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Abstract 
 

The focus of this study is the prospecting of iron and manganese in the Balvard 1:100,000 Sheet, situated in the Sanandaj - Sirjan 
Structural Zone, utilizing Index Overlay and Fuzzy Logic methods in the GIS. In this study, the layers for integration, alterations, 
geological, geophysical, geochemical and structural data are based on stream sediments, airborne magnetometric and remote sensing 
studies. Based on the results obtained by these methods, Fe and Mn prospects exist in both the Northern and Northeastern parts of the 
area. The prospect areas derived via the Fuzzy Logic method are larger than those derived from the Index Overlay method because 
the method used a range value from 0 to 1. 
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1. Introduction 
 

The Geographic Information System (GIS) is a 
georeferencing system used in mineral exploration 
which provides an appropriate environment for 
importing, analyzing and modeling a large dataset 
considering that the selection of prospect areas in 
mineral exploration is a complex process and requires 
various criteria [1, 2]. In reconnaissance and 
prospecting studies, researchers can evaluate all of the 
digitized data in the different layers simultaneously. 
Digital geological mapping DGM in GIS can add the 
required spatial accuracy to the data, and also can 
enhance the versatility of the geological/structural map 
in many ways which are difficult to achieve through 
conventional mapping methods [3-7]. 
Different methods are used for integrating data layers 
in mineral explorations which are data-driven or based 
on conceptual models of mineralization and expertise 
for the determination of prospects (expert–based: [3, 
4]). Index Overlay Model can be done in two ways. In 
both methods, first, weights are assigned to all of the 
effective factors based on their relative importance 
according to expert opinion. In the first method, the 
input factor maps are binary as in the Boolean method. 
In this method, each factor map has a single weight 
factor and is multiplied by its own weight factor and 
combined with other maps.   
 
--------------------- 
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In the second method each of the input maps is 
allocated a weight as well as all classes and spatial 
units existing in each factor map based on its relative 
importance in conjunction with expert opinion. In other 
words, the different classes on a single map have 
different weights[8]. Moreover, the Fuzzy Logic 
technique has been used in ore mineralization 
prospecting, particularly in areas of detailed 
exploration [9,10]. In this study, the Index Overlay and 
the Fuzzy Logic methods were utilized for prospecting 
iron and manganese in the Balvard 1:100,000 Sheet, 
Southeastern Iran. The datasets consist of alterations, 
geological, structural, geochemical and geophysical 
layers in a GIS form. 
 
2. Geographical and geological setting 

The Balvard 1:100,000 Geological Sheets in 
Kerman Province, Southeastern Iran, are located in 
Sanandaj-Sirjan, a structural-metamorphic zone ([4]: 
Fig. 1). The Sanandaj-Sirjan Zone trends 
northwestward in western Iran on the Precambrian to 
Paleozoic basement and exposes abundant I-type 
granitoids and calc-alkaline volcanic rocks that were 
most active during the Late Jurassic to Upper 
Cretaceous periods [11,12]. The Nain-Baftophiolitic 
Belt (Central Iran) extends in a NW-SE direction in 
parallel with the Sanandaj-Sirjan Zone trend (Fig. 2). 
The main ultramafic massifs consist of harzburgites, 
small bodies of gabbros and dike swarm complexes, 
accompanied by various extrusives with composition 
basaltic-andesitic lava flows and breccias, dacites and 
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rhyolites. The basaltic rocks of this belt include 
pegmatitic and isotropic gabbros, gabbroic–dibasic 
dykes, dyke swarm complex and pillow lavas. These 
massifs, to the north of the Mesozoic Magmatic Arc, 
crosscut the Sanadaj-Sirjan zone [13-15]. The ophiolite 
units are located in the Northeasern part of the area 
which is composed of ultramafic and mafic rocks (such 
as harzburgite and pridotite), capped by pelagic 
sediments resting directly on the ophiolite (Fig. 2: 
[15]). The Paleozoic units consisting of orthogneiss, 
muscovite, quartz, microcline and albite are present in 
the northern part of the sheet. Lower Cretaceous 
siltstones, fine-grained and coarse-grained stones, 
conglomerates and limestone-marl limestones are all 
located in the southern portion of the sheet [16].There 
are several alterations consisting of chloritization, 
epidotization and carbonization. Rock units of Eocene 
volcanics including trachy andesite within the 
pyroclastic rocks occurr in the Northeastern portion of 
the area (Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Distribution of major magmatic units in the Sanandaj-
Sirjan zone, Zagros Orogen, (after [17], as modified by [12]). 
SQ – Saqqez, SD – Sanandaj, QV – Qorveh, AM – 
Almogholagh, HD – Hamedan (Alvand), AR – Arak, AS – 
Astaneh, BJ – Boroujerd, AG – Aligudarz, AZ – Azna, MT – 
Muteh, KG – Kolah-Ghazi, SJ – Sirjan, SK – SiahKouh, GP 
– Golpaygan, N-SSZ and S-SSZ – north and south of the 
Sanandaj Sirjan Zone, respectively. 

