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Abstract

The Shaida copper mineis located on the Herat fault to Badakhshan and the old alpine zone of Harirud,
and in terms of geological age, it belongs to the Mesozoic (Cretaceous) to Cenozoic era. There are many
copper minesin Afghanistan which are still unknown. The main purpose of this research isto explore and
predict the nature and type of copper mines in Afghanistan, which uses remote sensing and multispectral
ASTER and Landsat (OLI) images to explore and investigate the metamorphic rocks of the Shaida Herat
copper mine in western Afghanistan. Necessary corrections were applied to satellite images. To explore
and investigate the transformation parameters, different satellite image processing algorithms, including
principal component analysis (PCA) and inter-band ratios (BR) and spectral angle mapping (SAM), and
the most spectral similarity (MLC) are used. Principal component analysis in bands PC1, PC2, and PC7
shows the maximum absor ption range for providing copper mineralization. The inter-band ratio was used
to examine stones and minerals (calcite, alunite, and kaolinite and to examine mafic rocks and carbonates).
The algorithm of the most spectral similarity is used in the investigation of metamorphic rocks and to
evaluate the performance of the algorithms, the spectra of the reference library provided by the United
Sates Geological Survey (USGS) have been used. The evaluation and validation of alteration zonesin the
Shaida copper mining area provide the most spectral similarity algorithm with an accuracy of 0.61%, and
the evaluation and validation of exploration in the Shaida copper mining area provide the spectral angle
mapping algorithmwith an accuracy of 0.68%. According to this research, the conditions of the formation
of copper mines are oxide and sulfide mania. It is predicted that the reserve of the Shaida copper mine will
increase over time as a result of detailed exploration and more detailed studies, and the increase in oxide
and sulfide minerals of copper is economically important.
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1. Introduction

Remote Sensing (RS) is the science of information acquisition, processing, and
interpretation of dataand satellite images obtained from sensorsthat record theinteraction
between matter and electromagnetic energy [1]. Dueto the use of satelliteimages, remote
sensing is one of the important sources of information in many "geologica” applications,
such as mining exploration at local, regional, and global scales, monitoring exploration
operations and mining, use of land cover, and environmental studies [2]. Over the last
few years remote sensing science has been the best method in terms of time, resource,
and cost [3]. Use of RS and GIS technology in the exploration of mines and investigation
of metamorphic rocks and investigating geological structures are the basic goals of this
technology [4].

In terms of geological research of Russian scientist Silavin from the years 1976 to the
early 1800s the area of Afghanistan is extremely complicated in terms of geology. The
devel opment of rocks and geological structuresin theterritory of Afghanistan reachesthe
tectonic stages before Baikal [5]. The geology of Afghanistan's minerals was also
presented by a team of Russian and Afghan engineers who prepared the geological map
of Afghanistan in Moscow in 1980. Only in Afghanistan, the amount of copper reserves
is estimated more than 68,500 million tons (Figure 1) [6]. This research and subsequent
research aim to explore and predict the nature of copper mines in Afghanistan. In this
research, the exploration of copper minerals and the investigation of metamorphic rocks
in the Shaida copper mine of Herat, which is one of the platform areas in Afghanistan,
have been discussed. Aerial photos and satellite images can be used to analyze the
changesin the extent of sight according to the period [7]. Based on the studies conducted
by many researchers, it is possible to detect metamorphic minerals and rocks using optical
satellite image information [8] which in this research - multi-spectral satellite Landsat
(OL1) isused.

ASTER sensor has 14 bands, three of which are in the visible and near-infrared VNIR
with aresolution of 15 metersand six bandsin the short infrared SWIR which has aspatial
resolution of 30 meters. It has five TIR thermal bands with a resolution of 90 meters.
(OLI) Landsat sensor has 11 bands, 8 spectral bands, one panchromatic band with a
spatia resolution of 15 meters, and 2 thermal bands with a spatial resolution of 90 meters

[9].

