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Abstract 

A very important part of any open-pit mining project is determining the ultimate pit limits and optimizing the pushbacks. Currently, block 

models are the most widely used for calculating mineral resources and reserves. Block models can define the ultimate pit limits through 

algorithms like floating cone, Lerchs-Grossmann, PseudoFlow, etc. However, only through an economic study will the best pits be selected, 

from most to least economically valuable, and the different possible pushbacks can then be defined. 

Based on pre-determined operating costs, all possible scenarios should be studied while varying the selling price in fixed increments between 

minimum and maximum values that cover all possible future prices. The starting selling price should be very low, and consequently, the only 

phase that will be economical is the one with adequate grade and a low stripping ratio. As the selling price increases, the ultimate pit limits do 

not vary or vary only slightly until the price reaches the point at which another of the ore bodies in the deposit becomes economical. This 

process is repeated as the price increases until the maximum price considered is reached; then, the project reaches the last phase that is eco-

nomical if economic conditions are very favourable.    

The data obtained in each phase can be used to simulate different scenarios, since the different phases will not change because operating costs 

or economic conditions change. The ore is not going to move; what changes is the phase up to which mining will be economical and what 

profits will be obtained in each phase.       
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1. INTRODUCTION 

A critical component to any feasibility study of an open-pit mining project is determining the ultimate pit limits and the 

optimal mining phases (pushbacks).       

Today, block models are the most commonly used technique for calculating mineral resources and reserves (Krzemień et al., 

2016; Riesgo García et al., 2019; Sterba et al., 2020).  

A block model is essentially a database in which each record represents a block of rock and in which the fields define the 

block’s location and properties, such as density, lithology and grade.          

Block models are used to divide the subsurface into parallelepipeds so that each represents a database record with specific 

characteristics (Figure 1).  

 

Figure 1. Block models 

Block models for calculating mineral resources and reserves have been used for a long time, though early on there were 

database size and processing time limitations. However, these limitations have been virtually eliminated due to the speed of 

modern computers and the ease of managing large databases.                

Block models are used not only to calculate resources and reserves but also for planning, grade control, calculating volumes 

and dilutions and other activities (Lesage et al., 2018). 

Block models, combined with different algorithms, can be used to determine the possible ultimate pit limits under different 

market conditions. However, optimizing the ultimate pit limits and designing and planning the different pushbacks can only be 

determined by including an economic analysis.      

The process for determining the pushbacks is based on the calculation parameters, operating costs, processing recovery, 

geotechnical angles and selling prices, as well the equations that relate them when calculating the ultimate pit limits, and is 

discussed below.          

All the calculations and images presented were obtained using RecMin (free version) and RecMin Professional software 

(Castañón Fernández, 2019). RecMin and a wealth of information and helpful tutorials are available free of charge on the Internet.  

2. CALCULATION PARAMETERS AND CUT-OFF GRADES 

The following parameters are needed to calculate the ultimate pit limits:     
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• The mining cost of waste rock includes the costs of drilling, blasting, loading, hauling and dumping material in the waste 

rock dump; the cost is usually given per ton or per cubic metre.  

• The mining cost of ore includes the costs of drilling, blasting, loading, and hauling to the processing plant and grade 

control; this cost is usually given per ton or cubic metre. It tends to be somewhat higher than that of waste rock due to 

grade control costs and because the mined benches are generally smaller. 

• The ore processing cost includes all operating costs in the processing plant, including crushing, milling, processing, han-

dling of concentrates and administrative costs. This cost is usually given per ton of ore processed. We have also added 

administrative and other costs here, which are generally calculated per ton of ore processed. 

• The average processing recovery is the percentage by weight of metal or ore that is recovered in the processing plant. 

• The selling price is the final selling price of the metal or ore. It is equal to the market price minus the costs of transport, 

freight, fines, smelting and royalties. Although there are many types of purchase contracts for concentrates produced at 

the mine, some are complex; the actual price paid is related not only to the metal content of the concentrate but also to 

the content of other metals. The standard practice is to calculate the real price that is charged minus all these costs. 

• Geotechnical angles represent the maximum allowable slope angles that, depending on the characteristics of the material, 

ensure a stable mining operation. These angles usually vary according to lithology, degree of alteration and location, and 

are critical for determining the ultimate pit limits since they considerably impact the amount of waste that needs to be 

extracted. 

Once the calculation parameters are defined, the break-even cut-off grade that the ore must have to be profitable can be 

determined. This grade is equal to the operating and processing costs divided by the revenue (Githiria & Musingwini, 2019; 

Khan, Waqar, & Asad, 2019).  

