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A comparative predictive analysis of weigted overlay, weighted sum
and fuzzy logic for mineral prospectivity mapping of precious and
base metal mineralizations at northeastern of Gümüşhane city, NE
Turkey
The study area locating south of the Eastern Pontide metrological belt (NE
Turkey) has an important potential for valuable and base metallic minerals.
Geological, tectonic, geochemical, hydrothermal alteration, mineralogical and
fluid inclusion characteristics of ore formations in the region have been studied in
detail. The purpose of this study is to combine and analyze the acquired spatial
data layers in a geographic information systems (GIS) environment using
knowledge-driven approaches and to identify prospective areas in terms of
mineralization. Moreover, evaluating the performance of different knowledgedriven mineral probability modeling results comparatively and quantitatively

constitutes the other goal of the study. As a result, in addition to the known
mineralization locations, a number of new prospect and favorable areas have
been identified for future detailed studies. In addition, it has been found that the
mineral predictive map generated using fuzzy logic-OR method produces the best
and successful results compared to others.
Keywords: mineral prospectivity modeling, weighted overlay, weighted sum,
fuzzy logic, Gümüşhane (NE Turkey), valuable and basic mineralization,
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porphyry system

1.

Introduction

In the course of mineral exploration and evaluation studies, many georeferenced spatial
data and data sets are obtained from different sources. Geological, tectonic,
geochemical, mineralogical, hydrothermal alteration maps and so on. are some of the
data sets produced. Since the early 1970s, images such as multispectral (Landsat,
ASTER, EO-1 ALI, etc.), hyperspectral (AVIRIS, Hyperion etc.) and SAR (ALOS
Palsar, Envisat ASAR, ERS etc.) have been used to map hydrothermal alterations and/or
minerals and to determine tectonic structures such as fault, fracture/fracture systems
(Abrams et al., 1991; Sabins, 1997; Kruse, 2002; Crosta and Filho, 2003; Rowan et. all.,
2003; Hubbard and Crowley, 2005; Vicente and Filho, 2011; Goetz and Srivastava,
1985; Kruse et al., 2003; Van der Meer, 2006; Braun, 1982; Hung et al., 2005; Roy et
al., 1993; Safari, et. all., 2017; Pour et. all., 2017; Pour et. all., 2016; Pour and Hashim,
2015a, 2015b; Pour and Hashim, 2014a, 2014b; Pournamdary, et. all., 2014a, 2014b).
Combining, analyzing, evaluating of these spatial data sets and ultimately finding a new
ore formation or target areas at the regional scale are the main objective of the mineral
exploration and evaluation studies. Today, geographic information systems (GIS) gain
increasing importance in the integration and analysis of spatial data layers. GIS provides
a number of useful methodologies for viewing, organizing, query, combining,

analyzing, estimating, evaluating, and supporting decision making (Bonham-Carter
1994; Carranza 2009). Contrary to traditional approaches, spatial data modeling
methods for assessing spatial data layers together are very fast and efficient approaches
for preparing predictive maps of mineral prospectivity. This system allows for the use
of statistical and mathematical modeling approaches (Bonham-Carter 1994; Carranza
2009; Porwal et al. 2003a).
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The eastern Pontide metallogenic province (NE Turkey) is one of the important
metallogenic provinces on the Tethys metallogenic zone (Figure 2). In this province,
there are many different types of ore occurrences, such as volcanic massive sulphide
(VMS) (Schneider et al. 1988; Tüysüz 1995, 2000; Çiftehan and O'Brien 1998; Gökçe
and Spiro 2002; Abdioğlu and Arslan 2008; Leitch 1981); porphyry (Aslaner et al.
1995; Yalçınalp 1992, 1995); epithermal (Tüysüz et al. 1995a, 1995b); chromite
(Kolaylı et al. 2007; Uysal et al. 2007) and skarn (Sipahi 2011; Sadıklar et al. 2007).
The study area is located on the southern border of this metallogenic province
and in the north-east of Gümüşhane province (Figure 2). This region has important
potential in terms of ore formations such as iron-skarns and valuable and base metallic
minerals such as gold, silver, copper, zinc, lead and molybdenum. Mastra epithermal Au
and Ag ore mineralizations (Tüysüz et al. 1995a, 1995b), Kaletaş (Tüysüz et al. 1994;
Çubukçu and Tüysüz 2000) and Arzular (Sobran) (Yaylalı-Abanuz et al. 2010; YaylalıAbanuz et al. 2012) mineralizations, Olucak ore formation, Hazine Mağara and
Kırkpavili mines (Çağatay and Çopuroğlu 1990), Köstere mine (Demir et al. 2006;
Demir et al. 2008), Arsantal and Camiboğazı iron skarn minerization (Sipahi 2011;
Sadıklar et al. 2007) are the important ore formations known to the region.
The geological, tectonic, geochemical, mineralogical, hydrothermal alteration
types, mineral types, zones and fluid inclusion characteristics of valuable and base

metallic minerals such as gold, silver, copper, zinc, lead and molybdenum in the study
area have been studied in detail with various analyzes and field works. As a result of
these studies, many georeferenced spatial data layers belonging to the properties of
mineralization in the region have been obtained. The aim of this work is to combine and
analyze the generated spatial data layers using quantitative and mathematical data
models and to produce predictive maps of prospective areas that will assist in further
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detailed mineral exploration and evaluation studies in the future. The other goal of the
study is to evaluate the performance of different knowledge-driven predictive modeling
results comparatively and quantitatively.

