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Abstract

The use of geometallurgical variables to improve the accuracy obtained in mine planning is an increasingly present
reality in mining. However, the way these variables are interpolated to construct the block model is still a major
challenge since they are non-additive variables. In this case study, a database from a copper mine located in Brazil was
used to compare mining planning by Direct Block Scheduling using two spatial interpolation approaches. In the first
approach, the geometallurgy block model was produced interpolating the comminution indexes Axb and BWI from the
drill holes, and the specific energy was calculated at each block. The second approach consisted of calculating the specific
energy at the drill holes first, then interpolating the values into the blocks. The results indicated that the difference
between the two approaches was not significant. Both block models produced a mine life equal to seven years and a
percentage difference in the accumulated NPV of 0.54%.

Keywords: Geometallurgical variables, Non-additive variables, Direct block scheduling, Comminution indexes

1. Introduction

G eometallurgy is a multidisciplinary approach
that combines geological and mineralogical

information with mineral processing, being able to
predict the metallurgical response of different ore
lithologies. Its greatest application is in mineral de-
posits that have high variability between different
lithologies. Its purpose is to predict the processing
capacity of each lithology and, consequently, the
mine capacity with greater precision. Therefore, this
information can be used during the mine planning
stage to optimize results, making them more accu-
rate and providing greater resilience to the mining
project [1e3]. Many authors present in their research
the use of geometallurgical variables as a way to
reduce risks and increase project precision [4e9].
Despite the advantages associated with geo-

metallurgy, the use of this tool is still incipient, and

many uncertainties exist regarding the use of geo-
metallurgical variables. Geometallurgical variables
are classified into primaries and responses [10]. The
primary variables are inherent to the properties of
the ore, for example, in situ density and grades, and
can be measured directly in the rock. The response
variables correspond to the attributes of the ore that
describe the metallurgical responses during pro-
cessing, such as recovery in flotation or the perfor-
mance of the ore in the comminution plant. To
measure them, it is necessary to carry out bench-
scale tests of flotation or leaching in the case of
metallurgical recovery, and comminution tests like
BWI [11], DWT [12], SMC [13], for example.
Metallurgical recovery canbedefinedas themassof

useful element ormetal present in the feed that is sent
to the concentrate during the mineral concentration
process. Metallurgical recovery depends mainly on
the lithology of the ores and metal grade [14].
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However, a commonpracticewhen carrying outmine
planning is to consider that the different materials
feeding the concentration plant will have the same
metallurgical recovery. This simplification will imply
a mass of metal obtained after the concentration
process distinct from the mass predicted in the plan-
ning stage, impacting themine’s financial return [15].
Another simplification made in traditional mine

planning is disregarding each block’s performance
in the comminution stage. Depending on the block
hardness, it may need a certain time in the
comminution circuit to obtain the desired particle
size for subsequent steps. In other words, a block
with high hardness with higher specific energy will
take longer to reach a certain particle size than a
block with lower specific energy. This will directly
impact the plant’s throughput and, consequently,
the metal rate produced [16,17].
The modeling of geometallurgical variables is a

complex task as it usually involves non-additive
variables. A variable is additive when there is a
linear averaging of values, that is, combinations
between samples produce results consistent with
the weighted average. A variable is non-additive
when there is no linear averaging between two
equal characteristics [18e21].
Table 1 presents the study carried out with two

lithologies, BTOS and QSRT, from the Chapada
Mine (Lundin Mining), where the non-additive
character of the Axb and BWI variables is demon-
strated [22].
As seen in Table 1, the blending of these blocks

will result in a sample with density-weighted by the
volume, however, the value of Axb and BWI will not
necessarily correspond to the average since Axb and
BWI is a non-additive variable. In fact, mixing the
two samples would result in the Axb and BWI
closest to the Axb and BWI of sample 2. This is
because the lithology that is more resistant to
breakage tends to accumulate inside the mill during
the BWI test [20,23].
The same happens when spatial interpolating

geometallurgical variables to assemble the block
model. Consider the block model shown in Figure 1
as an example. In Figure 1a, the three-dimensional

model is shown, while in Figure 1b, a section of the
block model was taken.
In the section (Fig. 1b), there are three blocks from

