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This article aims to improve the accuracy, reliability, and obtain optimal results in identifying the
mineral potential of the Sonajil copper-gold deposit using the exploration layer integration approach
and the use of appropriate clustering algorithms. In this regard, various exploration layers have been
used. Using integration methods such as weighted overlay and fuzzy logic as well as Gustafson’s
clustering algorithm, certain zones with a high probability of mineralization were identified based
on several criteria such as accuracy indices, sensitivity analysis, and visual interpretation of mineral
potential maps. The results showed that the performance of the weighted overlap method and fuzzy
logic can detect mineralization zones with appropriate accuracy but have more complications in
the interference zones between barren and mineralization. While the application of Gustafson’s
clustering method has shown better performance in detecting promising zones and has the capability
of discriminating mineralization patterns more accurately with higher reliability. In order to validate
the proposed models, samples obtained from promising zones shown by the target map of these
methods and analyzes were investigated. Overall results indicate the optimal performance of
Gustafson’s clustering method in detecting mineralization zones and improving mineral potential

map patterns compared to other methods.

1. Introduction

Considering the geological complexities related to ore
mineralization, the use of integration methods in detecting
mineral potential can help to reduce risk in exploration studies.

In the early stages of exploration, the use of prospecting models

and the integration of information-exploratory layers help a lot
in the recognition of indices and hidden reserves. Since different
exploratory data sets have different valuable parts and not all of

them necessarily have the same value for the discovery of a specific
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mineral, therefore, it is necessary to extract mineralization evidence
patterns from the data set. Exploration engineers are trying to
provide the best exploration model that includes promising areas
by using the various types of data and maps that are available,
as well as the capabilities of the geographic information system
and the knowledge of experienced experts (Liu et al., 2019; Sun
et al., 2022) On the other hand, studies and research show that
the physicochemical principles governing mineral deposits are
much more complex than it is possible to achieve the desired
results with a mathematical model. Therefore, it is necessary to
use the conditions of various pattern recognition methods to model
mineral deposits (Zuo et al., 2021; Faruwa et al., 2025). Therefore,
to attain optimal exploration management, it is necessary to use
pattern recognition methods along with the conventional methods
of combining exploration layers in order to optimally discriminate
mineralization zones and plan for exploration operations. This
article presents regional exploratory modeling in the Sonajil copper-
gold mineralization zone by implementing and comparing different
machine learning algorithms based on the integration of exploratory
layers. Therefore, in the first step, the necessary processing was
carried out to integrate the exploration layers, including geological
units, satellite images, and geochemical maps, using weighted and
fuzzy overlay methods in the GIS environment. Then the results
of these methods were analyzed and compared with the results of

Gustafson’s clustering algorithm.

2. Research methodology

-Continuous evidential maps

Since the evolutionary conditions of porphyry copper deposit
formation are complex, it is difficult to precisely detect the areas
with high potential. In order to limit the existing uncertainty and
enhance the mineralization potential zones, different machine
learning methods were used to produce a mineral potential map
in the Sonajil. For this purpose, a set of exploratory features
was prepared, and the raster layers with 15x15 meter dimensions
containing 83408 data (pixels) were used in preparing the final
potential map. Figure 2 shows the exploratory layers used in

modeling of the deposit.

3. Results and discussions

3.1. Model prediction and detecting promising zones

To integrate the weighted overlay, the scoring of the exploratory
layers was done and the information layers of PC1, alterations,
geology, and Cu with the relevant paragenetic elements were
combined. Each of the information layers was scored according to
table 4 based on their importance in terms of polymetallic minerals
exploration in the region. The potential map obtained by the

weighted overlap method (Figure 6) shows that there are several

potential areas in the study area. Most of the potentials containing
polymetallic elements are spread in the northeast-southwest part of
the study area.