Principal component analysis (PCA), Spectral angle mapping (SAM), and Interbrand
ratio (BR) were used to explore copper minerals and to check the metamorphic rocksin
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the period from 2013 to 2021, the algorithm of the most spectral similarity (MLC) was
used. The result of this research shows that the evaluation and validation of changes in
the Shaida copper mining area show the most spectral similarity algorithm, with 0.61%
accuracy. The evaluation and validation of the spectral angle mapping agorithm in the
Shaida copper mining area provide an accuracy of 0.68%.

In thisresearch, based on the studies of Russian and Afghan engineersin 1980, the Shaida
copper mine has conditions for oxide and sulfide formation. It is predicted that copper
minerals will increase over time based on tectonic developments and movements (Herat
fracture to Badakhshan) [10] and that these movements cause an increase in copper
minerals in the Shaida copper mine. From an economic point of view, copper oxide and
sulfide minerals are very important.

Figure 1: Location map of Afghanistan's copper mines. Red borders for Prospective limits, orange
borders for Favorable limits, yellow color Permissive, and green color State center
(www.USGS.Gov2004).
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Study area

The Shaida copper mine in Herat is located in the common area between Pashtun
Zarghoon and Adraskan at 33°4724"N and 61°49'30"E (figure 2). The Shaida copper
mine with 1.1% of pure material, 4 meters wide and 150 meterslong, 2.4-8 metersthick,
2400 metersareais situated 65 km from Herat province. The copper reserves of thismine
are 5 million tons, which were specified in the joint survey of Russiaand Afghanistan in
2018. The Shaida copper mine is related to the tectonic zone of Farah and Qala-e-Naw,
which isin the Turkmen segment of Iran and Harirud fault, and the subsidence of Herat
asaposition (Figure 3) [11]. Inthisregion, therocks are young, and in terms of geological
age, they reach the Mesozoic (Perm, Cretaceous) to Cenozoic eras (Figure 4). In terms of
folding, it isrelated to the old Alp and Harirud zone [12].

Figure 2: A) DEM map of Afghanistan, B) Map of Landsat ETM+ satellite zone, C) Location map of
Shaida copper mine (Jorris et al. 2002).

Herat Fault
[:I Provincial Boundaries

Figure 3: Map of Harirud fracture (Desi, A., 1975)

44



Legend

- loess, travertine
- volcanic rocks —— Fault
I:silistone, limestone Road

- siltstone, limestone :] watershed

- conglomeral te D Bounder
- Granosyenite @® CuPbZn
I voicanic rocks ® PbAu
i ® PbznAs
- limestone, marl o WE s . 5 iz
- Granite @  SnMoAs L

Figure 4: Geological map of Shaida copper minein Herat (Afghan Geological Map 2005)

2. Data preprocessing
Materialsand Methods

In this research, to explore and investigate the metamorphic rocks multi-spectral
ASTER and Landsat (OL1) satellite images were used which includes data preparation,
processing of satellite images, and preparation of a mineralogical map and preparation
of metamorphic rock map of the Shaida copper mine. For atmospheric correction of
Shaida, VNIR, and SWIR bands of ASTER and R, G, and B bands of Landsat (OLI)
(Quick Atmospheric correction) algorithm and for correction of TIR band ASTER will
use (Thermal atmospheric correction). Image geometric correction operations of
ASTER and ground referencing them using crosstalk correction (Crosstalk) on the
ASTER images were done. The general research processes are shown in (Figure 5).
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Figure 5: The general research process

Satellite data processing
Principal component analysis (PCA)

PCA is used to reduce the interference effect of materias, especially vegetation, and also
extensively for metamorphic mapping [13]. This vector algorithm of a matrix and
variance-covariance or one correlation matrix can be computed [14]. This method isinto
two modes of standard (use of all bands) and suitable bands (here bands containing
absorption and reflection characteristics of the desired minerals) is used with the lowest
correlation (Figure 5).
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Figure 6: The structure of the principal component analysis agorithm in two general modes of standard
component analysis and appropriate component analysis.

In the method of principal component analysis or reduction of input bands, while avoiding
the interference effect of certain spectra (such as plants), the discussion of highlighting
the desired minerals should be increased [15].

