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In any geophysical exploration, the final goal is to achieve an accurate image of the
relevant underground property. In order to achieve this, the geophysical operation
using the electrical resistivity and induced polarization (IP) methods is conducted to
explore the sub-surface sulfide mineralization. Considering the mineralization
evidence in the Kaboudan area near the Bardeskan city, first, geophysical surveying
of the polymetallic deposit is carried out using the electrical resistivity and IP methods
by employing the rectangle array in order to detect the electrical anomalies in the area.
Then for delineation of the identified anomalies and investigation of the mineralization
in the area, the 2D resistivity and chargeability cross-sections are prepared and
interpreted with the help of the geological information. This geophysical survey in the
area has led to the identification of several potential areas for mineralization. Then in
order to obtain a detailed picture of the sub-surface mineralization and an overview of
the in-depth mineralization distribution, a 3D modeling of the acquired data is made,
and the results of this modeling are shown in 3D forms. The mineralization zones are
identified in the studied area from their high chargeability values as well as the low to
medium electrical resistivity amounts. This can be attributed to the metal
mineralization and the presence of sulfide minerals in the mineralization zones.
Mineralization in many places of the studied area is determined with an approximate
east-west trend as well as somewhat varying the intensities of the electrical resistivity
and chargeability amounts. The geological and drilling information obtained from the
area confirm the interpretations.

1. Introduction

The studied area is located in the Kaboudan area,
270 km SW of Mashhad and north of Bardeskan.
This area is part of the Central Iran zone and the
central zone of the Alpine-Himalayan belt [25].
The mineralization in this area is of massive sulfide
mineralization type [25]. The mineralization
evidence and outcrops such as the copper sulfides,
silica-feldspar, and dome-shaped shear units have
been found in the area. Also there are diabetic
dykes in parts of the area [23; 25]. With this
evidence, this area is a good target for further
investigation.

The geophysical techniques rely on the changes
in the physical properties of minerals or the rocks
that enclose them to show the mineralization zone
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directly or indirectly. The physical response could
be direct (due to some of the properties of the rock
such as density, natural radioactivity, magnetic
properties, and resistivity) or indirect (a reaction
due to being exposed to a physical stimulus). The
geophysical methods have made a very little
damage to the environment, and are more
economical than the test excavations. Through the
valuable information obtained from a geophysical
survey, a more efficient and effective drilling and
excavation program can be planned, which
provides us with the site information without the
need for excavation [26]. Therefore, the best option
is to use several different geophysical methods
simultaneously, thus identifying a specific physical
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and/or structural feature of the sub-surface through
each method. In this way, a specific area can be
surveyed with two or more geophysical methods,
so by combining and comparing the results
obtained, we can have a more complete and
accurate picture of the sub-surface [4].

The electrical resistivity and induced polarization
(IP) methods are among the most important
geophysical methods used to identify and explore
the potential areas for sulfide mineralization. The
resistivity images can be explored for resistivity
contrasts, which can be indicative of lithological
changes. On that account, the electrical resistivity
method can be used in order to identify the 2D and
3D distributions of electrical resistivity (or its
inverse that is electrical conductivity [6]. This
feature, which in the IP parameter method is related
to the petro-physical properties of rocks and has
little effect on their electrical resistivity, is the most
important advantage of this method over the
resistivity method. This makes it possible to
evaluate the relevant properties of rocks such as the
volumetric content of electronically conductive
mineral grains, their dominant sizes, the dominant
sizes of pores or grains of dielectrics, clay content,
and filtration coefficient [11]. Due to the high
success of the IP method in investigation of the
low-grade ore deposits such as disseminated
sulfides, this method is widely used in the
exploration of base metals. These sediments have a
low conductivity, and therefore, are not easily
detectable by the electrical resistivity (and
electromagnetic) methods but fortunately, they
have strong IP effects. Thus IP is by far the most
effective geophysical method that can be used in
the search for such targets [15].

The two methods of electrical resistivity and IP
have been widely used in the mineral exploration
and geological studies [8; 12; 19; 22]. The IP
method has a very long history in geophysics. This
method has been used for many years in a variety
of applications such as mining [20; 10],
hydrogeology [13; 16; 1], geological studies [6;
21], mapping contaminated plumes [7; 3],
exploration of buried pipes [28], and hydrocarbon
studies [29].

