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Abstract

This study aimed to identify mineralized zones within a sedimentary structure, including its discontinuities such as
layer boundaries, and faults. The Loza-N model Deep Ground Penetrating Radar (DGPR) system with a 25 MHz antenna
was employed to achieve a target depth of up to 200 meters. The investigation was conducted on mine terraces, berms,
and the flat northern part of the Mehdiabad calamine mine located in Yazd, Iran. A total of 23 profiles were surveyed.
Data acquisition for some profiles involved parallel transects, while others utilized a series approach where the transmit-
ter and receiver antennas were progressively moved along the ground surface. The processed radargrams from selected
profiles were compared amongst themselves and with borehole data collected along the same profiles. The geological
structure was successfully visualized using two different software programs. Krot software effectively distinguished all
limestone units and their zonation. By combining the GPR data with borehole results, it was possible to identify potential
ore mineral zones within the marly units. Based on the DGPR traces at borehole locations, high-grade ore minerals in the
marly limestone exhibited positive phase and amplitude values, represented by intermediate to maximum color hues.
Conversely, light green and light gray limestone containing iron oxide and calcite veins displayed negative phase and
amplitude values, with negative zero to intermediate color hues. Dark green limestone showed the most negative phase
and amplitude values, reflected by the maximum negative color hues. Finally, light red limestone, likely containing low-
grade ore, presented positive but minimal phase and amplitude values, visualized by positive minimum color hues.

Keywords:
Deep Ground Penetrating Radar (DGPR); Loza-N DGPR System; geological structure; limestone units; Mehdiabad calamine
mine

1. Introduction made GPR a valuable tool for a diverse array of scien-

tific investigations, including: the detection of subsur-

Ground Penetrating Radar (GPR) has emerged as a
prominent geophysical method due to its wide range of
applications, stemming from its exceptional strengths.
High Resolution: GPR offers high-resolution imaging of
subsurface structures, allowing for the detailed analysis
of underground features. Rapid Data Acquisition: GPR
surveys can be conducted efficiently, enabling rapid data
collection and project completion. Cost-Effectiveness:
compared to alternative geophysical methods, GPR is
relatively inexpensive, making it an attractive option for
various applications. Low Environmental Noise Inter-
ference: GPR is minimally affected by ambient noise,
ensuring reliable data acquisition even in challenging
environments. Non-Destructive Methodology: GPR is a
non-invasive technique, causing no damage to the sur-
veyed materials or structures. These attributes have
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face cavities (Kofman et al., 2006; Kadioglu and Ul-
ugergerli, 2012), the detection of faults (He et al., 2013;
Zhao et al., 2015; AKkyiiz et al., 2019; Stemberk et al.,
2019; Liang et al., 2019; Wong et al., 2019), the inves-
tigation of qualitative and quantitative properties of
faults, such as the detection of the exact direction, dip
angle of faults and also hidden faults (Lunina et al.
2018; Nakanishi et al., 2017; Brandes et al., 2018;
Rezaei et al., 2019; Aliyannezhadi et al., 2020), frac-
tures (Elkarmoty et al., 2017), sedimentology (Gu et
al., 2018), landslide (Rehman et al., 2021), archeology,
military and civil engineering (Daniels, 1989; Davis
and Annan, 1989; Kadioglu and Daniels, 2008; Ka-
dioglu et al., 2013a, 2013b; Kadioglu and Kadioglu,
2016; Kadioglu, 2018).

Generally, the effectiveness of GPR hinges on four
key factors: transmitting frequency, antenna design, the
electrical properties of the target area (ground or mate-
rial), and the electrical contrast between the targets and
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their surroundings. There’s a trade-off: higher frequen-
cies provide finer resolution but limited penetration
depth, while lower frequencies penetrate deeper but of-
fer poorer resolution.

Driven by the burgeoning global economy, the expan-
sion of the industrial sector in many nations, and the es-
calating international demand for mineral resources,
mining has garnered significant attention. Novel explora-
tion techniques and the utilization of metals in cutting-
edge technologies have reshaped the nature of societal
demand for mineral resources. Traditionally, GPR has
been employed in near-surface mining investigations due
to its cost-effectiveness in preliminary studies, encom-
passing: GPR mapping of the structural properties of
Quaternary sediments in Siilinjarvi mine (Luoma et al.,
2016), exploration and evaluation of the GPR method in
relation to mineralization zones (Patterson and Cook,
2002; Singh and Chauhan, 2002; Francke and Utsi,
2009; Francke, 2010; Manu et al., 2013; Ralston and
Strange, 2015, Berkut et al., 2017; Zanzi et al., 2017),
assessment of the potential risks and catastrophes in coal
mines (Xu et al., 2018), the study and identification of
karst cavities in mines (Baggett et al., 2019). However,
GPR’s effective depth was limited (30-40 meters in rock,
10-15 meters in soil), posing a challenge for geologists
(Kopeikin et al., 2012) and miners who require deeper
exploration. Deep GPR (DGPR) technology has emerged
to address this limitation, and the Loza series devices are
particularly well-suited for such deep-exploration appli-
cations in geological and mining studies. Loza series in-
struments stand out for their ability to operate in highly
conductive environments, such as loam or wet clay. This
is achieved through several key features:

» High-energy pulses: a high-voltage gas discharge
tube (peak voltage of 5-10 kV) generates powerful
radar pulses.

 Resistively loaded dipole antenna: the antenna de-
sign (0.5 to 6 meters long) efficiently transmits
these pulses.

* Low-frequency emphasis: signal energy concen-
trates in the lower frequencies, improving penetra-
tion in conductive materials.