2.

Materials and Methods: Knowledge-Driven Predictive Models

Providing a mathematical and statistical framework for producing predictive maps of
mineral prospectivity using spatial data modeling approaches, GIS allows the use of
many emperical/statistical (data-driven), conceptual (knowledge-driven) and hybrid
methods (Bonham-Carter 1994; Carranza 2009; Porwal 2006). Empirical/statistical
(data-driven) such as weights of evidence (WofE); (Bonham-Carter et al. 1989;
Agterberg et al. 1993; Agterberg and Bonham-Carter 2005; Singer and Kouda 1999;
Porwal et al. 2010; Agterberg 2011; Carranza 2004; de Quadros et al. 2006; Fallon et al.
2010; Feltrin et al. 2016; Ford et al. 2016; Partington 2010; Harris et al. 2001, 2003;
Feltrin 2008; Nykänen and Ojala 2007); bayesian probability (Reddy et al. 1992;
Carranza and Hale 2000); evidential belief theory (Carranza et al. 2005, 2008; Carranza
2015; Carranza and Hale 2002); discriminant analysis (Harris and Pan 1999; Harris et
al. 2003; Bonham-Carter and Chung 1983); logistic regression (Porwal et al. 2010;
Agterberg and Bonham-Carter 2005; Agterberg et al. 1993; Chung and Agterberg 1980;
Fallon et al. 2010; Harris and Pan 1999; Harris et al. 2001, 2003; Nykänen and Ojala

2007; Nykänen et al. 2008); artificial neural networks (ANN) (Brown et al. 2000; Harris
and Pan 1999; Porwal et al. 2003b), random forest (Carranza and Laborte 2015, 2016;
Harris et al. 2015) have been used in many studies.
Boolean logic (Bonham-Carter 1994; Harris et al. 2001); index overlays
(Bonham-Carter 1994; Harris et al. 2001, 2015); fuzzy logic (An et al. 1991; BonhamCarter 1994; Porwal et al. 2003a; Carranza and Hale 2001; de Quadros et al. 2006;
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Moon 1998; Nykänen and Ojala 2007); evidential belief functions (Moon 1990; An et
al. 1992, 1994; Carranza 2009) and wildcat (Carranza 2009, 2010) constitute
knowledge-driven conceptual models. In addition, some studies have been used to
generate mineral probability maps from hybrid approaches such as neuro-fuzzy (Porwal
et al. 2004) and fuzzy-wofe (Cheng and Agterberg 1999; Porwal et al. 2006).
Data-driven approaches require sufficient training data to represent well the
spatial relationships between mineral formations and evidence maps (Carranza 2009;
Porwal and Kreuzer 2010). Knowledge-driven approaches can be used in areas where
under-worked and known mineralizations are less or not sufficient (Carranza 2009;
Porwal and Kreuzer 2010). These approaches are based on the expert opinion according
to conceptual model defined or the ore deposit model (Carranza 2009). At predictive
modeling of mineral prospectivity, in order to apply data-driven methods, since the
number of known minerals in the study area is low and inadequate, knowledge-based
methods have been used. These methods include; weighted overlay, weighted sum and
fuzzy logic. Spatial data models were used to generate the mineral potential estimation
maps using ArcGIS and Spatial Analyst Tools (ESRI 2013).
The knowledge-driven predictive modeling of mineral prospectivity of the
minerals possibilities of the precious and base metal minerals in the study area was
carried out in four main sections (Figure 1). In the first stage, the geological, tectonic,

geochemical, mineralogical, hydrothermal alteration and fluid inclusion properties of
valuable and base metal minerals such as gold, silver, copper, lead, zinc and
molybdenum in the region were determined by using various analyzes and methods and
by field studies. As a result of these studies, the characteristic features and conceptual
model of valuable and base metal mineralizations in the region have been revealed. In
the second phase, preprocessing was carried out to convert all the maps of the spatial

Downloaded by [Ankara Universitesi], [Doan Aydal] at 23:44 14 December 2017

evidence into formulas suitable for mineral prospectivity modeling analyzes. At this
stage, all predictive maps have been transferred to the geographic information system
environment with the same standards (spatial resolution, coordinate system, etc.). In the
third stage, predictive maps of mineral prospectivity were produced by using three
different knowledge-driven mineral propectivity modeling approaches. In the fourth
stage, the results of predictivity maps and performances in predicting of mineral
probability were evaluated comparatively and quantitatively.

