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This research analyzes the relationship between geological structures,
Keywords: alteration, and mineralization at the porphyry copper deposits in the central

part of the Dehaj- Sarduiyeh magmatic belt, located in Kerman province. To
extract fractures, non-directional and directional filters were implemented on
the Sentinel 2, Landsat 9 satellite images, and the digital elevation model

porphyry copper geological
structures logical algorithm

method (DEM). The spatial distribution of the significant deposits and structures
Fry's analysis analysis were done using Fry and lineament density methods. In addition,
Lineament density analysis hydrothermal alteration zones were enhanced by the implementation of the
hydrothermal alteration logical algorithm method on the Advanced Space-borne Thermal Emission and

Reflection Radiometer (ASTER) images. The comparison of the structural
analysis with the discriminated hydrothermal alteration map showed that there
is a logical relationship between the lineament density and the position of the
copper deposits. The rose diagram of the fractures shows the northwest-
southeast and northeast-southwest trend, which is consistent with the rose
diagram trend of the porphyry copper deposits in the region. The results of this
research showed that Fry's method can be used for structural analysis in the
exploration of porphyry copper deposits.
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1. Introduction

The purposive stepwise exploration plays a key role in lowering mineral exploration costs. Satellite image
processing can greatly contribute to the cost reduction of mineral exploration especially in the preliminary
detection and prospecting. Remote sensing data have a high potential to identify alteration regions of deposits,
thereby detecting minerals (Sabins, 1999). Linear structures such as faults and fractures have a central role in
magmatic mass positions, extension, and distribution of alteration zones as well as mineralization (Berger and
Drew, 1997). Fractures, especially faults, are essential determinants in the formation of mineral deposits. The
identification of structural elements in a region can profoundly help detect and explore minerals, as these elements
may be candidate sites for magma intrusions and then mineralization. Argillic, phyllic, potassic, and propylitic
alterations are considered major alterations that can be detected through remote sensing in regions affected by
hydrothermal fluids. According to Figure 1, these alteration zones typically have particular minerals characterized
by spectral features such as calcite, epidote, and chlorite (propylitic zone), kaolinite and alunite (argillic zone),
muscovite and illite (phyllic zone), and orthoclase, biotite, and quartz (potassic zone). Moreover, these minerals
have drawn significant attention in the remote sensing literature due to unique spectral characteristics in the visible
and near-infrared (VNIR) and short-wave infrared (SWIR) regions (Rowan and Mars 2003, Mars and Rowan,
2006).
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Figure 1. The model of hydrothermal alteration zones related to porphyry copper deposits, including potassic, phyllic,
argillic, and propylitic alterations (Sabins, 1999).

Several hyper- and multispectral scanners, e.g., Hyperion, ASTER, and Landsat, were employed to enhance
alteration zones (Honarmand et al., 2013; Hosenjanizadeh et al., 2014; Pour AB and Hashemi 2015., Bedini 2017.,
Govil et al. 2018., Shirmard et al., 2020). The multispectral ASTER sensor which launched in December 1999,

has shown great capabilities in the enhancement of alteration zones due to the relatively more band in the SWIR
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region. This sensor contains fourteen bands in the VNIR, SWIR, and thermal IR (TIR) ranges. ASTER images
have good spectral and spatial resolutions and can effectively enhance hydrothermal alteration zones. Many
studies have analyzed alteration zones through remote sensing based on ASTER data all over the world, especially
in the case study area (Mars and Rowan, 2006., Hosseinjanizadeh et al., 2014; Shahriari et al., 2015; Honarmand
et al., 2018; Yousefi et al., 2018; Wang et al., 2020 Beygi et al., 2021). In addition, determining lineaments
including faults and fractures can be used as an exploratory key in mineral exploration (Alizadeh et al., 2015;
Molaei et al., 2020). Therefore, it is essential to identify the relationships between linear structures and
hydrothermal alterations which may, in turn, lead to the detection of deposits. Fry analysis as a complementary
method in structural geological studies can be used to study the distribution of mineralization in a region and its
relationship with linear structures (Yaghoubpour et al., 2006; Ahmadfaraj, et al. et al., 2019; Shirazi et al., 2022).
Previous works conducted in the case study area rarely evaluated the relationships of structures and fractures with
hydrothermal alterations. To the best of the authors’ knowledge, the distribution of deposits using the Fry pattern
in the study area has not been studied yet. The present study aimed to analyze the density of structural fractures
(faults) by the lineament density, evaluate the distribution of the deposit using the Fry method, and identify
relationships between faults, alterations, and mineralization through remote sensing data in the central part of

Kerman Copper Belt.