 
3. Methodology 

Various models were used for real world events 
simulation in GIS environment [18]. Integration model 
was used for site selection by integrating related spatial 
data and effective criteria. There are various integration 
models that are categorized by their functions and their 
executive routines (Knowledge Driven or Data 
Driven). Knowledge Driven: The experience and 
knowledge of experts is used for executing models. 
Data Driven: Models are executed based on existent 
solutions and dependency value computation. We will 

describe some of the models used in our application 
and mention our reasons for selecting them. These 
models consist of: Boolean Operation, Indexing 
Overlay, Fuzzy Logic and Genetic Algorithm.  

Two methods were used in this study. They include 
the Index Overlay and the Fuzzy Logic methods which 
were used in combination with different informative 
layers, and processed using Arc Map 9.3 software. By 
comparing Index Overlay with Boolean Model’s 
executive routines, it was apparent that the Index 
Overlay model had more flexibility as well as the 
ability to provide priority indication on spatial units of 
factor maps [19]. With respect to mentioned 
characteristics, this model is useful for comparing and 
evaluating integration models in the industrial estate 
site selection process [19]. 
3.1. Index Overlay Method 

In this method each map consists of various classes 
to which different values have been assigned; these 
values are multiplied by the pertinent weight, and the 
average score of each item (polygon or pixel) is 
computed. Then, these scores are added  to the maps 
and combined. Finally, they are normalized by the sum 
of the weights. This method follows the general form 
bellow [20-22]:  
S = 	 (∑ ���

�
� ��  ) / ( ∑

�
� �� )    (1)              

Where S denotes a weighted score for each condition 
�� is the weight of ith input map, ���		�ℎ��	rating jth 

class is the class of the iththat are rated and weighted 
[20]. 
3.2. Fuzzy logic Method 

In a Fuzzy Map, the associated value for each pixel 
(Fuzzy Membership Value), represents both the 
relative importance of the factors and the relative 
values corresponding to different locations on the map. 
Fuzzy Membership Values should be between zero and 
one. However, in this range, there is no limit on the 
selection of the values. They are selected to represent 
the degree of membership in a set on the basis of 
subjective judgment. In fact, each membership value 
represents the suitability of the pixel area for the power 
station with regard to the related criteria [23,24]. 
The Fuzzy Logic method was established by [25] and 
is used in many cases where it is not possible to make a 
decision on the existence or nonexistence of a certain 
phenomenon, thus a gradual boundary exists. This 
method contains functions that can be used in making 
decisions [9,26]. Five Fuzzy operators namely Fuzzy 
Subscription, Gathering Fuzzy, Multiplication Fuzzy 
and Gamma Fuzzy Complex use a combination of 
factors for data integration [27-30].Several Fuzzy 
operators (Fuzzy AND, Fuzzy OR, Fuzzy Algebraic 
Sum, Fuzzy Algebraic Product and Fuzzy Gamma) 
allow the flexible combination of input maps 
(instability factor maps) in a series of steps. In this 
analysis Fuzzy Gamma is used. The Fuzzy Algebraic 
sum and the Fuzzy Algebraic product were calculated 
and combined using the Fuzzy Gamma Operator [3]. 
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Fig. 2. Geological map of Balvard 1:100,000 sheet within the Nain-Baftophiolites in the Sanandaj-Sirjan structural-metamorphic 
zone [14]. 