3. Geology of Study Area
The study area is approximately 209 km2 between the coordinates of Latitude:
4480024-4493863 and Longitude: 542722-557623 (UTM Zon: 37 and Datum: WGS 84
coordinate) coordinates at south of the Eastern Pontide metallogenic zone (NE Turkey)
and north east of Gümüşhane (Figure 2).
The lithological units in the study area begin with the Mesozoic period. The
oldest units of this period belong to the Liassic volcano-sedimentary Hamurkesen
formation (Güven, 1998a, b). This formation, unconformably overlying the Hercynian
basement units, is conformably covered by the Berdiga formation (Güven, 1998a). The
Hamurkesen formation consists of basalt-andesite-dacitic lavas and pyroclastics and
intercalated sandstone, siltstone, marl and clayey limestone units (Güven 1998b). The

Berdiga formation, which consists of carbonate rocks of Upper Jurassic-Lower
Cretaceous age, is conformably covered by Mescitli formation (Güven, 1998a, b). The
lithology of the Upper Cretaceous Mescitli formation consists of clayey limestone, tuff
intercalated marls, shale and sandstone alternation. This unit is covered with angular
unconformity by Kabaköy formation (Güven, 1998a, b).
The Cenozoic period at the region begins with the volcano-sedimantary
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Kabaköy formation. The Lower Eocene aged Kabaköy formation consists of
sandstones, sandy limestone interbeds, andesite-basalt lavas and pyroclastics (Güven
1998b). Kaçkar Granitoids, which have generally intrusions into Eocene units, have
been described as Kaçkar Granitoid-2 in Güven (1998a, b). Upper Eocene aged unit
consists of granite, granodiorite, microgranite quartz porphyry, quartz diorite and diorite
(Güven 1998a). The youngest units in the region are the Quaternary travertines.
In particular, the volcanic units of the Hamurkesen and Kabaköy formations
have been extensively exposed to hydrothermal alteration (silicification, argillic and
advanced argillic alteration, etc.). Within these formations, the mineralizations are
controlled by right lateral strike-slip main faults oriented towards NW-SE and NE-SW.
In addition, many normal, thrust and strike-slip faults are found in the field studies,
which are local to the main tectonic constructions and associated with ore formations.

4.

The Characteristics and Conceptual Model of Precious and Base

Metal Mineralizations
Characteristic features and genetic models of ore occurrences may vary from
one region to another. Characteristic features and conceptual modeling of ore
occurrences in a region provide a theoretical framework for mineral probability models
(Bonham-Carter 1994; Carranza 2009). Determination of the characteristics of
mineralization to prepare a predictive model, determination of the spatial relationships

between various predictor properties such as geological, tectonic, geochemical,
hydrothermal alteration controlling mineral formations and mineral formations and
uncovering of conceptual framework is one of the important steps for mineral
probability modeling. Because, knowledge-driven approaches such as boolean logic,
index overlay, and fuzzy logic, preparation of inference networks for predictive mineral
modeling, weighting and combining of predictor maps and classes, characteristics of
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mineral formations, and conceptual model is based on the expert opinion (BonhamCarter 1994).
Precious and base metal mineral formations such as gold, silver, copper, lead,
zinc and molybdenum in the region were structurally controlled within the Hamurkesen
Formation, Kabaköy Formation, Berdiga Formation and Mescitli Formation (Figure 3).
Ore formations are observed in all lithologic units older than Eocene Kaçkar Granitoid2 intrusive mass. When geological, tectonic, geochemical and other features are
evaluated, it is thought that the mineral formations in the region are formed by Kaçkar
Granitoid-2.
Lineament maps of tectonic elements such as faults and fractures were prepared
using multispectral (ASTER and EO-1 ALI), SAR (ALOS Palsar-1 and Envisat ASAR)
and ASTER GDEM satellite data. In the structural analysis of this map, it was
determined that the directions of the tectonic elements are generally oriented in the NWSE and NW-SW directions and less in the E-W directions. This result is consistent with
the general tectonic characteristics of the Eastern Pontide orogenic belt (Eyüboğlu et al.
2006; Maden et al. 2009; Bektaş 1986; Genç ve Güven 1994; Bektaş et al. 2001; Şen
2007). Fractures and fractures controlling mineralization in the region are generally
oriented to NW-SE and NE-SW. Precious and base metal ore occurrences such as gold,
silver, copper, lead, zinc and molybdenum in the region and related hydrothermal