 𝐶𝑢𝑡 − 𝑜𝑓𝑓	𝑔𝑟𝑎𝑑𝑒-./012/3/4 =
𝐶𝑜𝑠𝑡7./ + 𝐶𝑜𝑠𝑡9.7:/;;<4=

𝑃𝑟𝑖𝑐𝑒 · 𝑅𝑒𝑐  (1) 
 

where 

Costore = Cost of mining ore per ton 

Costprocessing = Cost of treating ore per ton 

Price = Final selling price per grade unit    

Rec = Recovery average at plant 

The ore that does not meet the cut-off grade and is within the mined pit would be considered waste. However, knowing this 

waste must be mined and trucked to the waste rock dump with a certain cost, Costwaste (cost of mining waste per ton), if we 

eliminate this necessary cost in the cut-off grade calculation, the internal cut-off grade can be defined and is equal to the costs of 

mining the ore and its processing minus the costs of waste divided by the revenue. 
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 𝐶𝑢𝑡 − 𝑜𝑓𝑓	𝑔𝑟𝑎𝑑𝑒<4N/.40O =
𝐶𝑜𝑠𝑡7./ + 𝐶𝑜𝑠𝑡9.7:/;;<4= − 𝐶𝑜𝑠𝑡P0;N/

𝑃𝑟𝑖𝑐𝑒 · 𝑅𝑒𝑐  (1) 

 

3. FLOATING CONE METHOD 

The ultimate pit limits can be determined manually based on sections or as an automated process (Kennedy, 1990). Consid-

ering how easy it is to access computerised resources, using automated systems would seem the obvious choice, but a manual 

review of the calculated sections is always useful. 

Several algorithms have been developed to calculate ultimate pit limits. Lerchs and Grossman (1965) and Giannini and Cac-

cetta (1988) adopted a graph-theoretic approach; Picard (1976) used the network flow approach; Kakaie and Yousefi (2011) used 

the floating cone method, as was later used by RecMin (Castañón Fernández, 2019); and Muir (2004) used PseudoFlow methods 

as implemented in MiningMath (MiningMath Software, 2020), previously known as SimSched software, that classifies the 

blocks during the process as waste or ore to achieve the maximum net present value (NPV) at each analysed point (Pell et al., 

2019). 

Regardless of the method used, the ultimate pit limits should be the same or similar for the same calculation parameters, with 

the main difference being computation speed since traditional methods are usually quite slow; therefore, automated algorithms 

such as PseudoFlow have advantages in this regard.         

In addition to the algorithms, some programs consider the time factor in the calculation, applying an annual interest and 

differentiating the initial negative cash flow required for hauling waste in the profitability calculation, which can be calculated 

using products such as GEOVIA Whittle (Dassault Systemes, 2019) and Minesight (Hexagon Mining, 2019).  

To calculate the ultimate pit limits, it is necessary to have a database of blocks that includes all the ore and waste blocks in 

the entire mining area with their properties, size, location, density and grades.         

The floating cone or inverted cone method examines each ore block, in descending order, to determine which blocks in the 

cone would have to be removed to mine that block. If the sum of the revenue exceeds the costs when that cone is mined, then 

that cone is removed from the block database (Figure 2). 
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Figure 2. Central section of a block’s cone 

The process is repeated from top to bottom, checking all the ore blocks repeatedly until a cycle is completed without a new 

economic cone appearing. An ore block may not be economical in one cycle but may be in the next if a subsequent ore block 

removes part of the associated waste rock. 

The process must be rigorously performed from top to bottom because if done from bottom to top, it is possible that a block 

in the lower zone may be considered economic when it is not, since we would be paying for the losses in this lower zone with 

the gains generated from the higher zone, thus overestimating the economic value of the ore body. 

The same process is repeated with groups of ore blocks at each level to avoid excluding ore blocks that by themselves are 

not economical but are in fact economical when considered with nearby blocks.       

The ore between the break-even cut-off grade and the internal cut-off grade is the marginal ore. 

The study of each cone considering the internal cut-off grade is based on the parameters and equations shown in Table 1.     

Table 1. Optimization parameters of the cone of an ore block considering the internal cut-off grade 

TYPE OF 
BLOCK WASTE MARGINAL ORE ORE 

Condition Cut-off grade < internal 
cut-off grade 

internal cut-off grade <= cut-off 
grade < break-even cut-off grade 

Cut-off grade >= break-even cut-off 
grade 

Totals Waste tonnage: 
𝑡P0;N/ 

Marginal ore tonnage:  
𝑡Q0.= 

Marginal ore average grade: 
𝐺𝑟𝑎𝑑𝑒Q0.= 

Ore tonnage: 
𝑡7./ 

Ore average grade: 
𝐺𝑟𝑎𝑑𝑒7./ 

 
Costs 

 Waste mining cost: 
𝑡P0;N/ × 𝐶𝑜𝑠𝑡P0;N/ 

Marginal waste mining cost: 
𝑡Q0.= × 𝐶𝑜𝑠𝑡7./ 

Marginal ore processing cost: 
= 𝑡Q0.= × 𝐶𝑜𝑠𝑡9.7:/;;<4= 

Ore mining cost: 
𝑡7./ × 𝐶𝑜𝑠𝑡7./ 

Ore processing cost: 
𝑡7./ × 𝐶𝑜𝑠𝑡9.7:/;;<4= 

Revenue 0 𝑡Q0.= × 𝐺𝑟𝑎𝑑𝑒Q0.= × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 𝑡7./ × 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 

 

Based on the definitions in Table 1, the expected profit from the mining of each ore block is obtained with the following 

equation: 

 
𝑃𝑟𝑜𝑓𝑖𝑡 = T𝑡7./ × 𝐺𝑟𝑎𝑑𝑒7./ + 𝑡Q0.= × 𝐺𝑟𝑎𝑑𝑒Q0.=U × 𝑅𝑒𝑐 ∗ 𝑃𝑟𝑖𝑐𝑒 − 𝑡P0;N/ × 𝐶𝑜𝑠𝑡P0;N/ − (𝑡7./

+ 𝑡Q0.=) × (𝐶𝑜𝑠𝑡7./ + 𝐶𝑜𝑠𝑡9.7:/;;<4=) 
 

(2) 

Table 2 presents the optimization parameters of the cone of an ore block considering the break-even cut-off grade, summa-

rizing the results for each cone using the cut-off grade, without considering the internal cut-off grade. 