 
3.2.1. Fuzzy AND 

This is equivalent to a Boolean AND (logical 
intersection) operation on classical set values of (1, 0). 
It is defined: 
μ Combination A B C MIN (μ�,μ�, μ�, ...)               
 
Where μ� is the membership value for map A at a 
particular location: μ�	, is the value for map B, and so 
on. Of course, the Fuzzy memberships must all be with 
respect to the same proposition. Suppose that at some 
location the membership value for map A is 0.75 and 

for map B is 0.5, then the membership for the 
combination using Fuzzy AND is 0.5. It can readily be 
seen that the effect of this rule is to make the output 
map be controlled by the smallest Fuzzy membership 
value occurring at each location. Like the Boolean 
AND, Fuzzy AND results in a conservative estimate of 
set membership, with a tendency to produce small 
values. The AND operation is appropriate where two 
or more pieces of evidence for a hypothesis must be 
present together for the hypothesis to be true. 
 

Legend 
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3.2.2. Fuzzy OR  
On the other hand, the Fuzzy OR is like the 

Boolean OR (logical union) in that the output 
membership values are controlled by the maximum 
values of any of the input maps, for any particular 
location. The Fuzzy OR is defined as: 
μ  Combination A B C MAX(μ�, 	μ�,μ�, . ..)                                                           

Using this operator, the combined membership 
value at a location (=suitability for landfill etc) is 
limited only by the most suitable of the evidence maps. 
This is not a particularly desirable operator for the 
landfill case, but might in some circumstances be 
reasonable for mineral potential mapping, where 
favorable indicators of mineralization are rare and the 
presence of any positive evidence may be sufficient to 
suggest favorability. Note that in using either the Fuzzy 
AND or Fuzzy OR, a Fuzzy membership of a single 
piece of evidence controls the output value. On the 
other hand, the following operators combine the effects 
of two or more pieces of evidence in a "blended" 
result, so that each data source has some effect on the 
output. 

 
3.2.3. Fuzzy Algebraic Product 

Here, the combined membership function is defined 
as: 
μ	Combination=∏ μ�

�
���                            (4) 

Whereμ� is the fuzzy membership function for the i-th 
map, and i = 1, 2 ... n maps are to be combined. The 
combined Fuzzy membership values tend to be very 
small with this operator, due to the effect of 
multiplying several numbers less than 1. The output is 
always smaller than, or equal to, the smallest 
contributing membership value, and is therefore 
"decreasive".  

 
3.2.4. Fuzzy Algebraic Sum 

This operator is complementary to the Fuzzy 
Algebraic product, being defined as: 
μ	Combination=1-(∏ (1 − μ�

�
��� ))            (5) 

The result μ�is always larger (or equal to) the largest 
contributing Fuzzy membership value. The effect is 
therefore "increasive". Two pieces of evidence that 
both favor a hypothesis reinforce one another and the 
combined evidence is more supportive than either 
piece of evidence taken individually. 

 
3.2.5. Gamma Operation 

This is defined in terms of the Fuzzy Algebraic 
product and the Fuzzy Algebraic sum by = (Fuzzy 
Algebraic sum) 
μ  Combination = (Sum) �× (Product) ���     (6) 

Where γ is a parameter chosen in the range (0, 1), 
[31]. When γ is 1, the combination is the same as the 
Fuzzy Algebraic sum; and when γ is 0, the combination 
equals the Fuzzy Algebraic product. Judicious choice 
of γ (produces output values that ensure a flexible 
compromise between the "increasive" tendencies of the 

Fuzzy Algebraic sum and the "decreasive" effects of 
the Fuzzy Algebraic product.  

Fuzzy Gamma is a compromise between the 
increasing tendencies of the Fuzzy Algebraic sum and 
the decreasing effect of the Fuzzy Algebraic product. 
With y (gamma) the decreasing or increasing tendency 
can be controlled. Y (gamma) is a parameter chosen 
between 0 and 1. When y is 1 the combination equals 
the Fuzzy Algebraic sum, when y is 0 the combination 
equals the Fuzzy Algebraic product. An advantage of 
the Fuzzy Gamma operator is that different scenarios 
can be compared easily from the maps produced during 
the process. 

