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A B S T R A C T 

 

Delineating and mapping alteration zones in porphyry copper exploration is of special importance. In this study, satellite image processing 
techniques were employed to highlight alteration zones in the Zafarghand exploration area. The Zafarghand area is located in the southeastern 
part of Ardestan and the northwestern part of Isfahan. It is situated within the geological structural zones of central Iran and the intermediate 
magmatic arc of Urmia-Dokhtar. Various alteration haloes are present in this area, including phyllic, potassic, propylitic, argillic, and slightly 
siliceous alterations. In this study, the detection of related alterations was carried out using ASTER sensor imagery. Accordingly, considering 
the raster nature and digital form of satellite images, the digital number values of each pixel from the image matrices were considered as 
samples in a systematic network. Finally, the U spatial statistic algorithm was implemented as a moving window algorithm for determining 
anomaly samples in the set of digital number (DN) values of ASTER satellite image pixels. The results of this technique show that the 
application of the U-statistic method, considering its structural nature and neighboring samples in decision-making, has been successful and 
has proven to be very effective in determining the alteration zones in the Zafarghand area. It could be observed the delineated propylitic 
alteration by the U-statistic method is closely associated with the defined zone of propylitic alteration, which is also consistent with the field 
and microscopic observation of the porphyry Cu mineralization in this alteration zone. It is also observed that the determined phyllic alteration 
by this image processing is spatially conformable with the sericitic alteration presented in the alteration map (based on field observations and 
geochemical sampling). 
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1. Introduction 

During the late twentieth century, the use of remote sensing 
technology became prevalent in identifying various ore deposits, 
including epithermal, porphyry, and volcanic massive sulfide deposits 
[1]. This technology proved to be a valuable tool in the initial stages of 
mineral exploration [2]. 

Remote sensing technology, which merges images and spectra [3], 
has rapidly gained popularity in the field of Earth observation [4]. 
Hyperspectral imaging systems with high spectral resolution are 
commonly used to scan observation areas with hundreds of continuous 
spectral bands simultaneously [5]. In remote sensing imagery, each pixel 
contains spectral information, which is added as a third dimension to a 
two-dimensional (2-D) image, creating a three-dimensional (3-D) cube 
[6]. These hyperspectral cubes contain absorption and reflectance 
spectral data for each pixel [7]. 

The demand for regional-scale mineral mapping has increased in the 
21st century, leading many researchers to focus on mineral information 
extraction. Typically, this involves comparing an unknown spectrum to 
a reference spectrum in hyperspectral images [8]. Geologists rely on 
spectral characteristics as diagnostic features to identify and 
differentiate between various alteration types using remote sensing data. 
To extract information for mineral mapping, common remote sensing  

 
 
 
techniques rely on the diagnostic absorption characteristics, such as 
MTMF (mixture-tuned matched-filtering) [9], RBD (relative band 
depth) [10], BD (band ratio) [11] and SAM (spectral angle mapping) 
[12]. 

On the other, in mineral exploration, one of the most important tasks 
is mapping geochemical anomalies. In order to separate anomalous 
samples from the background and finally prepare geochemical anomaly 
maps, different statistical methods have been presented. One of the most 
important and effective of these methods is the U-statistic method [13-
16]. This methos as a structural method, evaluates the sample under 
consideration by considering a moving window (based on the location 
and concentration of surrounding samples). By assigning a new value to 
each sample (instead of its concentration), the U-statistic method 
provides the ability to be combined with other methods [17-21]. 

Therefore, in this research, based on the aforementioned capability, 
it will be combined with the BD technique for the purpose of processing 
satellite images. In fact, this research focuses on processing satellite 
images from the ASTER sensor in order to identify surface alterations 
by employing the U-statistics method. Finally, the performance of this 
combined method will be investigated by the explorational data of 
copper porphyry in Zafarghand. The Zafarghand exploration area (in 
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northeastern Isfahan) is located in the central part of the Urmia-
Dokhtar Magmatic Arc (UDMA) (Fig. 1) [22]. In recent years, 
numerous studies have been carried out in this area, which will be briefly 
described below. 

The initial exploration activity in the region involved the preparation 
of a geological map with a scale of 1:5000, lithological sampling, and 
preparing geophysical sections in the area [25]. 

