). The role of gravity and
magnetic methods in engineering and
environmental studies. Geotechnical an
Environmental Geophysics: Volume I:
Review and Tutorial, Society of
Exploration Geophysicists: 75-126.

Hinze, W. J., R. R. Von Frese, R. Von Frese and
A. H. Saad (2013). Gravity and magnetic
exploration: Principles, practices, and
applications, Cambridge University
Press.

Junaid, M., R. A. Abdullah, R. Saa'ri, M. Alel,
W.Aliand A. Ullah (2019). "Recognition
of boulder in granite deposit using
integrated borehole and 2D electrical
resistivity imaging for effective mine
planning and development."

Kana, J. D., N. Djongyang, D. Raidandi, P. N.
Nouck and A. Dadjé (2015). "Areview of
geophysical methods for geothermal
exploration." Renewable and
Sustainable Energy Reviews 44: 87-95.

Karaaslan, H. and C. Karavul (2018).
"Usefulness of electrical and magnetic
methods in finding buried structure of the
Alabanda Ancient Cistern in Cine Town,
Aydn City, Turkey." Arabian Journal of
Geosciences 11(8): 178.

Karlik, G. and M. A. Kaya (2001).



“Investigation of groundwater
contamination using electric and
electromagnetic methods at an open
waste-disposal site: a case study from
Isparta, Turkey." Environmental Geology
40(6): 725-731.

Kearey, P., M. Brooks and I. Hill (2013). An
introduction to geophysical exploration,
John Wiley & Sons.

Khan, M. R., S. S. Bilali, F. Hameed, A.
Rabnawaz, S. Mustafa, N. Azad, M.
Basharat and A. Niaz (2018).
"Application of gravity and magnetic
methods for the crustal study and
delineating associated ores in the western
limb of Hazara Kashmir Syntaxis,
Northwest Himalayas, Pakistan."
Arabian Journal of Geosciences 11(6):
131.

Kreuzer, O. (2007). Risk modelling—increasing
the effectiveness of our exploration
investments. Proceedings Kalgoorlie 07
Conference.

LANGE, A. S. G. "Seismic Methods."
Environmental geology 4(Geophysics):
1-66.

Lapenna, V., P. Lorenzo, A. Perrone, S.
Piscitelli, E. Rizzo and F. Sdao (2005).
"2D electrical resistivity imaging of
some complex landslides in Lucanian
Apennine chain, southern Italy."
Geophysics 70(3): B11-B18.

Leaman, D. E. (1973). "Applied geophysics in
Tasmania: Part 2. Use, effectiveness and
reliability of methods." Exploration
Geophysics 4(3): 59-77.

Lelievre, P. G., C. G. Farquharson and C. A.
Hurich (2012). "Joint inversion of
seismic traveltimes and gravity data on
unstructured grids with application to
mineral exploration." Geophysics 77(1):
K1-K15.

Loke, M. (1999). "Electrical imaging surveys
for environmental and engineering
studies." A practical guide to 2.

Lucius, J. E., W. H. Langer and K. Ellefsen
(2007). An introduction to using surface
geophysics to characterize sand and
gravel deposits, US Geological Survey.

Ma et al. (2016). "Overview on vertical and
directional drilling technologies for the
exploration and exploitation of deep
petroleum resources." Geomechanics

30

and Geophysics for Geo-Energy and
Geo-Resources 2(4): 365-395.

Macnae, J. (1995). "Applications of geophysics
for the detection and exploration of
kimberlites and lamproites." Journal of
Geochemical Exploration 53(1-3): 213-
243.

Maganti, D. (2008). Subsurface investigations
using high resolution resistivity, The
University of Texas at Arlington.

Mariita, N. O. (2007). The gravity method,
United nation university: 9.

Marjoribanks, R. (2010). Geological methods
in mineral exploration and mining,
Springer Science & Business Media.

McClenaghan, M. B. (2011). "Overview of
common processing methods for
recovery of indicator minerals from
sediment and bedrock in mineral
exploration." Geochemistry:
Exploration, Environment, Analysis
11(4):265-278.

Meju, M. A. (2002). "Geoelectromagnetic
Exploration For Natural Resources:
Models, Case Studies And Challenges."
Surveys in Geophysics 23(2): 133-206.

Milkereit, B., E. Berrer, A. R. King, A. H.
Watts, B. Roberts, E. Adam, D. W. Eaton,
J. Wu and M. H. Salisbury (2000).
"Development of 3-D seismic
exploration technology for deep nickel-
copper deposits—A case history from the
Sudbury basin, Canada." Geophysics
65(6): 1890-1899.

Minings, S. m. a. (2016). "World Exploration
Trends2016." 1-12.

Minnesota, M. (2014). "Exploration Drilling
Best Managment Practice." 1-24.

Mojica, A., T. Pérez, J. Toral, R. Miranda, P.
Franceschi, C. Calderén and F. Vergara
(2017). "Shallow electrical resistivity
imaging of the Limén fault, Chagres
River Watershed, Panama Canal."
Journal of Applied Geophysics 138: 135-
142.

Papadopoulos, N., A. Sarris, M.-J. Yiand J.-H.
Kim (2009). "Urban archaeological
investigations using surface 3D ground
penetrating radar and electrical
resistivity tomography methods."
Exploration Geophysics 40(1): 56-68.