 
4. Layers of exploratory data 

The exploration layers were extracted from 
geological maps, remote sensing, geochemical and 
geophysical airborne data. They were divided into 
different classes after investigation and normalized in a 
range between 0-1. The layers were then combined 
using the mentioned methods. 

 
4.1. Geological layers 

Basic pyroclastic rocks, tuffs, limestones, 
serpentines and diabasic parts host the main 
mineralization of Fe and Mn in the area. Andesites and 
trachy-andesites contain low values of Fe and Mn 
mineralization in the area (Figure 3). The given 
weights of lithological units using the Index method 
and Fuzzy Logic are presented in Table 1. Geological 
weight units are according to the proper units for iron 
and manganese mineralization with expert perspective. 

 
4.2. Structures Layers 

Two major faults with trending of the NW–SE and 
NE-SW are located in the northern part of the area 
(Fig. 4). The mineralization occurred mostly at the 
intersection of the faults. The related weights are 
shown in Table 2. 
 
4.2.1. The weighting methods 
4.2.1.1. Ranking methods: 

The simplest way to assign weights to the criteria is 
by arranging them according to the decision maker's 
comments. The criteria can be directly arranged (most 
important criterion=1, second criterion = 2 and …) or 
reversely (least important criterion=1 and ...). 
Numerical weights must be calculated after arranging 
the criteria. 

 
 
4.2.1.2 Rating methods: 

In these methods it is necessary for the decision 
maker to estimate the weight of the criteria on the basis 
of a predetermined scale. For example, a scale of 0 to 
100 can be used. One of the simplest rating methods is 
Point Allocation. 
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Table 1. Weights of different members of the geological layer using two Indexes Overlay and Fuzzy Logic methods. 

Geological units 
Weighted index 
overlay method 

Weighted fuzzy logic method 

Sandstone and clay with some conglomerates 1 0.100000002 – 0.200000003 

Sandstone, conglomerate and breccia 1 0.100000002 – 0.200000003 

Sandstone with basalt fragments 1 0.100000002 – 0.200000003 

Grey sandstone and siltstone 1 0.100000002 – 0.200000003 

Sxpanse of sand 1 0.100000002 – 0.200000003 

Grey sandstone and siltstone 1 0.100000002 – 0.200000003 

Older gravel  1 0.100000002 – 0.200000003 

Serpentinite 1 0.100000002 – 0.200000003 

Limestone 9 0.5 – 0.800000012 

Limestone nummolities 4 0.200000003 – 0.5 

Sandstone and fine-grained conglomerate with areas of limestone 2 0.100000002 – 0.200000003 

Conglomerate 5 0.200000003 – 0.5 

Young gravels 1 0.100000002 – 0.200000003 

Basic pyroclastic rocks, tuffs, tuffits, with masses of radiolarites Chert, 
limestone and serpentine 

10 0.800000012-0.899999976 

Calk-schist 3 0.200000003 – 0.5 

Limestone nummolities 4 0.200000003 – 0.5 

Trachy-basalt 8 0.5 – 0.800000012 

Chlorite-sericite and amphibole-schist 3 0.200000003 – 0.5 

Biotitic schist 5 0.200000003 – 0.5 

Sandstone and fine-grained conglomerate with areas of limestone 2 0.100000002 – 0.200000003 

Marble, crystalline limestone and dolomite 5 0.200000003 – 0.5 

Sandstone, marly and argillaceous sandstone and siltstone (Red Beds) 2 0.100000002 – 0.200000003 

Conglomerate and sandstone 2 0.100000002 – 0.200000003 

Expanse of sand 1 0.100000002 – 0.200000003 

Limestone (Aquitania) 1 0.100000002 – 0.200000003 

Marl, sandstone, and argillaceous sandstone 2 0.100000002 – 0.200000003 

Shear basic lava and agglomerate 5 0.200000003 – 0.5 

Most diabase, split and albitofir with smaller output components 8 0.5 – 0.800000012 

Green tuff sandstone 4 0.200000003 – 0.5 

 
In this method the decision maker is asked to divide 

100 scores among the various criteria between 0 and 
100. A score of 0 is given to the criterion that can be 
ignored while a score of 100 is given to the criterion 
that should be most highly considered. A higher scored 
criterion indicates a higher relative importance of that 
criterion in comparison with the other criteria. 