Subsequent geochemical and petrological studies have been 
conducted on volcanic and volcaniclastic rocks, as well as on 
neighboring or similar granitoid masses and andesite-basaltic dykes that 
cut across the Eocene volcanic rocks. These studies were carried out by 
[26-29]. In 2011, the petrogenesis of the Zafarghand granitoid mass was 
studied by Sadeghian and Ghafari [26]. 

Aminoroaya Yamini et al. studied the thermal alterations of this 
deposit with a focus on mineralogical and geochemical changes in 2016 
[30]. Alaminia et al. also examined the geochemistry, geophysics, and 
fluids inclusions in this area in 2017 [22]. Aminoroaya Yamini et al.  also 
investigated the evolution of the magmatic system in this deposit, 
considering plagioclase as an indicator [31]. 

In another study, the relationship between mineralization and 
alteration zones with tectonic structures was investigated by 
Mohammadi et al. emplying remote sensing studies [32]. 

In 2016, the chloritization of biotite was analyzed to study the 
mineralization parameters and associated alteration in the Zafarghand 
porphyry copper system, using mineral chemistry and stable isotope 
analysis [33].  

 

 
 

Fig. 1. A: Display of the Zafarghand exploration area in the central section of the 

UDMA and B: A part of the simplified Ardestan and Shahrab geological map with 
a scale of 1:100,000 (after slight modifications from [22-24]) (the location of Fig. 
2 is also depicted in this figure). 

Aminoroaya Yamini et al. also studied the petrography, geochemistry, 
and alteration thermometry of syno-sedimentary copper mineralization 
in this area [34]. The isotopic and geochemical constraints on the role 
of crust-magma mixing in the UDMA were determined, with a focus on 
the microgranular mafic enclaves and genetic granitoids in the igneous 
Zafarghand complex [35]. In 2017, the Zafarghand exploration area was 
considered a case study for identifying deep and blind mineral deposits 
using the newly proposed frequency coefficient method in the field of 
geochemical data [36]. 

2. Geological Setting of the Zafarghand Porphyry Copper 
System 

The Zafarghand copper exploration area is located in southeastern 
Ardestan, in central Iran, about 110 kilometers northeast of Isfahan. The 
deposit is situated in the west of Zafarghand, within the 1:100,000 
Ardestan geological sheet, ranging from 55°23'52''E to 30°26'52''E 
longitude and 52°11'33''N to 30°10'33''N latitude (Fig. 2) [22]. To access 
the area, one can use the Ardestan-Naeen road in the western part, 
Ardestan-Isfahan road in the central section, Zafarghand-Zefreh road in 
the southern part, and Ardestan-Natanz road in the northern part of the 
region. The studied deposit is located in the western margin of the 
Central Iran structural zone and in the central part of the UDMA, 
similar to other porphyry copper deposits in Iran and worldwide, it has 
a magmatic origin. 

 

 
Fig. 2. The simplified geological map of the Zafarghand exploration area (modified 
after [22]). 

 

Based on field investigations and petrography carried out in this area, 
acidic to intermediate igneous rocks, including volcanic and intrusive 
rocks belonging to the upper Eocene and younger time period, are 
outcrops, which are described in the following rock units [22]. Rhyolite 
has a relatively small outcrop in the northwest corner with a pinkish 
gray color (Fig. 2). The texture of these rocks is porphyritic with a glassy 
flow. Dacites and rhyodacites cover a wide range of the area and have 
gray to greenish colors (Fig. 2). This unit is considered the most 
important host rock for copper mineralization in the region, and has a 
porphyry texture with fine-grained, amorphous and porous felsic paste. 
Andesites are relatively large in the southwestern and western parts of 
the region (Fig. 2), and they appear dark gray and they are hollow due 
to the abundance of coarse crystals. Intrusive masses of diorite, quartz 
diorite, and micro-diorite protrude in the northwestern and 
southeastern parts of the region with a dark gray color (Fig. 2). A semi-
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intrusive porphyritic quartz diorite mass covers a small area in the 
southeastern part of the region (Fig. 2) [22]. 

