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ABSTRACT
Çulfa Çukuru Pb-Zn-Cu-Ag mineralization has occurred along the metamorphic and metamorphic-
dacitic volcanic rock contacts of the Sakarya zone on the Biga Peninsula. The base metal mineralizations 
(Pb-Zn-Cu-Ag±Au) developed along the contact and fracture planes of these rocks can be observed 
as veins, lenses and disseminated ore geometries in the calc-silicate rock assemblages. Base metal 
mineralizations are mainly controlled lithologically and are generally associated with recrystallized 
limestones. In this study, the surface and the subsurface were modeled using the topographical data and 
the geochemical data (Pb% and Zn%) collected from 42 boreholes of Çulfa Çukuru which is located 
20 km South-Southeast of Kalkım (Çanakkale). The surface and the subsurface data were interpolated 
by Kriging and Inverse Distance Weighted methods, respectively. The intersectional areas of Pb% and 
Zn% modeling data obtained from this study were determined by dividing the areas above the cut-off 
grade into 4 different sectors (low, intermediate, high, and very high). Using the distribution of the 
intersections of these sectors, the possible adit lines were determined and also an interpreted map of the 
adit was drawn for 450 level. This modeling study helps to plan the ore adit to be opened in a mining 
area. Moreover, according to the important changings that may occur in conditions (e.g. fl uctuations in 
metal prices or decrasing-increasing costs), models can also be modifi ed during operations. 
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1. Introduction

One of the most problematic issues encountered 
during the assessment of mineral deposits is that we 
do not have any observations for the entire subsurface. 
However, the data obtained from boreholes, well logs, 
and by geophysical methods can provide us some 
important information about underground. The use 
of the borehole data for the interpretation can only 
be achieved by combining this data with appropriate 
interpolation methods. That is why, the choice of an 
appropriate interpolation method is very important for 
the most accurate estimate to the real values. Using the 
estimation error values and the cross-validation data, 
the accuracy of the applied interpolation method can 
be checked. 

With the development of computer technology, 
the utilization of 3D (3-dimensional) modeling of 

complex structures has increased considerably over 
the last few decades. A large amount of data can now 
be evaluated and interpreted together with the help 
of computers capable of high level processing. With 
the support of these studies, many problems that we 
encounter in during the actual work can be solved. In 
the geosciences, modeling studies are used frequently 
in the detection of subsurface location and the 
evaluation of natural resources such as ore deposits 
(Saraç and Tercan, 1996; Chen et al., 2007; Feltrin et 
al., 2009;  Wang et al., 2011; Liu et al., 2012; Wang 
and Huang, 2012; Xiao et al., 2012; Akıska et al., 
2013; Kashani et al., 2016), oil, natural gas and coal 
(Sims, 1992; Saraç et al., 2004; Kaufmann and Martin, 
2008; Jian et al., 2012; Dağ and Özdemir, 2013), 
hydrology and hydrogeology studies (Turner, 1992; 
Watt et al., 2007; Ahmed, 2009; Gallerini and Donatis, 
2009), determining structural elements (Renard and 
Courrioux 1994; de Kemp, 2000; Galera et al., 2003; 
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Bistacchi et al., 2008; Calcagno et al., 2008; Zanchi et 
al., 2009; Dhont et al., 2012), and solving road, tunnel 
and dam problems (Veldkamp et al., 2001; Elkadi and 
Huisman, 2002; Rengers et al., 2002; Özmutlu and 
Hack 2003; Zhu et al., 2003; Hack et al., 2006; Choi 
et al., 2009).  

In this study, using the data from the geochemical 
analyses obtained from the 42 boreholes in Çulfa 
Çukuru Pb-Zn-Cu-Ag mineralization, the 3D 
subsurface modeling were made. The areas above 
the cut-off grade were determined and the optimal 
adit lines were detected using these models. These 
modeling studies were controlled by statistical 
and cross-validation techniques. The appropriate 
parameters can be determined by interpreting the 
geological, structural, and economic conditions of the 
deposit and using these parameters, it is possible to 
detect how to extract the ore from the underground in 
an optimal way by making a model both before and 
during an underground operation.  