 
4.3. Alterations layer 
Distribution of alteration zones is one of the important 

parameters for exploration of magmatic, metamorphic 
and hydrothermal deposits. The alterations associated 
with iron and manganese mineralization consist of iron 
oxide and hydroxide (jarosite, hematite, limonite and 
goethite), serpentinite, propylitic (epidote and chlorite) 
, argillic (kaolinite and Montmorillonite) and carbonate 
(calcite and dolomite) using ASTER and ETM+ which 
were obtained using the MF (Match Filtering) method 
(Fig. 5: [32]). The related weights are indicated in 
Table 3. 
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Table 2. Weight of the fault layers using two methods, 
Indexes Overlay and Fuzzy Logic. 
 

Faults 
Weighted index 
overlay method 

Weighted fuzzy logic 
method 

Main 10 0.100000002 

Subsidiary 5 0.100000002-0.600000024 

Others 0 0.600000024-0.899999976 

 
Table 3. Weights associated with each alteration using the 
two methods, Index Overlay and Fuzzy Logic. 
 

Alterations 
Weighted index 
overlay method 

Weighted fuzzy 
logic method 

argillic 1 0.899999976  - 0 

Serpentinite 1 0.899999976  - 0 

carbonate 1 0.899999976  - 0 

propylitic 1 0.899999976  - 0 

iron oxide 1 0.899999976  - 0 

 
4.4. Geochemical Layers Using C-N Fractal 
Modeling 

[33] defines a fractal distribution as the number of 
objects N with a size [34] greater than r scales and the 
relationship between the desired certain attributes (e.g., 
ore element) and the cumulative number of samples of 
those attributes. [35] proposes a grade-size multifractal 
model for giant and supergiant deposits. It is revealed 
that element enrichment can result in a fractal 
distribution. The N-S fractal model is used to describe 
the distribution of elements without pre-treatment and 
evaluation of data [36]. The model is expressed by the 
following equation: 
N (≥ ρ) ∞ ρ–β                       (7) 
Based on [36], it also can be rewritten as 
Log [N (≥ ρ)] = –β log (ρ)                            (8) 

Where ρ denotes the element concentration, N (≥ ρ) 
is the cumulative sample number with concentration 
values equal to or greater than the concentration value 
(ρ), while β is the scaling exponent or fractal 
dimension of the concentration distribution. Frequency 
distributions of elements displayed in log-log plots 
show the logarithm of the cumulative number of 
samples exceeding a certain element concentration 
plotted against the logarithm of the element 
concentration [38]. Straight lines in the log-log plots 
have the slopes – β within different concentration 
intervals [36]. 
Based on the stream sediment data, the C-N log–log 
plots were generated for Fe and Mn (Fig. 6). Break 
points between straight-line segments in those log–log 
plots indicate threshold values for separating 
populations of geochemical concentration values 
representing geological differences due to distinct 

geochemical processes. Based on the log-log plot, there 
are five populations for Fe and four populations for 
Mn, as depicted in Fig. 6. The first and high intensity 
anomalies thresholds for Mn are 1023 and 1585 ppm, 
respectively (Fig. 6). The first threshold for Fe is 3.3% 
and high intensity anomaly starts at 6.9 % (Fig. 6). The 
Fe log–log plot shows a major Fe enrichment started at 
6.9 %. Geochemical maps of the first and final factors 
were created by RockWorks ™ 15 software package. 
Based upon the results of the C-N method, elemental 
distribution maps were built up (Fig. 7). According to 
the mapping of the C-N fractal modeling results for the 
elements, the main anomalies of Mn and Fe occurred in 
the central and northern parts of the region, as shown 
in Fig. 7. 
 