» Large dynamic range: the instruments can capture a
wide range of echo signal strengths, allowing the
detection of faint signals from deep targets.

Combined, these features empower Loza devices to
study previously inaccessible subsurface structures in
challenging environments (Kopeikin et al., 1996, 2013;
Popov et al., 2017; Prokopovich et al., 2018b). In the
following section, various applications of Loza devices
in scientific research are described. In August 2017, Di
Marzo and colleagues employed the latest generation of
Loza-2N ultra-deep GPR technology to conduct a com-
prehensive subsurface investigation in the “il Lago™ re-
gion. The system’s exceptional capabilities enabled
them to successfully penetrate depths of up to 400 me-
ters, revealing the detailed geological stratigraphy and

identifying both horizontal and vertical discontinuities
in the underlying strata. These findings were based on a
thorough analysis of the characteristics of reflected
waves, including their density, amplitude, continuity,
and diffraction geometry. The study also revealed the
presence of buried faults within the subsurface. The re-
sults of this groundbreaking research were published in
the following year (Di Marzo et al., 2018). Kopeikin
and his colleagues demonstrated the effectiveness of
Loza-N and Loza-V series devices in accurately identi-
fying the optimal drilling locations for oil and gas pipe-
lines (Kopeikin et al., 2012). Leveraging the capabili-
ties of Loza-N GPR technology, Kopeikin and his team
meticulously scanned the depths of Lake Chebarkul at
the site of the Chelabinsk Meteorite impact, successfully
uncovering the remnants of the meteorite (Kopeikin et
al., 2013). Morozov and his colleagues used Loza-N and
Loza-V devices in order to investigate the archaeologi-
cal and geographical situation of the ancient region
(Morozov et al., 2023). The scientific research conduct-
ed by Prokopovich and his colleagues using the Loza-N
device aimed to investigate buried riverbeds or the inter-
face between natural and artificial lands in the Black Sea
coastal area near Odessa. The research has provided
good results (Prokopovich et al., 2018b). Pupatenko
and his colleagues used the Loza-N device in 2017 and
2019 to investigate the slope of subsurface layers and to
prevent potential road construction problems and defor-
mation of the railway substructure (Pupatenko et al.,
2017, 2019).

The sedimentary deposits of the Mehdiabad mine
complex in Yazd are of great importance due to their
high content of lead-zinc and barium elements. Over the
years, numerous scientific research projects have been
conducted in this mining complex, which are described
below. In his Ph.D. thesis, Reichert proposed a metallo-
genetic model for carbonate hosted non-sulfide zinc de-
posits based on the observations of Mehdiabad and Iran
Kouh, Central and Southwestern Iran (Reichert, 2007).
The M.Sc. theses by Ghasemi, Ebrahim Mohseni, and
Pourfaraj respectively investigated the geochemistry
and mineralization style of the Mehdiabad mine com-
plex, the fluid inclusion and the determination of the ore
genesis, and the faults of the complex. Maghfouri, in his
PhD dissertation, comprehensively studied the geologi-
cal setting, geochemistry, ore controlling parameters and
genesis of Early Cretaceous carbonate-clastic hosted
Zn-Pb deposits in Southern Yazd basin, with an empha-
sis on the Mehdiabad deposit in the Mehdiabad complex
(Ghasemi, 2006; Ebrahim Mohseni, 2011; Pourfaraj,
2016; Maghfouri, 2017). In 2018, Hashemi Marand and
his colleagues conducted scientific research to determine
the relationship between silver and lead mineralization
based on fractal modelling in the Mehdiabad deposit in
Central Iran (Hashemi Marand et al., 2018).

With the resumption of mining activities at the cala-
mine mine in the Mehdiabad mining complex, there was
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a need to obtain integrated subsurface information from
great depths of the mine in the shortest possible time for
the selection of drilling areas and analysis of core sam-
ples. In order to investigate the potential mineralization
zones and faults in the limestone rocks of the calamine
mine, we used the Loza-N device with a 25 MHz an-
tenna and a penetration depth of 200 meters. This was
done after gaining information about the application of
new Loza devices with a very high penetration depth. A
new Loza-N DGPR system equipped with transmitter
antennas was used, which exceeded 10-100 times the
maximum transmitter power of conventional GPRs. It
was also equipped with a low-frequency resistive load
antenna (Kopeikin et al.,, 2013; Buzin et al., 2017;
Prokopovich et al., 2018a; Pupatenko et al., 2019).
Thus, the main problem of penetration depth in the de-
sign of this device compared to other older GPR devices
has been solved and can be evaluated and validated by
the results of this research. This research also demon-
strates the valuable application of the Loza-N device in
this mining sector, which is being presented for the first
time in Iran. Furthermore, based on the presented re-
sults, it can be applied to other mining regions. The fol-
lowing section will discuss the geographical location
and geology of the calamine mine, as well as provide an
explanation of the Loza DGPR device and the data ac-
quisition and processing methods.

2. Methodology

Subsequent to field visits and geological surveys
(Preparation of Thin-sections and polished sections)
conducted at the Mehdiabad Mining Complex, the cala-
mine mine was meticulously examined as the study area
for this paper. GPR survey lines were meticulously de-
signed based on geological maps, surface outcrops of
geological formations, and alteration studies within the
study area. GPR survey lines totaling 3505 meters were
implemented using 25 MHz antenna and 3505 meters
were implemented using 50 MHz antenna along acces-
sible routes, terraces, and berms (a total of 23 profiles).
The results presented in this paper are based on data
from the 25 MHz antenna. Due to the large number of
profiles, only a few of them were analyzed. Using the
results of DGPR, 53 boreholes were drilled in the cala-
mine mine. This paper provides a detailed description of
the geology, specifications of the DGPR system used,
and data acquisition and processing methods.