2. Regional Geology

Based on the geological studies of Biga Peninsula 
(Siyako et al., 1989; Okay et al., 1990, 1996, 2008; 
Dönmez et al., 2005, 2008; Altunkaynak and Genç 
2008; Dilek et al., 2009), the basement of the area 
consists of Paleozoic-Mesozoic metamorphic rocks 
and ophiolitic rocks. The area was affected by 
intense magmatism from Paleocene to the end of 
Miocene. During this period, while many granodiorite 
bodies, mostly composed of granodiorite, intruded 
into the basement rock, these were covered with 
andesitic-dacitic-rhyodacitic-rhyolitic volcanic rocks 
unconformably. Also during this period, volcanic 
activity on the Biga Peninsula was often accompanied 
by an intense sedimentation. The last volcanic products 
in the area are represented by Pliocene basalts. All of 
the units were unconformably covered by the Plio-
Quaternary fl uvial units (Figure 1a). 

Based on detailed studies of the Çulfa Çukuru area 
by Akıska (2010), Akıska et al. (2010, 2013), Akıska 
and Demirela (2014), the units, from older to younger, 
are Çamlık granodiorite (Devonian), Permo-Triassic 
Kalabak metamorphic rocks, including metasandstone 
and calc-schist lenses (Permo-Triassic), Eybek pluton 
(Oligo-Miocene), and Kalkim volcanics (Middle 
Miocene) (Akıska, 2010 ). 

Çamlık granitoid was investigated by Okay 
(1990), and the ore geology of Çulfa Çukuru area was 

studied by Yücelay (1976), Çetinkaya et al. (1983a, 
b), Tufan (1993). The researchers have mentioned the 
existence of tectonic contact between this unit and 
Kalabak schist. This unit includes quartz, plagioclase, 
and chlorite with grey-brown color macroscopically 
and is cut by aplite and quartz veins (Akıska, 2010). 

The Kalabak Formation was fi rst described by 
Radelli (1970) as “Kalabak schists”. This formation 
overlays the lithological units of Precambrian Kazdağ 
massif with angular unconformity outside of the 
study area and is overlain with Çamlık granitoid in 
the south of the study area. This formation is also 
covered by Kalkım volcanics and Akköy Formation 
with angular unconformity in the North (Tufan, 1993). 
According to Yücelay (1976), Çetinkaya et al. (1983a, 
b), Tufan (1993), The Kalabak Formation includes 
clayey schist, biotite schist, sericite-chlorite schist and 
sericite-graphite schist with metasandstone, marble, 
serpentinite, and meta-diabases lenses (Akıska, 2010). 

Eybek pluton (Tufan (1993), Andiç and Kayhan 
(1996), Pehlivan and Çetin (1997), and Genç and 
Altunkaynak (2007) is mainly composed of granite, 
quartz monzonite and granodiorite. The main minerals 
in the rocks are quartz, alkali feldspar, plagioclase 
(generally albite-andesine type), biotite, hornblende 
and augite, while the accessory minerals are titanite, 
zircon, apatite and opaque minerals (Akıska, 2010). 

Kalkım volcanics (Yücelay (1976), Çetinkaya 
et al. (1983a, b), Tufan (1993), Andiç and Kayhan 
(1996), and Pehlivan and Çetin (1997) were correlated 
with the Hallaçlar Formation by Krushensky (1976) 
(Akıska, 2010). They are represented by rhyolite, 
dacite, andesite, trachyandesite, ignimbrite, tuff, and 
agglomerates (Figure 1a, b) (Akıska, 2010).

Çulfa Çukuru Pb-Zn-Cu-Ag mineralization is 
observed to be related to the metamorphic rocks and 
volcanic rocks belonging to the Sakarya zone in the 
Biga Peninsula. The base metal mineralizations at the 
contact between these rocks and along the cracks and 
fault planes are seen as veins, lenses and disseminations 
in the calcsilicate rock assemblages. Although the 
relationship between the mineralization and wall 
rock is seen between volcanic and metamorphic 
rock, the direct relationship of the volcanic rock 
with mineralizations is not well proven. Base metal 
mineralizations are mainly controlled by lithology and 
are generally associated with recrystallized limestone 
(Figure 1a, b). 
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Figure 1-  A) Geological map of the Çulfa Çukuru area and its surroundings (modifi ed from Duru et al., 2007), B) Geological map (Yücelay, 
1975) and the borehole locations of the Çulfa Çukuru Pb-Zn deposit (the coordinates are given in UTM coordinate system – 35N).

