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The relevance. These are the first geophysics studies in the Mesgaran exploration area. Based on geological studies in the mineral zone,
copper mineralization was proven. The mineralization type in this area was identified as Cyprus-type massive sulfide. The complexity of the
geological structure determines the need to use geophysical research and forecasting methods for planning mining and drilling operations.

The main aim of this study is the application of geophysical methods in the search for mineral deposits and modeling of the geological
environment.

Object: Mesgaran exploration area, South Khorasan province, Iran.

Methods. In order to obtain more subsurface information, geophysical methods IP and Rs were used. Five profiles were designed and
implemented for geoelectric surveys. Overall, five profiles (P1 to P5) were read as dipole-dipole arrays with 784 points. The profiles were
taken east-west and north-south along parallel to the mineralization zones. The dipole-dipole array is designed with the parameters
AB=MN=20 m, jump=20 m and up to 6 jumps for MN.

Results. In general, four types of anomalies were identified in these investigations. Which to some extent revealed the association of
anomalies with the types of rocks and mineralization of the study area: 1) anomalies with low electrical resistivity, as well as low polarity,
often correspond to quaternary alluvial deposits; 2) abnormalities with high electrical resistance, and low polarity, which are consistent with
limestone’s and are often superficial; 3) anomalies with high polarity and high resistance, which in the south of the profiles form altitude
and correspond to the agglomerates; 4) anomalies with high polarity and higher relative resistance are associated with igneous masses,
which are often composed of andesitic-basaltic rocks. Based on the position of the identified anomalies in the 5 profiles, the optimal
location of the drills was determined.
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identifying altered areas associated with deposit masses
i o i . thus it is known as a standard method in the field of
Mineral resources as the first link in the production chain  ineral exploration and it can help to study geochemical
play an undeniable role in the development, growth and a4 geophysical explorations [16-20]. It should be noted
prosperity of a country and form the basis of the economy  that any mining and exploration operations may damage
and industry [1-4]. From the beginning of its creation and e environment or the antiquities and geotourism sites [21,
throughout history, human beings have used minerals 22]. Therefore, by using the updated methods in
according to their needs and knowledge [S-7]. In other  gypioratory studies and mining activities, in addition to
words, these minerals form the basis of civilization.  pigher productivity and avoiding spending a lot of time and
Therefore, mineral exploration has special importance as money [19, 23-27], the damage to the environment can be
the first step in this cycle [8-12]. Along with the  reqyced as much as possible. In geoelectric surveying, the
production and advancement of science, technology, and  yesnonge of the subsurface is studied with the help of an
innovations such as remote sensing, GIS, and global  gjecrical transmitter-receiver setup [28]. When sulfide
positioning systems, traditional methods of mineral  \inerals are exposed to water and oxygen, they oxidize to
exploration have been replaced by new methods [13, 14].  form soluble metals and sulfates. Oxidation products tend
Remote sensing is a technique of collecting information 4 jncrease acidity in the oxidizing site and in the absence
about land surface features without physical contact with ¢ alkalinity to neutralize the acidity, the pH level can
them [15]. Remote sensing has great potential for  jecrease significantly. The increased solubility of metals in
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acidic water prevents their precipitation and leads to high
concentrations of dissolved metals and salts in acidic water.
Eventually, surface water will find its way to where the
acid is formed and carry pollutants into groundwater
systems and surface water bodies [29]. Electrical resistivity
surveys are used routinely in geothermal, mining, coal and
groundwater and engineering applications. They are used
much less routinely in oil and gas exploration. The induced
polarization method was developed for detecting small
concentrations of disseminated mineralization in base
metal exploration [30].

Rich in mineral resources, the central and eastern part
of the province of Khorasan is an important metallogenic
region in eastern Iran. In recent years, new copper
deposits have been discovered in the area adjacent to the
study area at Shadan and the adjacent Maherabad mining
area [31-34]. Signs of copper mineralization were found
in the region under study, only shallow horizons were
explored, so there was a need for deep exploration.