2.1. Geographical setting

The Mehdiabad mining complex is located in the Yazd
Block (Stocklin, 1968) (see Figure 1A, B). It lies 110
kilometers southeast of Yazd city and 18 kilometers
northeast of Mehdiabad village. The complex encom-
passes three mining sectors: Lead-Zinc, Barite (see Fig-
ures 1C and 2), and Calamine (see Figure 1C, D). The
Mehdiabad calamine mine, the area of study, covers 54

hectares and is situated north of the Lead-Zinc and Bar-
ite mines (see Figure 2).

2.2. Geology

Mineral resources and mineralization in the Mehdi-
abad mining complex are widespread within Lower Cre-
taceous carbonate rocks, including the Sangestan, Taft,
and Abkuh formations. The Sangestan Formation, the
oldest in the area, is located at the mine’s lower altitude.
It is comprised of siltstone, shaly limestone, sandy lime-
stone, and bioclastic limestone interbedded with sand-
stone. The Taft Formation overlies the Sangestan For-
mation in this area. The Taft Formation consists mainly
of carbonate and dolomite rocks, with karst features evi-
dent in the upper horizons. Mineralization is hosted
within the dolomite section. The Abkuh Formation is the
youngest formation studied here. It comprises limestone
units, along with clayey and cherty limestones. Lead and
zinc mineralization (carbonate and silicate minerals) is
present in the lower part of this formation (BRGM,
1994). Notably, the Abkuh Formation, dating back to the
Cretaceous (Albian) period, also serves as the host rock
for the calamine mine. This mine contains the oldest
mineral extracted in the Mehdiabad mining complex and
central Iran. Within the study area, the Abkuh Formation
can be further divided into four separate units: K "', K ?,
K ", and K " (see Figure 3).

Faults with normal and strike-slip mechanisms are
considered the primary cause of mineralization in the re-
gion (Pourfaraj, 2016). A mineralogical study of the
ores reveals sphalerite and galena as the major sulfide
minerals, with barite, pyrite, and chalcopyrite as minor
constituents. The oxide ores, on the other hand, are dom-
inated by cerussite (PbCO,), smithsonite (ZnCO,), hem-
imorphite (Zn,(Si,0,)(OH),"H,0), and hydrozincite
(Zn(CO,),(OH),). The mineral assemblage in this ore
deposit typically exhibits layered, lenticular, and isocli-
nal morphologies, often conforming to the layering of
the host rocks. Visible concentrations of minerals are
also observed within cracks and karst cavities (BRGM,
1994; Reichert et al., 2003; Borg, 2005; Reichert,
2007; Maghfouri, 2017; Maghfouri et al., 2019; Sad-
rmohammadi et al., 2021). The barite mine (see Figure
2), located in the lower part of the Abkuh Formation and
situated near the main pit of the lead-zinc mine, has gar-
nered economic interest due to its barite ore deposit.

The Mehdiabad calamine mine is situated northwest
of the Mehdiabad mining complex’s main pit (see Fig-
ure 1C, D). This section of the mine exclusively con-
tains non-sulfide lead-zinc deposits, separated from
other areas by faults. The rock matrix of this carbonate
formation is thought to have formed due to fault activity
and brecciation of karst features in the area. The Black
Hill fault (right-reverse mechanism) and the northern
Forouzandeh fault (right-normal mechanism) are the
most significant faults within the mine. Both faults dip
towards the northeast. Based on mineral grades obtained
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Figure 1: (A) Geological zones of Iran, (B) Location of the Mehdiabad mining complex
within the southern block of Yazd, (C) Distribution of lead-zinc, barite mines,
and the Mehdiabad calamine mine, (D) Satellite image (source: IRS) of the Mehdiabad calamine mine.

from drilling boreholes analyzed in this paper, the cala-
mine mine’s deposits can be broadly categorized into
three distinct lenses at varying elevations: 2006 meters,
2080 meters, and 2230 meters, respectively (see Figures
4 and 5). In addition to these three main lenses, smaller
to medium-sized veins outcrop in the area. As indicated
in the 1:1000 scale geological map (see Figure 3), the
calamine lenses and veins are positioned within the cen-

tral reefal-karstic unit and are classified as Zn-Pb ore.
The studied area exhibits mineralization with zinc and
lead minerals. In the oxidized zone, zinc is present as
hydrozincite, hemimorphite, and smithsonite, while lead
occurs as cerussite and anglesite. In some areas, the cala-
mine deposit also contains sulfide minerals of zinc
(sphalerite) and lead (galena), along with iron and man-
ganese oxides/hydroxides. Additionally, zincite and goe-
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Figure 2: View of the main lead-zinc and barite mine pits (looking south)
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Figure 3: Geological map of the Mehdiabad calamine mine (scale 1:1000) (prepared by Kousha Mine Company, 2017)

thite have been identified in localized zones (see Figure
6). Minor occurrences of other minerals such as mimetite,
hetaerolite, and sauconite are also reported.

2.3 Deep Ground Penetrating Radar (DGPR)

Traditional Ground Penetrating Radar (GPR) methods
are typically limited to investigating shallow ore deposits,
reaching depths of approximately 20-30 meters under
ideal conditions (low weathering and sedimentary clay

range). However, the study area at the Mehdiabad cala-
mine mine presented challenges: significant weathering in
the shallow subsurface with a carbonate host rock (as
shown in Figure 4) and a highly variable and complex
carbonate structure. While a traditional 25 MHz antenna
GPR system might have achieved a depth of 30-40 me-
ters, imaging beyond 40 meters was necessary.