A

B
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3. Methods

3D underground modeling studies have, in 
recent years, been accelerated with the development 
of computer technology. The complex studies can 
be done easily with computers. As a result, there 
has been a rapid increase in modeling studies, and 
subsurface ore modeling has become one of the most 
frequently used. The accurate estimation of the ore in 
an underground environment minimizes expenditure 
for mining companies, the correct orientation of the 
adit direction in underground mining areas playing the 
most important role in this cost reduction.

In earth sciences, interpolation is used for both 
prediction and visualization (Falivene et al., 2010). A 
number of algorithm have been developed to perform 
interpolation such as; kriging (Krige, 1951; Matheron, 
1960), splines (Ahlberg et al., 1967; Mitasova and 
Mitas, 1993), inverse distance weighting (IDW) (Kane 
et al., 1982) and polynomial regression (Wang and 
Huang, 2012). In many cases, the kriging method is 
the best predictor, while in some cases IDW and spline 
are considered more suitable methods (Zimmerman et 
al., 1999; Peralvo, 2004; Chaplot et al., 2006; Binh 
and Thuy 2008; Shahbeik et al., (2014). In order to 
determine the ore distribution correctly, it is important 

to choose the best estimation method and thus 
minimizing the estimation errors.  

In this study, the surface and subsurface 
modeling were performed using topographic data 
and geochemical data of Pb-Zn deposit in the Çulfa 
Çukuru area, respectively, and the direction of the adits 
to be opened underground was determined with the 
help of mathematical operations. The data set which 
was created for this study consists of topographic, 
borehole and geological data. For the interpolation 
method, Ordinary Kriging (OK) method was used and 
for surface modeling and IDW method were used for 
subsurface modeling in this study (Figure 2).  

Kriging is a statistical interpolation method used 
to determine unknown points from the points in a 
data set, and is the usual name of generalized least 
squares regression algorithms (Cressie, 1990; Li and 
Heap, 2008). This algorithm is an estimation method 
used to detect unknown values with the help of known 
values and semi-variograms. The distinction from 
most other methods is the use of spatial continuity 
among the data (Wang and Huang, 2012). It also 
minimizes the variances among the estimations and 
makes the estimate in the most appropriate way at 
each unknown point. Kriging variance depends not 

Figure 2- Flow chart of the modeling processes.
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on the real values of the data, but on a function of 
the amount of data and the distances between the 
data collection points. The most important advantage 
of this method is the weights determined with the 
help of certain mathematical operations. The data is 
analyzed systematically and the weights are decided 
using semi-variograms. The availability of Kriging 
depends on the compatibility of the selected semi-
variogram. Semi-variogram (experimental semi-
variogram) is a graphic used in applied geostatistics 
for determining the spatial dependencies among the 
data (Kitanidis, 1997). A semi-variogram is calculated 
from the mean of all the specifi ed separation distances 
and directions and half of the squared difference of 
z-values over all observed pairs (Wang and Huang, 
2012). The accuracy rate of the data produced by the 
Kriging method depends on the amount of data, the 
frequency of the data and the accuracy of the semi-
variogram (Brooker, 1986; Chaouai and Fytas, 1991). 
There are different Kriging techniques, OK is one of 
the most commonly used. The estimation of unknown 
values in the OK method is realized according to the 
assumption of the unknown-constant mean and the 
stationary variables. In addition, OK is a linear model 
based on local neighborhood structure (Tahmasebi 
and Hezerkani, 2010).

The IDW method uses the weights obtained from 
the produced inverse function depending on the 
distance between the sampled points and unsampled 
points (Li and Heap, 2008). The sampled points closer 
to the unsampled points are given more weight, and vice 
versa. According to the assumption of this method, the 
values belonging to unsampled points are more similar 
to the closer points than the farther points. IDW is a 
sensitive method and gives extremely accurate results 
for a wide range of data interpretations (Lam, 1983). 
The basic factor affecting the accuracy of the IDW 
method is the power parameter (p) in the formula. 
The weight decreases as the distance increases. When 
p value increases, the closer points get more weight 
and the resulting spatial interpolation is local (Isaaks 
and Srivastava, 1989). The most important feature of 
this method is that it can interpolate dispersed data in 
regular grids or irregularly spaced data very quickly 
(Li and Heap, 2008). Although the application of this 
method is easy, “bull’s-eye” patterns can also be seen 
due to the concentric contours created by the IDW 
method (Burrough and McDonnell, 1998; Van Dijk et 
al., 1999; Dressler, 2009).

