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ABSTRACT 

The mining sector is associated with a very high risk relatively to the return of invested capital. To minimize the 

consequences in projects’ development, it is necessary to guarantee resource knowledge. Nowadays, the 

classification of these resources is made based on the metals’ cut-off values estimated by kriging (an a priori 

Classification). However, when applying this estimation method, the histogram’s extreme classes tend to be 

underestimated and there is always bias in the quantity/quality of the sorted metals. 

The objective of this dissertation is presenting an alternative method, the Stochastic Classification, where the ore 

classification is based on simulated values through Direct Sequential Simulation. The ore with the highest net 

revenue is the adopted criteria to classify the blocks. A sensitivity study to the variation of the metal prices is 

presented in order to compare the economic viability of both methods. 

From the results it is possible to conclude that in both classifications, the percentage of copper ore is much 

higher than the percentage of zinc ore. Subsequently, the creation of a scenario where the zinc grade was doubled 

led to the decrease of the percentage of copper ore in the Stochastic Classification. However, in the a priori 

Classification some of the blocks that were classified as waste were now classified as zinc ore.  

Regarding the sensitivity study, the Stochastic Classification has most of the Net Smelter Revenue (NSR) when 

compared with the a priori Classification results, although it is a more conservative classification method. 
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1. INTRODUCTION 

One of the main problems that arises in the mining 

sector is the quantification and qualification of 

resources and reserves located within the mineral 

deposit being explored, as well as the decision 

regarding its exploitation. Given the high economic 

risk of this sector it is necessary to create 

techniques that allow the decrease of uncertainty 

associated with the entire surrounding mining 

environment. To cope with this issue, Mining 

Engineering Georges Matheron created 

Geostatistics (or Theory of Regionalized Variables) 

at the Center de Geostatistique de Fontainebleau of 

École desMines de Paris in the second half of the 

20th century (Matheron, G., 1965).  

Geostatistical methods provide a set of useful 

techniques to understand the apparent randomness 

of data. However, the data shows a possible spatial 

structuring, thus establishing a spatial correlation 

function (Yamamoto & Landin, 2013). 

Currently, the first stage of the resources 

classification is based on the metals’ grades and in 
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the geological knowledge of the rock formations, 

obtained through the recovery of cores boreholes. 

After the blocks’ estimation, by kriging, the 

classification is made based on the estimated 

metals’ grades (cutting grades). The cut-off grade is 

the minimum grade that generates a revenue that 

cancels the production costs (Caupers, D., 2013). 

Kriging is a geostatistical estimator which was 

firstly used by Matheron G., 1965, honoring the 

pioneering works of Krige D. (1951). It is a 

regression method used for the interpolation of data 

through samples given by points of a spatial 

attribute. The kriging technique therefore assumes 

that the data collected from a given population is 

correlated in space. 

(Soares, 2014) states that the kriging estimator is an 

optimal solution for the inference of global or local 

average characteristics of a natural resource, which 

makes it an ideal model for a first visualization of 

the resource's characteristics. However, it also 

states that this estimator is a filter applied to the 

experimental data set and an smoother of this data. 

This dissertation proposes an alternative to the 

current applied methodology, where the 

classification is made with estimated values, due to 

the bias of the metric tons and quantities resulting 

from this classification method. The methodology 

proposed in this dissertation is a method where the 

classification (Stochastic Classification) is based on 

the simulated values, which reproduce the law of 

distribution of the grades and the spatial variability, 

considering the net revenue (NSR) that is paid by 

the metals and non-metals products of the mine, 

including transportation and logistics costs. Thus, in 

the proposed methodology, the classification is 

based on the choice of ore that presents a greater 

benefit to the mine. 

A Stochastic Simulation method was used for the 

simulations: Direct Sequential Simulation (Soares, 

2001). The objective of this method is to reproduce 

images of the real variability of the samples, 

namely, the law of distribution of the variable under 

study and spatial continuity, as revealed by 

variograms or covariance (Soares, 2014). 

2. CASE OF STUDY 

2.1. Regional Geology 

The case study in this dissertation is the mineral 

deposit of Zambujal.  It is located in the Neves-

Corvo mine in Portugal (Baixo Alentejo), which is 

located in the western part of the Iberian Pyrite Belt 

(IPB). The location of the Neves-Corvo deposit, as 

well as the whole IPB is shown in Figure 1. 