2.1. Alteration and mineralization 

Based on the conducted studies and investigations, the different 
alterations in the region include potassic, phyllic, siliceous, argillic, and 
propylitic alterations. These alterations are often observed near intrusive 
masses and host rocks around the South Ardestan fault (Fig. 3) [22]. In 
the southeastern corner of the area, potassic alteration is very limited 
near the quartz diorite mass, while phyllic alteration is observed near 
the intrusive diorite and porphyritic quartz diorite masses, as well as the 
dacite and rhyodacite volcanic rocks. Siliceous and argillic alterations 
have limited replacement of phyllic alteration (Fig. 3). Propylitic 
alteration is widespread in the outer area of the deposit (Fig. 3) [22]. It 
should be noted that chlorite is observed in a wide area of the south 
Ardestan region. 

 

 
Fig. 3. Expansion of halo effects in the Zafarghand exploration area (modified after 
[22]). 

3. Material and Method 

3.1. Data 

In line with the main objective of this study and for highlighting 
various geological anomalies and important indicator minerals in the 
assessment of mineral potential in the study area, ASTER satellite 
images will be utilized. 

The ASTER (Advanced Spaceborne Thermal Emission and 
Reflection Radiometer) sensor is mounted on the Terra satellite and was 
launched into space in 1999. The data from this sensor consists of 14 
bands as shown in Table 1 [37], with three bands in the VNIR range 
with a spatial resolution of 15 meters, six bands in the SWIR range with 
a spatial resolution of 30 meters, and five bands in the TIR range with a 
spatial resolution of 90 meters. Each ASTER image covers an area of 
60×60 square kilometers. Due to the multiple bands in the SWIR and 
TIR ranges, ASTER images have extensive applications in geological 
studies, particularly in the identification of alteration zones. The SWIR 
bands of these images cover the absorption ranges of Al-O-H, Si-O-H, 
and Mg-O-H and could be effective in their identification [38]. Among 
the reflected infrared bands, six bands are designed in the wavelength 
range of 1.3 to 3.1 micrometers, which are very useful for geological 
applications (especially mineralogy). The five thermal infrared bands 
are also used for accurate estimation of surface temperature and 
measurement of various phenomena. In terms of radiometry, the 
reflected visible and infrared images are designed as 8-bit and the 
thermal infrared images are designed as 12-bit, which allows for 
increased radiometric accuracy of the thermal bands [39]. ASTER 

sensor data are used to identify alteration zones, minerals, and lithology 
in geological studies. ASTER data, either alone or in combination with 
other remote sensing satellites and ground data, are used to produce 
geological maps [40]. ASTER has the capability of being combined with 
other remote sensing satellites as well. By combining ASTER data with 
other satellites and sensors, maps with higher accuracy could be 
generated. In many recent studies, the emphasis has been on the 
combined use of ASTER data and other remote sensing satellites. The 
most prominent example of this combination could be seen in Landsat 
and ASTER data. 

The images employed in this study are L1T images for the year 2002, 
which were chosen because starting from 2008, the 6-band shortwave 
infrared (SWIR) detector of the ASTER sensor has been completely out 
of use and its data since then are provided without these mentioned 
bands on the sites. The use of the 4-band VNIR range of the Landsat 
sensor is suitable for intermediate metal, especially iron, rare Earth 
elements, and chlorophyll absorption in plants. While the 5-band 
coverage of the ASTER sensor compared to the 2-band wide Landsat 
range in the SWIR range has made it possible to distinguish hydroxyl 
group minerals, hydrates, carbonates, and most importantly, indicative 
minerals of feldspar, argillaceous, propylitic zones from each other. 

3.2. U-statistic 

The U spatial statistic method is considered an effective and powerful 
method in the field of separating geochemical anomalies. In fact, the 
basis of this method is a type of moving average, with the feature that 
the size of the window in which the averaging takes place changes at 
each specific point. Therefore, for each specific point, different values 
are calculated to determine the value of U, based on the surrounding 
points. In this way, at first, a distance criterion is determined in order to 
determine the distance and proximity of the sample. Then, a specific 
weight is assigned to each sample based on this measure, and the 
weighted average value of the points within the search range is 
calculated to determine their spread for each sample. Finally, the value 
of U is calculated using the following formula [13-14, 41-42]. 