alterations have been found to develop widely around certain tectonic zones. These
zones are; the fault zone between the Bulutayla-Dölek villages is the NW-SE direction
fault zone, the NE-SW fault zone between Yağlıdere-Bulutayla and the villages
between the Aktutan-Olucak villages.
The hydrothermal alteration properties (species, minerals and zones) associated
with ore occurrences are determined by analyses of ASTER, EO-1 ALI and Hyperion
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images (band ratio, Mixture Tuned Matched Filter (MTMF) and Constrained Energy
Minimization (CEM) analyzes), field studies and ASD Fieldspec Pro spectrometer
measurements. As a result of these studies, six different hydrothermal alteration types,
zones and mineral paragenesis related to mineral formation in the region have been
distinguished. These alterations; phyillic, argillic, advanced argillic, silicification,
pyropyllitic and iron oxidation/hydroxitization. Spectral measurements of many samples
taken from the hydrothermal alteration zones have been carried out by using the ASD
Fieldspec Pro spectrometer in the laboratory. In these spectral measurements,
muscovite, halloysite, kaolinite, illite, dikite, alunite, opal, goethite and jarosit minerals
have been determined.
Hydrothermal alterations in the region have been extensively developed
especially in the andesitic and basaltic volcanic units of the Liassic Hamurkesen
formation and the Lower-Middle Eocene Kabaköy Formations (Figure 4 and 5). The
silicification of the volcanic units of the Kabaköy Formation is common. In Berdiga and
Mescitli Formations, however, more valuable and base metal rich quartz veins were
determined (Figures 6 and 7).
Numerous geochemical analyzes of mineralized zones have found valuable and
base metal element values such as gold, silver, copper, lead, zinc and molybdenum. The
results of the geochemical analysis show that the zone has a high potential in terms of

valuable and base metal mineralizations. At some locations, quite high values of gold,
silver, copper, lead, zinc and molybdenum were obtained. In addition to the
mineralization zones, valuable and base metal values such as gold, silver, copper, lead,
zinc and molybdenum were also found in the geochemical analyzes of the samples
taken from the lithological units belonging to Kaçkar Granitoyidi-2, Hamurkesen and
Kabaköy Formations. This result shows the genetic and spatial relationship of all three
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lithological units and mineralizations.
Chalcopyrite, sphalerite, marcasite, galenite, magnetite, hematite, limonite,
malachite and rutile minerals were determined besides pyrite in mineralogical samples
of the samples taken from the mineralization zones. In fluid inclusion analyzes,
homogenization temperature values between 141 and 396 oC were obtained.
It is considered that geological, tectonic, mineralogical, hydrothermal alteration
and other properties of gold, silver, copper, lead, zinc and molybdenum, valuable and
base metal mineralizations in the area under investigation as described in our previous
work (Kayadibi 2013) is suitable to model descriebed by Sillitoe (1999 and 2010) and
the studied region is similar to the characteristic features of the shallower levels of the
higher levels of this system. Accordingly, the ore formations in the region are formed
by the porphyry copper system and the associated epithermal veins. There is also
carbonate metasomatism type mineralization located in the zone.

5. Preparation of Predictor Maps for Mineral Prospectivity Modeling
Spatial predictor maps and the preparation of these maps in the appropriate format are a
necessary and important step for generating meaningful prospectivity maps. In the study
area, various spatial evidence maps obtained with detailed investigations of valued and
base metal formations such as gold, silver, copper, lead, zinc and molybdenum are used
as predictor maps in knowledge-driven prospectivity modeling to determination the

favorable zons for zone mineralizations and to produce the predictivity maps. These are
raster surface interpolation maps of point vector maps of mineralogical, fluid inclusion
and spectrometer analysis, in addition to geological maps, tectonic map (Figure 8),
results of geochemical analysis (Figure 9), hydrothermal alteration maps (Figure 10) of
the study area. These predictor maps, which characterize the mineralization in the
region, were converted to raster and formed with the same coordinate system (UTM
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Zon 37 and Datum WGS 84) and spatial resolution (15x15 m spatial resolution) and
then transferred to GIS environment.
The first predictor map used in prospectivity modellings is the geological map
showing the geological features of the mineralizations in the region (Figure 2). The
second important predictor map is the linement map of tectonic structures such as faults
and fracture systems. The effect of the spatial relationship between the fault and fracture
zones along the NW-SE and NW-SW directions and the mineralization and
hydrothermal alterations was assessed by field studies. According to this, it was formed
a two-level buffer zone with 500 and 800 m interval in the tectonic structures, taking
into account the ore formations and the hydrothermal alterations locations and their
spreading with respect to the fault and fracture systems and the conceptual model of the
ore occurrences (Şekil 8).
The results of 65 geochemical analyzes from valuable and base metal
mineralizations constitute the most important set of predictive maps used in probability
modellings. The raster surface maps were prepared using by IDW interpolation method
from geochemical analysis values of Au, Ag, Cu, Pb, Zn, Mo and As elements (Figure
9).
Another set of spatial predictive maps constitute hydrothermal alteration maps
generated from analyses of satellite data. These are; 22 hydrothermal alteration maps

