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Abstract: The large Miocene stock work-vein porphyry copper mineralization of
Sarcheshmeh are already known, but there are still few studies regarding mineral
prospection in smaller deposits. This paper proposes exploration techniques for
Cu prospecting in Hefdah Chenar area, Kerman Province, Iran, as case study. This
study investigate the Hefdah Chenar area's mineralization in light of its natural
context, focusing on geology, geochemistry, and geophysics. Hefdah Chenar dis-
trict consists of an Eocene volcanic andesite succession with a gently northeast
dipping, which was intruded by at least two phases of copper-bearing granodio-
rite porphyries. Several documents and data including topographic, geological,
land use, soils maps, Hefdah Chenar area's map, field visit, the geochemical
study's results, and stream sediment samples proved the presence of some points
with a grade higher than the threshold limit. The results of the geophysical IP&RS
method indicated that the sulfur mineralization trend was northeast and con-
sistent with the effects of surface mineralization. The result of this investigation
indicates that based on the results of geophysical models, there is an increase in
the amount of induced polarization at the location of possible faults. Furthermore,
among these, magnetic data presents that there is no significant changes except

in areas with magnetic veins.

Keywords: Magnetite Mineralization; Ground Magnetometry; Hefdah Chenar;
Mineral Extraction

1. Introduction

Factual data collection through field mapping, mine mapping, geophysical and geochemical
surveys, and mineralogical studies play a crucial role in empirical exploration [1,2]. Berger and Bethke
in 2020 investigated the application of geological models in the exploration strategies' development.
The result of the investigation proves that the purpose of assembling data and concepts into the
geological models is to bring order out of chaos [3]. Empirical exploration strategies are defined based
on observed associations and experience, whereas conceptual exploration considers cause, genesis,
and geological processes. Geology is the study of the composition, structure, and history of earth
processes and their products [4]. Geological investigation relies on various data sources such as field
and laboratory studies, geophysics, geochemistry, aerial photography, and remote sensing [5]. The
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latter represents a critical data source for a variety of geological applications, such as mineral
alteration, lithological and structural mapping [6-16].

A decrease in high-grade copper sulfide resources has made copper's recovery from low-grade
and oxide ores more feasible [17]. The Sarcheshmeh deposit is known as a typical porphyry Cu deposit
with respect to alteration types, mineralization style, ore grade, size, tectonic setting, and igneous rock
features [18-20]. Numerous copper and iron mineralization effects in this area have required more
detailed study to investigate mineralization situations in depth. Porphyry deposits are the principal
sources of Cu and Mo and are obtained using mass mining techniques [21-23]. The first step in
exploration was remote sensing and geological studies, which showed volcanic units with argillic and
propylitic alterations on the surface. Figure 1 indicates the remote sensing image of the case study.
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Figure 1: Remote Sensing Image (RGB 4, 6, 8) of alteration zones in area with its surrounded
deposits

Ground magnetometer surveys are one of the oldest geophysical exploration methods used to
identify iron reserves. The correct interpretation of ground magnetic surveys, along with geological
and geochemical data, will reduce costs. Additionally, they can be conducted to indicate the location,
depth, and dimensions of Iron's hidden reserves [24,25]. In the first geophysical exploration phase in
the Hefdah Chenar area, the geoelectric method was performed. Porphyry copper deposits usually
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show four significant kinds of hydrothermal alterations: potassic, phyllic, argillic, and propylitic [26].
There were high-velocity extended veins and uncertainty of the main mineralization zone around ar-
gillic-cercite strip corresponding to granodiorite intrusive mass. Therefore, the implementation of a
rectangular arrangement with an approximate area of 25 hectares was considered. After that, results
showed a southwest anomalous (in line with an initial estimate of the mineralization process).

2. Materials and Methods

It is required to identify mineralization regions and their associated alterations in detail to recog-
nize the relation between mineralization and structures existing in the region. [27]. Surface altered
rocks' mapping with their associated mineralization by satellite remote sensing imagery is a significant
asset in any geological and mineral exploration project. Indeed, for several years, satellite remote sens-
ing imagery is successfully used in association with geographic information system (GIS) techniques
for the acquisition of geological data and associated ore mineralization at the regional scale [28-31].
Samples were taken, and thin sections were studied to understand the geological units of the area
sufficiently. A magnetic survey aims to investigate subsurface geology based on anomalies in the
Earth's magnetic field resulting from the underlying rocks' magnetic properties [32]. The ground mag-
netic survey was designed, and 2000 points were measured during a 6-day field. Canadian manufac-
tured product Proton Magnetometer GEMSYS-T19 made records. Magnetometric profiles were per-
formed in a 50 by 20 grid, which in some areas was reduced by sharp changes in the magnetic field. A
total magnetic intensity map, reduced to magnetic pole map, single analytic map, first vertical deriv-
ative map, and upward continuation map, has been prepared for this area. A combination of two ar-
rangements, pole-dipole, and dipole-dipole was used because of strong signal, penetration depth, and
high accuracy.