Table 2. Optimization parameters of the cone of an ore block considering the break-even cut-off grade 

TYPE OF 
BLOCK WASTE ORE 

Condition Cut-off grade < break-even 
cut-off grade 

Cut-off grade >= break-even cut-off 
grade 

Totals Waste tonnage: 
𝑡P0;N/ 

Ore tonnage: 
𝑡7./ 

Ore average grade: 
𝐺𝑟𝑎𝑑𝑒7./ 

 
Costs 

 Waste mining cost: 
𝑡P0;N/ × 𝐶𝑜𝑠𝑡P0;N/ 

Ore mining cost: 
𝑡7./ × 𝐶𝑜𝑠𝑡7./ 

Ore processing cost: 
𝑡7./ × 𝐶𝑜𝑠𝑡9.7:/;;<4= 
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Revenue 0 𝑡7./ × 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 

 

Based on the definitions in Table 2, the expected profit from mining each block is obtained with the following equation: 

 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑡7./ × 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 − 𝑡P0;N/ × 𝐶𝑜𝑠𝑡P0;N/ − 𝑡7./ × (𝐶𝑜𝑠𝑡7./ × 𝐶𝑜𝑠𝑡9.7:/;;<4=) (3) 

 
Strictly speaking, the internal cut-off grade should be considered in the calculation, but from a conservative standpoint, it 

may be more prudent to use the break-even cut-off grade for the following reasons: 

• Except in cases where the processing cost is very low, the difference between the break-even cut-off grade and the internal 

cut-off grade is generally very small. This small difference implies that in the mining operation and in grade control, 

separating the ore of that grade is very difficult if not impossible.       

• Additionally, ore in that grade range (marginal ore) is very low-grade ore and will never be higher than the break-even 

grade; thus, the operational profit derived from it is very small.     

• If marginal ore is introduced to the plant, then the plant is operating with low-profit ore and a higher-grade ore cannot be 

introduced because it would reduce profit. This is critical, especially in the first few years, when it is of utmost importance 

to recover the investment as soon as possible. 

• Many mining projects will plan to process the ore that is above the break-even grade and to stockpile the marginal ore 

for use when economic conditions allow, when there is not enough ore extracted to feed the plant, or when the mine is at 

the end of its life. Stockpiling can be risky if market prices drop and this marginal ore is never processed; however, if 

prices rise, it can be a very profitable resource, both during and especially at the end of the life of the project, when the 

mine has difficulties supplying the plant with the tonnage it requires for processing, which has happened in all mines 

recently.             

Whether the internal cut-off grade is considered or not, the following parameters influence the profits:  

• The costs of mining waste and ore are both determined precisely. In the feasibility study phase, these costs are usually 

the result of a detailed study of the characteristics of the materials, the costs of drilling, blasting and loading and also the 

hauling distances to the destination, either the waste rock dump or the plant. These costs do not vary much, except in 

special cases. When mining begins, these costs should stay within +/-10%, which is the range of conceptual precision in 

feasibility studies according to the AusIMM Guidelines for Techno-Economic Evaluations (2012).  

• Costs of ore processing and recovery, although in some cases are difficult to determine, should not vary more than +/-

10% if the pilot-scale processing test work was performed with a quantity of ore that is sufficient and representative of 

the entire life of the mining project. 

• In terms of the selling price, little can be done to limit the variability of this parameter, especially in metallic mining, 

since the variation in metal prices, in addition to being unpredictable, can increase dramatically over a very short time 



  6 

 

(Sánchez Lasheras et al., 2015; Krzemień et al., 2015; Riesgo García et al., 2018; Matyjaszek et al., 2019; Matyjaszek et 

al., 2020). 

A +/-20% variation in selling price in the short term and greater than 50% in the medium term is typical in metals, such as 

Cu, Au, Zn and Ni.     

Any study of ultimate pit limits must consider this selling price variation and determine the possible scenarios, both at the 

beginning and in the successive production phases. 