Since different geophysical methods reflect different
physical parameters of rocks and ores, several methods
are usually used to limit the properties of underground

minerals and reduce the amount of solutions. In recent
years, integrated geophysical survey methods have played
an important role in the exploration of metal ores [35-37].
To determine the presence of ore bodies at depth,
confirm whether the ore bodies are continuous or
discontinuous, evaluate the thickness of the ore bodies,
confirm the results with geological information, detect
areas without anomalies and determine the optimal points
for drilling, a comprehensive geophysical survey was
carried out. They will also be useful for finding similar
deposits in the region under study, providing guidance on
exploration that combines these geophysical methods.

Data and geological setting of the studied area
Regional Geological Setting

The study area is a part of the Sarbisheh geological
map (on a scale of 1:10000000) and the Mesgaran copper
deposit is located 29 km south of Sarbishheh city. The
UTM geographic position is between 0770500 and
0773000 East (longitude) and 3577500 to 3581500 North
(latitudes) (Fig. 1).
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Fig. 1. Simplified geological map of geographical location of Mesgaran exploration area in west Iran
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There are no violent heights in this range, and most of
them are dipped and plain. Due to the existence of Mafic
and Ultramafic units (ophiolite sequence) and erosion func-
tion on these units, the topography of the area is a mild and
quiet hill (Fig. 2). The sedimentary sections of the region,

> nl'l,.ll..f,,‘l

in particular, have more rugged topography of limestone
than mineral area. In terms of structural and sedimentary
divisions, the study area is a small part of the structural
zone of the East of Iran and is metallurgically located in the
northern part of Ahangaran-Bandaan [38, 39].

> R X
Fig. 2. (a) Digital elevation models of the Mesgaran exploration area, provided by the QuickBird satellite [11], (b) mild
morphology and hills of ultrabasic rocks in the north of Mesraran; (c) view of pillow basalt which outer surface is
affected by contact with seawater and cooling and its color and texture have been changed
Fig. 2. (a) Hugposas modenv pervegpa 2opropyonozo pationa Meceapan (dannvie co cnymnuxa QuickBird) [11], (b) oguo-
Jiumoesvle NOKpoevl 6 cesepnoﬁ uacmu meppumopuu, (C) Kcenonum bazanbma 6 CepneHmuHumax, 6Hewrssl nosepx-
HOCMb KOMOPO20 NO0BEP2IACh 8030eliCEUI0 KOHMAKMA ¢ MOPCKOU 8000U U OXAAHNCOEHUIO, YMO NPUBENO K U3MeHe-

HUIO Y6em u mexcmypul

In terms of lithology, exploratory areas include ultra-
basic rocks, dolerite dikes, pillow basalts, calcareous out-
crops, phyllite and schist lenses [11, 40] (Fig. 1).

The rock units in the region show a complete ophiolite
sequence, but because of the compressive stresses domi-
nant on the region, the boundaries of these units are large-
ly faulty, and the outcrop of ultrabasic rocks, basic rocks
and ocean sediments does not follow any order.

Mineralization

In the Mesgaran mining area copper mineralization
has occurred in pillow-lava and andesite-basalt sequences
of eastern Iran. Two mineralization zones were identified
as sulfide mineralization with silicified stockworks (pri-
mary mineralization) and supergene mineralization. The
primary copper mineralization in this region is mostly in
accordance to silicified or carbonate veins with epidote
and chlorite in volcanic basalt. These veins cross out the
volcanic complex as stockworks which include Chalcopy-
rite, Bournite and Pyrite. In this region, we observed no
evidence proving massive deposit or lens shape deposit
creation. The main observed minerals are sulfide and ox-
ide forms of copper. Malachite, azurite and lower
amounts of tenorite and native copper in oxide supergene
zone and chalcopyrite and bornite as the primary sulfides
were detected. Oxidation and erosion caused goethite and
hematite around sulfide minerals like chalcopyrite and

pyrite. Alteration is observed almost everywhere on the
surface but the degree of alteration varies. Generally, al-
teration occurs when rocks react to hydrothermal and
magmatic fluids and this reaction leads to chemical and
mineralogic changes. Chlorite alteration occurred on a
large scale which is a specific form of propylitic altera-
tion. Al, Fe and Mg-rich fluids cased chlorite alteration in
basic rocks [41].