The neighborhood estimation is very important in 
terms of limiting the data used (Johnston et al., 2001). 

It is created by drawing a circle or ellipse around the 
estimated point. The values within these are then 
considered, while the ones outside are not taken into 
account (Fencík and Vajsáblová, 2006). In addition, 
to prevent trending in a certain direction, the circle or 
ellipse can be divided into sectors.

In surface modeling studies, DEM is created 
with the help of topographic data and a 3D surface 
map obtained. DEM is created by the determination 
of unknown values from known values with the help 
of interpolation methods. The IDW method is applied 
to the subsurface modeling. Through this method, the 
intersecting areas of Pb% and Zn% values above the 
cut-off grade were detected. The basic logic for this 
method is to determine the area with most potential for 
ore being found in the underground environment. This 
method of intersecting areas was applied by Akıska 
et al. (2013) to determine the potential ore areas in 
an underground environment. The study was checked 
both with cross-validation methods and in the fi eld 
survey, the results were highly promising.

Cross-validation is a process which tests whether a 
study is consistent with its goals (Olea, 1999). Cross-
validation is the most common method used to control 
the accuracy of an interpolation method (Voltz and 
Webster, 1990). It is a method of testing the reliability 
of a selected model by estimating the values at the 
sample points with the help of neighborhood values 
and comparing the predicted values using measured 
values (Davis, 1987). According to this method, a 
known value is removed from the dataset temporarily 
and the value of this point is estimated with the help 
of neighborhood data. Thus, the error between the 
measured value and estimated value can be observed. 
This process is repeated for all remaining samples 
(Isaaks and Srivastava, 1989). Cross-validation is 
very important for getting rid of unnecessary data 
redundancy (Olea, 1999; Webster and Oliver, 2001), 
and all the data obtained can be used for prediction. 
This method can also be used for selecting the best 
variogram model among the possible models and to 
select the lag size, also to search radius in order to 
minimize the kriging variance (Davis, 1987; Olea, 
1999). In addition, this method helps in fi nding the 
best parameters from the test data for IDW and spline 
methods (Robinson and Metternicht, 2006).   

Some prediction errors are used in this study. 
These are Mean Error (ME), Root-Mean-Square 
Error (RMSE), Mean Standardized Error (MSE), 
Root-Mean-Square Standardized Error (RMSSE), and 
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Average Standard Error (ASE) for surface data, Mean 
Error (ME) and Root-Mean-Square Error (RMSE) for 
subsurface data and Coeffi cient of Determination (R2) 
for both data sets.   

4. Results 

4.1. Geostatistical Analysis of the Surface Data

The study area is located 13 km south of Kalkım 
(Çanakkale) and covers 0.7 km2 (1000 m x 700 m). The 
topographic data was digitized from Yücelay (1975) 
and the information about the survey method was 
not given in the study. The distance between contour 
lines is 10 meters. The scale of the topographic map 
is 1:2000. The total number of x, y and z values is 
8502. The heights are generally irregularly distributed 
(non-fl at topography), the minimum height is 450 
meters and the maximum height is 670 meters. The 
mean height is 547.16 meter and standard deviation 

is 55.824. The surface was divided into 2 x 2 x 5 m 
blocks (2450000 total voxels) for the modeling study. 

In this study, the experimental semi-variograms 
were calculated in four different directions (N-S, 
E-W, NE-SW and NW-SE) no directional effects 
were observed for semi-variograms. Both the sill and 
range values were almost the same in the variograms 
calculated in all four directions. Lag size of the semi-
variogram is 52.72 m and “Spherical Model” provided 
the best fi t for the experimental semi-variogram. The 
range value is 517.52 m, the sill value is 5396.57 m 
and the nugget value is 0 m. (Figure 3a).

In this study, the neighborhood shape was selected 
as a circle because of the absence of any directional 
effects within the spatial autocorrelation of the data. 
The circle was divided into 4 sectors with 45o offset. 
The number of neighbors was between 2 and 5. 

Figure 3- a. Generated experimental semi-variograms according to the directions, b. The scatter plot of the measured-
predicted values of surface data.