𝑈𝑖(𝑟) =
�̅�𝑖(𝑟)−µ

𝜎
                                                                                         (2) 

In which μ is the average, r is the neighborhood radius, xi(r) is the 
weighted average value of the i-th sample, and σ is the standard 
deviation of the entire data. The value of Ui(r) is a function of r, meaning 
that different values for Ui are obtained by changing r. For each r, a 
number of surrounding samples participate in calculating the value of U 
for the unknown point. As a result, different U values are obtained for 
the unknown point, and the highest value (regardless of its sign) is 
assigned to the sample (considering its sign). One of the advantages of 
the U-statistic method is its ability to be combined with other methods 
because this method assigns a new value to the samples. Using this new 
value (calculated U values), it could be combined with other methods 
to increase the efficiency of separation [17-21, 43-44]. 

Continuing in the results and discussion section, after performing the 
necessary preprocessing on the satellite images of the ASTER and data 
preparation, the U spatial statistic algorithm will be applied to the 
brightness values of each pixel, considering their coordinates. Finally, 
for enhancing the desired features, the band ratio method will be 
employed. Fig. 4. illustrates the steps of this study in the form of a 
flowchart. 

4. Results and discussion 

4.1. Preprocessing of satellite images 

In this section, before applying the anomaly structural separation 
method, the preparation and preprocessing of satellite images will be 
discussed. Because in order to obtain information from satellite images, 
radiometric and geometric preprocessing is necessary before using 
them. Preprocessing includes operations that need to be done before the 
main data analysis and information extraction. Geometric and 
radiometric corrections are among these operations. Geometric  
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Table 1. General specifications of the ASTER sensor [37]. 

Subsystem Band No. Spectral Rang (m) Spatial Resolutions (m) Quantization Levels 

VNIR 
1 0.52-0.60 

15 8 bits 2 0.63-0.69 
3 (N & B) 0.78-0.86 

SWIR 

4 1.60-1.70 

30 8 bits 

5 2.145-2.185 
6 2.185-2.225 
7 2.235-2.285 
8 2.295-2.365 
9 2.360-2.430 

TIR 

10 8.125-8.475 

90 12 bits 
11 8.475-8.825 
12 8.925-9.275 
13 10.25-10.95 
14 10.95-11.65 

 

 
Fig. 4. The flowchart of various stages and the process of task execution. 

 
corrections are performed to georeference the image, and radiometric 
corrections include actions to remove effects such as sunlight passing 
through clouds, suspended particles in space, oxygen, nitrogen, and 
other elements that create noise. In other words, radiometric corrections 
remove the factors that have affected the received spectra and create 
contrast in the received images. In this study, geometric correction has 
already been performed on the desired data, and these data have been 
georeferenced [45-47]. Only radiometric correction needs to be done on 
these data [45-47]. To eliminate the effects related to solar radiation, 
atmospheric transmission, and device errors, the residual logarithmic 
(Log Residual) method has been used to consider the topographic 
effects in ASTER images [48]. Moreover, the Internal Average Relative 

Reflectance (IARR) method is suitable for dry and semi-arid areas due 
to their sparse vegetation cover and low water vapor as well as suitable 
atmospheric conditions. It is also effective for areas where no specific 
ground measurements are available [48]. The QUick Atmospheric 
Correction (QUAC) method has been employed to eliminate the effects 
of absorption and scattering of electromagnetic waves. This method is 
an atmospheric correction method for the visible, near-infrared, and 
mid-infrared ranges. This method is applicable for correcting multi-
spectral and hyperspectral images in the range of 400 to 3000 
nanometers. This algorithm is suitable for correcting images that have 
been previously prepared or images that do not have atmospheric and 
ground samples for the absolute method application [49]. 
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4.2. Preparing satellite images for data extraction 

After applying the aforementioned methods for image preprocessing 
of the Zafarghand region, in order to prepare the desired image for 
applying the U-statistic algorithm, the selected region of interest image 
was resized and bands 4 to 9 of the SWIR range were selected to extract 
the digital number (DN) values for each selected pixel. The selection of 
these bands was based on studies conducted on porphyry copper 
deposits with ASTER data for their employing in the band ratio method. 
These bands are considered the most important satellite image bands 
for enhancing the anomalies of porphyry copper deposits due to their 
absorption and reflectance characteristics. The resized output of bands 
4 to 9 of the SWIR can be seen in Fig. 5. as an example. As observed, the 
quality of the desired image is not very high, which is due to the small 
size of the study area compared to a scene of ASTER satellite images  
 

 
 

and the consequent decrease in the number of pixels. However, this 
issue not only did not create a problem during the course of this 
research, but the visibility of pixels in this image also indicates a distinct 
sample with known coordinates for applying the U-statistic method and 
displaying the impact of these methods on the data (DN values of each 
pixel). 

