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SAIMM-YPC Mentoring Programme Potential Meets Opportunity
The YPC Mentoring Programme is part of the SAIMM CARES initiative, which aims to promote a community of
caring within the Institute. The Programme is an initiative of the Young Professionals Council (YPC). By linking
young professionals with experienced and knowledgeable mentors who provide consistent support, guidance,
and concrete help on a one-to-one basis to enhance their career development, the initiative is the embodiment
of the YPC’s ’Potential Meets Opportunity‘ ethos.
A protégé is a person whose career is furthered by a person of experience, prominence, or influence. A mentor is
broadly defined as an experienced person who goes out of his/her way to help a protégé set important life goals
and develop the skills to reach them. An informal mentor provides coaching, listening, advice, sounding board
reactions, or other help in an unstructured, casual manner. A formal or enhanced informal mentor agrees to an
ongoing, planned partnership that focuses on helping the protégé reach specific goals over a designated period.
Having a mentor can contribute enormously to a successful and satisfying career in the minerals and metals
industry.

“MENTORING IS A BRAIN TO PICK, AN EAR TO LISTEN,
AND A PUSH IN THE RIGHT DIRECTION.”
-John C. Crosby

Purpose
◆ Cultivate mentoring as a culture of adult learning and continuous professional development
◆ Promote sharing of knowledge and experience
◆ Promote a community of caring.

Mission Statement
Linking young professionals with experienced and knowledgeable mentors to provide consistent support, guidance, and concrete help on a one-to-one
basis to enhance their career development.

Programme Objectives
1. Networking
Provide participants with opportunities to broaden and expand their networks and relationships within the SAIMM.

2. Knowledge and skill transfer
Provide participants with opportunities to develop specific skills and abilities, increase their knowledge of content areas, pass on their experiences
and lessons learned, and gain perspective on recent developments in the field.

3. Career Development
Help participants gain insight into the best ways to begin their careers, transition to new areas, and pursue rich experiences to enhance their career
progress.

4. Professional Development
Help participants gain ’real-world knowledge’ and learn how to apply academic education to real business issues in a value-added way.

5. Situational Guidance
Enable participants to obtain coaching, guidance, and advice on how to handle practitioner-related projects, duties, dilemmas, and problems.
We encourage Members and Fellows of the SAIMM to participate as mentors in this programme, as well as young professional members who are 35
years old and younger, and who would like to be mentored. Please contact Sam Moolla at saim@saimm.co.za for more information.
‘It was a very fruitful experience for both myself and my mentee’. Mentor – Mentoring Programme 2020.
‘I would like to say that I have found the SAIMM mentoring programme to be one of the best experiences of my career’. Mentor – Mentoring Programme
2020.
‘Thank you to the SAIMM for providing this opportunity to engage in an informative and constructive manner.’ Mentor – Mentoring Programme 2020.
‘The SAIMM mentoring programme has been a career booster and lifetime breakthrough for me. My life will never be the same again.’ Protégé – Mentoring
Programme 2020.
‘Thank you to the SAIMM for this wonderful opportunity. I will give back as a mentor in the future.’ Protégé – Mentoring Programme 2020.
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he five papers in this edition cover a wide range of topics from
computationally effective stope layouts to the bulk chemistry of critical
elements in a waste product. The papers have been submitted by
authors from South Africa (2), Canada, Kenya and Germany and I have
tried to summarize them here.
The paper by Lohmeier, which examines the potential of copper
slag from historic smelting operations at Tsumeb as a source of critical
elements, describes the project and case study which was supported by
the German Federal Ministry of Education and Research.
‘Mineral resources and mineral reserves report readability and textual choice’ by Du Toit
and Delport recommends the consideration of adding a plain language requirement to improve
the informational value of these reports. An awareness that certain textual choices can affect
the interpretation of these reports is highlighted.
The research paper by Kiamba et al. on the prediction of rock fragmentation, presents data
collected in a case study from two limestone quarries in Kenya. A particular empirical model
was selected and shown to be a valuable instrument for pre surveying the impact of varying
certain parameters of a blast plan.
The paper on stope layout optimisation by Sari and Kumral from McGill University,
Canada, showed that a cluster based iterative approach generates near optimal stope layouts
in a computationally effective manner.
Of particular interest to me was the paper on the evaluation of polymer binders for the
briquetting of coal fines by a group from the Centre of Excellence in carbon-based fuels.
Northwest University. Potchefstroom. A solution as to how to deal with coal fines has dogged
and evaded the coal industry worldwide. This topic has been researched extensively over
the past 15 years or so and briquettes of an acceptable physical standard can be produced,
albeit at a cost. What has yet to be demonstrated is the economic uses for the briquettes and
particularly the combustion products and characteristics.
This selection of papers again highlights the diverse nature of the subject matter that the
Journal is pleased to publish. Enjoy the read.
D. Tudor
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Cleaning Up
‘It is the worst of times, but it is also the best of times
because we still have a chance.’ – Sylvia Earl

W

e have all heard of the term ‘pollution’, but what does it really
mean? How do we impact it and how does it impact us? And how
do we solve a problem that we aren’t even fully aware of? We are
seeing the environmental threat, yet we continue to contribute to the mess?
There are many types of pollution, each with numerous contributing
factors. Air pollution results from the burning of fossil fuels and carbon;
ecosystems are destroyed by deforestation and overfishing; our lands and
waters are being polluted as we continue to dump our everyday waste onto
landfills or into rivers and oceans; and then there is the industrial impact of factories and mining.
Mining is a material contributor to environmental degradation and indeed the communities that
live off them. The video ‘Zimbabwe’s Gold Rush’ on YouTube is an example of what I see all over
the African continent.
On the other hand, there are several success stories that demonstrate there is hope on the
horizon.
Chile, for example, has had unbearable smog conditions from the burning of wood for warmth
during the winter months. The government started replacing firewood heaters with gas heaters,
paraffin, or wood pellets, which are not only cheaper but far more energy-efficient than wood. This
has resulted in cleaner air during winter and an improved quality of life for citizens.
Deforestation requires drastic action, and Norway, for example, has banned deforestation
entirely. As a consequence, Norwegian entities may not deal with international organizations
that contribute to deforestation as part of their production process. This type of strict intervention
is necessary if we are to make an impact on greenhouse gas emissions, or want to enjoy a
flourishing biodiversity in our forests.
When it comes to water pollution, Sweden has implemented industrial wastewater
management systems that remove waste and chemicals from water for re-use as fertilizer or
biogas. The cleaned water is then returned to rivers and lakes.
Then there is the impact of mining on the environment. The South African government has
introduced suitable legislation and our mining industry has responded well. We are seeing more
and more evidence of rehabilitation work being performed by companies prior to the mining
operation actually being terminated.
A material contribution has come from a company that re-treats residue dumps all
around Johannesburg and the Central Rand. The treated material is managed in a far more
environmentally friendly way, which significantly reduces toxic seepage into our groundwater.
Land is rehabilitated and can be used again for other purposes.
These are only a few examples of the good things that people are doing in respect of caring
for and rehabilitating our environment, but while we continue to find new and innovative ways to
improve on these efforts, there remains much to be done, including reducing our reliance on coal
as a primary energy generator for the southern African region.

V.G. Duke
President, SAIMM
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The Symposium will take place over two days with a
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Synopsis
Underground mining operations tend to have higher operating costs than surface mines. When metal
prices decrease, profitability is jeopardized due to the high costs. Therefore, mining management
harnesses new practices that increase operational efficiency. One way to manage this challenge is to
invest in new mine planning practices. Stope layout optimization as a part of underground mine planning
aims to identify a portion of the orebody in the form of production volumes (stopes) to maximize profit
under roadway and stope dimension constraints. In this paper we propose a novel approach based on
identifying ore-rich areas of the deposit and prioritizing their extraction through an iterative heuristic
clustering approach. The proposed approach is compared with and validated by an exact method through
a small mining example. The heuristics produced nearly identical results in a very short time. Finally, a
case study was carried out using a larger data-set. The cluster-based iterative approach generated nearoptimal stope layouts in a computationally effective manner.
Keywords
underground mining, iterative optimization, stope layout planning, sublevel stoping.
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Introduction
Surface mines have long constituted the majority of worldwide mining operations. The main reasons are
that
(1) T
 he new excavation and slope monitoring technologies allow the surface mines to go deeper
due to the lowered overburden removal costs
(2) S
 urface operations are more selective, resulting in less dilution and loss
(3) S
 urface extraction techniques usually involve fewer safety concerns compared to underground
mining.
Underground mining has complicated engineering considerations such as rock stress calculations,
safety, and air distribution through appropriate ventilation. Current circumstances favour underground
mining because of the following reasons:
➤	Many surface deposits have been depleted
➤	Overburden waste rock in surface mines is much less or even does not exist in underground
mining; lower stripping ratio generates higher profits as it lowers the mining and waste handling
costs
➤	Underground mines have less environmental impact than surface mines.
Mining projects are already very risky due to the high uncertainty related to grade distribution
and volatile commodity prices (Maseko and Musingwini, 2019; Sauvageau and Kumral, 2017), thus
emphasizing the importance of operational optimization. Although underground mining is considered
as being governed by rock mechanics constraints, with no room for optimization, the recent prevalence
of underground mining techniques increases the importance of computer-aided tools for planning and
layout optimization, in order to maximize the profit and minimizie the environmental impact.
Sublevel stoping is an unsupported underground mining technique that is typically used when the
orebody is massive, steep, thick, and large in size (Hartman and Mutmansky, 2002). Additionally,
the rock substance strength should be medium to strong (Nicholas, 1981). The orebody is accessed
through underground access roads (levels) from the shaft, and between levels rectangular extraction
areas (stopes) are outlined and accessed through sublevels. When development is completed, the stope
is drilled from several access points and the ore blasted. The comminuted rock collapses to the bottom
of the stope, from where it is carried from the drawpoints to the shaft by haulage trucks. The minimum
and maximum stope length, width, and height are determined by the geological engineer according to
the rock characteristics.
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Sublevel stoping comprises two main problems: stope
layout planning and stope sequencing. Stope layout planning
entails positioning the sublevels and stopes, as well as deciding
stope dimensions, in such a way that profit is maximized.
Stope sequencing aims to determine the order of mining of the
stopes, taking into consideration the mine stability, equipment
transportation, and net present value (NPV) maximization.
The majority of current computerized techniques approach
the stope layout planning problem by partitioning the orebody
into a block model, in which each block is estimated or simulated
based on drill-hole samples. The grades are then converted to
economic values using parameters such as ore price, and mining
and processing costs. This conversion facilitates the evaluation of
the blocks because the profitability of extracting a particular block
can be directly recognized. The blocks are selected to be extracted
such that the profit is maximized and rock stability constraints
are not violated. These constraints are explained in detail in the
formal problem definition section of the paper.
In this paper we introduce a new clustering-based algorithm
that is inspired by the practical approach implemented by mining
engineers to plan the stope layout. The originality of this paper is
two-fold: (1) A new formulation of the stope layout optimization
problem is proposed, and (2) this problem is solved by a new
three-stage approach that forms a block model, places the
sublevels, then the stopes using clustering heuristics.
This paper is organized as follows: in the next section,
different approaches to stope layout planning are discussed.
Then, the stope layout optimization problem is then defined
mathematically with a new formulation. The proposed heuristic
is presented in detail and the corresponding mathematical
model given. The approach is tested with two case studies
and a comparison with the mixed-integer programming model
formulation is provided. Finally, the findings are summarized and
conclusions drawn.