 

Figure 1- Location of Neves-Corvo mine ( (Wardell 

Armstrong International, 2017) 

The IPB is known for it’s the amount of massive 

volcanogenic massive sulphides and is considered 

to be the largest European mining area and one of 

the largest in the world where basic metals such as 

copper and zinc (> 1700 Mt) are exploited and 

distributed for about 90 deposits. 

This metalogenic province formed in  Upper 

Paleozoic, from  Upper Devonian to  Lower 

Carboniferous, and forms an arch with an extension 

of about 250 km length and 30 to 60 km width 

(Carvalho & Ferreira, 1994),extending from the 

south of Spain (Andaluzia) to the southwest of 

Portugal (Alentejo). The mineralization began in an 

ocean that sheltered in depth several alignments of 

powerful volcanoes, whose activity was associated 
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with hydrothermal phenomena responsible for the 

genesis of iron, copper, zinc, lead, silver and gold 

massive sulphides deposits, according to (Carvalho 

& Ferreira, 1994). 

The Neves-Corvo deposit was discovered during a 

campaign of geological and geophysical 

prospecting in 1977. This discovery was marked by 

the metallic grade of its mineralization due to the 

high copper and tin grade and the size of the vast 

geological resource. 

All the mineral masses which form this deposit,  

typically occur as lenses of polymetallic solid 

massive sulphides such as pyrite, chalcopyrite,  

sphalerite, galena,  stannite, tennantite-tetrahedrite, 

other sulfosalt minerals and even oxides such as 

cassiterite, being these minerals the main 

component of the paragenesis of the sulfates. These 

have a very complex and diverse composition and 

this paragenesis leads to the interest in the metallic 

elements, especially the major ones namely Cu, Sn, 

Zn and Pb and Ag that increase the value, however, 

there are still the penalizing elements such as As, 

Sb, Hg and Bi and other elements with strategic 

potential such as In. 

In the Neves-Corvo deposit there are three types of 

mineralization: massive, fissural and rubané. There 

are six types of massive mineralization, three types 

of fissural mineralization, and two types of rubané 

mineralization. In addition to these classifications, 

there are still three classes of waste or low grade. 

The Zambujal is located at the SE end of the 

anticline and is the smallest mass of the Neves-

Corvo deposit containing copper and zinc 

mineralization (MC and MCZ). It is located at a 

depth between 330 and 550 m, with a maximum 

length of 409 m, maximum width of 600 m and an 

average thickness of 55 m. 

2.2. Experimental data 

For the present dissertation, the experimental data 

was provided by the planning department of 

SOMINCOR, specifically from an area of 

Zambujal. This data consists on the coordinates (x, 

y, z) of the drillholes in their length (m), in the 

minerals (Cu, Zn, Sn, Pb, Su, Fe, Ag, Hg, As, Sb, 

Bi, Au, Se), as well as their density. However, of all 

the metallic elements in this mineral mass, only the 

data concerning copper and zinc was used. 8115 

drillholes were carried out, with a minimum copper 

grade of 0.09 % and a maximum of 35 %. The 

minimum and maximum zinc grades are 0 % and 

25.4 %, respectively.  

3. METHODS 

The work was divided into three distinct phases; the 

first phase is called Stochastic Simulation, where 

the simulations are carried out. The second phase is 

called Classification of Ore Types, where the 

Stochastic Classification (Proposed Model) is 

carried out based on the simulated models and the a 

priori Classification is carried out based on the 

kriged model and the third part is a Sensitivity 

Study where the behaviour of the NSR planes is 

analysed to the variation of the metals’ prices for 

the classifications (Stochastic Classification and a 

priori Classification). 

3.1. Stochastic Simulation 

After the detailed analysis of the experimental data 

and after studying its spatial continuity, the models 

of the simulated copper and zinc grades were 

created. It was used Direct Sequential Simulation 

(DSS) for the creation of these models and a total of 

100 simulations were performed for each one of 

the two metals. These simulation models provide a 

set of equiprobable images with the same spatial 

variability of the experimental values, which 

together compose the total variability, contrary to 
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what happens with the estimation methods, since 

these provide the most probable image of the 

characteristics of a given resource (Soares, 2014). 