The principal component analysis distinguishes copper minerals from other phenomena
where characteristic values are shown. In the bands PC1-PC2-PC7 which has suitable
values for highlighting, characteristics of copper mineras have been provided based on
the RGB. Thered colors inside the ellipses show the copper mineralsin this area, and the
green color shows the areas where other minerals such as quartz or minerals that are in
the composition of copper sulfide and minerals with prominent oxide exist. Blue and
purple colors show areas where non-mineral materials are highlighted (Figure 7).
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Figure 7: RGB map from the method of principal component analysis with R:7, B:2, and G:1 copper
mineral using ASTER satellite images. Elliptical shapes with red pixels show copper minerals. The green
pixels show other mineralsin the copper mineral limit, and the blue and pink pixelsindicate soil and other

natural materials around the mine environment.

Spectral angle mapping (SAM)

This type of mapping (has been widely used by researchers in recent years to identify
minerals. This algorithm was presented by a researcher named Boardman as part of a
spectral angel mapping image processing system [16]. SAM is used as part of a diagram
in the scattered space drawn by the values of the pixels in the bands of an image. In this
diagram, pixel spectra are presented against target spectra which calculate each of the
sampled points. A smaller angle between the pixel spectrum and the reference spectrum
indicates a higher similarity (Figure 8). The spectral angle is relatively insensitive to
changes in pixel brightness, as the direction of the vector remains constant, and only the
size changes [17].
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Spectral reflectance curve

Figure 8: The structure of the implementation of the spectral angle mapping algorithm.
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In thEs erarch, for copper minerals classification Spectral angle mapping algorithm was
used based on the standard of the ASTER spectrometer library and the USGS website.
To identify copper minerals, using SAM classification systems and spectra libraries of
the USGS geological site and based on spectral behaviors, copper minerals have been
identified (Figure 9).

In this research, copper mineras including Chalcopyrite, Malachite, Azurite, Quartz,
Bornite, and chalcocite are classified (Figure 9). The SAM method displays the areas
related to copper mineras. Here the yellow pixels show chalcopyrite minerals, the green
pixels show Bornite minerals, the orange pixels show quartz minerals, the pink pixels
show malachite minerals, the red pixels show azurite minerals and the blue pixels show
chalcocite minerals. The spectra behavior of copper mineras extracted from ASTER

sensor images is presented in (Figure 10).

61°510"E 61°40'30"E

33°54'0"N
33°54'0"N

Figure 9: Output map of copper mineral identification by SAM spectral angle analysis method. Hereit
shows A- chalcopyrite, B- bornite, C- quartz mineral, D- malachite, E- azurite mineral, and chalcocite
mineral.
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Figure 10: Spectral behavior of copper minerals extracted from ASTER sensor images

Algorithm of band ratio (BR)

This is the algorithm that by knowing the characteristics of maximum absorption and
maximum reflection of different minerals, can highlight different phenomena [19]. The
result of dividing the pixel identification degree values in one spectral band by another
spectral band is called band ratio [20]. This method makes the difference between
brightness levels more obvious and makes the border between effects clearer.
Technically, band ratio is a certain number of band values divided by the DN number of

another band value [21].

The band ratio (BR) for the absorption feature is the sum of the number of bands that
represent the values and the band denominator. which islocated in the closest absorption
feature (Figure 14) [22]. The basis of this algorithm is based on the band ratios of four
mathematical operations. In this research, the band ratios method is used to check mafic
rocks (Figures 11 and 12).

OH bearing altered minerals Index(0OHI) = [ZZZZ] [32232] ?
Kaolinite Index(KLI) = [Ezzgﬂ [Ezzji] ’
Alunite Index (AL = [222] ] “

50



Calcite Index(CLI) = [bandG] [bandg] 5

band8l Lband8
Carbonate Index(Cl) = [ZZZZE] 6
Mafic Index(MI) = [ZZZZi;] 7

| 61°51°0"E 61°51'30"E

33°54'0'N
33°54'0'N

By 57 ’

Figure 11: Output map of the band ratio algorithm A - band ratio (b6/b8+b8/6) of bright pixels
representing minerals (calcite) B-band ratio (b4/b5+b8/b6) of bright pixels representing minerals
(kaolinite) - ratio C Band (b7/b5+b7/b8) bright pixels of minerals (alunite) D-band ratio (b13/b14) of
bright pixels of minerals (carbonates) E- band ratio (b12/b13) of bright pixels of mafic stones G- The
band ratio (b7/b6+b6/b4) of the bright pixels of the ateration rocks.