Literature review

Sublevel stope layout planning is more difficult than surface mine
planning as it involves a similar amount of decision variables
but is subject to more constraints. Exact methods ideally yield
optimal results, but in practise they are not able to handle large
deposits as they either run out of memory or simply take a
very long time to solve, which is impractical unless heuristic
approximations are made. Typically a block model consists of
thousands to millions of blocks. Generally, to deal with the large
number of decision variables, exact methods are modified such
that they are faster but non-optimal.
Jalali and Ataee-pour (2004) presented a dynamic
programming approach for vein-type orebodies based on a
modification of the Johnson and Sharp’s (1971) dynamic
programming algorithm for open pit layout optimization. Instead
of taking into consideration the slope constraints as in open pit
mining, a maximum variation of the elevation of both the floor
and the roof from one column to the next is allowed for draw
control. The algorithm provides two-dimensional (2D) solutions
by combining column economic values that are perpendicular
to the vein direction. Ovanic and Young (1995) introduced the
branch and bound technique to optimize the start- and endpoints at each row of blocks. Two piecewise linear cumulative
functions at each row, representing the physical location of the
start- and end-points, are declared and the problem solved using
a mixed integer programming (MIP) approach. This approach,
known as SOS2 (type-two special ordered sets), also called
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separate programming, allows at most two adjacent ordered sets
of variables to be non-zero. Although row-by-row this approach
is optimal, this does not guarantee overall optimality.
Copland and Nehring (2016) proposed a MIP model to
simultaneously optimize stope layout and sequence. Bai,
Marcotte, and Simon (2013) followed a very different approach,
where the model is defined on a cylindrical coordinate around
the initial vertical raise. Blocks are converted into nodes and a
source and a sink are added to the model, which is then solved
by the maximum flow approach. Having a vertical raise limits
the optimality in cases where the orebody is inclined, resulting in
the inclusion of too much waste, particularly in cases where the
deposit is larger and more than one raise will be required.
The octree division approach (Cheimanoff, Deliac, and
Mallet, 1989) recursively divides the three-dimensional (3D)
model into two equal parts in each dimension, resulting in eight
subvolumes, and includes the subvolume in the final stope layout
if it is valuable throughout. Since partial stopes are not allowed
during the optimization and the algorithm works by equal
division of volumes, stope locations are checked only where the
minimum stope dimension is a proper divisor. The downstream
geostatistical approach (Deraisme, de Fouquet, and Fraisse,
1984) uses dynamic programming on the 2D sections of the
drilling and blasting data to minimize dilution.
Heuristic methods, being fast and practical, are most
commonly used in the industry. In the floating stope algorithm
(Alford, 1995; Alford, Brazil, and Lee, 2007) a potential stope
with minimum dimensions is floated through the block model. All
economic stopes are included in the final stope layout. However,
a problem arises when two stopes overlap. Also, different results
are obtained depending on the starting point of the floating
process. Similarly, the maximum value neighbourhood algorithm
(Ataee-pour, 1997, 2004) examines the neighborhood of each
block in sequence and from all possibilities, the neighbourhood
with maximum economic value is included in the final stope.
The preference-based profit maximization approach by Topal
and Sens (2010) creates a list of all possible stopes and chooses
from them according to the user preference. Wang and Webber
(2012) implemented a two-stage approach where the rings that
do not contain ore are filtered out and the design is completed
manually. Sandanayake, Topal, and Asad (2015) developed an
algorithm that incorporates stope size variation by aggregating
the mining blocks into a possible set of stopes, then modifying
the stope attributes. Nikbin et al. (2019) developed two heuristic
algorithms, namely the greedy and iterative enumeration
algorithms, to overcome the shortcomings of exact algorithms.
Later, Nikbin et al. (2020) combined the greedy algorithm with
dynamic programming to obtain a hybrid approach. Sari and
Kumral (2020) proposed a dynamic programming approach
with an optional greedy heuristic that provides fast and efficient
results if the stope size is fixed. Although it can potentially work
with varying stope sizes, this would increase the solution time.
Sari and Kumral (2019) extended this approach to polymetallic
mines with pillars and introduced an ultimate stope limits
formulation, which is analogous to ultimate pit limits in open pit
mine planning.
Recently, metaheuristic methods have been implemented to
determine stope layout. Villalba Matamoros and Kumral (2019a,
2019b) used genetic algorithms to optimize stope layout under
grade uncertainty. Hou et al. (2019) also used genetic algorithms
to optimize stope boundaries and access layout at the same time.
Foroughi et al. (2019) proposed a non-dominated sorting genetic
The Journal of the Southern African Institute of Mining and Metallurgy
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algorithm for the integrated optimization of stope layout design
and production scheduling. This is a multi-objective optimization
model where NPV and metal recovery are optimized at the same
time.

Formal problem definition
Ore deposits are conceptually divided into uniform rectangular
grids (mining blocks). In a deposit, each potential stope has a
certain economic value as it contains a unique set of blocks, each
with an estimated or simulated ore grade. Stope layout planning
involves placing non-overlapping three-dimensional stopes in
a deposit within constrained dimensions such that the portion
of the deposit that maximizes profit is selected. An additional
constraint arises from the construction of the access roads below
and above the stopes, known as sublevels. Stopes, should be
vertically aligned.
Throughout the paper, four mathematical models are
presented that use the notation given in Table I. In addition
to the list of common notations, the notation unique to each
mathematical model is presented following the model.
A new formulation of the stope layout planning problem is
presented in the following equations.
Maximize:

[1]

where i + qx – 1 ≤ X,j + qy – 1 ≤ Y,k + qz – 1 ≤ Z
Subject to:
[2]

Table I

Notations for the mathematical models
Notation
X
Y
Z
gi
Ri
Feqi
pi
Cl
M
l
α
β
sx,y,z
γz
xa
xb
ya
yb
za
zb

Explanation
Set of blocks in X direction
Set of blocks in Y direction
Set of blocks in Z direction
Grade of metal i within a block
Recovery of metal i within a block
Equivalent factor of metal i with regard to the primary metal
Price of metal i
Cost of establishing a sublevel
The set of metals contained in the deposit
Number of layers used for calculating a block score
Number of sublevel combinations to be considered
Number of stope combinations to be considered
Score of the block at coordinates x, y, z
Score of the level z
Minimum number of blocks in a stope in X direction
Maximum number of blocks in a stope in X direction
Minimum number of blocks in a stope in Y direction
Maximum number of blocks in a stope in Y direction
Minimum number of blocks in a stope in Z direction
Maximum number of blocks in a stope in Z direction
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[3]

where 0 < i + qx + χ –1 ≤ X,0 < j + qy + ψ - 1 ≤ Y

[4]

where I1 + χ – 1 ≤ X,I2 + ψ – 1 ≤ Y,k < k + qz + θ ≤ Z
In this model, X,Y,Z are the number of blocks in the X, Y, and
Z directions, respectively, i,j,k are sets of starting coordinates
of all valid stopes in the block model, θ is the stope height that
is determined previously, qx and qy represent offsets from the
starting coordinates, y(i,j,k,χ,ψ,θ) is the binary decision variable
that determines the extraction of a stope at the coordinate i,j,k
with the sizes χ,ψ,θ, and v(i,j,k) is the economic value of the
block at coordinates i,j,k. The objective function in Equation
[1] maximizes the total economic value of the stopes that are
selected to be extracted by the model. Equation [2] ensures that
only one size can be accepted per stope. Equation [3] checks for
overlapping stopes in the X-Y direction and allows only one of
the overlapping stopes to be selected. The additional constraint
for preventing stopes from overlapping vertically is given in
Equation [4]. However, this constraint is different from the X-Y
direction overlap constraint given in Equation [3] because the
overlap should be avoided not only directly on the stope but also
throughout the Z level. As explained earlier, this is important for
stable sublevel formation. In this model, the sublevel construction
cost is assumed to be included in the mining cost. In common
practice, due to the high cost of building sublevels, the distance
between sublevels is kept as large as possible and constant
within each geological domain. In this case, za can be set equal to
zb to simplify the problem.
The stope layout design problem resembles a 3D container
loading problem (Zhao et al., 2016; Zhu, Balakrishnan, and
Cheng, 2018), and it is most similar to a capacitated clustering
problem (CCP) in operations research where a specified number
of clusters are formed from a set of elements with certain
weights. The total cluster weight is constrained within lower
and upper limits. Each pair of elements has a predefined benefit
that contributes to the objective value only if the pair is in the
same cluster, and the objective is to maximize the overall benefit
(Osman and Christofides, 1994). A CCP can be transformed into
a stope layout design problem by representing possible stopes as
elements with weights of unity and setting the maximum weight
constraint as infinite and the minimum weight constraint as
zero. Additionally, the number of clusters should be equal to the
number of possible stopes, and the predefined benefit of a pair
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of elements should be assigned in proportion to the sum of their
economic values or be infinitely negative if two stopes intersect or
align in an overlapping fashion on the Z axis.
When the CCP is solved using these inputs, the stopes in the
cluster that provide the highest benefit are to be extracted. The
reasoning behind this is that stopes that can be selected together
(not overlapping or intersecting) will be forced to be in the same
cluster because the overall benefit increases when the number of
pairs increases. If two stopes overlap or intersect, their benefit
is negative. Thus, they will not be in the same cluster. As there
are as many clusters as stopes, these stopes will be distributed
in different clusters. Also, the way the weight capacities are set
allows clusters to contain from zero to an infinite number of
stopes, not limiting the number of stopes in the mine plan.

Heuristic methodology
When an optimization problem contains an excessive number
of variables and constraints, the solution time becomes
impractically long, thus heuristic methods are preferred (Zhu and
Lei, 2018). As can be observed from the previous section, the
vertical alignment condition increases the number of constraints
drastically. However, it can be anticipated that with regard to
the minimum and maximum stope height constraints, there
are relatively few possible combinations of sublevels;. hence
a heuristic that segregates sublevel design and stope layout
design is proposed. When sublevel design has been carried
out previously, the alignment constraints can be eliminated
(decreasing the number of constraints) and the problem is
divided into smaller problems (decreasing the number of
variables). This is realized with the aid of a clustering heuristic
in which the value of a block depends not only on its grade but
also on the grades of neighbouring blocks. The heuristic aims
to identify the ore-rich sections of the deposit and extract these
volumes as stopes, taking into account the structural feasibility.
With this information, sublevels are determined, followed by
the decision regarding stopes in between the sublevels. The
three-stage heuristic approach is summarized in Figure 1. Table I
provides the notation used in this section.

are identified through analysis of the block grades. Each block is
assigned a score according to the grade of a given block and the
grades of the surrounding blocks. Each set of surrounding blocks
of a given shape is called a layer. If only the immediate blocks
that are adjacent to the given block are considered, the depth of
the surrounding layer becomes 1. The number of surrounding
layers can be increased by considering the next set of blocks
adjacent to the previous layer and their grades are added,
optionally multiplying by a discount factor at each increasing
level. This is demonstrated in Figure 2, in which three layers are
framed. This way, the heuristic mimics the clustering approaches.
With this heuristic score, each block contains information
about its grade and strategic location. The depth of the layer
surrounding the block is customizable in the program. The
number of layers is closely related to stope size. If the depth is set
to a feasible stope size, each block will contain the heuristic score
for the stope where the block is centred. If there is more than
one valuable metal in the block, secondary metals are converted
in terms of the primary metal by using the equivalent grade
(Equation [5]) and the grades are converted using Equation [6].
It can be observed that for the first metal, Feq1 = 1, resulting in
geq = g1 + ∑i gi × Feqi where i ∈ m and i ≠1.
[5]
[6]
Block scores are calculated according to Equation [7] After
the block scores have been calculated, the block scores on each
level of the deposit are computed by adding the scores of the
blocks on the corresponding level as per Equation [8] and saved
as sublevel candidates.