197

Bull. Min. Res. Exp. (2018) 157: 191-206

The accuracy of surface values in this study was 
tested using cross-validation method (Figure 3b) and 
ME, RMS, ASE, MSE, and RMSS prediction errors 
were used to compare the models. The cross-validation 
method was used on all of the data (8502 points). The 
prediction errors in this study are 0.25 for ME, 0.52 
for RMSE, 0.006 for MSE, 0.09 for RMSE and 6.22 
for ASE (Table 1). To ensure that the created DEM is 
as accurate as possible; ME and MSE should be close 
to 0, RMS should have the lowest value, ASE should 
be close to RMS value, and RMSS value should be 
close to 1 (Johnston et al., 2001; Webster and Oliver, 
2001; Hu et al., 2004). The results obtained from 
the cross-validation technique and prediction errors 

indicate that the prediction values similar to real 
values are produced as possible. The cross-validation 
diagram is shown in fi gure 3b and the prediction errors 
are seen in table 1. The created 3D surface map using 
topographic values is also shown in fi gure 4. 

Table 1- Surface modeling prediction errors of Çulfa Çukuru area. 

Samples n 8502

Mean Error ME 0.02485

Root-Mean-Square Error RMSE 0.51497

Mean Standardized Error MSE 0.00617

Root-Mean-Square Standardized Error RMSSE 0.08534

Average Standard Error ASE 6.21714

Figure 4-  3D topographic map, boreholes, and geology map of Çulfa Çukuru Pb-Zn deposit (to avoid confusion, +1000 m. offset and 
-1000 m offset along z axis were applied on geology map and topographic map, respectively) (see Figure 1 for the legend of 
geological units).
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4.2. Three-Dimensional Subsurface Modeling of 
Mineralization

The study area is located in a 0.7 km2 area and 
has an irregular topography. In the study area where 
both fl at areas and hills are located, Akpınar stream 
fl ows from north to south. The main mineralization in 
the area was discovered in this stream bed, and then 
subsurface continuity of the mineralization was found 
in more detailed studies (Figure 4). 

The block model with IDW algorithm was applied 
to Pb% and Zn%. The values obtained from the 
geochemical analyses on the ore-alteration zones with 
a total of 42 boreholes were used for the Pb% and Zn% 
values. The shallowest drilling is 19.5 m (OMCC1) 
and the deepest drilling is 161.5 m (OMCC37). The 
total depth of drillings is 3622.4 m and average depth 
of drillings is 86.25 m. The ore-alteration zones were 
observed 7 out of 42 boreholes (OMCC10, OMCC24, 
OMCC26, OMCC38, OMCC39, OMCC40, 
and OMCC41) (Figure 4). Using Pb% and Zn% 
geochemical analyses values, the individual model 
fi les were created for each element percentage with 
the help of the IDW interpolation method.  The data 
was modeled using cut-off grades, 7% for Pb and 4% 
for Zn and 2637765 voxels which were 2 x 2 x 5 m in 
dimension.  

Inverse distance, using constant or variable 
exponential weighting, assigns a voxel node value 
based on the weighted average of neighboring data 
points. In this study, the sector shape is circular 
because there was no directional effect on the regional 
autocorrelation in the data and the factor of anisotropy 

is 1. The power and the number of neighborhood 
values were tested and the optimal values are; power 
value 8, neighborhoods 6 for Pb%, power value 4, 
neighborhoods 2 for Zn%.

The distribution of the ore zones that was followed 
during the modeling studies, using geochemical 
analysis data for each element, covers quite large 
areas in the subsurface environment (Figure 5). It 
seems quite diffi cult to determine the target area 
in this way. Therefore, for both Pb% and Zn%, the 
values above the cut-off grade are divided into four 
equal sectors. These sectors are referred to as “Low”, 
“Intermediate”, “High”, and “Very High” (Table 2). 
The ore zones which were created separately for each 
sector can also be observed in a wide range area. This 
is a common situation especially when the amount of 
data is limited (e.g. insuffi cient number of boreholes, 
irregularly spaced boreholes etc.). This is why, instead 
of evaluating the data of each sector separately, using 
the intersection of the sectors in the same category 
seems to be more suitable at detecting target area (e.g. 
the intersection of the “low” grading sector of Pb% and 
the “low” grading of Zn%). Although it is possible to 
fi nd the ore zones outside of these areas, the promising 
areas are the intersectional areas (Akıska et al., 2013).