In order to use the geophysical methods, it is
necessary that there is a difference in the physical
properties (magnetism, susceptibility, density,
electrical resistivity, seismic velocities, etc.) of
soils and rocks. The geophysical methods complete
with each other because they are sensitive to
different physical parameters [17]. The purpose of
this research work is to investigate and explore the
polymetallic deposit in the Kaboudan area using an
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integration of the electrical resistivity and IP
methods. In order to provide a good picture of the
sub-surface and to gain an overview of the area, the
promising zones in the area were identified using
the electrical resistivity and IP data acquired by the
rectangle array. Then these promising zones were
investigated using the electrical resistivity and IP
data acquired by the dipole-dipole array. In order
to obtain a more accurate and reliable picture of the
sub-surface, the collected electrical resistivity and
IP data was also modeled using the dipole-dipole
array, and the results obtained were displayed.
Finally, the results of modeling and interpretation
of the electrical resistivity and IP data were
compared with the results of the drilling made in
the area.

2. Studied area

Kaboudan is a village in the central district of the
Bardeskan County, which is located in SW of the
Khorasan-e-Razavi Province. Figure 1 shows the
access road to the studied area as well as the
location and topography of the area. The Kaboudan
area is one of sixteen sheets of 1:100,000
geological sheet of the Bardeskan region. The
studied area is included in this geological sheet
[27]. Figure 2 shows the location and also the
geological map of the studied area. The silica-
feldspar and dome-shaped shear units with high
silica content have outcrops in the area [25]. The
Taknar Formation is a remnant of an infertile
continent rift that is attributed to Precambrian [24].
The Taknar Formation has been exposed to low-
grade metamorphism (green schist facies) [14]. In
general, mineralization has occurred in the area of
contact of acid metatrophies and metariolites with
evolved green schists. Diabasic dykes appear to
have played an appropriate thermal role in the
formation of the siliceous-feldspar sheets in the
rhyolitic domes. This zone is relatively large, and
includes a wvariety of volcanic-sedimentary-
stratigraphic ~ bands  (bulk  sulfide). Iron
mineralization in the area has taken place in the
upper part, and the oxide-argillic-limonite-
stochastic alteration (quartz-sericite schist filled
with oxide) in the lower part. The mineralization
evidence has been found in malachite, magnetite,
manganese, and iron and copper sulfides [23].
However, the ore deposit in the Taknar Formation
is distinguished from the other masses of sulfide
due to the presence of more than 60% magnetite
with sulfide minerals. The Taknar polymetallic
deposit has been introduced as a magnetite rich
Taknar type polymetallic (Cu-Zn-Au-Ag-Pb)



Jamali et al

sulfide deposit [14]. Its rocks are mostly green
schists and rhyolite metatopes and siliceous-
feldspar sheets. Diabetic dykes have also been
found in parts of the area. The mineralization zone
in the form of magnetite, malachite, and pyrite and
chalcopyrite sulfides coincides with the chlorite
and hematite-limonite alterations, and stochastic
alterations [23].

3. Methodology, results, and discussion

The geophysical methods are useful and practical
for obtaining a model of sub-surface structures as
well as the information about the lithology and
physical parameters of the earth [17]. A major
advantage of the geophysical methods is that they
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can be used in order to explore great depths of
several hundred meters (and in some, cases several
kilometers), while these depths are less accessible
for the geochemical and geological surveys [26]. In
the electrical resistivity surveys, the aim is to
determine the sub-surface resistivity distributions
by taking measurements of the apparent resistivity
on the ground surface. Obtaining the true resistivity
from this data is done by performing an inversion
of the observed apparent resistivity values and
importing anomalous or heterogeneous conditions
[2]. The availability of the 2D, and later, 3D
inversion programs for the resistivity and IP data
made it possible to interpret this data faster and
more accurately [30].

DD50W.

-y

100 m

Figure 1. Access road to the studied area, in which the location and topography of the area are also observed [9].

The sub-surface structures are naturally three-
dimensional. Hence, for a more accurate and
reliable study, it is better to use a 3D geo-electrical
resistivity survey with a 3D interpretation model,
especially in the subtle heterogeneous subsurface.
The studies show that the 3D geo-electrical
resistivity images are superior to the 2D resistivity
images. Consequently, the 3D geo-electrical
resistivity imaging is a more appropriate and a
better method for an accurate mapping of the sub-
surface and spatial distribution of the electrical
conductivity and petro-physical properties [2].