line 1 highlighted. The block in column 2 and col-
umn 6 contains information that was estimated from
drill holes that intersected the block. Other blocks
have their information obtained from interpolation
between blocks 2 and 6. If block 2 is made up of a
rock with a lower BWI and block 6 is made up of a
rock with a higher BWI, the spatial interpolation for
block 4 would generate an average value between
blocks 2 and 6. However, this value may not be the
best estimate since BWI is a non-additive variable.
However, it is the practice of the mining industry to
interpolate them using linear methods, such as
kriging and inverse distance weighting (IDW).
Even though the comminution indexes are non-

additive variables, the specific energy calculated
from these indexes is considered an additive vari-
able when based on the mass of these blocks [24]. In
general, any parameter that is a relationship be-
tween variables, if it is additive, will only be so if the
weighting is by the same unit of the parameter de-
nominator variable [25].
The main objective of this research was to eval-

uate the results obtained in the mine planning of an
open-pit copper and gold mine using two different
spatial interpolation approaches. In the first
approach, the comminution indexes Axb and BWI
present in the drill holes were spatially interpolated
using IDW (power 3) for subsequent calculation of
the specific energy of each block. In the second
approach, the specific energy in the drill holes was
first calculated and then spatially interpolated using
the IDW (power 3). The interpolation method was

Table 1. Axb, BWi, and density results for the evaluated mixtures.

Sample % BTOS % QSRT Axb BWI Density

01 100 0 135.51 6.95 2.76
02 0 100 70.34 11.31 2.69
03 50 50 92.61 10.52 2.72
Calculated

weighted
average

50 50 73.41 9.31 2.72

Source: Adapted from [22].

Fig. 1. (a) Three-dimensional block model. (b) Section taken from the
three-dimensional model (Source: created by the authors).

Abbreviations

BWI Bond Work Index
SMC Steve Morell Comminution
DBS Direct Block Scheduling
DWT Drop Weight Tester
HIT Hardness Index Tester
NPV Net Present Value
IDW Inverse Distance Weighting
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not the object of study in this research; therefore,
comparisons of different interpolation methods on
comminution indexes and specific energy were not
carried out. IDW interpolation was used because it
is the method currently used by the company. As a
secondary objective, this work shows how to obtain
comminution indices from HIT, a fast, low-cost test
that is easily reproducible in other mines, and how
to apply them in mine planning. No similar works
were found in the relevant literature.

2. Materials and methods

2.1. Database

The data used in this research comes from a
Brazilian copper and gold mine and, for reasons of
secrecy, the name will not be revealed. The com-
pany currently has different pits in operation, and
one of them was selected to be used in the research.

The pit selected has 2,489,810 blocks, 82,601 of which
are mineralized; each block has dimensions of
10 � 10 � 10 m, and 113 drill hole samples with HIT
test results (Axb and BWI) [26e29] and 12 drill hole
samples with DWT [12] and BWI [11] test results.
Figures 2 and 3 show the distribution of copper and
gold grades of the mineralized blocks in the studied
pit, respectively. The mine has a total of ten pits, and
the plant is fed by a blend of equal proportions from
three simultaneous pits. As only one pit was used in
this research, process capacity values input as pa-
rameters in mine planning, as well as the installed
power of the comminution, were proportional to the
participation of the pit under study.

2.2. Metallurgical recovery calculations

Metallurgical recoveries of copper and gold are
calculated by the company depending on lithology
and feed grades. The copper and gold recovery
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Fig. 2. Histogram of Cu grades (Source: created by the authors).
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Fig. 3. Histogram of Au grades (Source: created by the authors).
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equations are shown in Table 2 and Table 3,
respectively.

2.3. Block specific energy calculations

The geometallurgical data provided by the com-
pany involved the comminution indices Axb and
BWI, obtained mostly from the HIT. The HIT is a
simplification of the DWT, which is also used by the
mining company to obtain the Axb parameter.
In DWT, mineral particles are separated into three

batches based on their particle size and are sub-
jected to different impact levels with a determined
energy. After the particles in each batch are broken,
the particle size analysis of the fragments generated
is performed. As a result, this test will provide the
Axb comminution index. However, it is a costly test,
requiring 50 kg of samples that will be destroyed in
the test, which may make it unfeasible to use it on a
large scale to obtain geometallurgical data.
The alternative used by the mining company to

determine comminution performance is the HIT.
With a design similar to the equipment used in the
DWT, the HIT can quickly and cheaply estimate the
A*b comminution parameters directly and the BWI
through calibration. The test is performed in less
than 10 minutes, using less than 500 g of fragments,
and can be performed in the mine itself, without the
need to send samples to a laboratory. Comminution
indices are calculated using online software [30]. This
test is not a replacement for standard comminution
tests, but it is capable of generating a high number of
comminution indices, significantly reducing the need
for standard laboratory testing [31].
Total energy was calculated according to Equation

(1), which is part of the methodology proposed by

Steve Morrell in his SMC test [13]. The SMC test can
be considered a simplification of the DWT. With a
similar design, the SMC test uses 15e20 kg of
samples.