Deep Ground Penetrating Radar (DGPR) systems of-
fered a potential solution for reaching depths of 150-200
meters. However, their effectiveness in overcoming the
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Figure 4: Views of excavation and sampling activities related to exploration boreholes identified using DGPR results
at the Yazd calamine mine.

Interpolation of
zinc values using
kriging method

Figure 5: (A) Location of DGPR exploration boreholes on the topographic map of the calamine mine, (B) Visualization of the
calamine ore deposit shape obtained by kriging interpolation of analyzed zinc element data from core samples.

specific challenges of this area was unknown. This study  generation GPR system, the Loza-N system. The Loza-
aimed to evaluate the applicability of DGPR for investi- N system boasts several key technical features (Prokop-

gating deeper targets and assess the capabilities of anew  ovich et al., 2018b):
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Figure 6: Microscopic Observations; Goethite Replacement: replacement of the goethite’s “tooth-texture” resulted
in a pseudo-growth pattern of fine hematite observed under both transmitted and polarized light (XPL/PPL 400X).
Zinc Mineral Intergrowths: intergrowths of various zinc minerals were observed, including smithsonite, hemimorphite,
sulfides, silicates, and hydrozincite with a colloidal texture (PPL 400X, 600X; XPL 40X, 400X). Iron Oxide Effects:
the presence of goethite mineralization and iron oxides is evident. Anglesite and hemimorphite minerals were identified.
Smithsonite appeared colorless or faintly colored under transmitted light, while hydrozincite was also observed. Goethite
and anglesite minerals were identified using XPL 800X and PPL 400X magnification. Sphalerite Replacement: replacement
of zinc, iron, and manganese around the sphalerite mineral was observed under XPL 100X magnification. Sphalerite Texture:
sphalerite exhibited a concentric “chloroform texture,” with color variations across different zones likely due to changes
in iron content (PPL 400X).

» Receiver frequency band: 1-50 MHz.

* Antennas: Resistively loaded half-wavelength di-
poles of Wu-King type with central frequencies rang-
ing from 25 MHz (6 meters) to 50 MHz (3 meters).

* Transmitter voltage: 10 and 21 kV.

* Pulse repetition rate: 150-200 s™'.

+ Radar potential (maximum transmitted over mini-
mum received signal): At least 120 dB (Popov et
al., 2017).

The Georadar Loza-N utilizes serial transmitters with
voltages of 5, 10, 15, and 21 kV. The weakest transmitter
offers an estimated power of 1 MB per pulse. These
transmitters function under diverse weather conditions
and, due to their short pulse duration, do not interfere
with radio or television broadcasts. In specific situations,
higher voltage transmitters can be employed.

2.3.1. DGPR Data Acquisition

This study employed a Loza-N model GPR system, a
new generation device designed by the Pushkov Institute
of Terrestrial Magnetism, lonosphere, and Radio Wave
Propagation of the Russian Academy of Sciences
(IZMIRAN) and VNIISMI Company (Kopeikin et al.,
1996; URL1, 1996). The Loza-N system boasts peak
power exceeding traditional GPR systems by 10,000 to
100,000 times (Kopeikin et al., 2013; Buzin et al.,
2017). According to specifications, it can achieve a max-
imum investigation depth of 200 meters using a resis-
tively loaded dipole antenna and a peak voltage of 21 kV
at 15-20 MHz (Buzin et al., 2017).

A 25 MHz Loza-N system antenna with a length of 6
meters was used to acquire data across 23 profiles within
the study area. Data acquisition employed a combination
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Figure 7: Locations of GPR profiles surveyed
at the Mehdiabad calamine mine as shown
on a Google Earth satellite image (Profile names
indicate the starting location of each profile survey)

of parallel and series array configurations, with both trans-
mitter and receiver antennas pulled consecutively along
the ground surface. The total length of the 23 profiles
spanned 3505 meters (see Figure 7). This figure depicts
the locations of the GPR profiles within the Mehdiabad
calamine mine. For enhanced precision, a manual GPS
unit was used to record the starting, ending, and any curva-
ture points along the survey paths. The data measurement
interval along the profiles was set to 1 meter, and the total
recording time window for the 25 MHz antenna was 4096
ns. Surveying primarily focused on three areas due to the
presence of cliffs and steep slopes: mine terraces, berms,
and a flat area in the northern part of the calamine mine.
Profiles 1-3 were conducted on mine terraces, profiles 9-23
on berms, and the remaining profiles on the flat northern
area (see Figure 7). Profile 13 required two separate sur-
veys on distinct paths due to the risk of rockfall and poten-
tial blockage of the berm. Figure 8 illustrates the Loza-N
GPR system during data acquisition using both a 50 MHz
antenna in a parallel array and a 25 MHz antenna in a series
array on the terraces and berms of profile 13. Finally, Fig-
ure 9 shows the locations of the surveyed GPR profiles
superimposed on the calamine mine’s geological map.

2.3.2. Data Processing

The acquired data were first processed using ReflexW
7.2 software (URL2, 2020). The processing steps in-

cluded: Move start time, Dewow, Background removal,
Gain, Butterworth band pass filter, Velocity analysis.
The average velocity was determined to be 0.1 m/ns. A
recorded trace (A-scan) on a radargram (B-scan) for any
profile station represents the recording time in nanosec-
onds and the amplitudes of the reflected/diffracted elec-
trical wavefield from discontinuities, which are charac-
terized by vertical gradients in the dielectric permittivity.
The aim of the processing is to remove noise from the
radargram traces and enhance the image of the subsur-
face. The processed traces are displayed on the radar-
gram with a chosen amplitude-color scale. Interpretation
is then based on the variations in amplitude of the re-
flected/diffracted waves.