The DSS (Soares, 2001) is a simulation method that 

uses the original variable without requiring any 

transformation, which is an advantage over the 

Sequential Indicator Simulator (SIS) and Gaussian 

Sequential Simulation (GSS). In the SIS, it is 

necessary to transform the original variable into a 

set of indicator variables and, in the GSS, into a 

Gaussian variable. 

3.2. Classification of Ore Types 

3.2.1. Stochastic Classification 

The proposed methodology in this dissertation is to 

perform a Stochastic Classification (Figure 2) This 

classification uses the NSR concept as the only 

factor for the classification of the minerals, 

according to which will obtain the highest net 

revenue. 

 

Figure 2- Illustrative scheme of Stochastic Classification 

For the NSR calculation it is necessary to consider 

the grades of the metals (copper and zinc) as well as 

their prices.  

For that purpose, pairs for the two simulated grades 

(copper and zinc) were created, based on a unitary 

block (1m x 1m x 1m), that were extracted from the 

initially simulated models with corresponding 

coordinates. This process was replicated throughout 

the simulated blocks (1 938 190 blocks/model) and 

on the 100 simulations. The prices of these metals 

as another function variable, were collected on 

5/11/2018 at 3:39 pm (copper price = 2.84 USD/lb 

and zinc price = 1.20 USD/lb). From this function 

were created 100 Classified Maps.  

The classification of each unitary cube, out of the 

100 Classified Maps, was extracted and used to 

calculate the probabilities of each ore and to build 

two cubes with the correspondent probabilities, for 

each ore, assigned by coordinates. 

After obtaining each Cu and Zn probability cubes, a 

single cube was created using the ores designations 

for each unitary cube depending on the highest 

probability value leading to the creation of the 

Stochastic Classification Maps. Then, with these 

values was possible to calculate the copper and zinc 

ore percentages of all blocks of the Classification 

Map. This classification was applied to the 

simulated normal zinc grades and duplicated in 

further stages. 

3.2.2. A priori Classification  

In order to perform the a priori Classification 

(Figure 3), a Kriged Grades Model was used since 

this classification does not use the highest NSR 

value to define the type of ore as in Stochastic 

Classification considering the cut-off instead i.e. the 

ore type is defined according to the cut-off grade of 

copper and zinc. 

When the copper grade is higher than 0.7 %, the 

resource is named copper ore and is sent for copper 

washing. When the copper grade is less than 0.7 % 

and the zinc grade more than 3 %, the resource is 

named zinc ore and sent for zinc washing. When 

the copper grade is less than 0.7 % and the zinc 

grade of less than 3 %, the ore is named as waste, 

with no economic value. 
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Figure 3- Illustrative scheme of a priori Classification 

3.3. Study of sensitivity to changes in 

metals prices 

In this chapter, a Sensitivity Study was carried out 

regarding the variation of the prices of metals 

(copper and zinc) for the NSR, as previously 

mentioned.  For the calculation of the NSR it is 

necessary to apply the grades and prices of the 

elements under study, copper and zinc, in the 

function. 

 The simulated grades of the 100 simulations were 

applied and for the a priori Classification, the 

kriged grades of the experimental data were used. 

The set of prices used for this sensitivity study 

ranges from 1 to 6 US/ lb for copper and from 0.5 

to 2.5 US/Ib for zinc. 

The zinc grades were doubled to be possible to 

compare the variation of this set of prices to higher 

zinc grades. 

3.3.1. Stochastic Classification 

In order to perform the Sensitivity Study, it was 

necessary to calculate the NSR for each block of all 

models of simulated grades (100 models).  The 

classification of each model was done, considering 

that the NSR of the copper and the NSR of the zinc 

of each theoretical model correspond to the sum of 

the NSRs of all the blocks, according to their 

classification. 

3.3.2. A priori Classification  

On the contrary to the Stochastic Classification, the 

a priori Classification classifies the blocks 

according to the cut-off. In this classification the 

NSR is never calculated. however, the NSR of each 

block was calculated according to its classification 

due to the fact that  in this chapter  is studied the 

variation of the NSR values according to the 

variation of the prices of the metals under study, 

after grading the model blocks of estimated grades, 

according to the grades.  