Et¼4Mia
�
750�ð0;295þ750=106Þ �F80�ð0;295þF80=106Þ� K1

þ 4Mib
�
P80

�ð0;295þP80=106Þ �750�ð0;295þ750=106Þ�

ð1Þ

where:Mia: working index of the coarse ore fraction;
F80: 80% passing in the feed of the grinding circuit
(mm); K1: pebble mill efficiency factor, being 0.95
when there is pebble recirculation and 1 when there
is no pebble recirculation; Mib: work index of the
fine ore fraction, in this case, Mibtarget; P80: 80%
passing in the product of the grinding circuit (mm).
The parameters used in Equation (1), Mia and

Mib, are calculated from an extensive closed data-
base, fed back by samples sent to licensed labora-
tories. The calculation procedures for obtaining
these parameters are confidential, which prevents
their exact reproduction [11]. Despite this, there are
equations that tend to estimate these parameters.
The parameters Mia and Mib were estimated using
the equations presented by Refs. [32,33], shown in
Figures 4 and 5, respectively.
In Figure 5, the P100 equation at 150 mm was used,

which was the control grid used in the BWI test and
is equivalent to a P80 of 114 mm. However, the mine
operates with a P80 of 280 mm. Therefore, Equation
(2) was used to determine the Mib of the plant [13].

Mibtarget¼Mibref

�
P80ref

P80target

�0;24

ð2Þ

where: Mibtarget: Mib in the calculation that is
required to be carried out; Mibref: Mib obtained
using the data from the Bond laboratory ball work
index; P80target: P80 in the calculation that is required

Table 2. Copper recovery equation.

Recovery Cu Lithology a b

a . ln (Cu feed grade)
þ b þ 1.5

A 13.626 99.487
B 11.411 95.172
C 9.080 90.357
D 11.799 96.158
E 11.479 89.862

(Source: data provided by the mining company)

Table 3. Gold recovery equation.

Recovery Au Lithology a b

a . ln (Au feed grade) þ b A 13.948 79.787
B 12.529 73.521
C 11.791 68.321
D 10.099 65.882
E 12.092 67.474

(Source: data provided by the mining company) Fig. 4. Relationship between Mia and Axb (Source: [32]).
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to be carried out; P80ref: P80 obtained in the Bond
laboratory ball work index test.
To calculate the Mia and Mib values were used F80

of 146,000 mm, K1 of 0.95 and P80 of 280 mm.
Finally, the throughput of each block during

grinding was calculated according to Equation (3),
and the comminution time of the block according to
Equation (4).

TPH¼ P
Et

ð3Þ

Ph¼TPH
MB

ð4Þ

where: TPH: throughput (t/h); P: installed power of
the comminution plant (W); Et: specific energy
(kWh/t); Ph: process hours; MB: mass of the block (t).

2.4. First approach: interpolating the BWI and Axb
comminution indexes

Using the company’s block model, with the
comminution indexes Axb and BWI interpolated
through IDW (power ¼ 3), the specific energy,
throughput and metallurgical recovery of each block
were calculated. Using this block model, mine
planning was carried out by DBS. Figure 6 shows
the diagram of the steps performed.

2.5. Second approach: interpolating the specific energy

Following the SMC methodology [13], the total
specific energy was calculated based on the results
of the HIT (A*b and BWI). The specific energy was
interpolated using the IDW (power ¼ 3). Finally, the

specific energy, throughput and metallurgical re-
covery of each block were calculated. Using this
block model, mine planning was carried out by DBS.
Figure 7 shows the diagram of the steps performed.

2.6. Direct Block Scheduling (DBS)

Mine scheduling was carried out using Mining-
Math software [34] that uses DBS in optimization
[35,36].
The geometallurgical variables were inserted

directly into the block model provided by the com-
pany. The metallurgical recovery of each block was
calculated according to the equations provided in
Tables 2 and 3. The specific energy was calculated
according to Equation (1), and the comminution
time for each block was calculated from this, ac-
cording to Equation (4). In addition, two columns
were included in the block model, one to calculate
the value of the block if it is ore and the other to
calculate if it is waste, according to Equations (5) and
(6).