The acquired data were also processed using Krot
13.3 software (VNIISMI). This software allows for the
identification of characteristic points based on phase and
amplitude variations within the traces. These points are
then combined to form a radar image representing the
reflecting boundaries (Buzin et al., 2017). The traces
transferred to the computer were verified using the Krot
processing program, included with the instrument, to en-
sure the reliability of the data. The processing steps in-
volved: Timing correction, Ormsby filter (bandpass fil-
ter), Notch filter (high-pass or low-pass filter only), Tau-
P and f-K filters (used to obtain the final and residual
radargrams). A static correction was applied to account
for topography, allowing for its inclusion in the radar-
gram. Final Processing Steps:

* Hodograph analysis: this involved a specific radar-

gram obtained with common depth points (CDPs).
It allows for the determination of the electromag-
netic wave propagation speed and dielectric permit-
tivity values within the subsurface.

* Deep migration and conversion: in this step, the
subsurface images underwent enhancement by em-
ploying the utilized processing techniques.

* In the next step, the "Amplitude form/0" and "Am-
plitude form" functions were employed. These
functions are capable of focusing scattered signals,
collapsing hyperbolic reflections, and regulating
the positioning of the reflection trend.

Generally, the electrical field recorded by the receiver
includes contributions from partial reflections at vertical
gradients in electrical permittivity. These reflections are
represented by the amplitudes of the traces on the radar-
gram. Characteristic points on the radargram can be in-
terpreted as interfaces between layers with differing
electrical properties. Therefore, the processed radargram
provides an image of the subsurface. The amplitude and
phase values on the radargram are represented by a cho-
sen color palette. The color palette typically uses 256
levels, with different hues assigned to the maximum
positive and negative polarizations, intermediate values,
and zero amplitude.

Color representation in radargrams:
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Figure 8: Loza-N DGPR profile acquisition using a system with 50 MHz and 25 MHz antennas
on terraces and berms of the calamine mine. (A) Profile 22, (B) Profile 6, shown in the top-left corner of Figure 4,
(C) Profile 16, (D) Profile 11, (E) and (F) Profile 13, surveyed in two separate sections due to rockfall.

* Positive amplitude values are displayed using a
range of red hues, while negative values are depict-
ed with shades of blue transitioning to dark blue.

A 256-level color palette is used to represent all re-
corded return signal amplitudes. The lowest ampli-
tude levels correspond to yellow tones.

Variations in this pseudocolor scheme allow for
visual representation of the entire dynamic range of
amplitudes (exceeding 120 dB) and the sign of the
reflected signal.

Enhanced Visualization of Weak Signals:

 The set of colors and the shape of boundaries on the
radargram create an image of the geological structure
obtained using the electromagnetic probing signal.

* To distinguish weak signals and improve visualiza-
tion of low-contrast interfaces, we employ the "am-
plitude selection" method. This algorithm replaces

a selected hue (e.g. one of several indistinguishable
red tones) with a contrasting color, such as black.

» This replacement is applied automatically across
the entire radar scan, highlighting the chosen ampli-
tude value with the new, contrasting tone. Conse-
quently, the selected amplitude visually represents
the fine structure of variations within the reflected
signal (Prokopovich et al., 2018b).

Software-Specific Color Palettes:

* While variations in the conventional color scheme
on radargrams allowed visual representation of the
entire dynamic range of GPR trace amplitudes and
phases, only the boundaries between different color
zones and the order of color change held geophysi-
cal meaning in Krot software.

* Conversely, ReflexW software signed all polariza-
tion values of the amplitude on the trace within the
chosen color palette.
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Figure 9: Locations of DGPR profiles surveyed on the calamine mine’s geological map (scale 1:1,000)

Comparison of Processing Software:

* We selected radargrams from profiles including
boreholes 3, 7, 9, 10, and 11. These radargrams
were processed with both the linear amplitude form
(representing linear vertical gradients of the electri-
cal field) and ReflexW software.

* By comparing the processed and visualized radar-
grams from the same profiles using two different
software packages (see Figures 10-14), we ob-
served that the radargrams corroborated each oth-
er’s properties.

3. Results

Profile 3, with a length of 200 meters, was surveyed
on the sixth terrace of the calamine mine region. Accord-

ing to the geological map and schematic east-west x-
section of the mine, the initial portion of this profile was
surveyed on the Q™ mining detritus, while the remaining
portion was surveyed on the K '* limestone and dolo-
mitic limestone units (see Figures 3, 7, and 9). Three
main faults were identified on the radargrams (see Fig-
ure 10). Borehole BH7 intersected the main fault. Based
on the lithology of the drilled cores and logging in bore-
hole BH7, the following interpretations were made for
the radargram (see Figure 10a):

e Green and light blue colors represent light green
and light gray limestone containing iron oxide and
calcite veins.

 Gray and yellow colors indicate light red limestone.

* A light orange color represents low-grade ore.
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* An orange to red color indicates dark red marly
limestone and high-grade ore.

A dark blue color represents dark green limestone
containing calcite veins.

Figures 10a and 10c¢ display radargrams for profile 3,
which represent subsurface images. However, they dif-
fer in the way they visualize the data.