2.1. Geology and mineralization

Hefdah Chenar exploration area is located in the central part of the Sarcheshmeh Cu porphyry
belt, south of the Nochun deposit and northwest of the Darrehzar mine. This belt is located in the SE-
trending part of the Central Iran magmatic arc zone known as Sahand-Bazman magmatic arc sub-
zone [17,33]. The area is mainly composed of volcanic, sedimentary, intrusive, and semi-volcanic rocks
of Tertiary. Most of the area is a polyphase intrusive system consisting of porphyritic granodiorite,
quartz porphyry (dacite porphyry), and andesitic dykes. The andesitic dykes are known as intra-min-
eral (syn-mineralization), later intramineral (late syn-mineralization), and post-mineralization
porphyry [20,34]. The study area is outlined in a regional geological map (1:100,000 scale) of Pariz [35].
Figure 2 shows a simplified geological map of the Hefdah Chenar area.

There are large porphyry copper deposits around the exploration area with low grades and high
reserves, of which Sarcheshmeh mine is one of the largest porphyry copper deposits in Iran and world-
class. The oldest sequence around Sarcheshmeh is an Eocene volcanic— pyroclastic-sedimentary com-
plex (Sarcheshmeh Complex), consisting of trachybasalt, andesite and trachyandesite, andesite-basalt,
dacite, tuff, ignimbrite, and tuffaceous sandstone [33]. Since its small distance from the Hefdah Chenar
area, this deposit has a relatively similar geological type to the Sarcheshmah mine. The main constit-
uent minerals are large and large plagioclase crystals in pastes of fine quartz and alkaline feldspar
crystals.
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Figure 2: Geological map (1:100,000 scale) of the Hefdah Chenar

The oldest rock units of Upper Eocene volcanic rock include intermediate-acidic tuffs and ande-
sitic rocks. In order to pervasive alteration, it is challenging to discriminate the host rocks in the mine.
Waterman and Hamilton in 1975 and Hezarkhani in 2006 pointed out that the Sarcheshmeh porphyry
is a polyphase intrusive system. The most critical outcrops are granitic and granodiorite massifs. The
porphyry diorite is more affected by chlorite and cercite alteration and is seen in gray to dark gray and
green, respectively (Figure 3 and Figure 4) [18,20].
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Figure 3: View of rock and transformation of feldspar into cercite and illite — Objective: XPL-2.5X.
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Figure 4: View of displacement of feldspar by carbonate vein (calcite - dolomite) — objective: -
2.5X.
2.2. Geochemistry

Acid sulfate waters are produced primarily due to the oxidation of pyrite and other sulfide min-
erals (such as pyrrhotite, marcasite, and mackinawite) in rocks, soils, and sediments [36,37]. Eighteen
sampling points (illustrated in Figure 5) were selected based upon previous data [38,39]. Figure 5
shows the position of these points based on UTM coordinates in the 40R zone. Collected samples were
analyzed by the ICP-OES method [36-39].
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Figure 5: Sampling points (green dots).

Studies and results of stream sediment samples identified some points with a higher grade than
the cut-off limit [40]. The specimens identified as anomalies of copper, silver, manganese, lead, and
zinc are shown in Figure 6. According to field studies of identified anomalies in the west of the area,
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it was determined that these areas are located in the path of waterways leading to the Nochun molyb-
denum copper deposit, and a mineralization source was not found in the area.
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Figure 6: Samples identified as anomalies in geochemical studies of stream sediments
2.3. Geoelectric

Geophysical methods employ the principles of physics to image intrinsic Earth’s subsurface fea-
tures that are diagnostic of some targeted points [41]. Several methods can be conducted for electrical
surveying. Some of them use fields within the Earth, while others require introducing artificially-gen-
erated currents into the ground. The resistivity method is used to study horizontal and vertical dis-
continuities in the ground's electrical properties and the detection of three-dimensional bodies of
anomalous electrical conductivity. It is routinely used in engineering and hydrogeological investiga-
tions to investigate shallow subsurface geology. The induced polarization method uses the subsur-
face's capacitive action to locate zones where conductive minerals are disseminated within their host
rocks. The sulfate's magnetic susceptibilities and the oxide compounds formed on pyrite surfaces are
more significant than that of untreated pyrite [32,42].