[7]

Preparing the model

[8]

The input consists of a block model with grades. Ore-rich sections

Sublevel design
The selection of sublevels is a significant stage in the planning
as it influences the succeeding decisions. In practice, ore-rich

Figure 1—Three-stage summary of the clustering heuristic approach. (a)
Initial view of the deposit, where the shaded areas denote ore-rich regions.
(b) Preparation of the model by obtaining the block model and generating
the block scores and detecting clusters. (c) Sublevel design through score
ranking and selecting the best combination. (d) Stope layout design level by
level

▶

100

MARCH 2021

VOLUME 121

Figure 2—An example of layers surrounding block A in a two-dimensional
space for a block model with size 9 × 5. In this case, where the depth of
layers (l) is 3, to calculate block A's score, the grades of all the layers are
added to the grade of A, optionally multiplying by a discount factor at each
level. In a three-dimensional block model, all surrounding blocks in each
direction are included in a layer
The Journal of the Southern African Institute of Mining and Metallurgy
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sublevels are selected where the ore concentration is high such
that the stopes will also have high average grades. Considering
that sublevels are access roads, and are also extracted, sublevels
are generally selected in ore-rich regions as this paves the way to
more profitable potential stopes. This heuristic is inspired by this
practical approach and attempts to optimize it by making use of
computational tools. In the current stage, it is important that the
height of the sublevels should satisfy the minimum stope height
constraint.
Mathematically, sublevel design can be expressed as follows:
Maximize:

[9]

where k+ θ ≤ Z
Subject to:
[10]

[11]

where k + 2θ ≤ Z
In Equations [9-11], k represents the starting block of a
stope in the Z direction, θ represents the height of the stope,
y(k,θ) is the binary decision variable that selects a sublevel and
the maximum heights of stopes accessed from that sublevel, and
v(i,j,δ) is the economic value of the block at coordinates i,j,δ. The
objective function (Equation [9]) maximizes the total value of the
sublevel by summing the economic values of each block within
the range of the height of the sublevel. Equation [10] ensures
that only one maximum stope height can be accepted below each
sublevel. Equation [11] ensures that if a sublevel with a certain
stope height is selected, an overlapping level cannot be selected.
As a result of this stage, a combination of sublevels will be
output. The best scoring solution of the candidate sublevel sets is
chosen. This stage of the approach resembles the layer-building
heuristics for the 3D container loading problem (Zhao et al.,
2016). As mentioned previously, due to the high cost of building
sublevels an assumption may be made to simplify the problem:
the distance between sublevels may be kept as large as possible
and constant within each geological domain. For this reason, the
mathematical model can be simplified as follows:
Maximize:

where k + zb ≤ Z
Subject to:
[13]
where k + 2zb ≤ Z
The heuristic algorithm that selects the sublevels is designed
as follows:
➤	Only the levels that can possibly satisfy the stope height
constraints are selected as candidates to speed up the
search. The non-satisfying levels are eliminated.
➤	The remaining levels are ranked according to their scores.
(γz).
➤	A candidate solution is created by taking the first level in
the ranked list, then adding the following levels in the list
as long as the candidate solution is feasible. If the addition
of a level makes the candidate solution infeasible, the next
level is added until the list is exhausted. The feasibility is
tested by verifying that each level has at least the minimum
stope height.
➤	The overall score of the candidate solution is calculated
by averaging the scores of levels in the solution and
multiplying by the number of levels that can be accessed
through the sublevels.
➤	If this is the first calculated score, or it is the highest score
so far, it is stored as the current best solution. Otherwise,
the candidate solution is deleted.
➤	The first level in the ranked list is deleted. If there are
no more levels in the list or the number of formed level
combinations is equal to α, the algorithm is terminated.
Otherwise, the algorithm returns to step 3.
The sublevel design algorithm is also illustrated in the flow
chart given in Figure 3.

[12]
Figure 3—Flow chart illustrating the sublevel design algorithm
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Stope layout design
Given the sublevels with the above approach or manually, the
stopes are planned. In mixed integer linear programming terms,
stope layout design between sublevels can be expressed as
follows.

➤

➤
[14]
➤

where i + qx – 1 X,j + qy – 1 ≤ Y,Z1 < k + qz ≤ Z2 + 1
Subject to:

➤
[15]

[16]

∀i,j,k and ∀qx ∈ {–xb + 1, xb –1}, qy ∈ {–yb + 1, yb –1}
where 0 < i + qx + χ – 1 ≤ X, 0 < j + qy + ψ – 1 ≤ Y
In this model, i,j,k are sets of starting coordinates of all valid
stopes in between sublevels, Z1 and Z2 are beginning and ending
coordinates of the stopes, respectively, in the Z direction, θ is the
stope height that is determined previously, qx and qy represent
offsets from the starting coordinates, y(i,j,k,χ,ψ,θ) is the binary
decision variable that determines the extraction of a stope at
coordinate i,j,k with sizes χ,ψ,θ, and v(i,j,k) is the economic
value of the block at coordinates i,j,k. The objective function in
Equation [14] maximizes the total economic value of the stopes
that are selected to be extracted by the model. Equation [15]
ensures that only one size can be accepted per stope. Equation
[16] checks for overlapping stopes in the X-Y direction and
allows only one of the overlapping stopes to be selected.
This is also realized through a similar but iterative and
metaheuristic-like approach. Each level is considered separately
and the stopes at a level are selected according to the following
procedure.
➤ 	The height of the stopes is settled by observing the level
height. If it is within acceptable limits, stope heights are set
to the level height. Otherwise, the maximum stope height is
set as the current stope height.
➤ 	A list of blocks in the level is established and sorted
according to their scores sx,y,z, from high to low.
➤ 	Similar to the sublevel selecting algorithm, a candidate
stope combination solution is created by taking the first
block of the ranked list. All stope size combinations are
evaluated for their economic value and feasibility. The
feasibility test consists of testing whether the stope is
out of block model bounds and if the stope overlaps with
another stope already selected. Within the set of stopes
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➤

that are feasible, the stope that yields the highest economic
value is selected. As long as the feasibility constraints are
sustained, the stope is added. This process is continued
until the list is exhausted.
	The overall economic value of the stope combination is
calculated by adding the economic value of each stope in
the combination.
	If the economic value of the combination is positive and is
the highest economic value so far, it is stored as the current
best combination. Otherwise, the combination is deleted.
	The first block of the ranked list is deleted. If there are
no more blocks in the list or the number of formed stope
combinations is equal to β, the algorithm advances to next
step. Otherwise, the algorithm returns to step 3.
	This is the metaheuristic step. The iteration with the
highest economic value is compared to the most recent
iteration. If there is an improvement, the ordering of the
most recent iteration is kept. Otherwise, the ordering is
kept with a probability. This probability decreases as the
number of iterations increases. If there is no improvement
for n consecutive iterations, where n is determined
empirically, the algorithm terminates.
	A random change is made to the ordering of the list and the
algorithm returns to step 3.

The stope layout design algorithm is also illustrated in the
flow chart given Figure 4. The stope combination selection
process is condensed into one step as it is very similar to the
sublevel design algorithm.
In this stage of design, although block scores sx,y,z are
used when forming the priority list, the final decision is made
according to the economic value of the design. This is preferred
because the overall objective is to optimize profit. This process
may be repeated with different sublevels to start with. As the
number of sublevel combinations is limited due to stope height
constraints, the number of repetitions will also be low and the
result will be closer to optimal.
This strategy can be very effective when the ore-rich regions
are in clusters and unevenly dispersed throughout the deposit

Figure 4—Flow chart of the stope layout design algorithm
The Journal of the Southern African Institute of Mining and Metallurgy

Clustering-based iterative approach to stope layout optimization for sublevel stoping
as it conveniently prioritizes ore-rich areas, which is common
in most deposits. If this is the case, the upper elements in the
list will be dominant over the subsequent elements, increasing
the possibility that the right combination will contain the upper
elements. Another advantage of this approach is that given its
modular structure, sublevels may be defined by an engineer, or if
there is an existing development it can be defined directly in the
program and the sublevel design stage above can be omitted.

Case studies
Case study 1
The heuristic approach was implemented in C++ and tested
on an underground polymetallic gold-copper mine with 125
000 blocks. The data-set contains two grades for each block
(gold and copper) that are the averages of multiple realizations
generated by sequential Gaussian simulation. The mining plan
incorporates one mineral processing plant and one waste dump.
The parameters regarding the project are given in Table II.
The economic value of an extracted block is calculated
according to Equation [17], where gm is grade, pm is price, Rm
is the recovery of mineral m, Cp is processing cost, Cr is mining
cost, and t is tonnage. The tonnage is calculated by multiplying
the specific gravity by the block volume. It is assumed that all
mined blocks are processed and un-extracted blocks have zero
value. The resulting plan can be visualized using SGeMS software
(Remy, Boucher, and Wu, 2009) as in Figure 5. Each stope is
illustrated with a colour that corresponds to the average grade
in the stope. Representative sublevels are shown in grey. The
heuristic approach was able to successfully identify the ore-rich
areas in the deposit and generate a stope layout plan. It can be
observed from Figure 5 that the minimum average stope Au

grade is 0.376 g/t, which can be considered as the stope cut-off
grade for this operation.
[17]
Figure 6 demonstrates the effect of program-related
parameters α,β and l (definitions given in Table I) on the overall
profit of the mine. To observe this effect, the program was run
multiple times with different parameter values. α and β were
tested in the range 5–20 and l was tested in the range 3-4.
Inspecting the figure, it can be inferred that in this case study, β
influenced the profit the most and l did not have an effect. Also,
increasing α and β increased the profit until α and β reach about
10. Above this value, the profit reached a plateau. This indicates
that the heuristic approach is successful in ranking the more
promising sublevels and stopes before unfavourable possibilities.

Table II

Parameters used in case study 1
Value

Parameter

50, 50, 50
10, 10, 10
30
10
3
2
40, 4.1
0.9, 0.75
30, 30, 30
70, 70, 70

Dimensions of the deposit in X, Y, Z directions (in blocks)
Dimensions of each block in X, Y, Z directions (m)
Mining cost ($ per tonne)
Mineral processing cost ($ per tonne)
Specific gravity (tonne /m³)
Number of metals to be sold (Au and Cu)
Ore price (Au, $ per gram and Cu, $ per pound respectively)
Recovery (Au and Cu respectively)
Minimum frame size in X, Y, Z directions (m)
Maximum frame size in X, Y, Z directions (m)

Figure 5—Views from different perspectives of the resulting plan using the presented heuristic approach. The colour of each stope corresponds to the average
equivalent Au grade within the stope (case study 1)
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Figure 6—The influence of (a) score and sublevel parameters on the resulting mine economic value. (b) The influence of stope and sublevel parameters on the
resultungt mine economic value (case study 1)

The average running time of the program for this case was 15
minutes 42 seconds on a MacBook Pro 2015 with 2.7 GHz Intel
Core i5 processor and 16 GB memory. To decrease ore dilution
and loss, the block size can be reduced. However, this would
increase the number of decision variables, and hence the solution
time.
To further evaluate the performance of the heuristic approach,
case study 1 was re-run on a portion of the same deposit with
dimensions 15 × 15 × 15 blocks and maximum frame size as
50, 50, 50 m. The linear programming model was formulated
in a Zimpl programming environment (Koch, 2006) and the
same case study was solved with the linear programming model
using CPLEX to compare the outcomes. The optimal mine value
obtained by the linear program was $382 037 496, and by the
heuristic approach was $377 561 000 which is a difference of
0.1%. On the other hand, the runtime of CPLEX was 61 hours 23
minutes on a Dell Precision T3610 workspace with Intel Xeon E51620 3.70 GHz processor, whereas the heuristic approach took 2
minutes 4 seconds with the same computer used in the previous
case study.

Case study 2
A second case study was carried out to test a slightly modified
version of the heuristic algorithm. In this version, three changes
were made:
(1) T
 he distance between sublevels was kept constant
(2) Sublevel building cost was added
(3) Internal waste was allowed to plan diluted stopes as
opposed to typical mining stopes.
Instead of assuming the entire volume of the stope will be
extracted, it is presumed that blasting can be adjusted such that
internal waste can be left on the roof and floor of the stope. In
addition, a small block size is used to decrease dilution/loss.
This algorithm was tested on an underground gold mine
with 134 400 blocks. The dataset contains a gold grade for each
block that is the averages of multiple realizations generated by
sequential Gaussian simulation. The mining operation plans one
mineral processing plant and one waste dump. The parameters
regarding the project are given in Table III. The economic value
of an extracted block is calculated in a fashion very similar to
that in the previous case study. The only difference between
the calculations is that in case study 2 the mining cost does not
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incorporate the sublevel building cost – this is extracted from the
economic value of the mine in proportion to its length.
The running time of the program for this case was 96
minutes 17 seconds on a MacBook Pro 2015 with 2.7 GHz Intel
Core i5 processor and 16 GB memory. The resulting plan for this
case is visualized from two different perspectives using SGeMS
software in Figure 7, where each stope is illustrated by the
colour that corresponds to its average grade and representative
sublevels are shown in grey. It can be observed that the sublevel
distance constraint was respected and internal waste was allowed
by the program. High sublevel building cost clearly forced the
program to choose as few sublevels as possible that cover access
to valuable sections in the mine. Although sublevel generation
was faster due to the equal distance enforcement, the internal
waste option increased the solution time because of the increased
number of possibilities.

Conclusion
A new clustering-based heuristic method has been developed to
solve the stope layout problem. This method assigns scores to
each block based on the grade of the block and the surrounding
blocks. This scoring approach is used as a clustering heuristic
to easily detect the ore-rich areas in a deposit. At this point,
the approach has been broken down into two stages: selecting
where the sublevels will be built and selecting the stopes between
sublevels.