In this region, argillic alteration (presence of montmo-
rillonite mineral) as a secondary alteration is observed as
well. Most of the copper is in oxide form on the surface
and because of the high degree of oxidation and erosion,
sulfide mineralization is rare in outcrops, so rock samples
from deep well cores are needed to study the deposit.
Drilling is the best choice in such situations. According to
mineralization and the host rock (pillow-lava and ande-
site-basalt), the mineralization type seems to be catego-
rized as a massive sulfide and redbed type. Generally, the
mineralization manner (copper mineralization as stock-
works), the host rock (pillow-lava and andesite-basalt),
the deposit development environment (a volcanic part of
an Ophiolite sequence) and the alterations (quartz-
carbonate, epidote and chlorite) observed in this region
and comparing them to the massive sulfide types leads to
classifying Mesgaran deposit as a Volcanic Massive Sul-
fide (VMS) type. But still more studies are needed to
prove this claim with higher accuracy [41].
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Methodology and materials

Field operations

In order to study the effect of electrical resistance and
IP on the qualitative and quantitative evaluation of copper
mineral deposits, the geophysical operations of IP and re-

182 m

Fig. 3. Location of geophysical profiles and measurement stations in the exploration area Mesgaran

sistivity with dipole-dipole array were carried out. Over-
all five profiles (P1 to P5) were read as dipole-dipole ar-
rays with 784 points (Fig. 3). The profiles were taken
east-west and north-south along parallel to the minerali-
zation zones.

Puc. 3. Pacnonooicenue 2eogpuzuueckux npoguieti u Cmanyutl usmepenus 8 ucciedyemom paiione Meceapan

Resistivity geoelectric method

In the resistivity method, the spatial variation of
resistivity p (or conductivity o, the inverse) in the field is
determined using four-electrode measurements. Two
(transmitter) electrodes are deployed to create an
electrical circuit. Measurement of the potential difference
(voltage) between the two other electrodes permits the
determination of apparent resistivity. Inverse methods
may be applied to such measurements to determine an
image of the subsurface structure, as illustrated later.
Electrodes may be placed on the ground surface and/or in
boreholes. Stainless steel is the most widely used
electrode material for field measurements, although
others, such as copper or brass, are also used. To avoid
polarization at the electrodes, an alternating power source
is utilized. A switched square wave (Fig. 4) is the most
common current waveform; it is generally applied at
frequencies of about 0,5 to 2 Hz. As it is shown in Fig. 4,
a background (self-potential) voltage, Vg, may be
observed. Note that the level of this may change over
time, but such drift is easily removed owing to the shape
of the injected waveform. The measured transfer
resistance is given by the equation (1):

R=V,/l,, 6
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where V, is the primary (peak) voltage and I, is the
injected current, as it is shown in Fig. 5. Note that the
voltage series in Fig. 6 is idealized since no capacitive
(electrical charge storage) effects are observed [42].

] - h
(e cccccca-

Current

Time (s)

Voltage

Time (s)

Fig. 4. Typical current and idealized voltage waveforms for
field DC resistivity surveys. V, is the primary
voltage, Vy, is the observed self-potential voltage [42]

Fig. 4. Tunuunvie opmbl moxka u udeaNU3UPOBAHHO20
Hanpsicenus OJis NOJE6bIX UCCIE008ANUIL YOeTbHO20
conpomusenenus. nocmoanHomy moxy. Vy — nepsuu-
noe nanpsicenue, Vg, — Habnrodaemoe nanpaicenue
cobcmeennozo nomenyuana [42]
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As it is illustrated in Fig. 5, current flow in
homogenous earth from an electrode placed on the
ground surface will follow equation (2):

v=A1 @
2rr
where p is the resistivity and r the distance from the
electrode. Since the apparent resistivity p, is defined as
the resistivity of homogenous earth to which the
measured transfer resistance is equivalent, this equation
may be used with the superposition principle to derive
expressions for the apparent resistivity of specific
electrode arrangements [43].
C+

T

5 % 3 2 4 ¥ I 2 % & 3
Distance (m)

Fig. 5. Potential variation in a half-space with uniform
resistivity distribution due to current injection at the
ground surface [42]