In order to create intersection areas, the fi rst 
created model fi les are converted to Boolean model 
fi les. When the intersection areas are detected, the 
corner coordinate values of each cube are detected 
and it is also determined whether the values contained 
herein are within the given range. In these Boolean 
model fi les, 1 is assigned to the values in the given 
intervals and 0 is assigned to the remaining values. 

Figure 5- Areas of Pb% (a) and Zn% (b) values above the cut-off grade in the subsurface environment.

Sector # Sector Name Pb% Intervals Zn% Intervals Pb% Boolean Model File Zn% Boolean Model File

1 Low 7.00–14.81 4–6,33 Pb_bool_sector1 Zn_bool_sector1

2 Intermediate 14.81–22.62 6.33–8.66 Pb_bool_sector2 Zn_bool_sector2

3 High 22.62–30.43 8.66–10.98 Pb_bool_sector3 Zn_bool_sector3

4 Very High 30.43–38.24 10.98–13.31 Pb_bool_sector4 Zn_bool_sector4

Table 2- Sector names and properties using in subsurface modeling study.



199

Bull. Min. Res. Exp. (2018) 157: 191-206

The generated Boolean model fi les are then transferred 
to MS Excel. With the help of a macro written in MS 
Excel, the “1” values (ore grade values in the specifi ed 
range) were taken into account while “0” values were 
excluded from the modeling study.

The Boolean fi les for each sector (“low”, 
“intermediate”, “high”, and “very high”) and each 
element were created using the method described 
above. Then, in order to detect the intersection areas of 
each sector, multiplication was applied to the Boolean 
model fi les (e.g., the values in Pb_bool_sector1.mod 
and Zn_bool_sector1.mod were multiplied by each 
other to fi nd the intersection areas of Sector1) (Figure 
6). The process of detection for the intersecting areas 
was applied to every sector, and these areas were 
determined. Details and applications of this method 
were given in Akıska et al. (2013). 

In the region with the obtained data; a mass of ore 
with a total volume of 1100000 m3 including 382000 
m3 for Sector1, 696000 m3 for Sector2 and 22000 
m3 for Sector3, was identifi ed. Since the 0 value is 
obtained by multiplying the Boolean fi les belonging 
to Sector 4, referred to as “Very High”, the result is 
that there is no intersected area between these ranges 
(Figure 7).    

Attempted detection of the adit directions and 
locations was done using sector values that were 
obtained using the intersection method. When the adit 
locations were detected, the elevation intervals of the 
adits were randomly determined as being 10 meters 
(450-520 levels) and the adit dimensions as 2 x 2 
meters. These intervals can be increased, decreased 
or changed according to the subsurface environment 
conditions and lithological conditions during adit 
planning. The related sectors for each level were 
brought together and the adit line of that level was 

created. In addition, it was determined which sector 
will be seen in which location on a certain level 
(Figure 8). 

The case study for 450 level was made. The top 
view and the side view of the adit line including all 
sectors in the 450 level are seen in fi gure 9a and 9b, 
respectively. Each point on the level shown in Figure 
9b implies the area where the ore is located. The 
interpreted map using Figure 9a and 9b was drawn for 
450 level (Figure 9c). The strike of the fi rst entrance 
is N105E. The general trend of the adit is E-SE. In 
the interpreted map, the location of the adit entrance 
and the general orientation of the adit were determined 
from the model image (Figure 9a). It was checked with 
the topographic map whether this point (adit entrance) 
coincided with a point on the surface. The detected 
point may not be exactly on the surface, but on the 
subsurface. This is because the points in the model fi le 
are due to the presence of ore in the specifi ed intervals 
in the sectors. If the point determined as the entrance 
of the adit does not contain ore at these intervals, the 
point containing the ore closest to the surface can be 
detected and the entrance of the adit can be determined 
accordingly. Likewise, these maps can be created for 
all levels so that adit planning can be done.   

The accuracy of the subsurface modeling studies 
was checked statistically and using cross-validation 
techniques. The estimation errors and cross-validation 
graphic can be seen in fi gure 10 and table 3, 
respectively. The cross-validation technique is applied 
to all the data used in the interpolation creation (7170 
points). The fact that the R2 values are close to 1, the 
Mean Error values are very close to 0, and the RMS 
values are relatively low values, they indicate that the 
applied interpolation algorithm and related parameters 
were selected very closely to the real values.  