Table III

Parameters used in case study 2
Value
56, 100, 24
3, 3, 3
10
25,000
10
3
1
40
0.9
30, 30, 15
40, 40, 35

Parameter
Dimensions of the deposit in X, Y, Z directions (in blocks)
Dimensions of each block in X, Y, Z directions (in m)
Mining cost ($ per tonne)
Sublevel building cost ($ per metre)
Mineral processing cost ($ per tonne)
Specific gravity (tonne /m³)
Number of metals to be sold
Ore price ($ per gram)
Recovery
Minimum frame size in X, Y, Z directions (m)
Maximum frame size in X, Y, Z directions (m)
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Figure 7—Views from different perspectives of the resulting plan using the presented modified heuristic approach. The colour of each stope
corresponds to the average equivalent Au grade within the stope (case study 2)

The case studies demonstrate that the approach works well
without violating any constraints. Also, the program parameters
have been shown to converge. In other words, the parameters can
be set empirically and increased until the profit does not improve.
Further investigation of the approach involved comparison of
the results to an exact method. To achieve this, the problem was
formulated as a mixed integer linear program model and a similar
case solved both with a linear program solver and the proposed
heuristic clustering approach. The results show that the mine
profits generated by both approaches were very similar but the
heuristic approach reached this result much faster.
The advantages of the proposed approach are that it
(1) follows the engineering practices, (2) quickly generates
comparable results to optimal, and (3) if sublevels were
previously developed in the mine, they can be provided manually
owing to the modular structure of the approach. The comparison
to the linear programming model produced promising results.
The focus in future will be on incorporating alternative stope
shapes into the model as suggested by Jooste and Malan (2020).
Also, the research will be directed at generating a robust solution
through the inclusion of grade uncertainty.
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Synopsis
Assessment of blast fragment size distribution is critical in mining operations because it is the initial
step towards mineral extraction. Different empirical models and techniques are available for predicting
and investigating the consequences of blasting, one of which is the Kuznetsov-Cunningham-Ouchterlony
(KCO) model. In this paper we summarize the advances in the empirical models from inception until
now, and explore the improvements that have been made so far with particular emphasis is on the most
recent KCO model. Utilization of the model and the errors that arise between expected and the actual
outcomes are analysed. The results indicate that the KCO model remains useful for predicting the blast
fragmentation at limestone mine sites, despite the availability of other advanced prediction models. It is
also a valuable instrument for pre-surveying the impact of varying certain parameters of a blast plan.
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Introduction
The initial stage of ore excavation in limestone mines is drilling and blasting, the aim of which is to
reduce the rock to easily handleable fragments (Ouchterlony, 2005; Monjezi et al., 2010). It is essential
that the blast fragments have the required size distribution as this affects the loading, hauling, and
crushing processes (Ouchterlony, 2003). Accurate measurement of blasted rock fragmentation is of
great importance in hard rock drilling and blasting (Fourney and Dick, 1996). The post-blast rock
size distribution dramatically influences the efficiency of all the downstream rock processes, including
comminution. In cases where there are too many boulders, the mine operator will be faced with the need
for secondary blasting, which will have unnecessary negative consequences for the company’s cash
flow. It also poses safety issues due to the increased risk of flyrock and air blast hazard because of the
light stemming employed in secondary blasting (Abuhasel, 2019; Ouchterlony and Sanchidrián, 2019).
There are a number of parameters that influcence the outcome of any blasting exercise. They include
parameters over which the operator has control and those that the operator does not. The former include
blast design parameters such as geometrical and explosive parameters (Sharma et al., 2019) whereas
the latter depend on the inherent properties of the rock being blasted. The geometrical parameters that
the mine operator can control during blasting are shown in Figure 1. They include the bench height,
burden, spacing, hole depth, sub-drill, hole diameter, stem deck, and top stemming. The explosive
parameters includes the type of explosive used, charge density, firing pattern, and blast initiation
systems. The other parameters, which the operator has no control over, include the hardness factor, rock
mass rating, and rock density.
A reliable rock fragmentation prediction model is an essential aspect of blasting operations for
improved production. Several models have been developed to predict the particle size distribution from
a blast. The development of fragmentation models emanates from the need to provide engineering
solutions to blasting problems such as the optimization of run-of-mine (ROM) fragmentation (Esen,
2013; Petrosyan, 2018). However, none of these models accurately predicts the size distribution
from a blast. To minimize the number of boulders produced during blasting, there is a need for blasts
to be designed and fragment size distributions modelled. This will inform the mine operator of the
suitable blast parameters that are likely to result in the desired fragment size distribution. This has the
advantage of reducing the need for secondary blasting, which has a dual benefit of reduced the cost of
operation to the mining company and increased safety for the operator.
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Figure 1—The geometrical parameters that may influence the blast outcome

The two most recent empirical fragmentation models were
introduced in 2005 and both have undergone subsequent
modification to better predict the size of rock fragments
and minimize the occurrence of boulders. These are the
KCO (Cunningham, 2005) and Modified Kuz-Ram models
(Ouchterlony and Sanchidrián, 2019), and were developed to
overcome the shortcomings of the Kuz-Ram model (Ouchterlony
and Sanchidrián, 2019). One of the reasons for the KCO model’s
superiority to the other empirical models is the fact that the
required input parameters are comparatively simple to obtain and
apply in fragment size prediction. Newer techniques for analysing
blast fragments have been recently proposed (Abuhasel, 2019),
such as artificial neural networks (ANNs) and multivariate
regression (MVR) (Cardu, Coragliotto and Oreste, 2019).
However, building these techniques to a level such that they
can accommodate the blast design variables as well as quantify
the influence of inherent rock properties on the blast outcome
is tiresome, time-consuming, and also expensive. On the other
hand, secondary blasting due to the production of large boulders
increases the cost and time required before any further size
reduction can take place (Ouchterlony and Sanchidrián, 2019).
Therefore, this research is focused on determining the possibility
of applying the KCO model for predicting blast fragment size
distribution in two limestone quarries in Kenya.

Theory
Development of fragmentation models
There are several blast fragment size distribution prediction
models that have been developed, and these can be categorized
as either empirical or mechanistic models, depending on the
cause of the fines production (Babaeian et al., 2019; Ouchterlony
and Sanchidrián, 2019). The empirical models assume that finer
fragmentation is brought about by a higher powder factor (higher
input energy of explosives) (Franklin and Maerz, 2018), whereas
the mechanistic models link the production of fines to the proper
understanding of the fundamental principles of physics or the
dynamics of detonation, or sometimes a combination of the two,
and transfer of the blast energy during blasting. This makes
the mechanistic models less popular at mine sites because they
are very complex and need more complex data (Dare-Bryan,
Mansfield, and Schoeman, 2012).
Mechanistic models are at the apex of the modelling order
demonstrating the progressive systems. They utilize a large
number of numerical techniques and thus require considerable
processing power and unnecessarily long computation times
(Ouchterlony and Sanchidrián, 2019).
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They predict blast outcomes by expressly mimicking changes
in conditions (Cardu, Coragliotto, and Oreste, 2019). They can
simulate bulk explosive loading and movement of rocks around
the blast area by analysing stress or strain in the affected
region. These models are considered the most complex models,
that seek to explain the behavior of system components (thus
being known as multi-material science codes). Owing to their
complexity, they can take days or weeks to run even on powerful
supercomputers (Ouchterlony and Sanchidrián, 2019). Also, the
models are reported to be less site-specific, in addition to the
difficulty in collecting the required rock and detonation data.
Empirical computer models, in contrast, depend on the
straightforward fitting of scientific as well as computational
articulations to data that has been obtained from field
measurements or potential estimations (Ouchterlony and
Sanchidrián, 2019). These models include the 1970 model by
da Gama (Ouchterlony and Sanchidrián, 2019), which predicted
fragment size distribution based on the energy and explosives
needed and rock characteristics. This model had a disadvantage
in that it neglects the effect of stemming length, spacing, bench
height, and does not include non-uniformity and uniformity
predictions factors (Babaeian et al., 2019). In 1973, Larsson
(Ouchterlony, 2005) developed another model that utilizes
burden, spacing, specific charge, and characteristics of the rock’s
discontinuities for prediction. However, this model did not
perform much better in predicting particle size distribution. In
1973 Kuznetsov (Cunningham, 2005) developed an empirical
model that factored in the type of explosives, rock mass
classification, influence of applied blast energy, and evaluation of
uniformity and non-uniformity of fragmentation. In this model,
the fragmentation is determined in terms of mass percentage,
powder factor (applied blast energy per unit volume of rock), and
mean fragment size (Ouchterlony and Sanchidrián, 2019).
The Kuz-Ram model was introduced in 1983 by Cunningham
(Ouchterlony and Sanchidrián, 2019). The model is capable of
calculating both the average fragment size, x, and the uniformity
index, n, for the muckpile of a bench blasting round whose
sieving curve follows the Rosin-Rammler (RR) distribution
(fragmentation curves for equal mean size) function (Ouchterlony
and Sanchidrián, 2019). In 1987 Kou and Rustan (Cunningham,
2005; Sanchidrián, Segarra, and López, 2006) made an
adjustment to Larson’s model and named this new model SveDeFo (Chung and Katsabanis, 2000). The main parameters
considered are the bench height, stemming length, the
discontinuities’ characteristics, and the rock’s nature. This model
also had its drawbacks, in that the assumption of the rocks’
features was an approximation. Also, the predicted dimensions of
fragmented rocks were smaller than the actual values (Babaeian
et al., 2019) . In 2000, Chung and Katsabanis used data from
Otterness and other researchers (Ouchterlony and Sanchidrián,
2019) collected in 1991 to verify the accuracy of the Kuz-Ram
model (Chung and Katsabanis, 2000). They proposed that the RR
(fragmentation curves for equal mean size) function describes
the fragment size distribution data well enough (Ouchterlony and
Sanchidrián, 2019).
The modified Kuz-Ram model, which was introduced in 2005
(Ouchterlony and Sanchidrián, 2019), resembles the preceding
Kuz-Ram model. However, the difference is the modification of
the Kuznetsov equation by applying a 0.073 multiplier to help
the model perform better in predicting the mean fragmentation
The Journal of the Southern African Institute of Mining and Metallurgy
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size (Gheibie et al., 2009). The Kuz-Ram uniformity index is also
substituted by an upgraded uniformity index, which was initially
proposed by Cunningham (Cunningham, 2005; Sanchidrián,
2019) and considers the blastability index, BI, of the rock in
question (Gheibie et al., 2009; Ouchterlony, 2019).

RDI = [0.025. ρ] – 50

[5]

where ρ is the density of the rock, and HF is the hardness factor.
The curve undulating paramters, b, is defined by using Equation
[6] :

KCO model
The Kuznetsov-Cunningham-Ouchterlony (KCO) fragmentation
model is an extended form of the Kuz-Ram model. The KCO
model replaces the Rosin-Rammler equation of the Kuz-Ram
model with the Swebrec function, and was put into use in
2005 by Cunningham (Ouchterlony, 2005; Ouchterlony and
Sanchidrián, 2019). This model was developed to help minimize
two important weaknesses of the Kuz-Ram model: the poor
prediction ability for fragments with high fines content and the
upper limit cut-off of block sizes (Bhandari, 2012; Ouchterlony
and Sanchidrián, 2019).
The Swebrec function that replaced the Rosin-Rammler
equation in the Kuz-Ram model is shown in Equation [1].
The Swebric function includes three parameters; the 50% of
the material size (X50) passing through the crusher gap, the
maximum block size (XMax), and b which is a curve undulation
parameter which is similar to and depends on the uniformity
index of the Kuz- Ram model ( Hekmat, Munoz, and Gomez,
2019; Ouchterlony and Sanchidrián; 2019 Sanchidrián and
Ouchterlony, 2017).

[1]

where P(x) is the percentage fraction of fragments passing sieve
size X, and b is the curve undulation parameter. XMax is the
minimum (in-situ block size; S or B). The system of equations
that make up the KCO model is shown in Equations [2, 6, and 7].
[2]
where mean fragment size (X50) is the 50% of the material
passing through the crusher gap, A is a rock factor as shown in
Equation [3], q is the specific charge/powder factor (kg/m3), Q is
the explosive weight per drill-hole (kg), and SANFO is the weight
strength of the explosive relative to ANFO.