In order to characterize the lateral variations and
distribution of the anomalous bodies, the
geophysical resistivity and IP prospecting was
carried out using 3 rectangle arrays with the
distance of current electrodes (AB) equal to 800 m,
the distance between the consecutive lines being
equal to 50 m, and the distance between the

695

consecutive stations or geophysical measurements
being equal to 20 m. Then for the in-depth
investigations on the specified areas, a dipole-
dipole array was used. Due to the low EM coupling
between the current and potential circuits, this
array is widely used in the resistivity and IP
surveys. According to the previous studies and
information (such as trenches) as well as the results
of the survey with a rectangular array, the
resistivity and IP data along seven survey lines
with distances of 100 to 150 m and AB of 20 m and
40 m were also carried out, and the quantities of
chargeability and the apparent electrical resistivity
were measured.

The Res2Dinv and res3Dinv softwares were used
to model the data. These programs use the
smoothness-constrained ~ Gauss-Newton least-
squares inversion technique in order to
automatically produce a 2D/3D model of the sub-
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surface from the apparent resistivity data without
any need for providing a starting model. It supports
the Wenner, Schlumberger, pole-pole, pole-dipole,
dipole-dipole, multiple gradient and non-
conventional arrays. The inversion routine used by
these program is based on the smoothness
constrained least-squares method, which is based
on the following equation [18]:

(JJ +uF)d = J'g ()

where F = ff," + f,f,", f, = horizontal flatness
filter, f, = vertical flatness filter, J = matrix of
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partial derivatives, u = damping factor, d = model
perturbation vector, and g = discrepancy vector.

The output model of these softwares is shown
with the RMS error, in which the root-mean-
square (RMS) error quantifies the  difference
between the measured resistivity values and the
values calculated from the true resistivity model.
However, a model with the lowest possible RMS
error geologically may not always be the best
model, and it can sometimes show unrealistic and
larger changes in the model resistivity values. In
general, the best method for selecting a model is
the one that does not change the RMS error
significantly.
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Figure 2. Geological map of the studied area [5].
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3.1. Electrical prospecting of studied area using
rectangle array

The contour-maps of the collected electrical
resistivity and IP data using the rectangle array
were plotted, and the regions with a high
chargeability and a low to medium resistivity were
specified as the promising regions in the plotted
contour-map. Figures 3 and 4 show the results of
the plotted resistivity and IP data using this array,
in which three promising areas can be identified.

According to Figure 3, the high chargeability
areas having an east-west approximate trend were
identified as the promising areas. According to
Figure 4, these areas correspond to the areas of low
to moderate electrical resistivity. The areas of low
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electrical resistivity, which are mainly in the north
and northeast of this area, correspond to the green
schists, and the areas of high electrical resistivity,
mainly in the south, also correspond to the acidic
metatuff and metariolites.

Based on the findings and evidence of mainly
sulfide mineralization in the form of magnetite,
malachite and pyrite, and chalcopyrite, the
identified areas are the most promising areas for
mineralization. In total, three promising areas were
identified, and seven survey lines were designed on
these areas. Then on the designed survey lines, we
studied the changes and expansion ofthe anomalies
in-depth, and obtained the IP and electrical
resistivity data using the dipole-dipole array.

589100 589200 589300 589400

3920400 3920500 3820600 3820700 3920800 3920800

588300 588400 588500 588600 588700 588800 588900 589000 589100 580200 589300 589400
0 100 200m
34 51 54 58 65 71 76 81 89 98 108 123 203
BT TS T [ [ TS | M (mVAY)
Figure 3. Contour-map of the IP data obtained using the rectangle array.
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Figure 4. Contour-map of the electrical resistivity data obtained using the rectangle array.
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3.2. 2D resistivity and IP modeling promising area 2, four survey lines, and on the
promising area 3, two survey lines were considered
for the measurements. The drilling operations were
also carried out on a number of survey lines. Table
1 shows the information obtained from these
drilling operations.

As shown in Figures 3 and 4, three promising
areas were identified, in which seven survey lines
were designed for the resistivity and [P
measurements using the dipole-dipole array. On
the promising area 1, a survey line, on the

Table 1. Drilling operations performed in the studied area.