produced by ASTER-band ratio, ASTER-MTMF, Hyperion-CEM and EO-1 ALI-band
ratio analyzes (Table 1, Figure 10).
The spectra of numerous samples collected from the hydrothermal alteration
zones were measured by ASD FieldSpec Pro spectrometer in the laboratory and these
spectra were identified. The point vector data of these spectral identifications were used
as another predictive maps. A two-level buffer area with 75 m and 150 m interval to
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these point vector data was created by taking into account spatially their relationships to
the zones of mineralization and the conceptual model of the ore occurrences.
As a result of the mineralogical analysis of the 29 samples taken from the ore
zones, the important ones in terms of the ore formations in the region are another
predictive map used in the mineral probability models. Two-level buffer areas of 75 m
and 150 m interval were applied to the point data of the mineralogical analyzes in the
vector form, according to the size of the zones of mineralization and the conceptual
model. The final predictor map used in the mineral probability models is the point data
of the fluid inclusion analyzes. A two-level buffer zone with 75 m and 150 m interval
was created on this spatial predictive map in vector form.

6. Mineral Prospectivity Modeling
A predictive mineral modeling process is performed by combining predictive maps
using a function that characterizes the interaction and relationships between predictor
maps and the processes controlling the mineralization system. Prospectivity maps
prepared with knowledge-driven methods such as Boolean logic, index overlay and
fuzzy logic, are generated by weighting, combining and analyzing of the predictor maps
and their classes
according to expert opinion based on the characteristics of the searched mineral bed and
identification criteria determined according to the conceptual model (Bonham-Carter

1994; Carranza 2009; Porwal 2006). For this reason, in this study, mineral probabilistic
modelings were carried out by assigning weight values to predictor maps and their
classes according to characteristic features of precious and base metal minerals in the
region, spatial relationships, and quantitative significance levels in the conceptual
model.
Predictivity maps of gold, silver, copper, lead, zinc and molybdenum valued and
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base metal formations in the study area were combined and analyzed using three
methods from knowledge-driven modeling approaches and produced predictive maps of
mineral prospectivity. These methods include; "weighted overlay", "weighted sum" and
"fuzzy logic". These methods have been implemented by establishing a different
multistage inference network. To compare the results obtained with different mineral
probability models correctly and reliably, predictor maps and classes were given equal
weight values in the modeling process.
Predictivity maps of gold, silver, copper, lead, zinc and molybdenum valued and
base metal formations in the study area were combined and analyzed using three
methods from knowledge-driven modeling approaches and produced predictive maps of
mineral prospectivity. These methods include; "weighted overlay", "weighted sum" and
"fuzzy logic". These methods have been implemented by establishing a different
multistage inference network. To compare the results obtained with different mineral
probability models correctly and reliably, predictor maps and classes were given equal
weight values in the modeling process.

6.1.

Weighted Overlay

The predictive map of the weigted overlay model used to delineate the favorable areas
for the precious and base metal mineralizations in the study area was constructed
through a five-step inference network (Figure 11).

In the first step, ten predictor maps were produced by assigning weight values to
the predictor map and classes at 1-10 intervals (Figure 12). These are predictor maps of
geology, tectonics, geochemistry, Hyperion-CEM alteration, ASTER-band ratio
alteration, ASTER-MTMF alteration, EO-1 ALI-band ratio alteration, spectrometry
analyzes, mineralogical analyzes and fluid inclusion analyzes.
In the second phase of the modeling, ten predictor maps and classes produced in

Downloaded by [Ankara Universitesi], [Doan Aydal] at 23:44 14 December 2017

the previous phase were reclassified with values between 1 and 20. In the third stage,
precent (%) weight values are assigned according to their relative importance to the
predictor maps. According to this, the highest percentage weight value (17%) is given to
the predictor maps of the geochemical analysis results of gold, silver, copper, lead, zinc
and molybdenum elements which are the best indicators of mineralization in the region.
13% to Hyperion-CEM predictor map, 12% for geologic and 12% tectonic estimator
maps, 11% to ASTER-MTMF estimator map,10% to ASTER-ban oranlama estimator
map, 10% to ASTER-band ratio predictor maps, 8% for predictor map of EO-1 ALIband ratio, 6% for the mineralogical map and % 6 to spectrometer analyzes map, and
5% for the fluid inclusion predictor map were given. The sum of the weight percentages
of all predictive maps is equal to 100 as a requirement of the weighted overlay method.
In the next step, percentage weighted predictor maps were combined using the
weigted overlay method and a map of the prospective areas for precious and base metal
mineralizations in the region was produced. The prospectivity map generated at this
stage is more difficult to evaluate and interpret, since it is a functional component of all
the spatial predictor maps in the "4-11" score range. For this reason, a threshold range
of "8-11" has been selected and implemented to produce a more prospective map which
can be evaluated more effectively, by defining the prospective area at the end of the
model. As a result of this predictive modeling, high anomaly areas suitable for

mineralization and high potential were found in the north of Yağlıdere village, north
and southeast of Olucak village and north of Aktutan village (Figure 17).