4. RESULTS AND DISCUSSION 

4.1. Stochastic Simulation 

For  creating copper and zinc metal grade models, 

100 simulations were performed through the Direct 

Sequential Simulation for each of the variables 

under study due to the low correlation between 

them (0.475 R, according to Pearson’s coefficient). 

The simulations have 500 m in the x-axis, 440 m in 

the y-axis and 190 m in the z-axis This corresponds 

to a total of 41 800 000 blocks in a regular grid with 

unitary blocks (1m x 1mx 1m).  

After the models for the copper grades were 

calculated, the average (Figure 4) and the variance 

(Figure 5) of all 100 simulations were calculated. 

 

Figure 4 - Average copper grade simulations 

 

Figure 5 - Variance of copper grade simulations 
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By observing the Figures 4 and 5, it is possible to 

identify zones with low values of average and 

variance of copper grade, in the coordinates (250, 0, 

100).  It is possible to observe a large blue spot, 

which is associated with low values of grades. The 

average of the 100 simulations is 5.21 %, with the 

maximum average value being 10 % and the 

maximum value of variance of 120 %. 

Figure 6 and Figure 7 represent the average and 

variance of the zinc grade models for the 100 

simulations, respectively. 

 

Figure 6- Average zinc grade simulations 

 

Figure 7- Variance of the zinc grade simulations 

In the models of Figures 6 and 7 it is possible to 

observe areas with low values of average and 

variance of zinc grade, being the total average of 

4.21 % of the 100 simulations. In these models it is 

also possible to observe that the maximum average 

value is 7 % and the maximum value of variance is 

50 %. 

Due to the high dimensions of the previous models, 

was selected an area for the tests. The cuts were 

carried out on the x-axis from the 350 m to 450 m 

and a cut on the y axis with 100 m from 200 m to 

300 m. Consequently, the new simulations have 

(101m x 101m x 190m) that corresponds to 

1 938 190 blocks in a regular grid of 1m x 1m x 

1m. 

 Figure 8 corresponds to the average and Figure 9 to 

the variance of all 100 simulations with the new 

dimensions for the copper grades. 

Figure 8- Average of the 

copper grade simulations for 

the new dimensions 

Figure 9- Variance of the 

copper grade simulations for 

the new dimensions 

 The Figure 10 is the average and the Figure 11 is 

the variance of all 100 simulations with the new 

dimensions for the zinc grades. 

Figure 10- Mean of the zinc 

grade simulations for the new 

dimensions 

Figure 11- Variance of the zinc 

grade simulations for the new 

dimensions 

4.2. Classification of ore types 

4.2.1. Stochastic Classification 

Table 1 shows the percentages related to the 

Stochastic Classification of copper and zinc ore. 

Table 1- Percentage of classified minerals (Stochastic 

Classification) 

Classification 
Normal Zn 

grades [%] 

Duplicate Zn 

grades [%] 

Copper ore 99.53  93.66  

Zinc ore 0.47  6.34  

 From Table 1 it is possible to infer that the 

percentage of zinc ore is only 0.47 % for normal 
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zinc grades and of copper ore is 99.53 %.  

Regarding duplicated zinc grades, the percentage of 

copper ore decreased to 93.66 % and the percentage 

of zinc ore increased to 6.34 %.  The doubling of 

the grades allowed an increase of 5.87 % of the 

blocks that are classified as zinc ore. 

4.2.2. A priori Classification  

Table 2 shows the percentages for a priori 

Classification of copper and zinc ore. 

Table 2 Percentage of classified minerals (a priori 

Classification) 

Classification 
Normal Zn 

grades [%] 

Duplicate Zn 

grades [%] 

Copper ore 97.10 % 97.10 % 

Zinc ore 1.18 % 2.69 % 

Waste 1.72 % 0.21 % 

The analysis of Table 2 shows that, for normal zinc 

grades, the percentage of copper ore is 97.10 %, 

zinc is 1.18 % and waste is 1.72 %.  When the zinc 

grades are doubled, the percentage of copper ore 

remained the same (97.10 %). The only change that 

occurs is the increase in the number of blocks 

classified as zinc ore to 2.69 % and the reduction of 

blocks classified as waste. Duplication led to the 

classification of blocks as zinc ore that were 

previously classified as waste.  