BEVo¼
h
MB$

�gCu
100

�
RCu$ðPCu�CCuÞ

þ
�
MB$gAu$RAu$ðPAu�CAuÞ

i
�½MB$ðCPþCMÞ�

ð5Þ

BEVw¼ �MB$CM ð6Þ

where: MB: block mass (t); RCu and RAu: a general
term that involves the recovery in the concentration
and refining of copper and gold, respectively; PCu
and PAu: selling prices for copper ($/t) and gold ($/g),
respectively; CCu and CAu: are costs arising from the

Fig. 5. Relationship between Mib and BWI (Source: [33]).
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product and commercialization stages, such as
smelting, refining, packaging, freight, copper and
gold insurance; CP: processing cost; CM: mine cost.
The costs and sales prices used in Equations (5)

and (6) were taken from the mining company’s
Technical Report and are presented in Table 4.
This was the dataset fed into MiningMath. To

configure the optimization in the software, the data
on capacities, mining geometries, grade restrictions
and discount rate were filled in. These parameters
used during the optimization, as well as the mine
and process capacities, were provided by the com-
pany and are presented in Table 5.
In addition, it was indicated which columns of the

dataset the software should search for to perform
the optimization. The comminution time column
that was created in the dataset is indicated as a sum
variable within the software, being limited to the

annual operating time of the plant (8060 h). This
means that the processing time of each block sent to
the plant in a given year will be added up. When
this sum reaches 8060 h, it is no longer possible to
send blocks to the plant, even if its annual capacity
has not been reached.

3. Results and discussion

3.1. Statistical analysis

Figures 8 and 9 present the specific energy histo-
grams of the blocks in the first and second ap-
proaches, respectively.
The block model in the second approach pre-

sented a greater number of blocks with higher en-
ergy (above 11 kWh/t), reaching a maximum value
of 15.78 kWh/t, against 14.57 kWh/t in the first

Fig. 6. Diagram of the first approach (Source: created by the authors).
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approach. This means that the block model in the
first approach underestimated the specific energy of
the blocks.

3.2. DBS

DBS optimization returned seven years of life of
Mine (LoM) for both block models. The difference in
block extraction can be seen in the images shown in
Figure 10a and b.
Figure 10 shows that the mine scheduling results

were different in the two approaches, even though,
in general, the removal of blocks was carried out in
similar regions, resulting in similar final pits. This
result may seem strange at first since the difference
between the block models used in each approach is
only in the block processing time. Analyzing
Figure 11, it is possible to understand the reasons
for this difference. This figure shows what would

Fig. 7. Diagram of the second approach (Source: created by the authors).

Table 4. Economic parameters.

Parameters Values

Selling price Cu 8,818.48 US$/t
Selling price Au 51.45 US$/t
Selling cost Cu 1388,91 US$/t
Selling cost Au 0.14 US$/t
Mine cost 4.79 US$/t
Processing cost 3.31 US$/t

(Source: Technical Report)

Table 5. Input parameters for DBS optimization.

Parameters Values

Annual discount rate 18%
Process capacity 8 Mt/year
Total mine capacity 24 Mt/year
Minimum mine width 10 m
Minimum pit bottom size 30 m
Minimum mine length 50 m
Annual average copper grade 0.1 a 0.4%
Total operating hours of the plant 8060 h/year

(Source: data provided by the mining company)
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happen to the plant’s annual processing time if the
block model of the second approach (Interpolation
of specific energy) had the same mine scheduling
used in the block model of the first approach
(Interpolation of BWI and Axb).
As expected, the block model of the first approach

(Interpolation of BWI and Axb) did not exceed the
processing time of 8060 hours, which was a
constraint inserted in the mine scheduling. How-
ever, extracting the same sequence of blocks in the
block model of the second approach (Interpolation
of specific energy), it is noted that in the first period
there were not enough blocks extracted to reach the
plant’s operating time limit. This indicates that the
sum of blocks mined during the first period in the
model used in the second approach (Interpolation of
specific energy) is smaller than the sum of blocks
mined in the model of the first approach (Interpo-
lation of BWI and Axb).
From the third year onwards, the processing time

of the blocks in the model of the second approach
(Interpolation of specific energy) is greater than that
of the blocks present in the first approach (Inter-
polation of BWI and Axb), causing the sum of the