In order to manage the uncertainty and inaccuracy in the data
set while combining the exploratory layers, the fuzzy integration
method was used, which provides the possibility of integrating
expert opinion and fuzzy membership functions for the model.
Therefore, in performing the fuzzy integration method, first the
geochemical layers were integrated by the OR operator to identify
parts of the study area that are highly important from a geochemical
point of view. In the second step, based on the mineralization area
and the presence of three types of alteration (Phyllic, Argillic,
and propylitic), the continuation of integration for hydrothermal
alterations were completed. Finally, in order to obtain the final
map of mineral potential using the fuzzy integration method,
information layers including geochemistry, alteration, geology,
and Cu targets and its paragenetic elements were integrated using
the gamma operator. The obtained results indicate that the fuzzy
potential map is very similar to the potential map acquired by the
weighted overlay integration method (Figure 8).

To evaluate the effectiveness of the proposed approaches and
their strong prediction for porphyry copper exploration in the
region, the results of the presented methods were compared with
the results of the Gustafson clustering algorithm. In a data set
associated with exploratory features, there is likely to be a series
of data that make the performance of the entire set in exploratory
analysis more uncertain. By dividing the data into separate clusters,
the best clusters can be identified and used in the analysis. After
identifying the important clusters among the data, the potential map
obtained from the Gustafson clustering method was prepared, and
denoted in Figure 10.

The results indicate that using the Gustafson clustering
method compared to the other two methods used in the present
study has the capability of separating potential areas with high
accuracy. The results also indicate the better performance of the
Gustafson clustering method in detecting the promising zones in
the north, northeast, and southwest of the region due to capability
in discriminating the interference of mineralization patterns more

accurately and with higher reliability.

3.2. Validation

The potential map obtained from the Gustafson-Kessel method
shows areas as promising zones in terms of polymetallic
mineralization such as copper, gold and other metals. The importance
of the resulting potential map is determined when the results of the
analyses are consistent with the existing events in the area and the
promising zones are revealed with high accuracy and certainty.

Therefore, in order to validate the performance of the Gustafson-
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Kessel clustering method on regional data, the results of field
studies and sampling of mineralized outcrops located on the target
map obtained from the presented method were examined. After
visiting the region of mineralized outcrops, which are also located
on the geological map, 4 samples were taken for polished sections.
Figure 11 shows the mineralized outcrops from the study area and
Figure 12 shows the polished sections prepared. Considering the
mineralized outcrops and polished sections prepared, the accuracy

of this potential map is confirmed (Figure 13).

4. Conclusion

In this paper, the promising areas of mineralization were identified
by various methods of integrating exploration layers, including
weighted overlay, fuzzy integration method, and the Gustafson-
Kessel clustering algorithm. The comparison of the results
showed that the potential map obtained from the weighted overlay
integration methods due to adding of all exploratory layers with
each other in a simple or weighted way and also does not pay

attention to the pattern of changes in the exploratory data, therefore
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it simply combines areas with high mineralization probability in
all exploration layers and introduces them as promising zones.
Since the method does not consider the variability of the area and
thereby lacks the ability to provide optimal results in areas with
more complexity in terms of mineralization, it can only be used for
obtaining information in the early stages of exploration. In contrast,
the fuzzy integration method, due to the consideration of data of
different nature as well as the uncertainty and accuracy in data
analysis and integration, to some extent identifies the changes in the
area and the mineralization pattern with relatively more accuracy
than the weight overlay method.

The comparison of the mentioned methods with the Gustafson
Kessel clustering algorithm showed that the Gustafson method,
due to the identification of the complex behavioral pattern among
the exploratory data and paying attention to the nature of all the
data based on the similarities and differences between them, can
discriminate the interferences between mineralization and barren
zones, thereby being capable of identifying promising zones with
high accuracy and reliability and revealing the clear border between

areas with different importance of mineralization.
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Figure 3. Scoring the lithologies of the Sonajil deposit
based on the importance and mineralization conditions of

the region.
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Figure 4. Continuous evidence maps: a) Geological, b) Argillic alteration, c¢) Phyllic alteration, d) Propylitic

alteration.
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Table 1. Results of principal component analysis on geochemical data of the Sonajil region.