Figure 6-  Schematic representation of multiplication operation that are applied to the Boolean fi les belonging to Sector 1 
(the numbers were arbitrarily selected) (Akıska et al., 2013).
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Figure 8-  The southern (a) and the eastern (b) views of the adits obtained as a result of modeling study and the intersecting 
areas of sector groups (See fi gure 7 for the color of sector areas).

Figure 7-  The subsurface locations of the sectors of Pb% and Zn% values above the cut-off 
grade.
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Table 3- Prediction errors of modeling study using IDW method.

%Pb %Zn

Samples n 7170 7170

Mean Error ME 0.00011 0.00023

Root-Mean-Square Error RMSE 1.02861 0.56252

5. Conclusions

The surface modeling study using Kriging method 
and the subsurface modeling study using IDW method 
are intended to show the spatial trends and variability 
of the ore zones and also to determine the probable 
adit locations. For this purpose, to determine the 
appropriate adit lines the geochemical data and the 
location of the subsurface ore was used.

With the help of geostatistical analyses made on 
the topographic data used to create DEM, the suitable 
interpolation algorithm and the semi-variogram were 
determined and all results were controlled statistically 
and using cross-validation technique. As a result, the 
most suitable interpolation algorithm is “Ordinary 
Kriging” and the semi-variogram is “Spherical 
model”. The lag size is 52,72 m, sill value is 5396,57 
m, and nugget value is 0 m.  The suitable shape for 

neighborhood estimation was determined as circle that 
have four sectors divided by 45° offset and the number 
of neighborhoods was between 2 and 5.

Pb% and Zn% values were detected with the help 
of geochemical analyses of the ore zones in the 42 
surface and subsurface boreholes. The ore zones in 
the subsurface environment for Pb% and Zn% were 
determined using this data. From the detected areas, 
the parts above the cut-off grade were modeled. The 
large areas were specifi ed as a result of this modeling 
study. It is not appropriate to use this data directly 
because of the limited number of boreholes, whose 
distances were not regularly spaced, and because 
the boreholes were not regularly distributed over 
the whole study area. Instead, the areas above the 
cut-off grades for both Pb% and Zn% were divided 
into 4 sectors to identify more specifi c areas (low, 
intermediate, high, very high). Then, the intersection 
areas in the subsurface environment of the same 
sectors for Pb% and Zn% were specifi ed and an 
attempt to determine the appropriate adit lines was 
tried. The IDW interpolation algorithm was used for 
the modeling of subsurface data. The power and the 
neighborhood values were tested for both Pb% and 
Zn% values and the optimal values are; power value 8 

Figure 9-  A) 3D topographic map and the sample adit line at Level 450 (the opacity value of the 3D topographic map has been reduced to 30% 
and the angle of view has been tilted 13° to the top along the x axis) (side of view: from South) (see fi gure 4 for the legend of the 
topographic elevations and fi gure 7 for the explanations of the sector colors), B) Side of view: from Top, C) Interpreted adit map of 
450 level.
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and number of neighborhoods 6 for Pb%, power value 
4 and number of neighborhoods 2 for Zn%. 

The cross-validation results and the prediction 
errors obtained from the surface modeling study are 
shown in fi gure 3 and table 1, respectively, while 
the cross-validation results and the prediction errors 
obtained from the subsurface modeling study are 
shown in fi gure 10 and table 3, respectively.  In this 
study, the modeling studies are evaluated considering 
all the data and the results obtained from the modeling 
studies are presented taking these values into 
consideration.

The number of sectors and the sector intervals 
were determined randomly in this study. These 
features may show changes in each different area. The 
sector intervals may be determined based on deposit 
conditions, economic conditions, and metal prices etc. 
Generally, modeling studies are carried out before the 
mining operations and the ore zones are operated in 
the frame of the model. However, depending on the 
importance of changes in the conditions on that day 
(e.g. sudden increases and decreases in costs, changes 
in metal prices), these models can be regenerated or the 
sector intervals on the created model can be changed. 
In this way, a model that can be actively used and can 
be changed during the mining operations is presented 

Figure 10- Cross-validation graph of the measured-estimated values of Pb% and Zn%.
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in this study. Although all the modeling studies up to 
this point were controlled by the geostatistical and 
cross-validation methods, the geological data such as 
lithology, the general position of ore, and structural 
elements should always be prioritized.
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