In the first phase of geophysical exploration, induced polarization and electrical resistivity meth-
ods were used. Array electrical data were collected in the study area in the nodes of a uniform rectan-
gular network with 1 km spacing, in which the potential electrode distances are 20 meters, and the line
distances are 100. This arrangement was needed to design the most optimal geophysical profiles. Re-
sults showed the anomaly spread in the northeast-southwest direction (Figure 7 and Figure 8). After
determining the anomaly, a combination of two arrangements (pole-dipole and dipole-dipole) was
used to collect data. In total, 1300 points are measured. Geophysical profiles with combination ar-
rangement are shown in Figure 9. The following sections of resistivity and induced polarization of
these two profiles are presented (Figure 10 to Figure 13).
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Figure 7: Electrical resistivity section of rectangular arrangement on satellite image.
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Figure 8: Induced polarization section of a rectangular arrangement on a satellite image
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Figure 9: Geophysical profiles with composite arrays
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Figure 10: Electrical resistivity section of P1.
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Figure 11: Induced polarization section of a P1.
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Figure
12: Electrical resistivity section of P2.
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Figure 13: Induced polarization section of a P2.

A comparison of the resistivity model with inductive polarization in P1 shows that an increase in
inductive polarization in most depth regions corresponds to a decrease in electrical resistivity. From a
geological point of view, these places can be fracture with penetrated fluids and are naturally suitable
places for the deposition of sulfurs such as chalcopyrite and pyrite. In 140, 240, and 360 meters, these
are characterized by high inductive polarization and low resistivity from the beginning of the profile.
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In 420 meter, strong induced polarization and reduced resistivity are observed. At this point, a trench
has been excavated with mineralization effects of chalcocite, malachite, and azurite within siliceous
veins.

2.4. Magnetometric studies

Magnetic data are used to interpret granitoid rocks based on aeromagnetic signatures and extrap-
olation of these signatures to areas of either no exposure or no data. However, sedimentary rocks are
effectively non-magnetic unless they contain a significant magnetite amount in the heavy mineral frac-
tion. Where magnetic anomalies are observed over sediment-covered areas, the anomalies are gener-
ally caused by an underlying igneous or metamorphic basement or intrusions into the sediments [32].
Horizontal and vertical gradient processing is used to highlight non-horizontal boundaries between
rocks with distinctly contrasting magnetic properties [27,43]. These boundaries may represent linea-
ments, geological contacts, or abrupt limits of altered rocks. Processing using Geo-soft software in-
cludes a reduction to the pole (effectively centering anomalies vertically above the feature concerned),
and generation of first vertical derivative (for edge enhancement and highlighting structure), and tilt
filtering (to distinguish the boundaries).

Total magnetic intensity map provides an overview of magnetic data and is used for general in-
terpretations [44]. To remove the effect of a geomagnetic reference field from the survey data, the
earth’s field is 45624 nT by International Geomagnetic Reference Program (IGRP). Therefore, sub-
tracted from the observed data leaves the local anomalies as positive and negative residuals. Figure
14 illustrates the total magnetic intensity map after necessary corrections. According to the map, the
maximum magnetic intensity is about 70,000 nT, and the minimum is about 40,000 nT, which is shown
as the colour spectrum changes below the total magnetic intensity map. Significant changes in mag-
netic intensity indicate large changes in the magnetic susceptibility of rocks. Some large and minor
zones of the magnetic anomaly were identified. Comparison of magnetic intensity map with a geolog-
ical map also shows that location of observed magnetic anomalies is not consistent with the position
of intrusive facies. Therefore, these facies are not the source of magnetic anomalies seen in the region.
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Figure 14: Total magnetic intensity map of Hefdah Chenar area.
2.5. Reduction to pole

Introduced by Baranov (1957), the reduction-to-pole transformation of total field magnetic anom-
alies is intended to remove anomalies' skewness. The transformation makes anomalies overlie the
sources, makes it possible to correlate magnetic anomalies with other geophysical anomalies and ge-
ological information and aids their interpretation. The deflection and inclination angle of the magnetic
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field is 47.018 and 2.995 degrees, respectively. Figure 15 shows that the map does not change drasti-
cally after reducing the pole, except for some slight twists and shifts. In fact, all anomalies are stretched
in a north-south direction because of the direction and amount of the Earth's magnetic field. However,
the purpose of this correction and eliminate this effect is to estimate the anomaly's location [45].
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Figure 15: Reduction to pole map with magnetic anomalies.
2.6. Upward Continuation Methods

The upward continuation method helps interpret magnetic anomaly fields over areas containing
many near-surface magnetic sources such as dykes and other intrusions. Upward continuation atten-
uates the high wavenumber anomalies associated with such features and enhances the deeper-seated
sources' anomalies [46]. According to the survey area's size and shape, an upward continuation map
of 10, 25, 50, 100, 150, 200 meters (manipulated by upward continuation method on reducing to pole
map) was prepared.