4.5. Geophysics Layer 
Airborne magnetic survey techniques are a practical 
and important method in the exploration of iron ore. 
The high intensive anomalies of total magnetic are 
situated in the northern area, especially the 
northeastern portion of the studied area (Fig. 8). 
 
5. Combining the informative layers 
5.1. Index Overlay 

 
In this method every layer, according to the values 

of their units, is given various classes. Additionally, 
every layer has an especial weight based on studies and 
expert opinion (Table 4). After processing, the 
potential target map of iron and manganese is prepared 
using the Index Overlay method (Fig. 9). In the 
northern areas a priority of 6 and 5, using red and green 
respectively, show the best areas for the prospecting 
and exploration of iron and manganese (Fig.9). 
The following equation was used for the calculation of 
cells’ values based on index overlay: 
Formula = [(Geochemical anomaly × 30) + 
(Magnetometry × 20) + (Lithology of Fe × 15) +(iron 
oxide × 10) + (fault ×10) + (propylitic × 5)) + 
(Lithology of Mn × 5) + (argillic × 3)) + (Carbonate × 
2)] /100            (9) 
 
Table 4. Weights of exploration layers in the Index Overlay 
method 

Layers Weight 

Geochemical anomaly 30 

Magnetometry 20 

Lithology of Fe 15 

Iron oxide 10 

fault 10 

Propylitic 5 

Lithology of Mn 5 

Argillic 3 

Carbonate 2 
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Fig. 3. Layers of geological units using index Overlay and Fuzzy Logic methods 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. Fault layer, using index Overlay and Fuzzy Logic methods 
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Fig.5. Layers of alterations using Index Overlay and Fuzzy Logic methods 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. C–N log–log plots for Fe and Mn 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Fe and Mn geochemical distribution maps based on the 
C–N model 



Misagh Mirzaei et al. / Iranian Journal of Earth Sciences 6 (2014) / 1-11 
 
 

 

9

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8. Distribution of magnetic intensity using Index Overlay 
and Fuzzy Logic method (The red portion indicates the main 
area of detailed exploration). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9. Map of iron, and manganese prospects using the Index 
Overlay method with weighted coefficient for total layers. 
The method of index overlay is based on categories integers. 
Priority six (6) represents the best area for the prospecting of 
iron and manganese in the study area. 
 
5.2. Fuzzy logic 

In this method, as in the Index Overlay method, for 
each factor map we can define classes. Based on 
previous studies and expert opinion, first SUM and OR 
operation and then �equals 0.75 were used (Fig. 10). 
After processing, the map of iron and manganese 
prospects was prepared using the Fuzzy Logic method 
(Fig. 11). The northern and northeastern portions of the 
studied area shown using dark blue are the best areas 
for iron and manganese mineralizations. Using this 
method the suitable areas for iron and manganese 
mineralization are larger than the Index Overlay 
method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10. Flowchart of the analysis performed on the 
exploration layers using the Fuzzy Logic method. 
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Fig. 11. Map of the iron and manganese prospects using the 
Fuzzy Logic method. 
 
6. Conclusions 

In this study, the maps of the study areas show 
prospects for Fe and Mn mineralization. These maps 
were obtained using GIS modeling with Indexing 
Overlay and Fuzzy Logic methods for the introduction 
of appropriate areas of Fe and Mn mineralization. 
Based on the results obtained from both methods, the 
northern and northeastern parts of the Balvard area 
showed Fe and Mn prospects which correlated with 
ultramafic units and faults. Comparison between the 
methods indicated that the prospects derived via the 
Fuzzy Logic method were more extensive than the 
prospects obtained from the Index Overlay method. 
Results using Fuzzy Logic provided an area larger than 
those of Index Overlay because the method used was in 
the range from 0 to 1 value. This shows that Fuzzy 
Logic is actually a developed form of Boolean Logic. 
In Fuzzy Logic, membership degree of a unit in a set is 
defined between one (full membership) and zero (not 
full membership). Thus the probability of error 
decreases and the weight is closer to reality.In this 
research, Fuzzy Factor Maps were created so that their 
pixel value would be distinctive and therefore show 
their relative importance in each class of the factor 
maps as well as the relative importance of each factor 
map. 
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