The statistical specifications required for implementing the U-
statistic method algorithm regarding the DN values for bands 4 to 9 in 
the SWIR range and the frequency distribution graph of DN values can 
be observed in Table 2 and Fig. 6, respectively. 

As can be seen in Fig. 6, the values of DN follow a normal distribution. 
Therefore, there is no limitation in using the U-statistic method, which 
assumes normality of the data [50-51]. 

 

 
Fig. 5. Resized ASTER satellite images for the SWIR range in the Zafarghand region. A: Band 4, B: Band 5, C: Band 6, D: Band 7, F: Band 8, and E: Band 9. 

 

Table 2: DN statistical specifications of the SWIR range bands (bands 4 to 9). 

Standard deviation Variance Average Band 

0.3143 0.0988 1.7193 4 

0.2660 0.0708 1.7164 5 

0.2348 0.0551 1.6378 6 

0.1601 0.0256 1.4454 7 

0.1671 0.0279 1.4314 8 

0.1481 0.0219 1.4126 9 
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Fig. 6. The histogram of DN values for the SWIR range. A: Band 4, B: Band 5, C: 
Band 6, D: Band 7, F: Band 8, and E: Band 9. 

 

4.3. Applying the U spatial statistics algorithm to DN values 

In this section, after extracting the DN values of each pixel from the 
set of image matrix, the desired values, similar to the samples' 
concentration related to a systematic dataset (geochemical data), along 
with their initial statistical characteristics and coordinates, are provided 
as input to the U spatial statistical method. Considering the spatial 
resolution of 30 meters for the SWIR range, both the initial radius value 
and its incremental value are set to 18 meters. 

After applying the U statistical algorithm to the DN values of bands 
4 to 9 in the SWIR range, the new DN values (i.e., the calculated U values 
for each pixel based on the DN values of the surrounding pixels) are 
computed. The statistical characteristics of the calculated U values as the 
new DN values, and their histogram can be observed in Table 3 and Fig. 
7, respectively. 

As can be observed in Fig. 7, the U values of each pixel, or in other 
words, the new DN values of the image matrix, are well separated from 
each other at the U=0 point. In fact, based on this, pixels with higher 
values are distinguished from those with lower values. 

The calculated U values have replaced the previous DN values in the 
image matrix of the SWIR range (bounds 4 to 9), and the obtained 
results are displayed in Fig. 8. 

As can be seen in the above images (Fig. 8), the anomalous values are 
well separated from the background values, and the desired objective is 
much clearer in the images than in Fig. 5. In this figure, the superiority 
of images with the U values compared to the initial values of the DN can 
be observed. 

4.4. Enhancement of anomalies using Band Ratio technique 

The Band Ratio (BR) method is one of the common techniques in the 
satellite image processing. Band ratioing could be used to enhance the 
spectral difference between bands and eliminate the effects of variations 
in shadow and brightness caused by topography [52]. By understanding 
the spectral properties of phenomena based on their spectral signatures, 
various phenomena, such as lithological unit boundaries and anomalies 
can be highlighted using this method. 

In this method, the band with higher reflectance from the target is 
placed in the numerator, while the band with higher absorption for the 
same target is placed in the denominator. Since argillic-bearing 

alteration zones have maximum absorption in bands 5 and 6 and 
maximum reflectance in bands 4 and 7, the argillic band ratio have used: 
b4+b7

b5+b6
. For highlighting phyllic-bearing zones, considering the maximum 

absorption in band 6 and maximum reflectance in band 7, the phyllic 
band ratio have used: b7

b6
. Similarly, for detecting propylitic-bearing 

zones, the propylitic band ratio have used: b6+b9

b7+b8
 based on the reflectance 

characteristics in bands 6 and 9, and the absorption characteristics in 
bands 7 and 8 [53-56]. Images containing the calculated U values are 
prepared using three band ratios [57-59]: phyllic ratio: b7

b6
, propylitic 

ratio:  
b6+b9

b7+b8
 and argillic ratio: b4+b7

b5+b6
, respectively for phyllic, propylitic 

and argillic alterations (Fig. 9). 
As can be seen in the above figure (Fig. 9), the propylitic alteration 

identified based on the values of U (Fig. 9-B) is well correlated with the 
propylitic alteration shown in Fig. 3 (to better display this matter, the 
green dashed lines in part B of Fig. 10 and part C of it can be observed). 
Additionally, the phyllic alteration in Fig. 9-A is approximately 
consistent with the sericitic alteration presented in Fig. 3. The red 
dashed lines in part A of Fig. 10 better show this issue. 