Fig. 5. Homenyuanvnoe usmenenue 6 nomynpocmpancmee ¢

OOHOPOOHBIM pachpeleleHuem YOeIbHO20 CONpOmus-
JIeHUS U3-3a NOOauU MOKA HAa nogepxHocms 3emnu [42]

A number of electrode configurations are commonly
used for ground-surface surveys. Fig. 6 illustrates the
Wenner, dipole-dipole, and Schlumberger surveys.
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a
P+ P-
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Dipole-dipole
Fig. 6. Dipole-dipole electrode array [42]
Fig. 6. Junonv-ounonvnas snexmpoonas pewemka [42]

Induced Polarization (IP) Geoelectric Method

Induced polarization (IP) methods measure the rates
with which electrical charges build up in the ground due
to the applied voltage, and at which they balance out after
such voltages are removed. Common sources of the effect
are charge polarization on individual grains, charge build
up within clay layers, and electrochemical interactions at
grain surfaces [43]. As the IP effect results from currents
passing through the ground, IP surveys always measure
resistivity in addition to some index of polarization. The
reported polarization index is different for different IP
equipment; it may be changeability in mV-sec/V, percent
frequency effect (a dimensionless percentage), or phase
shift in milliradians between transmitted and received

signals [44]. While soil resistivity is controlled primarily
by electrical conductivity in the pore fluid, IP is strongly
affected by processes at the fluid-grain interface. During
IP-survey, both resistive and capacitive properties of the
soil are measured. As a result of IP studies, at least
theoretically, additional information about spatial
variations in lithology and chemical composition of the
grain surface can be determined. IP measurements are
made in the field using a four-electrode circuit.
Measurements can be made in the time or frequency
domain. In the first case, the voltage drop over time is
measured after the current is stopped (Fig. 7). The
gradual (rather than abrupt) decrease in measured voltage
is a complex function of the electrical charge polarization
at the fluid-grain interface, and the conduction within the
pore fluid and along the grain boundaries.

Seigel [45] defined the apparent chargeability (m,) as
equation (3):

m, = —*, (©)]

where Vs is the secondary voltage (voltage immediately
after the current is shut off) and V, is the primary voltage
[42].

+V

Time (s)
Fig. 7. Measurement of time-domain induced polarization
[42]
Fig. 7. Hsmepenue nonspusayuu, 6bi36aHHOU 60 8PeMEHHOU
obnacmu [42]

In frequency-domain mode, a phase-shifted voltage
relative to an injected alternating current is measured.
Traditionally, the percent frequency effect (PFE) has been
used as an IP measure in the frequency domain. Here, a
comparison of impedance magnitudes is made at different
injection frequencies. Alternatively, the impedance (in
terms of magnitude and phase angle) may be used as a
measure of IP. This is commonly referred to as complex
resistivity. When the injected current is applied at
different injection frequencies, an impedance spectrum is
obtained. This is commonly referred to as spectral IP
(SIP). IP can be measured in the field using a similar
approach to that for DC resistivity. The potential
electrodes should, ideally, be nonpolarizing (for example,
copper-copper sulfate), although conventional DC
resistivity electrodes were used with some success. To
avoid electromagnetic coupling effects, the cable used for
current injection should be short and isolated, as much as
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possible, from cables connected to the potential
electrodes. Dipole-dipole arrays for ground-surface
surveys are often preferred because of their minimal
coupling effects and safer operating conditions
(particularly for long survey transects). For IP surveys,
injection currents often need to be much higher than those
used for DC resistivity to ensure good signal-to-noise
ratios. This is particularly important when using a dipole-
dipole electrode configuration [42].

Processing and interpreting resistivity and IP data

There are several methods for processing and
interpreting resistivity and IP data. In the past, most
interpretations were made based on electrical resistivity
and apparent IP [46]. With the advancement of computer
science and numerical analysis of inversion, it is now
possible to directly investigate resistive and IP data. The
Res2DInv software package is used to conduct dipole-
dipole studies [47].

Pseudo-sectional drawing method

In most 2D resistances and IP surveys, pseudo-
dimensional drawings are used. In this method, the mid-
point of the electrodes that are measured is considered as
a reading point. The vertical position of the reading value
is located below the reading point, which is proportional
to the distance of the electrodes. For IP surveys, the
conventional method is the two-line cross-section, which
converges at an angle of 45°.