Comparing the two classifications is possible to 

conclude that for normal zinc grades, the 

percentage of copper ore of the Stochastic 

Classification (99.53 %) is higher than the 

percentage of copper ore of the a priori 

Classification (97.10 %), and the percentage of zinc 

ore is lower (0.47 %). However, when the zinc 

grade is doubled, the percentage of copper ore in 

the Stochastic Classification is lower than the 

percentage of the a priori Classification (97.10 %) 

and the percentage of zinc ore is higher (6.34 %). 

Note that in a priori Classification, in the waste 

class, the costs are greater than the benefit of the 

block. In the simulated values also exists waste, 

however, for the calculation of the NSR that 

represents the net revenue associated with each 

wash, the mining costs are not included. 

4.3. Study of sensitivity to changes in 

metals prices 

In this subchapter, the results of the sensitivity 

study to the changes in the prices of the metals 

(copper and zinc) in the calculation of NSR values 

will be presented. 

4.3.1. Stochastic Classification 

As 100 simulations were performed and the 

classification was applied to all simulated 

theoretical models, total NSR values of copper and 

zinc were obtained for each of the simulations. Due 

to the number of planes that were obtained for each 

NSR (100 planes by NSR), in Figures 12 and 13 are 

only shown the percentiles 10, 50 and 90 of these 

values.  

 

Figure 12- NSR of copper, zinc and total NSR 

(Stochastic Classification) 

 

Figure 13- NSR of copper, zinc and total NSR for 

doubling of zinc values (Stochastic Classification) 

With the observation of Figures 12 and 13, it is 

possible to conclude that the value of zinc NSR 
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(green plane) is so reduced when compared to the 

copper NSR (red plane), that the plane of the 

copper NSR is almost coincident with the plane of 

the total NSR (blue plane). The overall NSR is 

higher for the higher copper prices in both figures 

(±8×108 €) and tends to decline as there is a 

decrease in these prices, with only one exception in 

the Figure 13, when copper prices are reduced and 

the price of zinc is high. At these points in the 

graph, the value of the NSR of zinc increases and 

the NSR of copper decreases significantly. The total 

NSR tends to decrease with the decrease in the 

price of copper, however, zinc prices has a small 

influence the variation of this plane, except in 

Figure 13, when there is an increase in the zinc 

NSR. 

4.3.2. A priori Classification  

In the graphs of the following figures (Figure 14 

and 15) it is possible to compare the NSR of 

copper, zinc and its sum to a priori Classification.  

 

Figure 14- NSR of copper, zinc and total NSR (a priori 

Classification) 

 

Figure 15- NSR of copper, zinc and total NSR for 

doubling of zinc values (a priori Classification) 

 

From figures 14 and 15  is possible to conclude that 

the value of zinc NSR is also greatly reduced 

because the plane of copper NSR is almost 

coincident with the plane of the total NSR as is not 

visible the plane with the green color (copper). The 

total NSR is much higher for the higher copper 

prices (± 9 × 108€) and tends to decline depending 

on whether there is a decrease in these prices.  It 

does not vary with the variation of zinc prices and 

does not show great variation in both figures. 

4.3.3. Comparison of Classifications 

The graphs that allow the comparison between the a 

priori Classification (blue color) and the Stochastic 

Classification (green color) are shown below as 

well as the difference between the two 

classifications (yellow color) in Figures 16 and 17. 

 

Figure 16- Classification Comparison  

 

Figure 17- Classification Comparison for the doubling of zinc 

grades 

From Figures 16 and 17, the sum of the NSRs of 

the Stochastic Classification is mostly higher than 

the sum of the NSR of the a priori Classification, 

however, there are graph locations where this does 
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not occur. In this area, due to the high copper 

prices, the a priori Classification uses the average 

value of kriging, leading to an overestimation 

relatively to the copper NSR. Therefore, there are 

blocks that are being classified as copper, but in fact 

they are not. This is enough to increase the net 

revenue, implying that the NSR of the a priori 

Classification exceeds the NSR of the Stochastic 

Classification. On the other hand, the Stochastic 

Classification method is much more conservative, 

since 100 simulations were performed and the 

percentile 50 is being used for calculations 

purposes.  