6.2.

Weighted Sum

The second mineral prospectivity modeling of gold, silver, copper, lead, zinc and
molybdenum precious and base metal minerals in the region was realized by applying
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the weighted sum method. This model was applied through a four-step inference
network (Figure 13).
In the first step, weighted values are assigned to the spatial predictor maps and
their classes, and 10 predictor maps are produced similarly to the weighted overlay
method (Figure 14). In the second step of the weighted sum model, the classes of some
predictor maps whose weight values are given are combined using the weighted sum
method and transformed into total weighted predictor maps. These are; geochemistry
predictor maps (total weight of 7-70) of Au, Ag, Cu, Pb, Zn, Mo and As elements;
ASTER-MTMF (9-65 total weighted) and Hyperion-CEM (10-55 total weighted)
hydrothermal alteration predictor maps of alunite, stellite, halloysite, kaolinite, illite,
muscovite, opal, chlorite, jarosite and goethite minerals; predictor maps of spectrometer
analysis results (9-53 total weighted); Aster-band ratio (2-16 total weight) predictor
maps of clay and alunite/kaolinite minerals; EO-1 ALI band ratio (2-12 total weighted)
predictor maps of iron oxide/hydroxide and clay minerals.
In the third phase of the modeling, predictor maps with total weight values are
combined using the weighted sum method. The resulting mineral prospectivity map
consists of a functional component of all predictive maps with probability scores
between 49 and 184. In the last stage, a threshold value of 99.82-184 was applied to
prepare a more appropriate, evaluable and interpretable predictive map. In the weighted
sum-predictive mineral map, there are favorable anomaly areas with potential of

mineralization and possibility in north of Yağlıdere village, north and southeast of
Olucak village and north of Aktutan village (Figure 19).

6.3.

Fuzzy Logic

Mineral prospectivity models of precious and base minerals in the region were finally
realized using the fuzzy logic method, which allows more flexible weight values to be
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given to the predictor maps and their classes (Zadeh 1965; Zimmermann 1991). Fuzzy
set theory provides a mathematical approach and framework for mineral prospectivity
mapping (Zadeh 1965; Zimmermann 1991). The fuzzy logic approach allows multiclass spatial evidence maps to be given more flexible weight values with fuzzy function
values between 0 and 1 (Bonham-Carter 1994; Porwall et al. 2003a; Carranza 2009;
Raines et al. 2010). In this model, "or" and "gamma" (γ) operators of fuzzy method are
used. Fuzzy logic mineral prospectivity models were implemented by establishing a
four-stage inference network (Figure 15).
In the first stage of the fuzzy logic mineral predictive modeling, weight values
are assigned by uzing fuzzy membership functions to spatial predictor maps and their
classes (Figure 16). At this stage, the geochemical analyzes have given the full fuzzy
membership value "1", which has the highest value for the Au, Ag, Cu, Pb, Zn and Mo
predictor maps. In the second phase, some predictor maps and their classes are
combined using fuzzy operators. These are; geological map, tectonic map, geochemical
anomaly maps, ASTER-MTMF and Hyperion-CEM alteration maps, spectrometry
analysis maps, ASTER and EO-1 ALI-band ratio alteration maps.
In the third step of this model, fuzzy membership values are given and weighted
predictive maps are combined separately with "or" and "gamma (γ)" operators and two
different mineral prospectivity maps are produced (Figure 18 and 20). Gamma (γ) value
was chosen as 0.9 for the combination of the predictor maps using the Gamma (γ)

operator. The Fuzzy-OR and fuzzy-γ mineral prospectivity maps produced at this stage
are the functional components of all the predictor maps and their classes. Mineral
probability score values appeared between 0.74-1 in the fuzzy-OR predictive map and
0.14-0.72 in the fuzzy-gamma (γ) predictive map. In the last stage, both fuzzypredictive maps have been implemented with a threshold value at a certain value range
to produce more understandable and appropriate final mineral proespective maps. In the
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fuzzy-OR predictive map, 0.90-1 and in the fuzzy-gamma (γ) predictive map, the
threshold range of 0.53-0.72 is used.
Possible areas (prospective areas) for valued and base metal mineralizations
such as gold, silver, copper, lead, zinc and molybdenum in the fuzzy-gamma (γ) mineral
proespectivity map are appeared at east of Yağlıdere village, north, northwest and
southeast of Olucak village, and between Aktutan and Olucak villagers (Figure 18). In
the Fuzzy-OR predictive map, the regions at east of Yağlıdere village, north, of
Bulutyayla village, North, northwest and southeast of Olucak village, between Aktutan
and Olucak villages are found as favorable areas in terms of valuable and base metal
mineralizations (Figure 20).