A = 0.06 (RMD + RDI + HF)

[3]

where RMD is the rock mass description. When rock is powdery
and friable RMD is 10, when joints are vertical RMD is JF; when
the rocks mass is massive, RMD is 50. JF is the joint factor,
calculated using Equation [4]:

JF = (JCF) (JPS) + JPA

[4]

where JCF is joint condition factor which assumes the value of
1 for tight joints, 1.5 for relaxed joint, and 2 for gouge-filled
joints. JPS is the vertical joint plane spacing; which relates to joint
spacing Sj and ‘reduced pattern’ √BS as follows. JPS is 10 when
Sj < 0.1 m, 20 if Sj is 0.1–0.3 m, 50 if Sj is 0.3–0.95 √BS, and 80
if Sj > √BS. JPA is the joint plane angle; when the joints dip outof-face, the value is 20, when striking perpendicular to the face,
30, and when the joints dip into the face it is 40. RDI is the rock
density influence in kg /m3, defined by Equation [5].
The Journal of the Southern African Institute of Mining and Metallurgy

[6]
Alternatively, b can be established by Equation [7], as
reported by Choudhary and Gupta (2012).
[7]
where DbMax is the least burden, spacing, or maximum in-situ
block size and Db50 is the least burden, spacing, or maximum insitu block size, as suggested by Ouchterlony (2005).

Materials and methods

This research paper presents a case study of Bisil and Simba
quarries in Kenya. Data was collected on recognition of
pushbacks, bench faces, and geological measurement to
determine the pre-existing fractures and their orientation, and
spatial and explosive parameters for each blast. The joints
present on each bench face were identified and their spacing
measured so as to determine the rock mass rating (RMR). The
Bisil quarry has four mining faces while Simba quarry has two
mining faces. Extraction is done in benches. The information
gathered was used to predict the blast fragmentation using
the KCO model so as to ascertain the pre-blast particle size
distribution at the two quarries. After data acquisition the blast
was performed and fragmentation images were taken as shown
in Figure 2a for analysis using Split-Desktop. The images were
subsequently processed by first delineation as shown in Figure
2b, followed by the generation of the particle size distribution
curves. Six blasts were carried out in each quarry, and the
fragment size distributions analysed.

Results and discussion

Table I shows the rock parameters obtained for six blasts at each
quarry. Table II shows the geometrical parameters used in the
blast rounds, and the explosive parameters, including the powder
factor and explosive weight, are presented in Table III. The rock
mass classification was based on Bieniawski’s geomechanical
rock classification (Bieniawski, 1988). For the prediction, a
Python code was developed to assist in the determination of the
model’s particle size distribution. Split-Desktop an industrystandard software for image analysis was used to measure
the after-blast fragment size distribution. The Split-Desktop
is an image processing software package that uses grayscale
to determine the particle size distribution of the blast rock
fragments (de Souza, da Silva, and Rocha, 2018). Digital images
are normally acquired using a digital camera or smartphone
(Maerz, 1996). Ten images were captured using a smartphone
fitted with Split-Camera application.
The images were transferred to a computer and highquality images with a resolution of 600 dpi delineated to help
determine measured rock size distribution using Split-Desktop
4.1 software. After delineation, fragment size distribution was
generated, representing the measured blast fragment particle size
distribution. Graphs of the predicted and measured particle size
distributions were plotted, as shown in Figure 3.
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Figure 2—(a) The blasted materials with scaling objects in place, and (b) delineated image

Table I

Rock parameters used in the studied blast rounds
Blast no.

Hardness factor

Joint plane spacing

Joint plane angle

Rock density influence

Rock mass rating

Specific gravity

Bisil

1
2
3
4
5
6

3.7
4.1
3.9
4.0
3.8
4.0

50.0
20.0
50.0
50.0
50.0
50.0

30.0
30.0
40.0
30.0
40.0
30.0

12.0
13.0
13.5
12.5
14.0
12.0

80.0
80.0
80.0
80.0
80.0
80.0

2.7
2.7
2.7
2.7
2.7
2.7

Simba

1
2
3
4
5
6

3.5
4.0
4.3
3.9
4.0
4.2

20.0
50.0
50.0
50.0
20.0
50.0

40.0
20.0
30.0
30.0
20.0
30.0

13.5
15.0
13.8
13.0
13.6
14.0

60.0
50.0
50.0
60.0
50.0
60.0

2.5
2.5
2.4
2.6
2.5
2.5

Table II

Geometrical parameters used in the studied blast rounds
Blast no

Hole diameter (mm)

Spacing (m)

Bisil

1
2
3
4
5
6

50.0
50.0
50.0
50.0
50.0
50.0

3.0
3.0
3.0
3.0
3.0
3.0

Simba

1
2
3
4
5
6

50.0
50.0
50.0
50.0
50.0
50.0

3.5
3.5
3.5
3.5
3.5
3.5

Bench height (m)

Burden (m)

Drilling deviation (m)

Hole depth (m)

Stemming (m)

10.0
10.0
10.0
10.0
10.0
10.0

3.5
3.5
3.5
3.5
3.5
3.5

0.2
0.2
0.2
0.1
0.1
0.2

11.0
11.0
11.0
11.0
11.0
11.0

2.0
2.0
2.0
2.0
2.0
2.0

6.0
6.0
6.0
6.0
6.0
6.0

2.5
2.5
2.5
2.5
2.5
2.5

0.1
0.2
0.1
0.2
0.1
0.1

6.0
6.0
6.0
6.0
6.0
6.0

1.5
1.5
1.5
1.5
1.5
1.5

The regression results from the two sites were 99.0% and
98.1%, respectively, as shown in Figure 4. These high regression
values indicated that the predictions from the model correlated
well with the actual results from the blasts studied. The KCO
model seemed to have shown a better relationship between the
predicted and the actual results for the Simba quarry than for
Bisil quarry.
The percentage of boulders predicted and produced per blast
was determined from the difference of total material and material
passing the crusher gape. The crusher gape for both Simba and
Bisil quarries was 50 cm, and any material larger than this was
considered as a boulder. Generally, the model predicted boulders
with error of less than 10% for all of the studied blast rounds
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in both quarries. Figure 5 shows the varying trends of the KCO
model in predicting boulders.
It was noted that the model underestimated the amount of
boulders from most of the blast rounds at the Bisil quarry, and
overestimated boulders for most of the rounds at Simba. This can
be ascribed to the difference in the rock mass characteristics at
the two quarries.

Conclusion
The Kuznetsov-Cunningham-Ouchterlony (KCO) model, being
an empirical model, provides a reliable guide to the expected
blast fragment particle size distribution, depending on the
geology and blast design applied. The findings of this paper could
The Journal of the Southern African Institute of Mining and Metallurgy
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Table III

Explosive parameters used in the studied blast rounds
Quarry

Blast no

Powder factor (kg/m3)

Explosive weight (kg/hole)

Initiation system

Blasting pattern

Bisil

1
2
3
4
5
6

0.36
0.35
0.35
0.35
0.39
0.37

60.00
65.00
62.00
64.00
65.00
60.00

Nonel
Nonel
Nonel
Nonel
Nonel
Nonel

Staggered
Staggered
Staggered
Staggered
Staggered
Staggered

Simba

1
2
3
4
5
6

0.37
0.42
0.40
0.39
0.39
0.38

45.00
50.00
47.00
50.00
49.00
50.00

electric
electric
electric
electric
electric
electric

Staggered
Staggered
Staggered
Staggered
Staggered
Staggered

Figure 3—Predicted and Spilt-Desktop particle size distribution curves for selected blast rounds for (a) Bisil and (b) Simba quarries. The graphs shows that the
Split- Desktop curves closely match the KCO curves, suggesting a good prediction by the model

(b)

(a)
Figure 4—Regrssion graphs for (a) Bisil, and (b) Simba quarries

act as a datum for investigating the impact of changing blast
variables. Well-studied geology and correct choice of explosives
with a properly designed and modelled blast round can yield the
desired fragment size, hence optimizing the cost of excavation
of limestone. Moreover, the straightforwardness of the model
and the overall simplicity of obtaining model input places the
KCO model at the cutting edge of rock fragmentation models.
The most significant application of KCO is to guide the blast
The Journal of the Southern African Institute of Mining and Metallurgy

engineer in considering the impact of different parameters when
endeavouring to improve blast round output.
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Synopsis
Coal briquetting traditionally makes use of high-dosage, nonpolymeric binders (such as coal tar pitch
or molasses) or polyvinyl alcohol (PVA) at low dosages for the binding of fine and ultrafine coal. Due
to constraints associated with the manufacturing and cost of PVA-bound briquettes, a novel polyacrylic
binder was developed that could possibly be added in low dosages at room temperature. A set of
formulations of two polyacrylic components (components A and B) was developed, from which an
optimal binder mixture was determined. This formulation comprises 40wt.% component A and 10wt.%
component B with a 0.04wt.% cross-linking additive, and the balance water. The uniaxial briquette
compressive strength was used to obtain the optimal binder mixture. The binder mixture was added to
the coal powder in dosages from 0.1 to 1.2wt.%. Mechanical tests and thermogravimetric analysis in an
oxidized environment at a maximum temperature of 930°C were conducted. Binder-bound briquettes
were compared to binderless briquettes and PVA-bound briquettes. Briquettes made from the polyacrylic
formulation had uniaxial compressive strengths double that of the binderless briquette yield strength,
as well as the minimum recommended compressive strength of 0.375 MPa. The organic binders did not
affect the combustion of the briquettes, since the results compared well with the binderless briquettes.
The polyacrylic formulation is considered to be a possible substitute for PVA in terms of mechanical and
thermal properties and raw material cost.
Keywords
briquettes, fine coal, polymer binders, polyvinyl alcohol, combustion.

Introduction
Coal is still a major energy resource for electricity generation worldwide. Coal usage is holding steady
and not rapidly decreasing, despite the planned implementation of national policies in several parts
of the world to reduce consumption. This is because of spatial and market-related factors, including
accessibility, supply, and demand (Song and Wang, 2019). The coal mining industry has improved
its safety and efficiency record through mechanization; however, this has led to an increase in fines
generation (particles with a 1 mm top size) (Vogt, 2016). Fines constitute 6–12% of run-of-mine coal
and have accumulated in vast amounts over the past one-and-a-half centuries (Reddick, von Blottnitz,
and Kothuis, 2007; Venter and Naude, 2015). For this reason, fines reclamation initiatives have been
initiated both locally and globally (Garling, 2015; Senkhane, 2018).
The reclaimed fines are moist and difficult to transport, and cause pollution where they are stored
and transported (CATF, 2001; England, 2013; Karmakar, 2005). The cost of drying fine and ultrafine
coal can reduce its value as a fuel source because mechanical dewatering is unfeasible, thermal drying
is unsafe, filtration techniques are ineffective, and other techniques may become time-consuming
and expensive as higher amounts of sorption additives are needed for smaller particle sizes (Reddick
von Blottnitz, and Kothuis, 2007; van Rensburg et al., 2018). Agglomeration is a possible process
to alleviate the problems associated with low-value coal fines by creating a compacted product that
is easier to handle and transport (England, 2013; Karmakar, 2005). Briquetting is a preferred form
of agglomeration and the binderless briquetting of some South-African coals has been attempted in
various studies, sometimes as a control group for testing additives or binders (de Korte, 2010; Mangena
et al., 2004; Mangena and du Cann, 2007; Motaung et al., 2007; Venter and Naude, 2015). This form
of briquetting is more often applicable when the coal fines have a high vitrinite content as well as an
appropriate free moisture content, aiding in the briquetting process (England, 2013; Mangena et al.,
2004). For agglomeration of low-vitrinite coals, binders are used when the inherent coal properties
inhibit binderless briquetting (England, 2013; Klima, Arnold, and Bethell, 2012).
The great disadvantage of binders is that they constitute up to 60% of the briquetting costs (Venter
and Naude, 2015). Nonpolymeric binders achieve the highest yield strengths at additions above 5wt.%,
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and this high addition has been overcome by using the polymer
alternative, polyvinyl alcohol (PVA), which is effective in lower
dosages between 0.1 and 0.9wt.% (Henning et al., 2018; Modiri,
2016; Venter and Naude, 2015). However, polyvinyl alcohol
is difficult to manufacture from the raw powder form and may
have higher energy requirements due to its aqueous solution
temperature of above 90°C (Xu et al., 2018). To overcome this
constraint a polyacrylic binder was recently developed, that can
be manufactured at room temperature (Michailovski et al., 2018).
The binder consists of two crosslinked polymer components
(component A and component B) that can be used as a binder
at low concentrations, ranging between 0.1 and 1.2wt.%
(Michailovski., 2018). The aim of this study was to evaluate
coal briquettes made using the polyacrylic binder in terms of
mechanical and combustion performance in comparison to PVAbound briquettes.