From pseudo-sectional drawings, an approximate
image of the distribution of resistances or subsurface IP is
obtained. The conventional method of taking IP is dipole-
dipole. This approach is widely used in IP operations due
to the low efficiency of coupling between current and
potential electrodes. In a model, several parameters
change, which causes a change in the response of the
model. In an inversion, we try to obtain the physical
quantities that have the closest conditions to the real
model.

Inversion of two-dimensional Resistivity and IP data

Data is controlled in terms of quality before inversion.
In this process, noises created systematically or
accidentally should be removed from the data. The issue
of the absence of a unified model in the modeling of
geophysical data is well-known. Data inversion uses
different information to limit possible models. For
example, in many surveys, there is information on

subsurface geology that can contribute to the initial model.

In an inversion, we always look for a model that meets
the real conditions governing the environment [48, 49]. In
all of the inversion methods, the initial model alternates
so that the difference between the response of the model
[50] and the actual data is minimized [51].

Results and discussion
Inverse Models of Resistivity and IP Data
Profile 1

This profile includes the dipole-dipole array with the
parameters AB=MN=10 m, jump=10 m and up to eight
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jumps for MN were taken. Fig. 8 shows the induced
polarization and resistivity model along with profile 1.
On the resistivity model of this profile, there are generally
three northern, central, and southern parts. The central
part of the station, —60 to 10, at which the level is low,
increases the resistance and then the resistance is reduced,
which is probably related to the crushed zone. The
southern part shown a higher resistance from station —60
to the south. The northern part of the point —10 to the
north end has a high resistance and probably corresponds
to the basaltic and andesitic sections. On the map of the
induced polarization model of this profile, it can be seen
that the central part mentioned above, which has less
resistance, has less polarization as well. In the south, the
amount of polarity rose, but at the same time, the amount
of special resistance increased, which does not show
sulfide mineralization, but also does not affect the surface
of the earth. The surface rocks observed in this part are
agglomerate rocks. In the north, there is a limestone rock
that does not cross directly through the profile that
intercepts the valley. The effects of mineralization on the
ground also indicate the presence of mineralization at the
station of zero to 10. Thus, on this profile, the range
between the northern station 5 is to be examined up to a
depth of 20 meters with a 20-degree angle, and a station
30 for a borehole with the depth of 40 meters, and angle
of 25 degrees along with the profile and both to the south.

Profile 2

This profile includes the dipole-dipole array with the
parameters AB=MN=20 m, jump=20 m and up to six
jumps for MN were taken. As it is shown in Fig. 9, on the
map, the resistance model of this profile separates the
yellow-brown to read sections of the high-resistivity
sections. Green and blue sections show lower relative
resistivity. There is significant contact between station
zero to —-20. Limestones also have little effect on this
profile. The resistivity amount at the ground level from
station —20 to the south is generally high and at a depth of
20 meters in the same range were reduced. Due to the
increase in the amount of polarity in the same range,
geophysically, it is a suitable area for the presence of
sulfide minerals, but there is no mineralization on the
earth. On the other hand, in the north, the amount of
resistance on the ground was reduced, which is natural
due to the presence of alluvium, and then in-depth the
amount of resistance increased, which increases the
probability of the presence of the basic mass in this
section. On the map of induction polarization, the
generally visible boundaries on the earth's surface near
the zero point of the profile where the effects of copper
minerals such as malachite are observed have a low
polarity density with a high green color, which does not
show many extensions. It might be possible to link the
anomaly between the station to zero and 20 with an
anomaly in-depth, between stations 30 and 80. In this
case, station 60 is suitable for drilling 20 degrees to the
south along the profile to a depth of 50 meters. Station 60
is also proposed vertically up to 40 meters in depth to be
drilled at a later stage.
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Fig. 8. Up-resistivity and down-induced polarization model on profile 1
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Fig. 9. Up-resistivity and down-induced polarization model on profile 2
Fig. 9. Moodenv nosvluenus ydenrvnozo conpomugienust  NOHUNCEHHOU ROAAPU3AYUL 8 NPOguie 2 ¢ 8bIHECEHHbIMU NPOEKTI-
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Profile 3