7.

Discussion

Weighted overlay, weighted sum, fuzzy-or and fuzzy-gamma (γ) predictive maps
prepared for valuable and base metal minerals such as Au, Ag, Cu, Pb, Zn and Mo in
the study area show the suitable and prospect zones for mineralizations. These maps
will help to delineate high-probability and favorable areas for valuable and base metal
formations such as gold, silver, copper, lead, zinc and molybdenum from low scores to
high scores. Thus, the these maps will guide the delineation of target areas in a broad
search area, the identification of new targets for future detailed mineral exploration and
evaluation work, and the study of new mineral deposit exploration. It is important that

the most appropriate mineral prospective modeling is implemented and the resulting
predictive map is accuracy and reliable. In this work, mineral prospectivity maps are
evaluated to quantitatively and comparatively determine the best possible predictive
map and reveal the grade and performance in estimating the favorable areas of the
predictive mapping of mineral prospectivity for precious and base metal minerals in the
region checked.
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For this purpose, 8 control/validation locations were determined taking
geological, geochemical, tectonic, hydrothermal alteration and similar characteristics
into consideration and score and grade of these points determination of the 4 predictive
maps were quantitatively measured. Six of these mineralizations are located in the
andesitic and basaltic units of the Hamurkesen and Kabaköy Formations (H1, H2, H3,
K1, K2 and K3 locations) and 2 in the Berdiga Formation (B1 and B2 locations).
The weighted overlay mineral proecpectivity modeling predicts five out of eight
mineralized areas (Figure 17). H1 and K2 mineralizations were estimated with the
highest score (10-11 score). In addition, this model also delineates the mineralizations
in the H3, B2 and K1 locations. In the weighted overlay mineral probability model, the
mineralizations of H2, B1 and K3 were not predicted. The percentages rate of
mineralization predictive of this mineral prospectivity modeling was 62.5% (Table 2).
The fuzzy-gamma (γ) mineral probability modeling reveals five of the eight
validation mineralizations as favourable areas. H3, B1 and K2 mineralizations were
determined with the highest fuzzy score values (0.68-0.71 fuzzy score value). H1 and
H2 are other predicted mineralization points (Figure 18). The predictive success rate of
the fuzzy-gamma (γ) prospectivity map for the control/verification mineralizations was
found to be the same as the weighted overlay method at 62.5% (Table 2).
It has been determined that the weighted sum prospectivity modeling predicts

the six of the control/validation mineralizations. The mineralization sites of H1 and K2
were delineated by the highest score (158.59-184 score). Other correct estimates are
mineralizations at H2, H3, B1 and B2 locations (Figure 19). In the weighted sum
method, the percentages rate of estimate of the mineralization probability is calculated
as 75% (Table 2).
The fuzzy-OR predictive modelin delineate with the highest fuzzy score (0.994-
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1 fuzzy score) all of the control/validation mineralizations (Figure 20). According to
this result, the success rate of determining fuzzy-OR predictive map for possible
mineralization areas is 100% (Table 2).
Fuzzy-gamma (γ) predictive modeling revealed three of the estimated five
mineralizations with the highest score values, although weighted overlay and fuzzygamma (γ) predictive modeling results obtained similar percentage success rates
(62.5%). Weighted sum mineral prospective model in comparison with weighted
overlay, and fuzzy-gamma (γ) prospective models were found to predict better the
possible areas (75%). The Fuzzy-OR prospectivity modeling revealed the best and
successful result when estimating the suitable areas for valuable and base metal ore
occurrences such as gold, silver, copper, lead, zinc and molybdenum in comparison
with other mineral probability models.
In the fuzzy-OR predictive map, which reveals the most successful and effective
predictive results among the mineral prospectivity modeling, new possible and suitable
areas other than control/validation mineralizations have been delineated (Figure 20).
Some of these areas, which are suitable and probable in terms of valuable and base
metal mineralizations such as gold, silver, copper, lead, zinc and molybdenum, have
been revealed with the highest fuzzy score values (0.993-1 fuzzy score value). These
areas are located in the north and north-west of Aktutan village, between Olucak and