Experimental
The coal used in this study originated from the Witbank coalfield.
Two samples were obtained at different intervals for comparison
purposes and the same coalfield was used to ensure that the coals
were a true reflection of what would be used as feed material at
any given instance. Both coals were of medium rank C. Table I
summarizes the characteristics of the two bituminous coals.
From Table I it can be seen that the greatest difference
between the two coals is their inherent moisture (2.1%
variation), ash yield (6.8% variation), and elemental oxygen
content (5.3% variation). These results could indicate that coal
2 was more exposed to arid conditions, resulting in increased
oxidation and dryness. The increased ash yield could be due to
the uneven distribution of pyritic particles in the coal bed from
which the coals were sampled, leading to both a higher ash yield
and a higher elemental oxygen content.

Binder preparation
Components A and B were obtained in a semi-hydrated paste
form at 99.9% purity, along with a crosslinking additive, and
demineralized water from the Mooirivier reservoir. An antifoaming agent was added to the water prior to formulating the
binder, to avoid the formation of non-homogenized mixtures. The
two polymer-based components of the polyacrylic binder (PA)
were each hydrated to 50wt.% and mixed in liquid form using
an overhead stirrer for 10 minutes in ratios between 25 and
40wt%. From 0.04–1wt% crosslinking agent was then added. The
solution was mixed for another 10 minutes. The polyvinyl alcohol
was obtained as a powder at 99.0% purity, which was dissolved
using the same demineralized water to form a colloidal solution
of 0.05wt.%. The mixture was magnetically stirred on a hotplate
stirrer for 10 minutes at 95°C until solubilized. The solution was
then left to cool at ambient conditions and bottled for storage.
The polyacrylic solution could not be stored as the effective life of
the solution was unknown, and new batches were manufactured
every 15 minutes.

Briquette manufacture
A Komarek B050 briquetting press was used at a feed screw
speed of 80 r/min, a roll speed of 3.8 r/min, a gap width of
0.3 mm, and a resulting roll compaction force of 30 kN. The
resulting pillow-shaped briquettes had a length of approximately
40 mm, a thickness of 12 mm, and a width of 15 mm. The
briquettes are shown in Figure 1.
The briquettes were cured in a climate-controlled room
at 40% relative humidity and 22°C. The curing process had a
maximum duration of 21 days, and the briquettes were tested on
days 0, 1, 2, 7, 14, and 21.

Mechanical strength tests
The mechanical properties of the briquettes were investigated
to determine the binder formulation that yielded the highest
mechanical strength in terms of uniaxial compressive strength.
A comparison was drawn between binderless, polyacrylic-, and
polyvinyl alcohol-bound briquettes (compared to lump coal)
based on mechanical strength and combustion performance. The
briquettes were tested using a Chatillon DF II series force gauge
with a 12 mm diameter. The force was determined as the value
at which the briquette broke, the recommended value being 0.35
MPa (Richards, 1990). The compressive strength was calculated
using the expression:
[1]
where P denotes pressure, F the uniaxial compressive force,
and A the contact surface area (a disk shape of 1.2 cm diameter)
of the force gauge measuring area. An average of five tests was
conducted for each binder formulation. The water resistance was
tested by immersing the briquettes in water for 30 minutes where
possible, after which finger pressure was applied. The briquettes
that maintained their original integrity were evaluated in terms
of uniaxial compressive strength, and this was taken as the
wet compressive strength of the briquettes (Modiri, 2016). The
abrasion resistance of the briquettes was measured by tumbling
in a scaled-down model of the tumbler used in a previous study
(Richards, 1990), using a variable speed motor at 80 r/min for
197 revolutions. To ensure that the scaled-down model was
similar in terms of the mass to volume ratio, three briquettes
were tumbled (measured to weigh in the order of 17 g). The fines
generation was measured by sieving and weighing all particulates

Figure 1—Briquettes manufactured using a Komarek B050 press. (a) Front
view, (b) side view

Table I

Proximate, ultimate, and gross calorific value results for the two coals, wt.%
Coal 1
Coal 2
∆ (%)

▶
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H2O (ad.)

Ash yield (dry)

Vol (daf)

FC (daf)

GCV (MJ/kg)

C

H

N daf

O

S

6.2
4.1
34%

22.1
28.9
24%

33.0
32.0
3%

67.0
68.0
1%

22.5
20.6
8%

83.2
77.8
6%

4.0
4.3
7%

2.1
1.9
7%

9.6
14.9
36%

1.1
1.0
6%
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below 6 mm and taking this as a percentage of the initial sample
weight. The recommended value is 5wt%. (Richards, 1990). The
tumbler used is shown in Figure 2.

Thermogravimetric analysis
The in-house thermogravimetric analyser (TGA) described by
Modiri (2016), was used to perform the combustion experiments.
The set-up can be seen in Figure 3 and consists of an Afrox gas
cylinder supplying dry air (99.8% purity) to a Sierra flow control
unit. The air entered the top of a vertical Elite Thermal Systems
furnace (supplied by Lenton) at a flow rate of 3 standard litres
per minute (SLM). The briquettes were inserted into a quartz
sample holder, which was placed on a Radwag precision PS
750/C/2 mass balance. The furnace was lowered over the sample
holder, placing the briquettes in a pre-determined reaction zone,
and temperature was measured using a K-type thermocouple. The
briquettes were heated to 900°C while recording both mass loss
and temperature with time.
To determine the optimum heating rate, binderless briquettes
were heated at 3, 5, and 7°C/min as shown in Figure 4. The
final conditions used for the thermogravimetric analysis were as
follows: the coal samples were heated in dry air at a rate of 3 SLM
at ambient pressure to a temperature of 900°C, using a heating
rate of 3°C/min. The briquettes were combusted non-isothermally
to determine the drying zone temperature range, ignition point,
maximum combustion rate, and burnout temperature. This was
done for the binderless, the strongest polyacrylic binder-based,
and the polyvinyl alcohol-bound briquettes.

Results and discussion
The compressive strength of all the briquettes met or exceeded
the 0.35 MPa value proposed by Richards (1990) (Figure 5).
The binder-bound briquettes were at least twice as strong as the
binderless briquettes. The polyacrylic-bound briquettes reached a
maximum compression strength of 0.9 MPa on the second day of

ambient curing, whereas the polyvinyl alcohol-based briquettes
reached a maximum compressive strength of 0.7 MPa on the
seventh day of ambient curing. The binderless briquettes were
found to reach a compressive strength plateau after the first day
of curing, indicative of free moisture loss. This indicates that
after the 0.9 MPa point there would be no further increase in
strength. The polyacrylic- and polyvinyl alcohol-bound briquettes
reached a compressive strength plateau from the seventh day
of ambient curing. This indicates that a drying effect occurs on
day one and a consolidation effect becomes significant until it
reaches equilibrium on day 7, depending on the environmental
conditions. After the briquettes reached and exceeded the
0.35 MPa value they were compared to lump coal pieces
(+6 mm) as it was understood that synthetically consolidated
fines could not compare in strength to natural lump coal. The
shape of the lump pieces was altered by filing so that they would
resemble, to the greatest possible extent, the coal briquettes. This
brought about physical constraints in measuring, and therefore
smaller flat pieces (still +6 mm) were broken in order to obtain a
more accurate comparison. It was found that the manufactured
briquettes were weaker, as the lump coal pieces had an average
compressive strength of 4.2 ± 0.3 MPa. This is approximately
ten times the compressive strength of the binderless briquette
and four times the maximum for both types of binder-bound
briquettes. Figure 5 compares the strengths of the binder-bound
and binderless briquettes.
The strongest polyacrylic binder formulation was identified as
a 4:1 ratio of components A to B. The resulting briquettes were
measured against briquettes obtained from the concentration of
PVA as commercially sold (0.05 wt.% hydrated and solubilized).
The effect of percentage of polymer binder addition to the coal
fines was investigated and the results are shown in Figure 6.

Figure 4—Comparison of the heating rates during the thermogravimetric
analysis of a binderless briquette
Figure 2—Scaled-down model of the tumbler test (Richards, 1990)

Figure 3—Thermogravimetric analyser set-up for large particles
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 5—Compressive strength of the binderless and binder-bound
briquettes over 21 days of ambient curing
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Figure 6—Compressive strength comparison between PA and PVA bound briquettes over an addition range of 0.4–1.2wt.%

It was found that the polyvinyl alcohol briquettes had similar
compressive strengths over a dosage range of 0.4–1.2wt.% (1.1 ±
0.2 MPa). The polyacrylic briquettes increased in strength by
0.4 MPa as the binder addition increased from 0.4–1.2wt%. The
PA-bound briquettes yielded a maximum compressive strength
0.2 MPa greater than that of the briquettes containing PVA.
The abrasion resistance showed similar trends to the
compressive strength, except for an anomaly in the briquette with
0.8wt.% addition, which was found to be much less abrasion
resistant. The results are shown in Figure 7.
The polyacrylic briquettes became more abrasion resistant
as the binder addition was increased, with a maximum fines
generation of 5wt.%. The polyvinyl alcohol binder-bound
briquettes showed similar abrasion resistance at 0.4 and 1.2wt.%
additions, which was below the recommended fines generation of
5%, except at 0.8wt.% binder addition where the maximum fines
generation was 6wt.%. The polyacrylic briquettes reached fines
generation values below the recommended value through the
entire addition range of 0.4–1.2wt.%.
In the water resistance tests it was found that neither the
binderless nor binder-bound briquettes were water resistant
across the 0.4–1.2wt.% binder addition range. When the addition
of the polyacrylic binder was increased to 5wt.%, the briquette
yielded a wet compressive strength of 0.32 MPa, which is below
the recommended value proposed by Richards (1990). This was
the only instance where the briquettes were able to withstand
the water test for a maximum of 1 minute. The dry compressive
strength resulting from the 5wt.% addition briquette was twice
that of the 1.2wt.% addition and four times the strength of
the binderless briquette. The binder-bound briquettes were
much weaker than the lump coal, which reached a maximum
compressive strength of 6 MPa.
A comparison of the mass loss with temperature for
briquettes with various mixtures of PA and PVA, as well as the
raw binder components, was drawn from various runs at 5°C /
min. While the 5°C/min heating rate was sufficient to burn out
the powdered PVA and hydrated components A and B of the
PA, there was a mass transfer limitation for the large briquettes,
which required a lower heating rate to achieve burnout. The
thermogravimetric analysis at 5°C/min showed that the polyvinyl
alcohol powder ignited at 280°C and the components for the
polyacrylic binder at 300°C. No significant difference was found
between the binder-bound and binderless briquettes. To further
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evaluate the mass transfer limitation, the two heating rates were
compared for identical binderless briquettes. The results are
shown in Figure 8.
The briquette heated at a 3°C/min had an ignition point
at 354°C, which was 15°C lower than the briquette heated at
5°C/min, which led to a burnout point within the 900–930°C
burnout range for the powdered coal (Venter and Naude, 2015).
The thermogravimetric results at a heating rate of 3°C/min
displayed no significant difference between the various zones of
combustion of the briquettes. These results are summarized in
Table II.
Venter and Naude (2015) obtained similar results where
the PVA powder started decomposing around 225°C and the
coal (also South African bituminous coal) started combusting
around 400°C (Hu et al., 2018; Jinsheng, 2009). In this study
it was also found that the burning characteristics of powdered
coal were similar to that of the PVA-bound briquettes. When the
briquettes were first charred, the ignition point was found to
be around 400°C. The ignition point of the coal and the volatile
matter contained in the coal are indirectly proportional to each
other. Therefore, an uncharred coal will ignite sooner (at a lower
temperature) than a charred coal due to the loss of volatiles in
a charred coal sample. Despite the difficulties associated with
combusting coal as is, it was important to see the evolution of the
volatiles (therefore the binder) as the briquettes combust directly.
In summary, the TGA evolution curves for the binderless
and binder-bound briquettes showed no significant difference in
the combustion performance of the briquettes. These results are
shown in Figure 9.