To simplify the profit equation, we can consider the stripping ratio as follows: 

 𝑟𝑎𝑡𝑖𝑜 = 𝑡P0;N/ ∕ 𝑡7./ ⇒ 𝑡P0;N/ = 𝑟𝑎𝑡𝑖𝑜 × 𝑡7./ (4) 
 

Substituting this variable into the profit equation, we have the following: 

 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑡7./ × (𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 − 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ − 𝐶𝑜𝑠𝑡7./ − 𝐶𝑜𝑠𝑡9.7:/;;<4=) (5) 

 
Additionally, the profit per ton of ore bt can be calculated as follows: 

 𝑏N = 𝑃𝑟𝑜𝑓𝑖𝑡 ∕ 𝑡7./ = 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 − 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ − 𝐶𝑜𝑠𝑡7./ − 𝐶𝑜𝑠𝑡9.7:/;;<4= (6) 

 
If we study profit variance obtained with a pit △ 𝑏N	 for a percent variance of each of the parameters, for example, if the 

processing cost varies △% percentage, we would have the following: 

 

△ 𝑏NT𝐶𝑜𝑠𝑡9.7:/;;<4=U
= (𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 − 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ − 𝐶𝑜𝑠𝑡7./ − 𝐶𝑜𝑠𝑡9.7:/;;<4=)
− (𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 − 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ − 𝐶𝑜𝑠𝑡7./ − (1 +
△%) × 𝐶𝑜𝑠𝑡9.7:/;;<4=) 

(7) 

 
Simplifying this equation yields: 

 △ 𝑏NT𝐶𝑜𝑠𝑡9.7:/;;<4=U = − △%× 𝐶𝑜𝑠𝑡9.7:/;;<4= (8) 

 
If we repeat this operation with the remaining parameters, the following equations are obtained: 

 △ 𝑏N(𝐶𝑜𝑠𝑡7./) = − △%× 𝐶𝑜𝑠𝑡7./ (9) 

 △ 𝑏N(𝐶𝑜𝑠𝑡P0;N/) = − △%× 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ (10) 

 △ 𝑏N(𝑅𝑒𝑐) =△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 (11) 

 △ 𝑏N(𝑃𝑟𝑖𝑐𝑒) =△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 (12) 

 
Note that the profit variances are the same for the same percent variance in selling price or recovery. 

We can exemplify this using typical values for the following hypothetical case:  

Costwaste = Mining cost of waste per ton = 2 €/t 

Costore = Mining cost of ore per ton = 2.2 €/t (Ore density is usually higher than that of waste; therefore, mining ore is usually 

costlier.) 
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Costprocessing = Cost of processing ore per ton = 12 €/t 

Price = Final selling price = 5000 €/t 

Rec = Average recovery at the plant = 82% 

ratio = Stripping ratio (waste/ore ratio) = 2 

Gradeore = Average ore grade = 1% 

Calculating all the cut-off grades, we obtain the following:  

 𝐶𝑢𝑡 − 𝑜𝑓𝑓	𝑔𝑟𝑎𝑑𝑒-./012/3/4 = 	
𝐶𝑜𝑠𝑡7./ + 𝐶𝑜𝑠𝑡9.7:/;;<4=

𝑃𝑟𝑖𝑐𝑒 ∗ 𝑅𝑒𝑐 =
2.2 + 12

5000 ∗ 0.82 = 0.0035 = 0.35% (1413) 

 

 𝐶𝑢𝑡 − 𝑜𝑓𝑓	𝑔𝑟𝑎𝑑𝑒<4N/.40O = 	
𝐶𝑜𝑠𝑡7./ + 𝐶𝑜𝑠𝑡9.7:/;;<4= − 𝐶𝑜𝑠𝑡P0;N/

𝑃𝑟𝑖𝑐𝑒 ∗ 𝑅𝑒𝑐 =
2.2 + 12 − 2
5000 ∗ 0.82 = 0.0030 = 0.30% (14) 

 
 Additionally, calculating the profit variance based on the variance of each parameter that influences the calculation leads to: 

 △ 𝑏NT𝐶𝑜𝑠𝑡9.7:/;;<4=U = − △%× 𝐶𝑜𝑠𝑡9.7:/;;<4= = − △%× 12 (15) 

 △ 𝑏N(𝐶𝑜𝑠𝑡7./) = − △%× 𝐶𝑜𝑠𝑡7./ = − △%× 2.2 (16) 

 △ 𝑏N(𝐶𝑜𝑠𝑡P0;N/) = − △%× 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ = − △%× 4 (17) 

 △ 𝑏N(𝑅𝑒𝑐) =△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 =△%× 0.01 × 0.82 × 5,000 =△%× 41 (18) 

 △ 𝑏N(𝐶𝑜𝑠𝑡7./) =△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 =△%× 41 (19) 

 
If equations (16) and (20) are compared, we can see that the change in processing cost must be 3.41 times greater (and of 

opposite sign) than the change in price to yield the same profit change.    

 
△ 𝑏N(𝑃𝑟𝑖𝑐𝑒)

△ 𝑏NT𝐶𝑜𝑠𝑡9.7:/;;<4=U
=
△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒

− △%× 𝐶𝑜𝑠𝑡9.7:/;;<4=
=

△%× 41
−△%× 12 = −	3.41 (20) 

 
Therefore, a 10% increase in processing cost is the same as a 10/3.41 = 2.93% decrease in selling price. 

If the same is done by comparing equations (17) and (18) with equation (20), we can conclude that the change in the mining 

cost of ore must be 18.6 times higher (and of opposite sign) than the change in selling price to yield the same profit change. In 

addition, the change in the mining cost of waste must be 10.25 times higher (and of opposite sign) than the change in selling 

price to yield the same profit change.   

Therefore, a 10% increase in mining costs of ore is the same as a 10/18.6 = 0.54% decrease in the selling price. Additionally, 

a 10% increase in the mining cost of waste is equivalent to a 10/10.25 = 0.98% decrease in selling price.          