Krot’s processing method (Kopeikin et al., 2013) uti-
lizes both amplitude and phase information in the radar-
gram, expressed by the equation s = vt (where s is dis-
tance, v is velocity, and t is time in nanoseconds) (see
Figure 10b). Figure 10b shows the amplitude (black
function) and phase (red function) of the received elec-
trical field plotted against travel time (ns). These values
are represented by a color scale with maximum, zero,
and intermediate positive and negative hues. The bound-
aries between different hue zones and the order of color
changes hold geophysical significance, reflecting varia-
tions in the subsurface.

Dielectric permittivity and conductivity are the most
crucial properties influencing Ground Penetrating Radar
(GPR) data. A known relationship exists between ampli-
tude, phase, permittivity, and conductivity. Permittivity
and conductivity are positively correlated, while their
relationship with phase is negative. As permittivity and
conductivity increase, the phase value decreases. There-
fore, analyzing the phase function is crucial for inter-
preting the radargram.

Figure 10d displays the amplitude of the processed
trace plotted against travel time (ns), again represented
by a color scale. This time-domain trace depicts reflect-
ed and diffracted electrical fields. This explains the visu-
al differences between Figures 10a and 10d.

Figure 10a can depict subsurface layers with both
vertical and lateral variations, providing insight into the
relative permittivity of these layers. Figure 10d, on the
other hand, primarily visualizes approximately horizon-
tal reflection layers. Vertical variations can still be in-
ferred from the amplitudes of diffracted signals. Profile
P7, with a length of 96 meters and a northwest-southeast
strike, was surveyed on the northern flat part of the cala-
mine mine. The underlying geology consists of lime-
stone and dolomitic limestone units (K '*) (see Figures
3, 7, and 9). Two main faults were identified on the
radargram (see Figure 11). Boreholes BH8 and BHI11
were drilled along this profile. Based on the lithology
(rock types) of the drilled cores and well logging data
from boreholes BH8 and BH11, the colors in radargram
(see Figure 11a) can be interpreted as follows:

» Green and light blue colors represent light green
and light gray limestone containing iron oxide and
calcite veins.

» Gray and yellow colors indicate light gray lime-
stone.

* A light orange color represents low-grade ore.
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Figure 10: Radargrams of the profile 3 processed with
(a) Krot, (c) ReflexW displayed by linear amplitude form/o
filter. The white lines represent identified macro faults.
The red line indicates the location of borehole BH7,
and the yellow circle highlights the zone interpreted
as ore based on data from BH7.

* An orange to red color indicates dark red marly
limestone and high-grade ore.

* A dark blue color represents dark green limestone
containing calcite veins.

As observed in Figures 10a, 10b, 11a, and 11b the
layer represented by dark blue hues has the lowest die-
lectric permittivity. Layers of light green and light gray
limestone with iron oxide and calcite veins (represented
by light blue and green hues) have a lower permittivity
compared to the layers of dark red marly limestone and
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Figure 11: Radargrams of the profile 7 processed with (a) Krot, (c) ReflexW displayed by linear amplitude form/o filter.
The white lines represent macro faults, while the red lines indicate the locations of boreholes BH8 and BHu1.
The black circles show excavation sites, and the blue circles highlight the main ore zones identified
in boreholes BH8 and BHu.
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Figure 12: Radargrams of the profile g processed with (a) Krot, (b) ReflexW displayed by linear amplitude form/o filter.
The white lines represent macro faults. The red line indicates the location of borehole BH1o. Green circles highlight
known cavities and tunnels based on information from old mine maps. The yellow circle highlights the main ore zone
identified in borehole BHio.

high-grade ore. This is likely because the iron oxide in  Figure 3). The profile can be divided into distinct geo-

the lighter-colored layers influences their permittivity. logical sections:

Profile 9, the longest GPR profile surveyed on the ¢ The first 145 meters: traversed Q™ mining detritus.
mine, measured 346 meters in length with a northeast- * The next 82 meters (from 145 to 227 meters):
southwest strike. It followed the main access road to lens crossed the thick-bedded and massive K '* reefal
number 2 on the calamine mine’s geological map (see limestone unit.
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Figure 13: Radargrams of the profile 10 processed with (a) Krot, (b) ReflexW displayed by linear amplitude form/o filter. The
white lines represent macro faults. The red lines indicate the locations of boreholes BH4, BH14, and BHis. The yellow circles
highlight the main ore zones identified in boreholes BH4, BH14, and BH1s. The red circles depict large fractured areas.

* The following 95 meters (from 227 to 322 meters): » A dark blue color represents dark green limestone
entered the lead and zinc calamine mineralization containing calcite veins (based on the drilled core).
zone, known as lens number 2 on the geological
section (see Figures 5B and 9).

* The remaining 24 meters of profile 9: remained on —
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the Ka unit (Figure 9). L. 0 >20 40 >80 >80 100 - - :
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Three right strike-slip faults were identified on the ra-
dargrams in Figure 12. Based on the drilled core lithol-
ogy and well logging data from borehole BH10, the
colors in radargram (see Figure 12a) can be interpreted
as follows:

* Green and light blue colors represent light green
and light gray limestone containing iron oxide and
calcite veins (based on well logging observations).

» Gray and yellow colors indicate light gray lime-
stone.

 Alight orange color represents low-grade ore as ob-
served in the drilled core.

* An orange to red color indicates dark red marly
limestone and high-grade ore.

............