61°51'0"E 61°51'30"E

33°54'0'N
33°54'0'N

Figure 12: A) RGB image of band ratio R:7/6+4/6, G:4/5+8/6, B:12/13; B) RGB image of band ratio
R:7/5+7/8, G:6 /8+9/8, B:13/14.
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In the output of image, A, green and light yellow pixels represent rocks (alteration) and
mineras (kaolinite), and pink to red pixels represent rocks (mafic).

In the output of image B, green and turquoise pixels represent mineral (carbonate) and
mineral (calcite), and red to reddish pixels represent mineral (alunite).
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Figure 13: Spectra behaviors of minerals and carbonate rocks, mafic, calcite, Alunite, and Kaolinite
using the spectral behavior of the ASTER sensor library.
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Figure 14: Spectral behavior of copper minerals extracted from ASTER sensor images of inter-band ratio
agorithm.

The most spectral ssimilarity algorithm MLC

This agorithm is one of the most famous statistical algorithms for classification, which
is among pixel-based methods [23]. In the classification of the most similarity, the class
isassigned to the pixel that has the highest probability of belonging to that class[24].
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In thisresearch, Landsat satellite images (OLI) have been presented in the Shaida copper
mine to investigate the changes in metamorphic rocks in the period from 2013 to 2021
(Figures 15 and 16).
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Figure 15: Classification map of alteration stones with MLC algorithm in 2013. Red colors show the
rocks that contain copper minerals. Y ellow colors are areas where there is a possibility of copper mineras
among mafic rocks. The blue colors are the amount of water in the Shaida region. The green colors are
the amount of soil, sand, etc. available in the area.
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Figure 16: The classification map of ateration rocks with the ML C algorithm for 2021. Red colors show
rocks that contain copper minerals, the yellow colors are the areas where there is a possibility of the
presence of copper minerals among the mafic rocks. Blue colors are the amount of water that existsin the
Shaida region. The green colors are the amount of soil, sand, etc. available in the area.
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Figure 17: The map of the number of changes from the first time to the second time based on the
classification of the most spectral similarity. The yellow rectangles show the areas where copper minerals
have changed from the first period to the second period. Red colors show the number of rock changesin
which copper mineral compounds are more. The green colors show the minerals and materialsincluding
soil and rocks, in which the changes have occurred from the first time to the second time, and the blue
colors show the amount of water changes.

I nvestigating the for mation conditions of copper mineralsand predicting the nature
of copper in the Shaida copper mine

Copper is a periodic table element with the chemica symbol of Cu. Copper isametalic
element with high electrical and thermal conductivity whose main feature is malleability.
Copper minerals are classified into different types in terms of formation conditions [25]
whichinclude all kinds of oxides, sulfides, silicates, chlorides, and hydroxides. Thetypes
of copper deposits include porphyry copper deposits along with skarn and vein deposits
and magmatic copper deposits. Vol canogenic massive sulfide-type copper deposits [26].

The results of this research are obtained in the prediction section of this result which the
copper minerals exist in the Shaida mineral deposit. In this area, minerals are oxide and
sulfide types. The amount of copper minerals in oxide minerals is more in the earth's
crust. Natural interactions cause the transformation of sulfide rocks into oxide rocks.
Copper oxide rocks are mostly formed from sulfates, carbonates, and sometimes silicates.
Sulfide rocks, unlike oxidized rocks, are located lower and deeper than the earth's crust.
Most of the copper ores are sulfur rocks. Sometimes in nature, copper is found in free
form. This copper isfound in the form of small grains inside the conglomerate, although
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larger pieces have also been found [27]. In terms of studies and research conducted from
1976 to the early 18th century by V. A. Slavin and Wolfat Witkin in 1980 on the tectonics
and geology of Afghanistan Shaida copper mine has oxide and sulfide formation
conditions and in terms of stratigraphy and paleontology, Herat province and Shaida
copper mine includes the Mesozoic era (Cretaceous) to the Cenozoic era[28].