This profile includes the dipole-dipole array with the
parameters AB=MN=20 m, jump=20 m and up to six
jumps for MN were taken. On the map of the resistivity
model in Fig. 10, high resistivity sections can be found,
between stations —15 to 10, and also between stations 20
to 45 and from station 60 to the north, among these
sections, resistance was reduced. The contacts or faults
can be separated around stations number 50 and -15. On

the section of the induced polarization model of this
profile, superficial mineralizations can be found between
stations 50 to 60, 30 to 40, 0 to 20, —10 to —20. More
important than the superficial mineralizations, on this
profile, significant anomalies, from the station 40 north to
=20 in the south, from the depth of 10 to a depth of
40 meters extended. In this way, on this profile, station 30
and station 10 for drilling to 40 meters depth with a
20-degree angle to the south along the profile is

suggested.
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Profile 4

This profile includes the dipole-dipole array with the
parameters AB=MN=20 m, jump=20 m and up to six
jumps for MN were taken. Fig. 11 shows the model of
resistivity and induced polarization of profile 4. On the
map of the resistivity model, contacts can be seen at
stations 60 and —90. At station —90 to the south, there are
the agglomerate rocks. A low resistive part is seen
between stations 15 to 45 in widths of 30 m. At station —
80, it is also seen, in addition to low resistance, that the

other part, located mainly on andesites and basalts, with
depths from 10 to 15 m, starts from station 15 in the north,
and some surface fragments go to station —70 in the south.
On the map of the induced polarization model, in the
southern part, the agglomerates show high polarity. The
largest anomaly in terms of severity and extent is seen
between stations —40 and —15. On this profile, the zero
station is recommended for drilling up to a depth of 40 m
with an angle of 25 degrees along with the profile to the
south.
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Fig. 11. Up-resistivity and down-induced polarization model on profile 4
Fig. 11. Moodenv nosviuenust yoenpho2o conpomuenenus. U NOHUNCEHHOU NOAAPU3AYUU 6 npoPuie 4 ¢ 8bIHECEHHBIMU NPO-

EKMHbIMU CKBANCUHAMU
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Profile 5

This profile includes the dipole-dipole array with the
parameters AB=MN=20 m, jump=20 m and up to six
jumps for MN were taken. As it is shown in Fig. 12, on
the map, the resistivity profile model of this profile can
be generally referred to as a central high strength section
from the station 30 to 60 — to a width of approximately 90
ms on this profile, which is roughly spread vertically to
the depth. This part corresponds to andesitic rocks
containing mineralization. The amount of resistance was
reduced to both sides of the south and north, which is
likely to coincide with the alluvium because the amount
of induced polarization was reduced as well. Of course,
the presence of limestone in the northern part, on the

surface, rose the resistance between stations 40 to 90 with
a slight rupture. On the map of the induced polarization
the model of this profile is referred to three areas that are
characterized by three proposed lines for drilling.
Although superficial mineralization is observed at a
distance between stations —10 to —20 in the south and 10
to 20 in the north, the main anomalies are below the
station's numbers —60, —20 and 20. In this way, on this
profile, station 30 for drilling with the angle of 20 degrees
to the south along the profile up to a depth of 40 m, and
station —10 for drilling with the angle of 25 degrees to the
south to a depth of 30 m and station —65 with the angle of
20 degrees to the north along with the profile up to a
depth of 40 m on this profile are suggested.
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Fig. 12. Up-resistivity and down-induced polarization model on profile 5

Fig. 12. Mooens nosviwenus yoenvHo2o conpomugienus U NOHUNICEHHOU NONApusayuu 6 npoguie 5 ¢ bIHECEHHbIMU NP O-

EKMHbIMU CKEAANCUHAMU

Conclusion

In general, four types of anomalies were identified in
this investigation, which to some extent revealed the
association of anomalies with the types of rocks and
mineralization of the study area:

e The average value of the geophysical anomaly
threshold is 250 ohm-m for resistivity and 7 mV/V for
chargeability. This threshold was determined based
on the geological and lithological characteristics of
the target copper mineralization. In these values, the
detection of copper mineralization is more likely than
in others.

e Anomalies with low electrical resistivity, as well as
low polarity, often correspond to quaternary alluvial
deposits.
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