The highest value of the NSR in the previous 

figures is  8 ×108€ in Figure 16 and 9 ×108 € in 

Figure 17. Here, as the price of copper decreases, 

the NSR also decreases, not varying with the price 

of zinc in the Figure 16, however, in the Figure 17 

it is possible to see a variation for higher prices of 

zinc. 

5. CONCLUSION 

The complexity and risk of a mining project 

requires the creation of increasingly advanced 

methods and techniques aimed to increasing the 

knowledge about the resources and reserves of the 

deposits that are going to be explored. Thus, the 

main objective of this dissertation was to present a 

classification model (Stochastic Classification), as 

an alternative to the a priori Classification that aims 

to improve the classification of resources, 

considering the gaps of the current method. 

The work developed in this dissertation was carried 

out based on experimental data provided by the 

Planning Department of SOMINCOR - Sociedade 

Mineira de Neves-Corvo, S.A., concerning copper 

and zinc ore, from the Zambujal deposit that 

belongs to the Neves-Corvo, in the Alentejo region, 

which is located in the Iberian Pyrite Belt. 

 It is possible to conclude that in the Stochastic 

Classification only 0.47 % of the blocks are 

classified as zinc ore and the remaining 99.53 % of 

the blocks are classified as copper ore. With the 

doubling of zinc grades, the percentage of blocks 

classified as copper ore decreased to 93.66 % and 

the percentage of zinc ore increased to 6.34 %, i.e. 

there are  more  5.87 % of blocks to be classified 

such as zinc ore. 

Regarding the a priori Classification, it can be 

concluded that the percentage of blocks classified 

as copper ore is 97.10 %, the percentage of zinc ore 

is 1.18 %, and the percentage of waste is 1.72 %. 

With the doubling of zinc grades, the percentage of 

copper ore remained at 97.10 %, the percentage of 

blocks classified as zinc ore increased to 2.69 % 

and the percentage of waste decreased to 0.21 %. 

There was an increase in the blocks classified as 

zinc ore of 1.51 % (from 1.18 % to 2.69 %) and a 

decrease in blocks classified as waste (from 1.72 % 

to 0.21 %). 

Comparing the two classifications it can be 

concluded that there is a difference of 2.43 % 

between the blocks that were classified as copper 

ore and a difference of 0.71 % between the blocks 

that were classified as zinc ore for the normal 

grades of zinc. Also a difference of 3.44 % between 

the blocks that were classified as copper ore and a 

difference of 3.65 % between the blocks that were 

classified as zinc ore, for the duplicated zinc grades. 

The difference between the percentages of the 

classifications and the two methods of classification 

allows us to conclude that the a Prior Classification 

method is not maximizing the net revenue and does 

not allow obtaining the greatest benefit from the 

present resources of this deposit. 

The conclusions related to the Stochastic 

Classification in the sensitivity study to the 

variation of metal prices are the following; the 
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value of the NSR of copper is much higher than the 

value of the NSR of zinc, however, when the price 

of copper is low and the price of zinc is higher, the 

NSR value of zinc is higher than the copper one. 

The sum of the NSR of copper and zinc, reaching 

its maximum values for high copper prices 

(8 ×108€) and tends to decline as copper prices 

decrease. This plane does not present variations in 

the price of zinc in both cases. 

The conclusions that can be drawn from the 

sensitivity study on the a priori Classification are 

the following; as in the Stochastic Classification, 

the copper NSR is much higher than the zinc NSR. 

Also, it reaches its maximum value of 9 ×108 €, 

for higher copper prices. The zinc NSR is very 

reduced when compared to the copper NSR that is 

almost coincident with the plane of the total NSR 

throughout the graph.  Regarding the behavior of 

the planes with the duplication of the zinc grades, it 

can be concluded that the planes of the copper NSR 

have not suffered any visible changes.  Only the 

values of the zinc NSR show a small increase 

meaning that the a priori Classification is not very 

sensitive to the variation of the zinc grades. 

Regarding the sum of the copper and zinc NSR, it is 

possible to conclude that the Stochastic 

Classification NSR is always higher, however, there 

is an area, namely for high copper prices, where the 

NSR of the a priori Classification is greater. In this 

area, the overestimation of the NSR due to the use 

of the mean kriging value is enough to exceed the 

the Stochastic Classification values, which is a 

much more conservative method since for 

calculation purposes percentile 50 is being used. 
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