2.Study area

The study area is situated in the southern part of the central Iranian Urumieh—Dokhtar magmatic belt (UDMB)
in Kerman province, Iran (Figure 2(a)). This area encompasses the 1:100,000 maps of Pariz, Chahargonband, and
Rafsanjan 1 and 2, and is located in the central part of the Kerman Copper Belt (Figure 2). The UDMB also known
as the Sahand— Bazman Belt (Vialon et al., 1972), is among the major metallogenic provinces of copper in the
world. The UDMB is part of the Alpine—Himalayan orogenic belt that stretches from Western Europe to Turkey,
Iran, and Western Pakistan. This magmatic arc contains massive quantities of intrusive and volcanic rocks. Copper
magmatic and mineralization activities along the UDMB occurred from the Eocene to the end of the Miocene
(Shafiei et al., 2009), forming most of the copper deposits and prospects. The Kerman copper metallogenic belt,
which is also known as the Dehaj—Sarduieh copper belt (Dimitrijevic, 1973) and Kerman Cenozoic Magmatic Arc
(KCMA), is the most important part of the UDMB. This belt has a length of 500 km and a width of 80 km and
stretches in the northwest-southeast direction in the southern margin of the Central East Iranian Microcontinent
(CEIM). Dehaj- Sarduiyeh belt has a thickness of approximately 15 km of acidic to moderate volcanic rock and
basic Eocene rock penetrated by Oligo—Miocene intrusive rocks (Dimitrijevic, 1973). Eocene and early Oligocene
volcano-sedimentary rocks include; Paleocene-lower Eocene sedimentary rocks with Flysch facies, Bahr Aseman
lower-middle Eocene volcanic-plutonic complex, a sedimentary complex with middle Eocene Flysch facies,
Razak middle-upper Eocene volcano-sedimentary sequence, and Hezar upper Eocene-middle Oligocene volcanic

complex (Dimitrijevic 1973., Shafiei 2010). The largest portion of the Kerman Cenozoic magmatic rocks belong
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to the Eocene volcanic complex, with 6600 km® of volcanic rock in the form of magma and pyroclastic rock.
Structural features have played a key role in the replacement of intrusive masses and deposits in the Kerman
metallogenic belt. In the Kerman copper belt, fault structures mostly have northwest-southeast trending and
conform to the direction of intrusive masses and alteration zones (Shafiei et al., 2009). This region is characterized
by the presence of several porphyry and vein copper mineral deposits and many occurrences. Porphyry types like
Sarchesmeh, Darehzar, and Kohpanj, are more important and are located mainly in the post-Eocene intrusive
bodies in the Eocene volcanic—sedimentary complex. The vein-type mineralization has been found both in the
intrusive and in the volcanic rocks and has been controlled by faults with different trends (Dimitrijevic, 1973;
Hosseinjanizadeh and Honarmand 2017). The Eocene volcano-sedimentary rocks, especially the Razak series,
account for the main rock type in the region Figure 2(c). Intrusive rocks have penetrated the complex in the form
of several Oligo—Miocene and Paleocene stocks and dikes, leading to extensive hydrothermal alterations and
copper deposits of porphyry and vein types. The Eocene volcanic complex includes a set of magmas with a

combination of trachyandesite, andesite, andesite-basalt, and, rarely, olivine-basalt (Honarmand, 2012).
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Figure 2. (a) simplified map of the KCMA,( Honarmand, 2012), (b) case study region in the UDMB, Iran (compiled from
Dimitrijevic (1973), Saric and Mijalkovic (1973), Stocklin and Nabavi, (1973), Dercourt et al., (1986), Emami et al.,
(1993), and Samani (1998), and (c) 1:100000 geological map of the case study region with porphyry copper deposits.
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3. Materials and Methods

The ASTER _ level 1B data was used to identify the hydrothermal alteration minerals through the ENVI
Interactive Data Language (IDL) and the logical algorithm in this study. Landsat 9 (OLIL 2), Sentinel 2A, and
digital elevation model data were also used to highlight faults and lineaments. In addition, Fry's analysis was
implemented to investigate the main trends in the spatial pattern of deposits and their spatial relationships with

structures. The flowchart of the research method is shown in Figure 3.