Therefore, the profit variance is identical for equal changes in recovery and in selling prices. 

 
△ 𝑏N(𝑃𝑟𝑖𝑐𝑒)
△ 𝑏N(𝑅𝑒𝑐)

=
△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒
△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒

= 1 (21) 

 
Figure 3 shows a spider graph from the sensitivity analysis of the profit per ton of ore vs. changes in Costprocessing, Costore 

Price and Rec. As shown by the auxiliary green lines, a 10% increase in the mining cost (the maximum inaccuracy previously 
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determined for a feasibility study) will yield the same profit as a selling price decrease of just -0.54%. Again, an extreme 10% 

variation in the concentration cost, which means that no pilot-scale testing was performed or that there is lack of confidence or 

experience concentrating the ore, will be equivalent to just a -2.9% change in the metal price. Thus, the metal price definition 

will be the key element that will define the feasibility of the study and plays a much greater role than the cost factors. 

 

Figure 3. Sensitivity analysis of the profit per ton of ore (y-axis) vs. variation in the costs of ore processing and mining (x-axis) 

Since the formulas are linear, the effects of each variation in the parameters in the previous equations can be summed. Thus, 

a simultaneous x% increase in the costs of mining waste, costs of mining ore and the costs of processing would reduce the profit 

per ton of ore as follows: 

△ 𝑏NT𝐶𝑜𝑠𝑡P0;N/, 𝐶𝑜𝑠𝑡7./, 𝐶𝑜𝑠𝑡9.7:/;;<4=U = −𝑥%× 𝑟𝑎𝑡𝑖𝑜 × 𝐶𝑜𝑠𝑡P0;N/ − 𝑥%× 𝐶𝑜𝑠𝑡7./ − 𝑥%× 𝐶𝑜𝑠𝑡9.7:/;;<4=
= −𝑥%× (12 + 2.2 + 4) = −18.2 × 𝑥% 

(22) 

 
If we wanted to determine how much the selling price would have to vary (∆%) such that the profit changes in parallel with 

these three operating variables, making the previous equation equal, we obtain the following: 

△ 𝑏N(𝑃𝑟𝑖𝑐𝑒) =△%× 𝐺𝑟𝑎𝑑𝑒7./ × 𝑅𝑒𝑐 × 𝑃𝑟𝑖𝑐𝑒 =△%× 41 = −18.2 × 𝑥% (23) 

 
Therefore: 
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△% = −0.44 × 𝑥% (24) 

 
Thus, the selling price has a much greater impact on profits than the remaining operating variables, except for plant recovery, 

which has the same impact on profit variance as the selling price.     

Selling price is the parameter that most impacts the study of ultimate pit limits, and its percent variance is usually much larger 

than those of the other parameters.      

The recovery of material in the processing plant has the same impact as selling price on profit variance, but its possible 

variability is much more unlikely since laboratory tests must be performed in suitable pilot test-plants to prevent significant 

variations in this critical value, which could negatively influence the viability of the project. 

4. VARIABILITY IN METAL PRICES 

Based on the data provided by the World Bank on the prices of three important metals, namely, copper, gold and zinc, we 

perform a comparative analysis of their price evolution in recent years. 

Copper is a basic metal for industry and is essential to machinery and electrical wiring. Its main deposits are in South America, 

the USA and Southeast Asia, and it has global markets with growing consumption in China and other countries with strong 

industrial growth. An increase in the price of copper has traditionally been linked to increased economic growth. Just as oil is a 

source of economic strength, increased economic growth implies greater energy needs, which lead to greater copper consumption 

and a subsequent increase in its price (Jaunky, 2013). 

Figure 4 shows the evolution of copper prices between January 2013 and November 2019 (World Bank, 2019a). Between 

January 2013 and January 2016, prices dropped significantly, with subsequent growth during the following two years (between 

January 2016 and January 2018), followed by another decrease, losing approximately 25% of its value since January 2013.           
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Figure 4. Copper (LME), grade A, minimum 99.9935% purity, cathodes and wire bar shapes, settlement prices in USD/t, between January 

2013 and September 2020 (World Bank, 2020a), with half-year and annual variations 

Second, we analyse gold, which represents the world’s monetary standard and has multiple technical applications, in addition 

to its purely ornamental value. Gold deposits are scattered throughout the world and are present in world markets. The growth 

of financial market indices and macroeconomic indicators negatively impact its value, while the volume of gold reserves and 

energy prices positively impact it (Lili & Chengmei, 2013). Figure 5 shows its evolution for the same period as copper. 
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Figure 5. Gold (UK), 99.5% fine, London afternoon fixing, average of daily rates in $/oz t (Troy ounce), between January 2013 and Septem-

ber 2020 (World Bank, 2020b), with half-year and annual variations 

As shown in Figure 5, the global variability in the price of gold during the period has been lower than that of copper, dropping 

by 12% between January 2013 and September 2019.        

Third, Zn is a basic metal for industry (in which it is used for galvanization, as pigment in paints and to form alloys with 

nickel or copper), and mines are present in more than 50 countries. The USA, Peru, Australia, Canada and China are the largest 

producers of zinc.         

Figure 6 shows the evolution of zinc prices for the same period as copper and gold. 