W) HLd3a

Figure 14: Radargrams of the profile u processed with (a)
Krot, (b) ReflexW displayed by linear amplitude form/o
filter. The white lines represent macro faults. The red lines
indicate the locations of boreholes BH12 and BH17. The
yellow circles highlight the main ore zones identified in the :
boreholes. The blue circle highlights an excavation tunnel < =y 0 0= o

based on information from old mine maps. Finally, the red a)
circle depicts a large fractured area within the profile. »
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The radargram in Figure 12a suggests high-grade ore
zones at depths between 12-14 meters and 35-48 meters.
The red-colored section between 15-35 meters likely
represents fresh dark green limestone with calcite veins.
These interpretations support the layer identifications
made in Figures 10 and 11. However, the radargram in
Figure 12b is inconclusive for the left section beyond
200 meters. It cannot determine the presence or absence
of stability problems in that area. The results from pro-
file 9 indicate the presence of high-grade ore at an ap-
proximate depth of 15-40 meters.

Profile P10, with a west-east strike, was surveyed along
the access road to lens number 2 of the calamine mine (see
Figures 3, 7, and 9). According to the geological section,
the profile traverses distinct geological units:

* The initial 41 meters: lie on K '* limestone and dol-

omitic units.

* The next 34 meters (from 41 to 75 meters): cross

K ' gray to dark gray shaly limestone and cherty
dolomitic units. These units are expected to have a
reduced wave amplitude in the radargram.

* Between 75 and 120 meters: the profile overlies

lens number 2.
* The remaining portion of the profile: crosses both
K, '* and Q* lithologic units (see Figures 3,7, and 9).

The resulting radargrams for profile 10 (see Figure
13) indicate:

¢ Figure 13a: the boundaries of limestone with vary-

ing degrees of mineralization.

e Figure 13b: the presence and location of fracture

zones with high accuracy.

Boreholes BH4, BH14, and BH15 support the layer
identifications established in other profiles.

Profile 11, with an east-west strike, was surveyed
along the southern edge of the lens 2 outcrop at the cala-
mine mine (see Figures 3 and 9). The profile traverses
the following geological units:

* The first 12 meters: overlay the K '* rock unit.

* From 12 to 38 meters: it crosses the Q™ unit.

* The next section, from 38 to 72 meters: lies on cala-

mine lens 2.

* The remaining part of the profile: overlies a combi-

nation of Q® and K '* lithologic units on the surface.

As in previous profiles, the radargram (see Figure
14a) suggests:

* An orange color: represents high-grade ore zones.

A yellow color: represents low-grade ore zones.

The presence of excavation tunnels is indicated by the
blue circles beneath the profile. The radargram also re-
veals:

* A major normal fault and large vertical fractures ex-
ceeding 80 meters in depth (see Figure 14b).
Figure 14 offers an intriguing view of the tectonic
structure:
* The normal fault is clearly visible.

This fault appears to connect with a large fracture
zone starting at a depth of 80 meters.

4. Discussion

The Ground Penetrating Radar (GPR) method offers
superior resolution compared to other geophysical tech-
niques for shallow investigations. However, its penetra-
tion depth is significantly limited by the dielectric per-
mittivity and conductivity of the subsurface environ-
ment. To overcome these limitations, the use of GPR
devices from the Loza series is recommended. The
choice of Loza series GPR device for a particular appli-
cation depends on the required survey depth, geological
conditions, and environmental factors. Di Marzo et al.
(2018) categorized Loza series antennas into four main
types:

* Low-frequency antennas: these antennas operate at
lower frequencies (typically below 100 MHz) and
are designed for deep penetration, reaching depths of
up to 200 meters or more in favorable conditions.
They are well-suited for geological surveys, ground-
water exploration, and archeological investigations.

* Medium-frequency antennas: these antennas oper-
ate in the mid-frequency range (100 MHz to 500
MHz) and offer a balance between penetration
depth and resolution. They are suitable for a wider
range of applications, including utility mapping,
environmental site assessments, and infrastructure
inspections.

* High-frequency antennas: these antennas operate at
higher frequencies (above 500 MHz) and provide
high-resolution images of near-surface features.
They are commonly used for concrete inspection,
pavement evaluation, and shallow soil surveys.

« Multi-frequency antennas: these antennas combine
multiple frequency bands into a single unit, offering
a broader range of penetration and resolution capa-
bilities. They are versatile tools for applications that
require detailed information at varying depths.

The choice of antenna should be made in consultation
with an experienced GPR professional who can assess
the specific requirements of the project and recommend
the most appropriate Loza series device. To explore
deeper mineralized zones and faults in the Mehdiabad
calamine mine, a new system with a 25 MHz antenna
called Loza-N DGPR was employed. This system was
specifically chosen due to its theoretical penetration
depth of approximately 200 meters. The effectiveness of
the 25 MHz antenna for achieving this depth was evalu-
ated in the field. Data processing was performed using
ReflexW and Krot software, yielding promising results.
While the software produced images with distinct char-
acteristics, both indicated successful penetration up to
200 meters.