Based on the founding of this research most of the copper minerals in the Shaida copper
mine are azurite, chal copyrite, malachite, chalcocite, and bornite.

3. Discussion

Considering that in this study two goals such as the preparation of an exploratory map
and examination of alteration rocks exist, therefore these two issues are discussed

separately.

A- Preparation of exploratory map: - In this study, to better determine the exploratory
map and mineralogy of the Shaida copper mine, principal component analysis and inter-
band ratio and spectral angle classification methods have been used. According to the fact
that each method has advantages and disadvantages, there are three maps such as PCA,
BR, and SAM to check how well each method works in characterizing copper minerals.

B- Preparing a map of alteration rocks: -Maximum spectral similarity maps are the
most rejection-tolerant category of methods and in the method of maximum spectral
similarity, it is assumed that the distribution of educational data of each classisnormal.

In the method of maximum spectral similarity after data collection, nis the total number
of reference points, ni is the number of pixelsthat are actually in the category of points,
ni+ is the number of reference pixelsin the class and n+i is the number of pixels placed
in the class according to the detection method. The overall accuracy is aso obtained by
dividing the sum of correctly segmented pixels by the total number of reference data. The
accuracy and detection of each image are done by the parameters of the overall accuracy
of the Kappa coefficient of the calculated confusion matrix and the confusion matrix
resulting from two classification methods, MLC is shown in Table 1, and the Kappa
coefficient and overall accuracy are calculated using the equations 8 and 9 respectively.
k = nZi-‘=1nii—Zi-‘=1ni+n+i 3

- nZ—ZZ-‘=1ni+n+i

correctiy classified totals

Overall accuracy =
Reference data totals

Accuracy (70+39+60+80)/346= (249/346) = 0.71% 0.71*100=71% MLC
Kappa Coefficient = 0.61% = 0.61* 100 = 61%
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Accuracy = 173/282 = 0.61% SAM

Kappa coefficient = 0.47%

Table 1: Maximum likelihood ambiguity matrix classification

Collection Water Soil Possible copper mineral copper mineral  Class

94 16 8 0 70 copper mineral
40 1 0 39 0 Possible copper mineral
100 13 60 2 25 Soil
112 80 10 10 12 Water
107 78 b1 110 Collection

4. Conclusion

Preparation of an exploratory map and alteration map of the studied area using satellite
images is a fast and reliable method. ASTER, Landsat (OLI) satellite data of the
exploratory region is used to investigate the metamorphism of the Shaida copper mine
and processing methods such as principal component analysis (PCA), inter-band ratio
(IBR), spectral angle mapping (SAM) and maximum spectral similarity (MLC) were also
used. In this research, by applying the mentioned processing methods, the minerals
azurite, malachite, quartz, chalcopyrite, chalcocite, bornite, calcite, aunite, and kaolinite
were identified in the exploration area of the Shaida copper mine. According to the
geological studies of the Shaida copper mining area, most of the copper ateration rocks
are present, which are related to the conditions of oxide and sulfide formation. However,
in the Shaida area, porphyry copper rocks areless available, and if they are available, they
are in the depths of the deposit layers. The obtained results and images show that these
methods have acceptable results in determining and separating the copper and
metamorphic extents in the exploration area of the Shaida copper mine. Also, the optimal
method for determining regional alterations is the MLC spectral similarity method and
the effective method for mineral exploration is the SAM (spectral angle mapping)
method. From the results of this research on the formation of copper minerals and the
prediction of copper-rich areas, it can be seen that in addition to the Shaida copper mine,
there are copper oxide and sulfide mines in other parts of the country, which can be
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investigated and explored in the future using remote sensing methods which are used in
this research.
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