Figure 7—Comparison of abrasion resistance in terms of fines generation
for PA- and PVA-bound briquettes
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Figure 8—Comparison on the evolution of the combustion of identical binderless briquettes with heating rates of (a) 3°C/min and (b) 5°C/min in dry air

Table II

C
 ombustion zones of the binderless and binder-bound briquettes
3°c/min

Temperature and mean

°C

Td: drying zone maximum
Tig: ignition point
Tm: maximum burning rate temperature
Tf: final burnout temperature

135
354
495
855

Binderless		

±

°C

0
3
0
0

135
352
450
855

PA		

±

*C

0
3
0
0

135
343
450
855

PVA

±
0
1
0
0

Figure 9—Evolution curve comparison of the average performance of a binderless, PA-bound, and PVA-bound briquette at 3°C/min under dry air

The only observable difference in the evolution of the
briquettes (as also presented in Table II) is that the PVA-bound
briquettes ignite slightly sooner than the PA-bound briquettes.
This indicates the nature of pure PVA, which reached ignition
sooner than the PA binder components, and is therefore
believed to decompose and release volatiles faster than PA. This
difference, however, is so minor that the maximum rate for both
PA- and PVA-bound briquettes is still reached at the same level
of 450°C. The binderless briquettes reach a maximum burning
rate 40°C later, which shows a small increase in combustibility of
the briquette when either PA or PVA is added.
Due to the similarity in the mechanical durability and
reactivity of the PVA and PA briquettes, a simplistic cost analysis
The Journal of the Southern African Institute of Mining and Metallurgy

Table III

Cost (R per ton) comparison between PVA and PA as
low-dosage binders
Binder addition (wt.%)

PVA

PA

0.1
0.4
0.5
0.9

20
80
100
178

16
64
80
142

between the two binders was drawn and is shown in Table III.
The cost of adding the binder at a slightly higher dosage
(0.5wt.%.) would be the same as for 0.4wt.%. polyvinyl alcohol.
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The polyacrylic binder, at the formulation that was found to
be the strongest (component A to B ratio of 4:1), was found to
be less expensive than polyvinyl alcohol in the addition range
between 0.4 and 0.5wt.% and 0.5–0.9wt.%, being equally useful
and expensive at 0.5wt%., for the following reasons:
➤	The polyacrylic binder can be manufactured at room
temperature, whereas polyvinyl alcohol required heating to
solubilize
➤	The cost per ton of the polyacrylic binder is lower than that
for polyvinyl alcohol.

Hu, Y., Wang, Z., Cheng, X., and Ma, C. 2018. Non-isothermal TGA study on the

Conclusions

Karmakar, N. 2005. Mineral Processing Technology Mpt-2005. Proceedings of the

Briquettes containing PA and PVA were twice as strong
as binderless briquettes. Polyacrylic-bound briquettes had
compressive strengths comparable to PVA-bound briquettes
in the range investigated. Briquettes manufactured with the
polyacrylic binders had comparable abrasion resistance to PVAbound briquettes. Briquettes should be stored in dry conditions
if not waterproofed, since none of the binders offered any
waterproofing abilities. The combustion performances were the
same for binderless and binder-bound briquette in the range
tested. The polyacrylic binder may offer an alternative to PVA
since both yielded the same mechanical and reactivity analysis
results, with the benefit of room temperature manufacturing.
It is recommended that methods of waterproofing the
briquettes be investigated. This can be done by finding an
additional component to add to the polymer constituents of the
binder. Layering methods, such as wax dipping, could also be
evaluated. It is also recommended that both polymer binders be
tested in terms of their emissions potential, since the briquettes
are to be used for combustion processes.
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Synopsis
Investing in a mining venture can be risky and stakeholders need transparent, unbiased reports to
understand the Mineral Resources and Mineral Reserves a mining company holds. Readability and
textual choice can be used consciously to manipulate perceptions, or it can be done unconsciously. This
exploratory study investigates the readability and textual choice of supplementary Mineral Resources
and Mineral Reserves Reports of companies listed on the Johannesburg Stock Exchange. The results
indicate that narrative manipulation occurs in these reports through word choices that make the
reports difficult to read, as well as specific narrative selections. This reduces the informational value
of the reports. The results of the study will be useful to various stakeholders, such as mining company
management, investors, investment specialists, financial analysts, and even employees and the general
community, who all use these reports to make important decisions. It is also useful for the preparers of
the Mineral Resources and Mineral Reserves Reports, Competent Persons, and other technical specialists
to be aware of readability and that certain textual choices can affect the interpretation of these reports.
It is recommended that bodies such as the JSE and the SAMREC and SAMVAL Code committees consider
adding a plain language requirement to regulations, guidelines, and codes to ensure transparent,
unbiased, and objective reports.
Keywords
Corporate reporting, Mineral Resources. Mineral Reserves, narrative style, readability.

Introduction
Mining is an inherently risky business. Several factors are at play, such as the geological, technical,
environmental, social, political, and economic uncertainties at the different stages in the life-cycle
of a mining venture (Noppé, 2014). International codes for the reporting of Mineral Resources and
Mineral Reserves stipulate the minimum requirements for the Mineral Resources and Mineral Reserves
Statement in the Competent Person’s (CP’s) Report, and thus the information that informs any
published summary of Mineral Resources and Mineral Reserves, such as may be found either in the
Integrated Annual Report (IAR) or in a supplement to the IAR. However, in narrative disclosures, there
is always a measure of subjectivity and this is likely to be the case also in the narrative sections of the
summarized information.
The term ‘Mineral Resources and Mineral Reserves Report’ will be used to refer to a supplementary
document produced by a company as part of its IAR and which forms part of the corporate reports
made available to a variety of stakeholders who depend on the information for decision-making. These
reports are often summarized from CPs Reports (in the case of new listings and material change reports)
or from a host of internal data and information in the case of established mining companies preparing
their IARs.
The most frequent users of corporate reports are investors and investment advisors, but employees,
creditors, and local communities may also have an interest in the operations, Mineral Resources, and
Mineral Reserves of a mining company. Recently, members of a small rural community won a court case
against a mining company after the community claimed that information about the mine’s activities had
been withheld (Field, 2020). This case was about mining right information specifically, but the same
situation can happen with any mining activity, from prospecting rights to changes in Mineral Resources
and Mineral Reserves and the resulting mining activities. Investors and investment advisors may need
more detailed and advanced information about a mining company, but other stakeholders such as local
(often rural) communities should not be disregarded.
Dominy, Noppé, and Annels (2002) call for a requirement that Mineral Resources and Mineral
Reserves Reports should comply with high-quality interpretation. It is imperative that the reports not
only make use of the best quality numerical data, but should also be presented in a way that considers
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the goals and background of the company’s various stakeholders.
Even though the users of corporate reports are most often highly
educated individuals, one cannot assume that this is the case
for all and not everyone can be expected to be an expert in the
technical aspects of a mining venture. The US Securities and
Exchange Commission (SEC) made strides when it not only
published the Plain English Handbook for creating clear corporate
disclosures, but also prescribed a plain English requirement in
its SEC S-K 1300 regulation for mining disclosures. This was a
first step in recognizing that disclosures are often written in a
way that hampers understanding and decision-making for all
stakeholders (SEC, 1998). In response to the SEC Plain English
Handbook, Montevirgen (2016) emphasises that word choice can
significantly affect reading efficiency, that readability presents
opportunities for competitive advantage, and that readability
encourages trust.
The Johannesburg Stock Exchange (JSE) Listings
Requirements Section 12, Clause 12.2 stipulates that the CP’s
Report, and thus any summarized Mineral Resources and
Mineral Reserves Report of a listed mining company, has to
comply with the requirements of the South African Code for
the Reporting of Exploration Results, Mineral Resources and
Mineral Reserves (SAMREC) and the South African Code for the
Reporting of Mineral Asset Valuation (SAMVAL), also known
as the SAMCODES. These Codes provide guidance on how
Mineral Resources and Mineral Reserves must be estimated,
valued, and reported. However, the Codes do not make any
mention of the language companies should use when they report
on Mineral Resources and Mineral Reserves. The JSE Listings
Requirements mention the use of plain language in two places,
namely where index disclosure transparency is discussed and
in an Appendix to Schedule 16, related to conflicts of interest.
Unlike the SEC, which stipulates how companies should create
clear disclosure documents, the JSE, SAMREC, and SAMVAL
do not yet specifically prescribe the use of plain language nor
require companies to avoid biased language. There are, however,
talks about including the concept of plain language use in future
versions of the SAMCODES, and Introductory and Advanced
SAMCODES training courses already include references to plain
language.
Noppé (2014) states that disclosures on Mineral Resources
and Mineral Reserves should convey a balanced view of the
opportunities and risks a project presents. Since reporting is for
the benefit of various stakeholders, the information should be
presented in a way that is accessible to all. Not all stakeholders
are lawyers, accountants, or investment bankers (SEC, 1998),
and it stands to reason that even fewer are CPs on a particular
commodity. It is important to note that this paper does not
endorse the idea of ‘dumbing down’ information, but as the SEC
Plain English Handbook explains, a complicated concept can be
written in a way that ensures someone who is not an expert in
the field can still understand (SEC, 1998).
Interested parties require transparent reports, i.e. reports
that are unbiased in their reporting, to understand the Mineral
Resources and Mineral Reserves the company holds (Dominy,
Noppé, and Annels, 2002). Although CPs use diverse ways
to estimate Mineral Resources and Mineral Reserves, the
classification criteria and methods used must be clearly described,
so that the stakeholder can make informed decisions. Unreadable
or biased language in these reports can lead to incorrect
interpretations by stakeholders. Noppé (2014) gives examples
of the far-reaching effects that misinterpretation of a final
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Mineral Resources and Mineral Reserves estimation could have.
However, apart from actual mistakes in a Mineral Resources
and Mineral Reserves Report, there are other ‘softer’ factors
that can also play a role. The first is readability. An analysis of
the readability of IARs, showed that public corporate reports
are often only accessible by a significantly specialised audience
(du Toit, 2017), whereas the reports are in fact available to and
meant for a wide stakeholder audience. A lack of readability,
intentional or unintentional, can affect the informational value of
Mineral Resources and Mineral Reserves Reports as part of the
corporate report portfolio of a listed company. In addition, specific
textual choices can lead to the misinterpretation of a report, as
can be seen in Laskin (2018), who found that companies frame
their reports in a way that manipulates stakeholder impressions.
Textual choice in this sense refers to the use of specific words to
convey a particular message, for example the use of optimistic
words to hide negative news. The use of a specific tone can thus
cause bias in the impression it creates of the company. A prime
example is Steinhoff NV, which used excessively optimistic
language in its IAR shortly before the company was found out for
committing fraud (this is based on an analysis of the Steinhoff
IARs using specialized software). The aim of a corporate report
of any kind is to present an unbiased view of the company,
its operations, and its performance. Even though the Mineral
Resources and Mineral Reserves Report or sections thereof
appearing in the IAR is checked by a CP before publication for
factual correctness, poor readability or use of a specific narrative
tone may not raise concern.
Readability and textual choice can be used consciously to
manipulate, or unconsciously. However, if a report preparer and/
or CP pays specific attention to these matters before publication of
the report, it can improve the transparency (i.e., objectivity) and
ultimate the usefulness of supplementary Mineral Resources and
Mineral Reserves Reports. The research question investigated in
this study can be stated as follows:
What constitutes readability of supplementary Mineral
Resources and Mineral Reserves Reports, and what specific
textual choices are applied by the preparers thereof?
This exploratory study investigates the readability and textual
choice of Mineral Resources and Mineral Reserves Reports (made
available as supplementary reports to the IARs) of listed mining
companies in South Africa. The purpose is to investigate the
readability and narrative choice of the reports as they are made
available to a variety of stakeholders.
Firstly, the results of the study will be useful to mining
company management, investors, investment specialists, and
analysts, who all use these reports to make important decisions
about a company’s financial prospects. Secondly, the results show
preparers of the Mineral Resources and Mineral Reserves Reports
that readability and certain textual choices can cause bias in the
report. The study acts as a reminder that not all stakeholders are
sophisticated readers or technical experts on the activities of a
mining venture. Finally, the study indicates to bodies such as the
JSE, and the SAMREC and SAMVAL Code committees that it may
be necessary to improve regulations, reporting guidelines, and
reporting codes even further by including recommendations for
plain language and even suggestions on the use of certain textual
choices.
The rest of the paper is structured as follows: An overview of
the literature is followed by the method employed in the study.
The results of the analyses are then presented, followed by a
discussion and conclusions.
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Literature review
The theoretical foundations of this study are the stakeholder
and legitimacy theories. A company has responsibilities
towards a wide variety of stakeholders, such as investors,
employees, suppliers, the government, and many other
interested and affected parties (stakeholders) have an interest
in the performance of a company (Freeman, 1984). Corporate
reports are not only prepared for the benefit of stakeholders as
per stakeholder theory; they are also part of legitimacy theory,
seeing that companies use such reports to legitimize their actions
(Barkemeyer et al., 2014; Böhling and Murguía, 2014; Camilleri,
2019; Criado-Jiménez et al., 2008; Daub, 2007; de Villiers, Low,
and Samkin, 2014; Maubane, Prinsloo, and van Rooyen, 2014;
O’Donovan, 2002).
However, where reporting is concerned, a subset of legitimacy
theory, namely impression management theory, should also
be considered. Impression management theory states that
companies present their reports in a way that aims to create a
specific impression of the company and its performance, thus
manipulating the perceptions of stakeholders to obtain legitimacy
(Cho, Michelon, and Patten, 2012; Criado-Jiménez et al., 2008;
Daub, 2007; Diouf and Boiral, 2017; Emel, Makene, and
Wangari, 2012; Hooghiemstra, 2000; Jones et al., 2017; MerklDavies and Brennan, 2007; O’Donovan, 2002; Stacchezzini,
Melloni, and Lai, 2016). Impression management may involve,
for example, the use of poor readability to hide poor performance
(Courtis, 2004; Diouf and Boiral, 2017; Hasan, 2018; MerklDavies and Brennan, 2007; Rutherford, 2003; Smeuninx, de
Clerck, and Aerts, 2020) or writing reports in a specific tone, such
as optimistic language, to give the impression that the company
is doing well (Fonseca, 2010).
Corporate reports, especially reports that are mostly narrative,
are frequently criticised for a lack of quality and reliability (Cho
et al., 2012; Diouf and Boiral, 2017; Emel et al., 2012), being
difficult to read (Smeuninx et al., 2020), and for being marketing
tools for legitimization or impression management (Diouf and
Boiral, 2017; Merkl-Davies and Brennan, 2011; Ngwakwe and
Mtsweni, 2016; O’Donovan, 2002; Stacchezzini et al., 2016).
There may be a disconnect between the goals and competencies
of the preparers of Mineral Resources and Mineral Reserves
Reports and those who use them. The CPR, which includes the
estimation and valuation of Mineral Resources and Mineral
Reserves, has to be prepared by a ‘Competent Person’ (SAMREC,
2016) and any valuation conducted by a Competent Valuator
(CV) (SAMVAL, 2016). The information in the supplementary
Mineral Resources and Mineral Reserves Report is based on
this information, prepared by report writers, and checked by
a CP\ and CV for accuracy. The requirements for a CP and a
CV do not stipulate any financial, accounting, or investment
knowledge, even though the report may be prepared for use
by investors, analysts, management accountants, and other
persons who operate in the financial domain. It makes sense
that Mineral Resources and Mineral Reserves Reports that lack
general readability and make use of specific textual choices
can potentially be a means to manipulate the perceptions of
readers. For such reports to be useful for financial professionals
and others, they need to be transparent and clear in their
meaning, without obfuscating the facts, whether intentionally
or unintentionally. It is thus necessary for finance and mining
specialists to work together to ensure that all parties can benefit
The Journal of the Southern African Institute of Mining and Metallurgy