 

Figure 6. Zinc (LME), high grade, minimum 99.95% purity, settlement price beginning April 1990; previously special high grade, minimum 

99.995%, cash prices in $/t, between January 2013 and September 2020 (World Bank, 2020c), with half-year and annual variations 

We can see that during the period analysed, the price of zinc increased by 25%; therefore, its behaviour has been radically 

different from that of copper and gold.        

For the three metals, semi-annual variations in absolute terms of up to 47% can be seen. It is a very important change that, 

following the reasoning in the previous section, will absorb any change in the remaining variables when optimizing the ultimate 

pit limit. Below is an example for copper.                 

The maximum biannual price variation of copper for the period considered was +26%, as shown along the  horizontal axis 

in Figure 7. The point on the grey dotted line (which coincides with the yellow line) vertically above this point on the horizontal 

axis corresponds to a value of approximately 47% on the vertical axis. Put differently, this variability in selling price would cause 

a 47% increase in the relative profit per ton, which would also have been achieved with a 90% reduction in processing cost. This 
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can be confirmed in the figure by moving vertically down from the point on the blue line, which represents the variance of 

processing costs, that corresponds to a value of 47% on the vertical axis. 

 

Figure 7. Relationship between the increase in copper price and decrease in processing cost 

Figure 8 shows how a relative price increase of 13.33% would be equivalent, at a fixed profit, to either a 20% reduction in 

processing cost or a 100% reduction in the mining cost of ore. 
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Figure 8. Relationships between an increase in selling price, a decrease in processing costs and a decrease in the mining cost of ore 

Both alternatives, i.e., lowering either the processing cost or ore mining cost, are highly unrealistic scenarios. Processing 

costs are pre-determined prior to the mining operation using comparative studies with similar ore deposits, detailed laboratory 

tests and, if the project is profitable, testing in small-scale pilot plants with multiple processing options to better understand the 

optimal process flow for developing for the concentration plant.             

The ore mining cost is also a parameter with low variability that depends fundamentally on economies of scale in the mining 

operation and the degree of isolation (e.g., access to roads, presence of workshops, availability of skilled personnel and expatri-

ation costs of experts) of the area where the operation is developed. Bozorgebrahimi et al. (2003) show that ore hauling costs 

vary from $0.65/t to $1.20/t depending on the size of the truck used, which depends on the capacity of the loading equipment 

that will be used, which in turn depends on the annual production target.         

Therefore, selecting the size of the hauling equipment, although important, becomes secondary in the overall study of a 

mining project. Regardless of the exact characteristics of the final pit selected, the variability in ore selling prices will be much 

more important than the selection of the loading or hauling equipment. 
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5. CALCULATION OF THE ULTIMATE PIT LIMITS 

The calculation of the ultimate pit limits is based on the block model that was used to calculate the mineral resources con-

tained in a deposit and in which the block sizes, the categories of the resources, weights and grades of each block are defined. 

When calculating which mineral resources can be mined, only resources under the categories Measured and Indicated should 

be considered and Inferred resources should not be used, since the latter lack sufficient research to be considered. This is in 

accordance with international codes, such as the Australian JORC Code (2012), the European PERC Reporting Standard (2017) 

and the Canadian National Instrument 43-101 (2011).  

Blocks are needed not only in ore areas but also in waste areas that may fall within some part of the ultimate pit limits, 

therefore, the block model needs to be filled with new waste blocks in all areas that could be part of the pit all the way to the 

surface.         

Starting from known operating costs, all possible scenarios will be studied by varying the selling price in fixed increments 

and between minimum and maximum values that include all future price possibilities. As stated above, studying the variations 

in ultimate pit limits by varying the selling price percentage is also the same as studying percent variance for the remainder of 

the parameters, because of their linear relationships.           

In metallic mining, grade concentrations tend to vary significantly in different parts of the deposit, as seen in the cross-

sections of the two deposits shown in Figure 9; therefore, it is critical to determine the different mining phases (pushbacks) of 

the deposits. 

  
 

Figure 9. Grade variations in different metallic mining deposits 

To calculate the different pushbacks, a very low initial selling price is used, and therefore, only the phase with sufficient 

grade and a low stripping ratio will be economically valuable at that initial price. This is considered phase 1, as shown in the 

example in Figure 10. 
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Figure 10. Different pushbacks, with blocks coloured according to grade, with darker colours indicating higher grades 

As the selling price increases, the ultimate pit limits do not vary or vary very little until a price is reached at which another 

of the ore areas in the deposit becomes economical, as is the case of phase 2 in Figure 10.       

This process is repeated as the price increases, until the maximum price considered is reached. This maximum price represents 

the last phase; this phase will be economical if economic conditions are very favourable. 

During the study, there will be selling prices for which there is a noticeable increase in the tonnage to be mined. These are 

the prices we want to identify to define the different phases of the deposit. These pushbacks are numbered 1 through 7 in the 

example in Figure 10. 

Unless there are changes that are different than those considered here, in the ultimate pit limit analysis, it is the pushbacks, 

not the pits, that are calculated, since the pits do not vary if any of the other parameters change.            

Examples of changes that are different than those considered include finding other metals, such as arsenic or bismuth, that 

penalize the selling of concentrates, or finding too much zinc, which makes copper less buoyant and increases processing costs. 