Furthermore, it should be noted that due to the very small extent of 
argillic alteration in the area (according to Fig. 3), the specific range of 
interest is not clearly and prominently shown in the image of Fig. 9-C. 

 
 

 
Fig. 7. The histogram of the calculated U values for the SWIR range. A: Band 4, B: 
Band 5, C: Band 6, D: Band 7, F: Band 8, and E: Band 9. 

 
Table 3. U values statistical specifications of the SWIR range bands (bands 4 to 9). 

Maximum Minium  Average Band 

39.05852 -33.8226 -0.60512 4 

41.28934 -33.5285 -0.25911 5 

36.55587 -34.0763 -0.33465 6 

40.62467 -36.6264 -0.55412 7 

39.77979 -37.1668 -0.57232 8 

34.74124 -34.2129 -0.99509 9 
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Fig. 8. ASTER satellite images with new DN values (calculated U values). A: Band 
4, B: Band 5, C: Band 6, D: Band 7, F: Band 8, and E: Band 9. 

 

 
Fig. 9. ASTER satellite images with new DN values (the calculated U values). A: 
Phyllic Ratio: b_7/b_6 , B: Propylitic Ratio: (b_6+b_9)/(b_7+b_8 ) 5, C: Argillic 
Ratio: (b_4+b_7)/(b_5+b_6 ). 

 

 
Fig. 10. Showing the phyllic propylitic alteration and their correspondence with 
the regional alteration map. A: Phyllic alteration by the red dashed line, B: 
Propylitic alteration by the green dashed line. 

It is worth mentioning that the identified alterations in the southern 
region and their inconsistency with the map shown in Fig. 3 (or part C 
of Fig. 10) indicate the lack of geochemical sampling from the southern 
area. The alteration map depicted in Fig. 3 (or part C of Fig. 10) is based 
on geochemical sampling from the region. The sampling network of the 
Zafarghand exploration area can be seen in Fig. 2. and due to the absence 
of a sampling network design in the Zafarghand exploration zone's 
southern area, the alterations in the southern region are not represented 
in this map. 

Phyllic and propylitic alterations are among the most important 
observations and exploration keys for porphyry copper deposits. The 
technique proposed in this research could be considered a powerful tool 
in the processing of satellite images, especially in the exploration of 
hydrothermal deposits, by showing the appropriate performance in the 
determination of these two alterations in the Zafarghand region. 

5. Conclusion 

In this study, the application of the U spatial statistic method, as a 
structural approach for separating anomalous values from the 
background, was employed to process satellite images (ASTER sensor 
imagery) and highlight the alterations of porphyry copper in the 
Zafarghand exploration zone in the northwest of Isfahan province. 
Considering the raster and digital nature of satellite images, and 
consequently, the existence of a regular matrix of DN values for each 
image, the U-statistic encounters a dataset similar to systematic data 
(similar to geochemical data). Based on the structural nature of the U-
statistic method for separating anomalous values, the use of this method 
was very effective in processing raster-based satellite images. As can be 
observed in the results, the newly calculated values for each pixel as U 
values, determined based on the surrounding DN values, are far more 
suitable than the initial values of each pixel in the image matrix set. 
Furthermore, it was observed that the results of the band ratio 
enhancement method based on U values in the image matrix set show 
good conformity with the studied area's alterations. Results show (based 
on Fig. 10) that the delineated the propylitic alteration by the U-statistic 
method (Fig. 9-B and Fig. 10-B) is closely associated with the defined 
zone of propylitic alteration (Fig. 3 and Fig. 10-C), which is also 
consistent with the field and microscopic observations of the porphyry 
Cu mineralization in this alteration zone. It is also observed in Fig. 10 
that the determined phyllic alteration by this image processing (Fig. 9-
A and Fig. 10-A) is spatially conformable with the sericitic alteration 
presented in the alteration map (Fig. 3 and Fig. 10-C) (based on field 
observations and geochemical sampling). 
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