Aktutan villages, to the east of Yağlıdere village, north of Bulutayayla village. In
addition, possible areas were determined in the lower fuzzy score range (0.916-0.993
fuzzy score value) in the northeast, east, southeast and south of the village of Olucak,
east of Bulutayla village, southeast of the Yağlıdere village, east of Aktutan village
(Figure 20).
8. Conclusions
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The mineral prospectivity modeling (especially fuzzy-OR) have successfully delineated
new possible and favourable areas in term of mineralization in the study area. Mineral
prospectivity modelings of valuable and base metal minerals such as gold, silver,
copper, lead, zinc and molybdenum and new suitable prospect areas delineated by
fuzzy-OR probability modeling will be base for detailed mineral exploration and
evaluation studies in the future and will contribute to this work by providing guidance.
This study also has contributed and benefited from the mineral prospectivity
modeling approaches in GIS to combine and analyze many spatial data obtained from
different sources in mineral exploration and evaluation studies, to limit target areas at
regional scale, to estimate suitable areas for possible mineralization and to determine
new targets.
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Table 1. The predictor maps of hydrothermal alterations used at prospectivity
modelling.
Table 2. Result values of the spatial data modeling approaches (red: highest score value,
blue: lower score value, X: unpredictable).

Figure 1. Flowchart of the study.
Figure 2. ASTER band 231 (RGB) composite image and geological and tectonic map of
the study area (modified from Güven, 1998a and 1998b; Güner and Yazıcı 2008).
Figure 3. Structure controlled ore formations in the Hamurkesen formation northeast of
Yağlıdere.
Figure 4. Zone of mineralization and alteration in the Hamurkesen formation to the west
of Bulutyayla: clay, silicification, iron oxidation.
Figure 5. The mineralization and alteration zone in the Kabaköy formation in the southeast of Olucak: Clay, silicification, iron oxidation.
Figure 6. Malachite paints in silicified limestones of the Berdiga Formation.
Figure 7. Fault-controlled mineralization zone in Mescitli formation.
Figure 8. The predictor map of tectonic structures.
Figure 9. The predictor map of geochemical analysis: a) Au, b) Ag, c) Cu, d) Pb, e) Zn,
f) Mo, g) As.

Figure 10. The sample predictor map of hydrothermal alterations a) ASTER-bant ratio
alunite/kaolinite, b) ASTER-bant ratio clay minerals, c) ASTER-MTMF muscovite, d)
ASTER-MTMF kaolinite, e) ASTER-MTMF illite, f) ASTER-MTMF dickite,
g) ASTER-MTMF alunite, h) ASTER-MTMF opal, i) ASTER-MTMF chlorite, j)
ASTER-MTMF goethite, k) ASTER-MTMF jarosite.
Figure 11. Flow diagram of the weighted overlay modeling.
Figure 12. The assigned weight values to predictor map and classes at weighted overlay
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modelling.
Figure 13. Flow chart of the weighted sum model.
Figure 14. The assigned weight values to predictor map and classes at weighted sum
modelling.
Figure 15. Flow chart of the fuzzy logic models.
Figure 16. The assigned weight values to predictor map and classes at fuzzy logic
modelling.
Figure 17. Predictive map of the weighted overlay mineral prospectivity modeling.
Figure 18. Predictive map of fuzzy logic-gamma (γ) mineral prospectivity modeling.
Figure 19. Predictive map of weighted sum mineral prospectivity modeling.
Figure 20. Predictive map of fuzzy logic-or mineral prospectivity modeling.
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ALTERTION TYPES

PREDICTIVE MAPS

Pyhyllic alteration

ASTER-MTMF and Hyperion-CEM analyses of

muscovite
Argillic alteration

EO-1 ALI-8/9 band ratio, ASTER-4/6 band ratio,
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ASTER-MTMF and Hyperion-CEM analyses of
kaolinite and illite
Advanced argillic alteration

ASTER-4/5 band ratio, ASTER-MTMF and
Hyperion-CEM analyses of alunite and dickite

Silisification

ASTER-MTMF and Hyperion-CEM analyses of
opal

Prophyllic alteration

ASTER-MTMF and Hyperion-CEM analyses of

chlorite
Iron oxide/hydroxide

EO-1-ALI-4/2 band ratio, ASTER-MTMF and
Hyperion-CEM analyses of goethite and jarosite
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MINERALIZATION WEIGHTED
FUZZY
NO
OVERLAY
LOGIC-OR
H1
SCORE
H2
SCORE
H3
SCORE
B1
SCORE
B2
SCORE
K1
SCORE
K2
SCORE
K3
SCORE
PREDICTED
NUMBER
ESTIMATION
100
PERCENTAGE

HIGH SCORE
X
LOW SCORE
X

FUZZY
LOGIC- γ
HIGH SCORE
X
LOW SCORE
X

WEIGHTED
SUM
HIGH SCORE

HIGH

X

HIGH

LOW SCORE

HIGH

LOW SCORE

HIGH

LOW SCORE

LOW SCORE

LOW SCORE

HIGH

LOW SCORE

LOW SCORE

LOW SCORE

HIGH

HIGH SCORE

HIGH SCORE

HIGH SCORE

HIGH
HIGH

X

X

X

5

5

6

62.5

62.5

75

8