In the latter case, it would be necessary to determine the zones with excessive zinc and recalculate all parameters. Subsequently, 

the data obtained in each phase can be used to simulate the different scenarios. Put differently, changes in the calculation param-

eters or economic conditions do not necessarily mean the different phases will change. The ore is not going to move; what 

changes is how economical each phase is and what profits can be gained from each phase.  

The various ultimate pit limits will be used to study the base case and analyse the outcome of the different scenarios after an 

increase or decrease in the selling price.           

The Río Tinto mining area (Huelva, Spain), in the southwest portion of the Iberian Peninsula, is one of the eight enormous 

deposits of massive sulphides in the Iberian Pyrite Belt and perhaps the largest concentration of massive sulphides on land 

globally, with more than 400 Mt of massive sulphides and 2000 Mt of low-grade stockwork. It has been exploited from the 8th 

century B.C. until the present date. It is, in simple terms, a volcanogenic massive sulphide (VMS) deposit (Martin-Izard et al., 

2015), in which the massive sulphides appear as lenses composed of pyrite with accessory amounts of chalcopyrite, sphalerite, 

galena and traces of other sulphides. The main element mined is copper, with reserves of 153E6 tons with an average grade of 

0.45% Cu. The mining operation’s cut-off grade is 0.20%, and the stripping ratio is 1.9.                
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Figure 11 shows the calculation for the optimal ultimate pit in the area called “Cerro Colorado”, with an area of 2.5 x 1.1 

km2 and a maximum depth of 300 m. Therefore a volume of 0.825 km3 is filled with 10 m x 10 m x 10 m blocks for running the 

optimization procedure, which yields 825,000 blocks that are easily computed by the software RecMin (Castañón Fernández, 

2019). 

 

Figure 11. Optimal ultimate pit, plan and cross-section (Cerro Colorado, Rio Tinto) 

Additionally, the Touro copper mine (La Coruña, Spain), which is in its administrative phase, is in the northwestern portion 

of the Iberian Peninsula. It encompasses the Arinteiro, Bama, Fornás and Manoca deposits, which have been characterized as 

ophiolitic metamorphic VMS deposits (Badham & Williams, 1981; Williams, 1983). More recent studies suggest an origin re-

lated to syn-metamorphic metasomatism along fault zones (Castiñeiras et al., 2002). This area has been mined since the 1970s, 

and its Measured and Indicated resources (CIM Definition Standards, 2014) are greater than 129 Mt (Noble, 2018) with an 

average copper grade of 0.39%. This mine and the Río Tinto project are currently two of the largest open-pit copper mining 

projects in Spain.            

The optimization study is established in an area of 2.5 x 2 km2 to depths of up to 210 m. This involves modelling a volume 

of 1.31 km3 using 10 m x 10 m x 10 m blocks, yielding 1.3 M blocks, which are easily managed by the RecMin optimization 

algorithm. Figure 12 shows the optimization results for Touro West. 
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Figure 12. Optimal ultimate pit in plan view and cross-section (Touro West) 

6. PROFITABILITY STUDY 

Figures 13 through 16 show four scenarios for different selling prices and the profitability of each pit, as well as the profits 

and cumulative tonnage of ore, which will help us when deciding the most profitable ultimate pit and the different mining phases 

(pushbacks). The figures show cumulative tonnage of ore, cumulative operating profit and the percentage of operating profit 

relative to the total operation expenditure. The last term conveys the percentage earned for every $100 spent in operation; this is 

an important indicator that presents the risk in each phase and if each phase’s profitability is sufficient. This operating profit 

must pay for costs such as investments and loans. It is not the project’s profit that must cover those costs, since for that an 

economic assessment would need to be performed to determine cash flows, NPV, internal rate of return (IRR) and other financial 

indicators. 
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Figure 13. Price of copper: $4,409/t and internal cut-off grade: 0.25% Cu 
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Figure 14. Price of copper: $5,512/t and internal cut-off grade: 0.2% Cu 
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Figure 15. Price of copper: $6,614/t and internal cut-off grade: 0.17% Cu 

 

Figure 16. Price of copper: $7,716/t and internal cut-off grade: 0.14% Cu 

The results are used to conduct a profitability study of each phase for the base case, namely, with the operating costs and 

selling price that will be considered in the feasibility study. In the example, this would correspond to a selling price of $3/lb and 

an internal cut-off grade of 0.17% Cu, as shown in Figure 15. In this case, phase 7 would generate a 16.4% profit, and phase 8 

would produce only a 6.4% profit. To determine how many phases can be included in the feasibility study, sensitivity to changes 

in operating costs, recovery and selling price must be analysed. The selling price, as we’ve seen, must especially be analysed 

because it varies significantly over time and because the variance in operating costs is studied along with it due to their linear 

relationship.               

Here, we study the effect of a 16.7% drop in selling price to $2.5/lb (Figure 14). As shown in the figure, phase 8 would no 

longer be profitable since the loss would be 14.9%, and neither would phase 7 since the loss would be 6.2%. Phase 6 would be 

profitable, with an operating profit of 8.1%. 

In this example, if the project were to be profitable at a price of $2.5/lb, phase 6 would be considered the last mining phase, 

and we can say that this is a robust project since it would support a selling price drop of 16.7%.        