processing time of these blocks to exceed the plant’s
operating time limit. Therefore, even if the eco-
nomic value of the blocks is the same in the models
used in both approaches, it would be impossible for
the software to generate two identical block sched-
ules due to plant operating time constraints. Then,
the mine scheduling optimization software sched-
uled the two approaches differently in order to meet
the plant’s operating time constraints.
The results presented for the two block schedules

shown in Figure 10 will be presented in Figure 12
which shows the mass sent for processing in both
approaches.
As can be seen in Figure 12, the masses sent for

processing were very similar from period to period,
differing by a maximum of 0.70 Mt in the 3rd year.
The mass of blocks processed in the first approach
(Interpolation of BWI and Axb) throughout the life
of the mine was 43.25 Mt and in the second
approach (interpolation of specific energy), 42.90 Mt.
However, the production of 8 Mt tons is not ach-
ieved in either approach. Since the geometallurgical
approach considers the specific energy of each
block, the processing time of these blocks becomes a

Fig. 8. Histogram of the specific energy of the blocks in the first approach (interpolation of BWI and Axb) (Source: created by the authors).

Fig. 9. Histogram of the specific energy of the blocks in the second approach (Interpolation of specific energy) (Source: created by the authors).
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Fig. 10. Extraction sequence period by period and all periods (Source: MiningMath).
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bottleneck, interfering with the plant’s production.
This is due to the annual processing time of 8060 h,
shown in Figure 13.
The total masses extracted period by period can

be seen in Figure 14.
As can be seen in Figure 14, until the 4th period,

the masses moved were very similar in both models.
In the 7th period, the drop in extraction in the sec-
ond approach (Interpolation of specific energy)
shown in Figure 14 reinforced the image shown in
Figure 10. In total, 118.16 Mt were extracted in the
first approach (Interpolation of BWI and Axb)
against 102.81 Mt in the second approach (Interpo-
lation of specific energy).

Figures 15 and 16 show the average copper and
gold grades, respectively, for both models.
The copper grade restriction in the plant was

respected by the software. The copper grade from
the 3rd to the 5th period had a different trend; while
the average processed copper grade in the second
approach increased, that of the first approach
reduced. The maximum difference in average copper
grade between the models occurred in the 3rd year,
being 0.06%. The average gold grade showed tiny
differences between the two models, with the maxi-
mum difference in the 7th period being 0.05 ppm.
Finally, Figure 17 shows the accumulated NPV for

both scenarios.

Fig. 11. Annual processing time for the block models of the 1st and 2nd approaches when the blocks are extracted according to the scheduling obtained
in the 1st approach (Source: MiningMath).

Fig. 12. Production process period by period in both approaches (Source: MiningMath).
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In the first two periods, the accumulated NPV of
the model of the second approach (Interpolation of
specific energy) was higher, being exceeded from
the 3rd period onwards. In the last period, there was
an insignificant difference between the two models,
with the model of the second approach (Interpola-
tion specific energy) having a higher NPV of 0.54%.

4. Conclusions

This research aimed to verify how the mine
scheduling of a real copper and gold mine would be

affected in two different spatial interpolation ap-
proaches. In the first approach, the comminution
indices Axb and BWI are interpolated to later
calculate the specific energy of each block. In the
second approach, the specific energy was first
calculated from the Axb and BWI data available in
the drill holes, and then the specific energy was
interpolated in each block. Scheduling optimization
using DBS showed:

� Both spatial interpolations returned seven years
of life of mine (LoM);

Fig. 14. Total mass extracted period by period in both approaches (Source: MiningMath).

Fig. 13. Annual plant processing time period by period in both approaches (Source: MiningMath).
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� Although the block extraction sequence was
different in the two approaches, the final pits
were similar;

� Both interpolations did not reach the tonnage
target due to the plant’s processing hours re-
striction, with the first approach (Interpolation of
BWI and Axb) producing 0.81% more than the
second approach (Interpolation of specific
energy).

� The first approach (Interpolation of BWI and
Axb) produced 4.96% more copper and 2.91%
more gold than the second approach (Interpo-
lation of specific energy);

� The accumulated NPV differed between the two
methods by only 0.54%.

Therefore, it is concluded that for the case
study carried out in this work, the interpolation
of comminution indexes returned a mine sched-
uling similar to the interpolation of specific
energy, with similar final pits and similar financial
return.
It is important to highlight that it is not possible

with this study alone to state that the results will
always be similar and it is necessary to evaluate
other deposits.

Fig. 15. Average copper grades that fed the process period by period in both approaches (Source: MiningMath).

Fig. 16. Average gold grades that fed the process period by period in both approaches (Source: MiningMath).
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