Survey line Station (m) Drilling 3121;:::; Slope (degrees) Depth (m)
DD50W 220 PBHI 172 20 80
DD200E 230 PBH2 172 25 80
DD450E 220 PBH3 172 20 100
The resistivity and IP measurements were made stations between 180 m and 220 m and
along the survey line DD50OW using the dipole- approximately up to 40 m below the ground level
dipole array with the electrode separations of 20 m that corresponds to the areas with a low electrical
and 40 m and steps of 20 m in order to investigate resistivity. Furthermore, the presence of Fe and Cu
the sub-surface anomalies at the promising area 1. sulfides in this area may be a reason for the
Figures 5 and 6 show the pseudo-sections and anomaly of sulfide mineralization.
section of resistivity and IP of inverse modeling of Drilling in this area shows both types of massive
the profile DD50W and the RMS error and and disseminated sulfide mineralization that
iteration number for each model. Figure 7 confirms the results obtained from the geophysical
demonstrates the results of the inverse modeling of interpretations, and the mineralization zones well-
the resistivity and IP data along the survey line coincide with the anomaly areas in the
DD50W by applying the topographic correction on chargeability and electrical resistivity cross-
the survey line. As it can be seen in Figure 7, an sections.
anomaly with a high chargeability is observed at
i ﬂ.sﬂ 800 160 dipd-dip;llﬂmw il 40 N m.
.
ur i
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Figure 5. Pseudo-sections and section of resistivity of inverse modeling of profile DDSOW a) Pseudo-section of the
measured data, b) Pseudo-section of the calculated data, c) Section of the inverse modeling.
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measured data, b) Pseudo-section of the calculated data, c) Section of the inverse modeling.
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Figure 7. Results of inverse modeling of the resistivity and IP data along survey line DD50W by applying
topographic correction on the survey line (a) Electrical resistivity cross-section and (b) chargeability cross-
section.
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On the promising area 2, the resistivity and IP
data using the dipole-dipole array with electrode
separations of 20 m and 40 m and steps of 20 m
were made along the survey line DD450E. Figures
8 and 9 demonstrate the pseudo-sections and
section of resistivity and IP of inverse modeling of
the profile DD450E and the RMS error and
iteration number for each model. Figure 10 shows
the results of the inverse modeling of the resistivity
and IP data along the survey line DD50W by
applying a topographic correction on the survey
line. According to Figure 10, an anomaly with a

S
Y 0

Journal of Mining & Environment, Vol. 12, No. 3, 2021

relatively high chargeability and a relatively low
electrical resistivity is observed along this survey
line. The chargeability intensity of this anomaly is
greater from station 180 m to station 220 m, and
the electrical resistivity is particularly low below
these stations. This may be due to the higher grade
of mineralization or higher intensity of
mineralization. The disseminated and massive
sulfide mineralization types were confirmed from
the drilling information in this area. The massive
sulfide mineralization corresponds to the region of
low electrical resistivity.
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Figure 8. Pseudo-sections and section of resistivity of inverse modeling of profile DD450E a) Pseudo-section of
the measured data, b) Pseudo-section of the calculated data, c) Section of the inverse modeling.
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Figure 10. Results of inverse modeling of the resistivity and IP data along the survey line DD450E by applying
topographic correction on the survey line (a) Electrical resistivity cross-section and (b) Chargeability cross-
section.
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The resistivity and IP measurements were carried
out along the survey line DD600E using the dipole-
dipole array with the electrode separations of 20 m
and 40 m and steps of 20 m in order to investigate
the sub-surface anomalies at the promising area 3.
Figures 11 and 12 show the pseudo-sections and
section of resistivity and IP of inverse modeling of
the profile DD600E and the RMS error and
iteration number for each model. In Figure 13, the
results of inverse modeling of the resistivity and IP
data along the survey line DD600E by applying the
topographic correction on the survey line are
shown. As it can be seen from the resistivity and IP
cross-sections shown in Figure 13, the regions with
high chargeability areas correspond to those of low
to medium electrical resistivity areas. There are
also two anomalies in these cross-sections. A minor

Journal of Mining & Environment, Vol. 12, No. 3, 2021

anomaly that persists between stations 220 m and
240 m and an approximate depth of 30 m is related
to the in-depth investigations of the promising area
2. The anomalies observed between the stations
230 m and 290 m and extended from the depth of
about 50 m to deeper parts are also related to the
in-depth investigations of thye promising area 3.
Two mineralization types are observed in this
promising area. The relatively high electrical
resistivity sub-surface zones are due to the
disseminated sulfide mineralization type, and the
low electrical resistivity sub-surface zones are due
to the massive sulfide mineralization type.
Considering the significant presence of iron and
copper sulfides in this area, a high potential of Fe
and Cu mineralization exists in the area.
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Figure 11. Pseudo-sections and section of resistivity of inverse modeling of profile DD600E a) Pseudo-section of
the measured data, b) Pseudo-section of the calculated data, c) Section of the inverse modeling.
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topographic correction on the survey line (a) Electrical resistivity cross-section and (b) Chargeability cross-
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3.3. 3D resistivity and IP modeling

In general, the sub-surface geology of interest
has a 3D resistivity distribution. Normally, this
would require a 3D resistivity survey [17].
Therefore, the 3D modeling and representation of
the geophysical data are very useful for achieving
a general view of the anomalous areas. For this
purpose, in order to map the mineralization
distribution in detail, the 3D modeling of the
electrical resistivity and IP data was performed.
Figures 14 and 15 show the results of the 3D
electrical resistivity and the I[P modeling,
respectively.