Similarly, if an even more unfavourable case is considered, in which the selling price drops 33.3% to $2/lb (Figure 13), only 

phase 4 would be reached since the subsequent phases would no longer be profitable. In the feasibility study, with a selling price 
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of only $2/lb and mining only until phase 4 to stay profitable, the project can be considered very robust since it would be 

profitable even under worst-case conditions.           

Determining what happens if the selling price increases also provides valuable information on the possible increase in profits 

of the project if economic and market conditions are favourable, as shown in Figure 16, which corresponds to a selling price of 

$3.5/lb. In this case, phase 9 could be reached and would have an operating profit of 12.5%. However, given the low operating 

profit, the best option would be to reach phase 8, with an operating profit of 25.8%.            

Other important conclusions can be drawn from our project. For example, up to phase 5, there is a significant increase in the 

volume mined, as illustrated by the cumulative tonnage of ore curve. After phase 5, the curve flattens and the tonnage increments 

in each phase are smaller. A similar pattern is seen in the cumulative profit.                               

7. CONCLUSIONS 

In most mining projects, and mainly in metallic mining projects, the parameter that most impacts profitability studies is the 

selling price of the metals or minerals, not only because this parameter cannot be influenced to prevent its fluctuation but because 

its percent variance can be much higher than those of other parameters.        

In addition, the possible variances in the remaining parameters are very limited during the feasibility study. The waste and 

ore mining costs are determined very precisely and do not generally vary by more than +/-10%. Additionally, the cost of ore 

processing and recovery at the plant, despite being difficult to determine in some cases, should not vary by more than +/-10% if 

processing tests are performed in pilot plants with a sufficient amount of ore representative of the entire life of the mine.          

Since there is a linear relationship between the parameters impacting the pit’s profitability, it is possible to simulate all 

scenarios by studying only what occurs if the selling price changes, since a percentage change in the selling price is equivalent 

to a much smaller percentage change in any of the other parameters.          

The process to calculate the different pushbacks is as follows. Based on pre-determined operating costs, all possible scenarios 

are studied while varying the selling price in fixed increments between minimum and maximum values that cover all possible 

future prices. The starting selling price will be very low, and consequently, the only phase that will be economical is the one 

with adequate grade and a low stripping ratio. 

As the selling price increases, the ultimate pit limits do not vary or vary only slightly until the price reaches the point at which 

another of the ore bodies in the deposit becomes economical. This process is repeated as the price increases until the maximum 

price considered is reached; then, the project reaches the last phase that is economical if economic conditions are very favourable.          

During the study, there will be selling prices for which there is a noticeable increase in the tonnage to be mined. These are 

the prices that need to be identified to define the different phases of the deposit in the analysis. Unless there are changes other 

than those considered in the analysis, such as the appearance of metals that penalize the value of the concentrate, the ultimate pit 

limits it will be the pushbacks that are calculated, since the pits will not change when one of the parameters changes. 
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Subsequently, the data obtained in each phase can be used to simulate different scenarios, since the different phases will not 

change because operating costs or economic conditions change. The ore is not going to move; what changes is the phase up to 

which mining will be economical and what profits will be obtained in each phase. 
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Figure Caption: 
Figure 1. Block models 
Figure 2. Central section of a block’s cone 
Figure 3. Sensitivity analysis of the profit per ton of ore (y-axis) vs. variation in the costs of ore processing and mining (x-

axis) 
Figure 4. Copper (LME), grade A, minimum 99.9935% purity, cathodes and wire bar shapes, settlement prices in USD/t, be-

tween January 2013 and September 2020 (World Bank, 2020a), with half-year and annual variations 
Figure 5. Gold (UK), 99.5% fine, London afternoon fixing, average of daily rates in $/oz t (Troy ounce), between January 

2013 and September 2020 (World Bank, 2020b), with half-year and annual variations 
Figure 6. Zinc (LME), high grade, minimum 99.95% purity, settlement price beginning April 1990; previously special high 

grade, minimum 99.995%, cash prices in $/t, between January 2013 and September 2020 (World Bank, 2020c), with 
half-year and annual variations 

Figure 7. Relationship between the increase in copper price and decrease in processing cost 
Figure 8. Relationships between an increase in selling price, a decrease in processing costs and a decrease in the mining cost 

of ore 
Figure 9. Grade variations in different metallic mining deposits 
Figure 10. Different pushbacks, with blocks coloured according to grade, with darker colours indicating higher grades 
Figure 11. Optimal ultimate pit, plan and cross-section (Cerro Colorado, Rio Tinto) 
Figure 12. Optimal ultimate pit in plan view and cross-section (Touro West) 
Figure 13. Price of copper: $4,409/t and internal cut-off grade: 0.25% Cu 
Figure 14. Price of copper: $5,512/t and internal cut-off grade: 0.2% Cu 
Figure 15. Price of copper: $6,614/t and internal cut-off grade: 0.17% Cu 
Figure 16. Price of copper: $7,716/t and internal cut-off grade: 0.14% Cu 
 
Table Caption: 
Table 1. Optimization parameters of the cone of an ore block considering the internal cut-off grade 
Table 2. Optimization parameters of the cone of an ore block considering the break-even grade 