The radargrams obtained using Krot software effec-
tively distinguished limestone units based on a selected
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amplitude and phase color scale. The accuracy of these
identifications was confirmed by borehole data. While
both 25 MHz and 50 MHz antennas were used for data
collection on 23 profiles, only the 25 MHz Loza radar-
grams are presented in this paper. This choice aligns with
the study’s primary objective: identifying mineralized
zones and faults. In a mining context, pinpointing ore lo-
cations with depth variations is crucial for informed deci-
sion-making. The processed radargrams from ReflexW
successfully achieved this goal by mapping the two-di-
mensional distribution of high-grade and low-grade ore
at varying depths. Furthermore, these radargrams, along
with processing by ReflexW, facilitated the mapping of
faults and fractures within the mine. This comprehensive
data allows mine management to more readily make in-
formed decisions. It is noteworthy that achieving favora-
ble results in the ReflexW environment is contingent
upon data acquisition using the Loza-N device, which
boasts enhanced penetration depth and resolution of sub-
surface structures. Additionally, the data processing re-
sults exhibit concordance between the two software
packages. Figure 10 depicts Profile 3 with an east-west
trend. Figure 11 illustrates Profile 7 with a northwest-
southeast trend. Both profiles were acquired on the K '*
rock unit. Mineralization was identified at the end of Pro-
file 3 at 180 meters and at the beginning of Profile 7 at 6
and 36 meters in the DGPR radargrams. The mineralized
zones overlap based on the end of Profile 3 and the begin-
ning of Profile 7. Additionally, studies of drill cores have
confirmed the continuity of the mineralized zones by ex-
amining the attached geological logs.

Another significant finding pertains to the relation-
ship between permittivity and layer units. The presence
of calcite veins and iron oxide increases permittivity and
decreases the phase of the GPR signal. Despite this in-
fluence, the GPR wave successfully penetrated up to 200
meters using the Loza-N DGPR system, demonstrating
its effectiveness in this specific geological context.

5. Conclusions

The radargrams processed using ReflexW software
effectively revealed bedding structures within the sub-
surface layers down to a depth of 200 meters. Addition-
ally, the boundaries and locations of faulted zones iden-
tified on the 25 MHz Krot software radargrams showed
excellent agreement with the existing geological map of
the area.

In sections consisting solely of pure limestone, the
electromagnetic waves achieved a maximum penetra-
tion depth of 200 meters with minimal energy loss. In
this context, dark orange to red color zones can be ob-
served in the radargrams of Section a in Figures 10, 11,
and 13, which represent high-grade zones based on the
study of drilled cores on the proposed DGPR profiles.
However, the wave amplitude was observed to decrease
in zones where limestone units contained shale or had

undergone dolomitization. This same effect was ob-
served in areas with faults due to the crushed and brecci-
ated nature of the rock units. By examining the petrogra-
phy of drilled cores and the logs obtained from the
drilled boreholes, it can be inferred that the green and
light blue to dark blue color zones in the radargrams rep-
resent, respectively, zones containing iron oxide and cal-
cite veins. In general, in these zones, wave attenuation
has increased and electromagnetic signals have weak-
ened. The Loza-N DGPR system demonstrated several
key advantages:

* High Penetration Depth: the system achieved suc-
cessful penetration of up to 200 meters in the spe-
cific geological conditions of the mine.

* Detailed Geological Mapping: the DGPR data fa-
cilitated the clear identification of rock units within
the surveyed area, particularly differentiating pure
limestone from shale-bearing limestone and dolo-
mitic limestone units.

* Low Noise Data: the DGPR method yielded data
with minimal noise levels, enhancing the interpret-
ability of the results.

Based on the positive outcomes achieved in this study,
employing the DGPR method for further exploration in
other parts of the Mehdiabad mine is highly recom-
mended.
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SAZETAK

Snimanje podzemlja georadarom u svrhu istrazivanja mineralne sirovine
i geoloskih struktura u rudniku Calamine, sredis$nji Iran

Cilj je ovoga istrazivanja identificirati mineralizirane zone unutar sedimentne strukture i njezine diskontinuitete poput
granica slojeva i rasjeda. Za postizanje dubine istrazivanja do 200 metara koristen je Loza-N model duboko prodirucega
georadara (Deep Ground Penetrating Radar DGPR) s antenom od 25 MHz. Istrazivanje je provedeno na etazama, etaznim
ravninama i ravnome sjevernom platou rudnika Calamine Mehdiabad koji se nalazi u podruéju Yazd u Iranu. Snimljena
su ukupno 23 profila. Prikupljanje podataka za neke profile ukljucivalo je paralelne antene duz profila, dok se za druge
koristio serijski pristup gdje su se antene odasiljaca i prijamnika postupno pomicale duz istoga pravca po povrsini tla.
Obradeni radargrami odabranih profila usporedeni su s podatcima iz busotina prikupljenim duz istih profila. Geoloska
struktura uspjesno je vizualizirana dvama razli¢itim racunalnim programima. Krot program ucinkovito je razlikovao sve
jedinice vapnenca i njihovu zonalnost. Kombinacijom GPR podataka s rezultatima busotina bilo je moguce identificirati
potencijalne zone rudnih minerala unutar jedinica lapora. Na temelju DGPR tragova na lokacijama busotina visokokvali-
tetni rudni minerali u laporovitome vapnencu pokazali su pozitivne vrijednosti faze i amplitude predstavljene naranca-
stim do crvenim nijansama na skali boja. Nasuprot tome, svijetlo zeleni i svijetlo sivi vapnenac koji sadrzava Zeljezni oksid
i kalcitne vene pokazao je negativne vrijednosti faze i amplitude, a prikazan je zelenim do svijetlo plavim nijansama boje
na skali. Tamnozeleni vapnenac pokazao je maksimalne negativne vrijednosti faze i amplitude, $to se odrazava u tamno
plavim nijansama na skali. Kona¢no, svijetlo crveni vapnenac, koji vjerojatno sadrzava niskokvalitetnu rudu, pokazao je
pozitivne, ali minimalne vrijednosti faze i amplitude, vizualizirane Zutim do narand¢astim nijansama boja.

Klju¢ne rijeci:
duboko prodiruéi georadar (DGPR), Loza-N DGPR sustav, geoloska struktura, vapnenadke jedinice, rudnik Mehdiabad
Calamine
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