According to Figure 15, a slight anomaly can be
seen from the surface to a depth of 7 m. From the
depth of 7 m to 15 m and in the middle of this
image, there is an evidence of mineralization that
has a high electrical resistivity, as Figure 14
indicates. This anomaly continues in the higher
depths, and has the highest IP values at depths of
47 m to 61 m, which corresponds to the medium
electrical resistivity, and at the depths greater than
61 m, the IP intensity of this anomaly decreases.
These areas can be attributed to the sulfide
mineralization. Apart from these two anomalies,
another anomaly can be seen in the third image
related to the depths of 15.1 m to 24.3 m. This
anomaly has its maximum values in the fourth
image that is for the depths of 24.3 m to 35.0 m,
and expands as it goes deeper. Moreover, the
electrical resistivity of this anomaly is low, as
observed in Figure 14.

Figures 16 and 17 demonstrate the 3D view of the
results of the 3D modeling of the electrical
resistivity and IP data, respectively, which have
been acquired using the dipole-dipole array along
various survey lines in the studied area having the
displayed ground topography. As shown in these
figures, the low electrical resistivity and high IP
values are shown more specifically to represent the
spatial distribution of mineralization beneath the
ground surface. In addition to the 3D view of the
mineralization, the drilling locations and
topography of the studied area have also been
shown for a better visualization of the area. The 3D
irregular model with IP values above 15 mV/V is
shown in Figure 17. This 3D model is roughly
equivalent to the 3D model with low electrical
resistivity values that is shown in Figure 16. The
3D model shown in Figures 16 and 17
demonstrates the distribution of the sulfide
mineralization very well.
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4. Conclusions

Investigation of the studied area with the help of
the electrical resistivity and IP data obtained using
the rectangle array led to the identification of the
promising areas inside the studied area. For the in-
depth investigations of the promising areas, the
resistivity and IP data obtained using the dipole-
dipole array were modeled. As a result of the
inverse modeling of the resistivity and IP data
using the dipole-dipole array, the resistivity and IP
cross-sections were obtained, in which the
geophysical anomalies associated with the sulfide
mineralization zones were identified. This
mineralization was confirmed by the geological
evidence in the area. The drilling operations were
also carried out at some points in the studied area
in order to confirm the mineralization. The
performed 3D resistivity and IP modeling also
showed the mineralization areas. A 3D
representation of the electrical resistivity and IP
data modeling contributed to a better view of the
spatial distribution of the sulfide mineralization.

As a result of this research work, we observed
that the application of the electrical resistivity and
IP data using the rectangle array was successful in
prospecting the polymetallic deposit in the area.
Moreover, we observed that the simultaneous use
of both the electrical resistivity and IP methods
with employing the dipole-dipole array was very
convenient and reliable for the in-depth
investigations of the promising polymetallic zones.
Applying these methods for the in-depth
investigations resulted in a cost-effective, time-
saving, and consistent image of sub-surface
mineralization. These geophysical methods also
had a less environmental impact than the drilling
methods. By comparing the results obtained from
these two methods in the anomalous regions, one
can obtain information on the grade and type of
mineralization (i.e. disseminated or massive
mineralization). By combining the geophysical and
geological results in exploring the polymetallic
deposits, the best drilling points can be suggested.
In most of the cross-sections obtained from the
inverse modeling of the resistivity and IP data, it
was seen that the mineralization areas had a high
chargeability and a low to medium electrical
resistivity, indicating the presence of sulfide
mineralization in the sub-surface. The drilling
operations carried out along the survey lines
confirmed the identified anomalies. Since all the
structures are in the form of 3D in nature, the 3D
modeling of the resistivity and IP data can give a
better picture of the sub-surface structures. The 3D
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representation of the modeling results can also give
a better and more understandable spatial
distribution of the mineralization zones.

Due to the presence of schists in this area and the
presence of clay minerals in the schists, these
structures, similar to mineralization, exhibit a
relatively low electrical resistivity and a relatively
high chargeability, and therefore, act as noise

Journal of Mining & Environment, Vol. 12, No. 3, 2021

sources in the geophysical identification of the
sulfide mineralization. In the cases where these
rocks are also associated with poor mineralization,
they show a high chargeability (even more than the
mineralization zones). The use of the spectral IP
(SIP) method to separate the metallic minerals
from the non-metallic ones (e.g. clays) is
suggested.
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