3.1. Enhancement of Alteration Zones

Characteristic minerals of argillic alteration include alunite with diagnostic absorption features at 2.165 um
corresponding to Band 5 of ASTER and kaolinite with characteristic absorption at 2.165 and 2.2 um corresponding
to Band 5 and 6 of ASTER. The characteristic minerals of phyllic alteration include muscovite and illite with
diagnostic absorption features at 2.2 um corresponding to Band 6 of ASTER. The characteristic minerals of
propylitic alteration include epidote and chlorite with diagnostic absorption feature at 2.3 um corresponding to
band 8 of ASTER. To enhance hydrothermal alterations zones in the study area, a set of band ratios was employed
to define an algorithm for discrimination of alteration minerals including; chlorite and epidote as indicators of
propylitic alterations, alunite and kaolinite as characteristic minerals of argillic and advanced argillic alteration,
and illite and muscovite characteristic mineral for phyllic alteration through the Interactive Data Language (IDL)
and the logical algorithm (Mars & Rowan, 2006).
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Figure 3. Flowchart of the study procedure applied in this investigation
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Table 1. Algorithms adopted to detect alterations (Mars & Rowan, 2006).

Alteration Algorithm

((float(b3)/b2) le 1.41) and (b4 gt 260) and
Argillic (kaolinite, alunite) ((float(b4)/b5) gt 1.2087) and ((float(b5)/b6) le 1.025)
and ((float(b7)/b6) ge 1.064)

((float(b3)/b2) le 1.41) and (b4 gt 260) and
Phyllic (illite, muscovite) ((float(b4)/b6) gt 1.210) and ((float(b5)/b6) gt 1.025)
and ((float(b7)/b6) ge 1.064)

((float(b3)/b2) le 1.41) and b4 gt 260 and (float(b6)/ b8

Propylitic(chlorite, epidote) gt 1.112) and (b5 gt b6) and (b7 gt b8) and (b9 gt b)

3.2. Lineament Extraction

Landsat 9 (OLI 2), Sentinel-2A, and digital elevation data were utilized to enhance lineaments and faults.
Table 2 provides the Characteristic bands of OLI and Sentinel-2. Landsat 9, which launched in September 2021,
has radiometric and geometric advantages over the earlier Landsat generations (NiroumandJadidi et al., 2022).
OLI 2 images captured on 4 August 2022 were used in this study. Since the radiometric and atmospheric
correction for OLI 2 images of Landsat 9 Collection 2 Level-2 were implemented automatically by the
manufacturer, there is no requirement to correct these data. Initially, to enhance spatial resolution, the VNIR-
SWIR of Landsat 9 bands were sharpened with the panchromatic band, which has a spatial resolution of 15 meters.
Then, a non-directional filter (High Pass) and directional filters (Directional) at 45 and 135 degrees were applied
to the pan-sharped images to highlight lineaments using ENVI 5.6 software.

The Shuttle Radar Topography Mission (SRTM) is spearheaded by NASA, the National Geospatial-
Intelligence Agency (NGA), and the German and Italian space agencies and covers nearly the entire earth
(Gorokhovich and Voustianiouk, 2006). The SRTM data were collected on an 11-day mission in February 2000.
They were provided with spatial resolutions of 30 and 90 m. The digital elevation model (DEM) of SRTM had
30-m elevation data including three images captured on 23 September 2014. The digital elevation model (DEM)
data with a 30-meter resolution was used to create a hillshade of the area. Subsequently, an RGB composite was
created from Landsat directional filters at 45 and 135 degrees, the hillshade image to easily identify the lineaments.