Figure 16 and Figure 17 show that upward expansion smooths the data and eliminates the effect
of noise and surface anomalies unrelated to mineralization. Also, minor anomalies gradually disap-
pear, and only significant anomalies are identified in-depth.
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Figure 16: Upward continuation map of 50 meters.
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Figure 17: Upward continuation map of 200 meters.
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2.7. Vertical tilt angle filter

The tilt angle has been used as the basis for various methods for edge enhancement of potential
field anomalies. Salem et al. (2007) exhibited a contact-depth estimation approach based on the mag-
netic data's tilt angle, which was called the tilt-depth method. Cooper (2014) proposed the contact-
depth method based on the tilt angle for the automatic determination of the location, depth, and dip
of contacts from aeromagnetic data. Figure 18 displays the anomaly after using a tilt angle filter [47,48].
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Figure 18: Vertical tilt angle on 10 m upward continuation filter.

2.8. Analytic signal map

The strike and dip of the causative sources, the direction of magnetization, and the magnitude of
the local magnetic field cause shift in anomaly positions, and as a result, the anomalies are not placed
above their respective magnetic sources. This enhancement routine ensures that the anomalies are
placed approximately above their respective causative bodies. It differentiates the total magnetic field
gradient of each measurement in three mutually orthogonal directions. The mathematical background
of this filtering routine is reported in the work of Roest et al., in 1992. The arithmetical principle behind
this transformation is represented by the expression [49-51].

The analytic signal's maximum value is 22 nT/m that values more than 12nT/m marked in dark
pink (Figure 19). This number indicates the continuity of the deposit body. The critical point is that
these numbers are relative, and we cannot consider a number as a deposit boundary. It should be
noted that all corrections and filters in this method are qualitative However, analytic signal determines
deposit boundary better than other methods. Before and after the deposit, magnetite shows a halo, so
the thickness and depth determination are somewhat complicated and has more errors.
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Figure 19: Analytic signal map on 10 m upward continuation.

3. Results and Discussion

The Hefdah Chenar porphyry Cu area is formed by hydrothermal activity related to a sub-vol-
canic Miocene granodiorite stock and fine-grained porphyry intruding the Eocene andesitic volcanic
and granitoid sequence. In this area, there are at least three types of mineralization in irregular veins
and patches. These mineralizations are mostly formed after the penetration of granodiorite and granite
units.

Siliceous alteration with tourmalination mainly occurred in the northern part of the area and
tuft andesite unit and more strongly in this unit contact with granodiorite. In central parts of the area,
copper mineralization mainly occurs in joints and fractures consisting of chalcopyrite and burnite,
resulting in the possible collision of two faults north-south and northeast-southwest.

In the central part of the area, magnetometric studies identified a magnetic anomaly. These stud-
ies are essential in three zones (Figure 20). Zone A, located at the junction of two major faults and
consists of the mineralization of chalcopyrite and burnite, shows a large magnetic anomaly with a
depth expansion of approximately 200 m. This anomaly extends southwest of the argillic alteration.
Zone B is also east of the Darrehzar-Sarcheshmeh road, where two faults meet. This section's magnetic
data shows the weak magnetic field, which corresponds to weak surface argillic alteration. Zone C has
been introduced as an area with the effect of siliceous alteration and tourmalination and copper min-
eralization, located in the southeastern of Nochun mine. Figure 20: Magnetic anomaly with Faults on
analytic signal map.shows these three areas on the analytic signal map with faults of the area. The
anomaly in the west of the map is consistent with magnetite veinlets and some copper mineralization.
A significant anomaly indicates tuff andesite units that did not show any specific mineralization in
prospecting in the east.
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Figure 20: Magnetic anomaly with Faults on analytic signal map.

4. Conclusions

This investigation proves that the correct use of ground-based magnetometric methods and other
exploratory data can significantly reduce costs, increase the efficiency of exploration programs, and
substantially facilitate this help.
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