Phengnaone, K., R. Arjwech and M. Everett
(2020). "2D electrical resistivity



tomography (ERT) method to delineate
coal seams: Case studies on lignite and
anthracite." Songklanakarin Journal of
Science & Technology 42(4).

Philp, R. and P. Crisp (1982). "Surface
geochemical methods used for oil and
gas prospecting—a review." Journal of
Geochemical Exploration 17(1): 1-34.

Pit Hil, V. B., Vicki Langenheim (1997).
"Introduction To Gravity." USGS: 1-2.

Ramazi, H., M. R. H. Nejad and A. A. Firoozi
(2009). "Application of integrated
geoelectrical methods in Khenadarreh
(Arak, Iran) graphite deposit
exploration." Journal of the Geological
Society of India 74(2): 260-266.

Reynolds, J. M. (2011). An introduction to
applied and environmental geophysics,
John Wiley & Sons.

Robineau, B., J. Join, A. Beauvais, J.-C. Parisot
and C. Savin (2007). "Geoelectrical
imaging of a thick regolith developed on
ultramafic rocks: groundwater
influence." Australian Journal of Earth
Sciences 54(5): 773-781.

Robinson, E. S. (1988). "Basic exploration
geophysics."

Rucker, D. F., N. Crook, D. Glaser and M. H.
Loke (2012). "Pilot-scale field validation
of the long electrode electrical resistivity
tomography method." Geophysical
Prospecting 60(6): 1150-1166.

Salisbury, M. and D. Snyder (2007).
"Application of seismic methods to
mineral exploration." Mineral deposits
of Canada: A synthesis of major deposit
types, district metallogeny, the evolution
of geological provinces, and exploration
methods: Geological Association of
Canada, Mineral Deposits Division,
Special Publication 5: 971-982.

Salisbury, M. H., B. Milkereit, G. Ascough, R.
Adair, L. Matthews, D. R. Schmitt, J.
Mwenifumbo, D. W. Eaton and J. Wu
(2000). "Physical properties and seismic
imaging of massive sulfides."”
Geophysics 65(6): 1882-1889.

Samouelian, A., I. Cousin, A. Tabbagh, A.
Bruand and G. Richard (2005).
"Electrical resistivity survey in soil
science: a review." Soil & Tillage
Research 83(2): 173-193.

Schodde, R. (2003). Long term trends in

31

exploration and the likely future of the
Australian Exploration Industry.
Australasian Institute of Mining and
Metallurgy Technical Meeting,
Melbourne./http://www. wmec. com.
au/pubpres/index. htm.

Scott, W. and P. Eng (2014). "Geophysics for
mineral exploration."

Sengbush, R. L. (2012). Seismic exploration
methods, Springer Science & Business
Media.

Sharma, P. (1987). "Magnetic method applied
to mineral exploration." Ore Geology
Reviews 2(4): 323-357.

Sheriff, R. E. (2002). Encyclopedic dictionary
of applied geophysics, Society of
exploration geophysicists.

Singh, K., K. Singh, R. Lokhande and A.
Prakash (2004). "Multielectrode
resistivity imaging technique for the
study of coal seam.”

Spies, B. R. (1989). "Depth of investigation in
electromagnetic sounding methods.”
Geophysics 54(7): 872-888.

Survey, B. G. (2012). "World Mineral
Production." 1-126.

Survey, B. G. (2015). "World Mineral
Production." 1-96.

Tejero, R., D. Gomez-Ortiz, G. G. Heydt, F. M.
Toledo, C. M. C. Martinez, M. d. M. S.
Rodriguez and J. J. Q. Suarez (2017).
"Electrical resistivity imaging of the
shallow structures of an intraplate basin:
The Guadiana Basin (SW Spain)."
Journal of Applied Geophysics 139: 54-
64.

Telford, W. M., W. Telford, L. Geldart and R. E.
Sheriff (1990). Applied geophysics,
Cambridge university press.

Thomas, e. a. (2016). "Exploration geophysics
for intrusion-hosted rare metals."
Geophysical Prospecting 64(5): 1275-
1304.

Van Overmeeren, R. A. (1981). "A combination
of electrical resistivity, seismic
refraction, and gravity measurements for
groundwater exploration in Sudan.”
Geophysics 46(9): 1304-1313.

Van Schoor, M. (2002). "Detection of sinkholes
using 2D electrical resistivity imaging."
Journal of Applied Geophysics 50(4):
393-399.

Weller, C. (1974). Seismic exploration method,



Google Patents.

West, G. and J. Macnae (1991). Physics of the
electromagnetic induction exploration
method. Electromagnetic Methods in
Applied Geophysics: Volume 2,
Application, Parts A and B, Society of
Exploration Geophysicists: 5-46.

Wilburn, D. and M. Bourget (2010).
"Exploration review." Mining
Engineering 62(5): 39.

Xiang, J., J. Chen, G. Sofia, Y. Tian and P.
Tarolli (2018). "Open-pit mine
geomorphic changes analysis using
multi-temporal UAV survey."

32

Environmental earth sciences 77(6): 220.

Yassonov, P. and N. Nurgalieva (2013).
"Magnetic susceptibility, remanent
magnetization and coercivity variations
along soil profile."

Yeh, T. C. J., S. Liu, R. J. Glass, K. Baker, J. R.
Brainard, D. Alumbaugh and D.
LaBrecque (2002). "A geostatistically
based inverse model for electrical
resistivity surveys and its applications to
vadose zone hydrology." Water
Resources Research 38(12).



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22