The Sentinel 2A satellite, which was launched on 23 January 2015, provides remote sensing data in 13 spectral
bands in VNIR and SWIR regions. Sentinel 2 contains four visible and near-infrared (NIR) bands with a spatial
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resolution of 10 meters, six SWIR and red-edge bands with a spatial resolution of 20 meters, and three bands with
a spatial resolution of 60 meters. In this study, Sentinel 2A Level-1C images on August 21, 2019, acquired from
the Copernicus open- access website, were used. The internal average relative reflectance correction (IARR)
method was performed on Sentinel 2 data to convert radiation to relative reflectance. (Ven der Werff and Ven der
Meer, 2016). The faults in the study area were manually and accurately extracted using Sentinel bands with 10 m
spatial resolution, specifically the 234 true color composition, and 1: 100,000 geological map through ARC GIS
10.8.2 software.

Finally, a supervised map of the faults and lineaments in the area was prepared by integrating the extracted
lineaments of Landsat, Sentinel, and 1:100000 geological map. For the initial analysis of lineament trends, rose
diagrams based on the method proposed by Robson (1994) were created using Rock Work software.

ASTER Band Spectral Sentinial- Band Spectral Landsat9 Band Spectral

Band N. Center resolution 2 Center resolution Band N. Center resolution
(um) ) BandN.  (um) ) (um) ()
1- VNIR 0.556 15 1 0.443 60 I- Coastal 0.443 30
arosol

2- VNIR 0.661 15 2 0.490 10 2- Blue 0.482 30
3N- VNIR 0.807 15 3 0.560 10 3- Green 0.562 30
3B- VNIR 0.804 15 4 0.665 10 4- Red 0.655 30

4- SWIR 1.656 30 5 0.705 20 - - -

5- SWIR 2.167 30 6 0.740 20 - - -

6- SWIR 2.209 30 7 0.783 20 - - -

7- SWIR 2.262 30 8 0.842 10 - - -

8- SWIR 2.336 30 8A 0.865 20 5-NIR 0.865 30

9- SWIR 2.400 30 9 0.945 60 - - -

10- TIR 8.291 90 10 1.380 60 9-Cirus 1.375 30

11- TIR 8.634 90 11 1.610 20 6- SWIR1 1.61 30

12- TIR 9.075 90 12 2.190 20 7- SWIR2 2.20 30

13- TIR 10.657 90 - - - Panchrimatic 0.59 15

14- TIR 11.318 90 - - - - - -

Table 2. Characteristics of ASTER, Landsat 9, and Sentinel 2A data.

3.3. Investigation of mineralization trend
According to previous studies and discoveries, 24 primary and secondary ore deposits were Specified in the
study area, which was first identified by Dimitrijevic, Yugoslavian team (Dimitrijevic 1973; Honarmand, 2012).

These point data had certain dispersion and were analyzed through the Fry method in DotProc software. Fry
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analysis is a geometric method for analyzing spatial point data which can be employed as a useful technique for
studying mineralization trends (Fry, 1979). In this method, based on the grade assessment at various points of the
deposits in the study area, each point is considered as a center, and other points are transferred accordingly.
Therefore, all the points of interest are plotted and numbered on a sheet. A point is considered as the center on this
sheet and this central point is placed on point number 1. While ensuring that the edges of the two sheets remain
parallel and the angles do not change, other points are drawn, and this process continues until the last point (Fry,
1979). Using Fry's analysis, a rose diagram is created, which determines the general direction of mineralization

in the study area.

4. Results and Discussion

Many studies have been conducted to enhance hydrothermal alterations in the study area. They mostly
discriminate hydrothermal alterations through spectral and statistical techniques (Pour AB and Hashemi 2011.,
Honarmand, 2012., Hosseinjanizadeh, 2014a, b, Mars JL2014, Hosseinjanizadeh et al., 2017, 2023;). This study
used the IDL and logic algorithm (Table 1) to enhance hydrothermal alteration zones. Figure 4 (a) depicts the
discriminated hydrothermal alteration zones based on a logical algorithm applied to ASTER data (Table 1).
According to this figure, the alteration zones of porphyry copper deposits, including phyllic, argillic, and
propylitic alterations, were detected in Sarcheshmeh, Seridon, Sarkooh, Darehzar, Kuh Panj, and Hosseinabad.
Furthermore, Sarcheshmeh, Seridune, Darehzar, and Kuh Panj had the highest enhancements. According to the
results, Hydrothermal alteration zones are concentrically zoned so that the phyllic alteration is situated at the
center, with argillic and propylitic being around the center in most deposits such as; Sarcheshmeh, Seridune,
Darehzar, and Kuh Panj Figure 4(a). This pattern is similar to the classic (Lowell and Guilbert,1970) model and
was also confirmed in the studies by (Hosseinjanizadeh et al., 2014). Figure 4b illustrates the lineament density
in the study area. The location of the characteristic deposits is overlaid on the lineament density to evaluate the
conformation of the mineralization trend to the lineament trend. Results revealed good conformation between the
zones of the highest lineament densities, characteristic deposits, and hydrothermal alterations. According to Figure
4(b), twenty-one of the twenty- two mineral deposits were situated in high-density zones. This verifies the strong