Elements As Sb Au Ag Bi Cu Mo Pb S Zn Hg Cd | Eigen value | Variance | Cum.Var
PCA1 0319 | 0.82 | 0.81 0.51 | 0.027 | 0.65 | 0.05 | 0.034 | -0.03 | 0.079 | -0.12 | 0.52 2.38 23.6 23.6
PCA2 059 | 0.177 | -0.1 | -0.14 | 0.51 | 0.058 | 0.75 | 0.77 | 0.197 | 0.097 | 0.126 | 0.242 1.93 16.1 39.7
PCA3 -0.44 | -0.05 | -0.09 | 0.062 | -0.28 | 0.149 | 0.07 | 0.121 | -0.62 | 0.782 | -0.06 | 0.46 1.53 12.8 52.5
PCA4 -0.07 | -0.05 | 0.055 | 0.668 | -0.13 | 0.051 | 0.134 | 0.016 | 0.026 | -0.02 | 0.85 | 0.175 1.24 10.5 63
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Figure 5. Continuous evidence maps: a) Geochemistry, b) Au raster map, c) Ag raster map, d) Cu raster map, e) Sb raster map, f) Cd raster

map.
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Figure 6. Weighted overlay integrated model on the exploration data of Sonajil area.
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Table 3. Scoring of alteration layers for the second stage of the

weighted overlap method.

Propylitic Argillic Phyllic Alteration
alteration alteration alteration name
20 30 50 Score (percent)
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Table 2. Scoring of geochemical elements for the first stage of the

weighted overlap method.

Total Cd | Sb | Ag | Au | Cu Element name

100 15 15 20 20 30

Score (percent)
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Table 4. Scoring of exploration layers for final integration of the weighted overlap method.

Total Alteration Geology

Cu and paragenetic elements

Geochemistry (PCA ) | Exploratory layer name

100 20 20

35 Score (percent)

0



10P=AD :(IF) PO <1 FolF (o pgle/yl jSa g 3] (uga20 Sazo/.... Ja2biga 648 g7 SUb — uo 839320 i suol blio bl

o
o
g
o
R
<

4229200

Weighted Overly Potential Map

696000 697000 698000 699000 700000 701000

-
s
B

Legend
Value 00204 08 12 16
I N

szu.:fl slaosls g5y 1305 Glisen &l Sy, ) ol Jly ada-v Ji.:

Figure 7. Potential map resulting from the weighted overlay fusion

method on exploration data of the Sonajil area.
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Figure 8. Fuzzy integrated model on exploration layers of Sonajil region.
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Figure 9. Potential map resulting from the fuzzy fusion method on

exploration data of the Sonajil region.
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Figure 10. Validation indicators for extracting the optimal number of clusters using the Gustafson-Kessel algorithm.
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Table 5. Data clustering results using the Gustafson-Kessel clustering algorithm.

Number of data in different clusters Total data Clustering algorithm
Sixth cluslter | Fifth cluster | Fourth cluster | Third cluster | Second cluster | First cluster
83408 Gustafson
23674 2585 2356 38841 6381 9571
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Figure 11. Mineral potential map obtained from the Gustafson-
Kessel clustering algorithm method on exploration data of

the Sonajil area.
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Figure12.View of exposed and altered rock units in the Sonajil deposit - a) View of the intrusion of

the Sonajil porphyry massif within the micromonzosynitic and andesite masses in the east of the

Ekozdaghi highlands; b) View of the formation of supergene mineralization within the Incheh massif;

¢) View of the development of phyllic alteration with siliceous zones as prominent areas in the forest

valley; d) View of the development of secondary argillic alteration
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Figure 13. Polished sections prepared from the Sonajil deposit for
the purpose of validating the potential map. a) View of a sample
in which pyrite and chalcopyrite have been replaced by chalcocite
and kaolin, as well as hematite; b) View of the transformation
of chalcopyrite and bornite into iron oxides and hydroxides;
¢) View of a sample with scattered pyrite crystals in it; d) View
of a sample with bornite and chalcocite minerals and kaolin at

their margins.
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Figure 14. Comparison of the location of mineralized outcrops on the potential map obtained

by the algorithm method a) Weighted overlay; b) Fuzzy; c) Gustafson-Kessel clustering on

exploration data of the Sonajil area.
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