association of the fault density with the porphyry and vein copper indices.
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Figure 4. (a) The results of this logical algorithm applied to ASTER data, (b) the lineament density at the study area.

Figure 5 (a) shows the manually extracted lineaments and the locations of the deposits in the region. The
porphyry and vein copper indices based on previous works (Dimitrijevic, 1973; Honarmand, 2012) are
Sarcheshmeh, Darehzar, Nochon, Sarkooh, Seridune, Bagh-e Khoshk, Ab Talkhoon, Hoseinabad, Deh Siahanl,
Kuh Panj, Deh Siahan 2, Bardar Baghoo, Sarbagh, Golestan, Pariz, Tale Sefid, Abbasabad 1 and 2, Harino, Band
Bagh.

The rose diagrams of the lineament trends in the study area, which were detected through Robson’s (1994)
method are shown in Figures 5 b, ¢, and d. The trend of primary faults is northwest-southeast direction Figure
5(c), whereas the trend of overall and secondary faults is northeast-southwest direction Figure 5 (b) and 5 (d). The
dominant fault trend was in the secondary fault direction (northeast-southwest), which implies that the secondary
faults are more prevalent in the study area. Determining the relationship between the mineral deposits in the area
and the known structural elements (faults) greatly aids in identifying the mineralization trend. To evaluate the
distribution of characteristic deposits, Fry analysis was implemented. The results from the Fry image were then
converted into a rose diagram to reveal the predominant mineralization trend in the study area. The rose diagram
from the Fry analysis of the deposits in the study area indicates the distribution trend of the deposits in the
northwest-southeast and northeast-southwest directions Figure 5(e). The predominant mineralization trend,
according to the rose diagram from the Fry analysis, aligns with the direction of the primary and secondary faults

of the region, which is consistent with the rose diagram of the faults in the study area.

98



Reyhaneh Zandi Journal of Geological Remote Sensing 2023 1(1);90-103

410000
s kal Sefide

380000 390000 400000
1

(@)

3315000 3324000

3306000

7

—— Lineament

3297000

& Mineralization points|

390000

(b)

&

Pz 70 ©

270

(e)

Figure 5. (a) the extracted lineament of the study area which was plotted on Landsat 9 images, (b) a rose diagram of the
overall faults, (c) a rose diagram of the primary faults, (d) a rose diagram of the secondary faults, and (e) a rose diagram of
mineralization zones detected by Fry analysis

5. Conclusion

In this research, the relationship between hydrothermal alteration zones of porphyry copper deposits and
lineament density was investigated in the central part of the Kerman copper belt, Iran, using ASTER, OLI, Sentinel

2, and digital elevation model (DEM) data. ASTER images enhanced hydrothermal alteration zones, including
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phyllic, argillic, and propylitic alterations, at key deposits such as Sarcheshmeh, Seridon, Sarkooh, Darehzar, Kuh
Panj, and Hosseinabad through a logical algorithm. The results of image processing demonstrated the capability
of ASTER images to enhance hydrothermal alterations of porphyry copper deposits. Landsat 9, Sentinel 2, and
DEM data accurately enhanced lineaments and faults. Zones with the highest lineament densities showed strong
correlations with the identified alteration zones and main deposits in the region. The predominant mineralization
trend aligns with the direction of the primary and secondary faults in the northwest-southeast and northeast-
southwest directions, respectively. The secondary fault direction (northeast-southwest) was the dominant fault

trend, suggesting tectonic influences on mineralization.
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