equally from the effort that goes into a Mineral Resources and
Mineral Reserves Report.
There is increasing interest in textual analysis of corporate
reports (Hasan, 2018). Textual analysis can be used to analyse
readability (Bonsall et al., 2017; Li, 2008) and the tone used
in a report. Both readability and tone are used by companies to
manipulate stakeholder impressions (Hasan, 2018; Rutherford,
2003). The purpose of any corporate report is the disclosure of
information for decision-making and to that end stakeholders
prefer short, focused, and readable reports (Caglio, Melloni, and
Perego, 2020; Lambert, Leuz, and Verrecchia, 2007; Smeuninx
et al., 2020; Zhou, Simnett, and Green, 2017). Several studies
have investigated the readability of the narrative sections of
corporate reports (Bonsall et al., 2017; Bonsall and Miller,
2017; du Toit, 2017; Hasan, 2018; Li, 2008; Loughran and
McDonald, 2014, 2016; Smeuninx et al., 2020) and most found
the narrative sections of such reports to be unclear. Studies
have also investigated the textual tone of narrative disclosures,
especially the presence of optimistic and ‘certainty’ words (Arena,
Bozzolan, and Michelon, 2015; Cho, Roberts, and Patten, 2010;
Davis, Piger, and Sedor, 2006; Hassan, 2019; Ober et al., 1999).
The conclusion derived from the literature is that a report can
be considered to be poor quality if it is difficult to read (Bonsall et
al., 2017; Caglio et al., 2020; Loughran, and McDonald, 2016),
and if it is biased through using a specific narrative tone (Huang,
Teoh, and Zhang, 2014).

Method

The study uses a limited sample of supplementary Mineral
Resources and Mineral Reserves Reports obtained from the
websites of JSE-listed mining companies over a period of two
years, 2018 and 2019. Of the 29 listed companies, 16 issued
a supplementary Mineral Resources and Mineral Reserves
Report in 2018, and 17 in 2019. The sample thus consists of 33
supplementary Mineral Resources and Mineral Reserves Reports.
The researchers decided to consider, for this first exploratory
study, the stand-alone reports separately and not supplement
them with extracts from Mineral Resources and Mineral Reserves
sections that appear within other corporate reports such as the
IAR. These reports were analysed for readability and textual
choice using software, namely Readability Studio 2019 and
Diction 7.1.3, respectively.
Software is recommended for readability analyses because
it is objective, easy to use, and understandable (Clatworthy and
Jones, 2001; Courtis, 1998; Eugene Baker, Kare, 1992; Klare,
1974). Because readability tests are used for different purposes,
the developers of Readability Studio 2019 by Oleander Software
indicate which tests are most suitable for the task at hand. The
Flesch Reading Ease, Flesch-Kincaid, and Gunning-Fog measures
are recommended for technical reports. These three readability
measures are calculated as follows:
➤	The Flesch Reading Ease is calculated as [206.835 –
0.846(number of syllables per 100 words) – 1.015(average
sentence length in words)].
➤	The Flesch-Kincaid measure is calculated as [(0.39 ×
average sentence length) + (11.8 × average syllables per
word) – 15.59].
➤	The Gunning Fog Index is calculated as [0.4 × (average
number of words per sentence + percentage of ‘hard’ words
in the passage)]. In this context, ‘hard’ words are defined
as polysyllabic words.
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In addition to these tests, the readability software also
measures the length and difficulty of the words used in the
reports, as well as the use of passive sentences and so-called
‘wordy’ items. A wordy item is defined by Readability Studio
2019 as an unnecessarily long phrase that could be replaced
with a shorter word or term, for example ‘a case in point’, ‘a large
number of’, or ‘a majority of’.
For narrative strategy, this study makes use of Diction 7.1.3
and its corresponding built-in word lists. Diction 7.1.3 measures
the textual characteristics of text to determine if a specific
linguistic strategy is used (Hart, 2000; Hart and Carroll, 2013).
The broad narrative strategy categories are Certainty, Optimism,
Activity, Realism, and Commonality (Hart, 2000; Laskin, 2018).
A detailed table illustrating the types of words Diction considers
in each category is included as an appendix to this paper.
The result from a textual analysis is a score based on the
frequency that a narrative choice occurs. These scores are
measured against a predetermined standard as specified by the
software developer and built into the software (Alexa and Zuell,
2000; Hart, 2000; Hart and Carroll, 2013). For this study, the text
is measured against the Corporate Financial Reports normative
base. This means the reports analysed for this study were
measured based on the narrative sections of corporate reports,
in South Africa the IARs. A software application for narrative
analysis has the benefit of inherent stability, clear coding rules
that allow for comparability, coder reliability, and the ability to
process large volumes of text (Ober et al., 1999).
The results from the readability tests and narrative analysis
are analysed in terms of descriptive statistics to create an initial
frame of reference for future studies using more advanced
statistical techniques.

Results
Analysis of a sample of supplementary Mineral Resources and
Mineral Reserves Reports shows a general lack of readability
and specific narrative tones. Table I depicts the basic descriptive
statistical results for the readability of the 33 supplementary
Mineral Resources and Mineral Reserves Reports. The results
were averaged rather than summed so that the values correspond
to the readability measure interpretation scales. The use of
average values assumes that the measures for the separate items
use the same response format and have equivalent error score
variances (Bedeian, 2014). Since standard tests are applied to
all the Mineral Resources and Mineral Reserves Reports, these
assumptions are confirmed for the variables considered in this
study.
The Flesch-Kincaid measure refers to the grade (or education)
level a reader needs to understand the material (Li, 2008). The

results from the Flesch-Kincaid readability measure show a
range from 12.80 to 19.00, with a mode of 19.00 (the mode
is the score that occurred most often). This indicates that the
Mineral Resources and Mineral Reserves Reports are Very
Difficult to read and only understandable by university graduates
or postgraduate students (i.e. individuals with between 13 and
19 years’ education, but most often at least 19 years). Even
though investors and investor advisors usually hold a tertiary
qualification, they are not necessarily experts in mining and
geology. In addition, other stakeholders who may not possess
a tertiary qualification may have a legitimate interest in the
operations of the company and should not be ignored. A further
implication of poor readability in the South African context is
that English is a second or third language for the majority of the
population. South Africa has 11 official languages and English
is only the sixth most common home language (8.1%), although
it is the second most common language (16.6%) spoken outside
the home (isiZulu ranks first with 25.1%) (South Africa, 2019).
Readability tests originate from countries where English is the
first (or sometimes only) language. Thus a text considered by
a readability test to be readable by someone with 15 years of
education may require even further or more specialised education
in South Africa.
The results from the Flesch Reading Ease formula range from
5.00 to 47.00, with a mode of 31.00. The lower this value, the
more difficult the text is considered to be (Flesch, 1979). The
30 to 50 standard range for Flesch Reading Ease is indicative
of Difficult material that is appropriate for individuals with an
undergraduate degree (e.g., academic literature). The zero to
30 standard range indicates Very Difficult material, which is
appropriate for individuals with a postgraduate degree (e.g.
scientific material). The reading ease of Mineral Resources
and Mineral Reserves Reports differs widely but is within the
category of Difficult to Very Difficult, similar to the Flesch-Kincaid
measure.
The Gunning Fog Index formula indicates that short
sentences written in plain English score better than long
sentences written in complicated language. The ideal Fog
readability score is 7 or 8. The score of between 10.20 and 16.40
and mode of 15.00 indicate again that the Mineral Resources and
Mineral Reserves Reports are too hard for most people to read.
Readability tests are ideal as initial tests of readability. For
example, the tests do not consider that not all multi-syllabic
words are necessarily difficult. In corporate reports one cannot
realistically use only simple words. However, an excessive
number of difficult words can indicate potential readability issues.
In addition to the standard readability measures, the
percentage of complex and long words in the Mineral Resources

Table I

Readability results: descriptive statistics
Flesch-Kincaid
Flesch Reading Ease
Gunning Fog
% complex words
% of long words
Passive voice
Wordy items

Mean

Mode

16.09
30.15
13.56
0.24
0.42
1 416.39
16.09

19.00
31.00
15.00
23.10%
38.60%
117.00
19.00

SD
2.19
9.89
1.92
0.02
0.02
932.60
2.19

Range

Min.

Max.

6.20
42.00
6.20
0.08
0.10
3 336.00
6.20

12.80
5.00
10.20
0.20
0.37
117.00
12.80

19.00
47.00
16.40
0.27
0.48
3 453.00
19.00

N = 33
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and Mineral Reserves Reports is significant. The text in the
reports contains several passive voice sentences, which in
essence are harder to follow than sentences written in the
active voice and can be used to hide a negative message due
to their being inherently more difficult to read (Sydserff and
Weetman, 1999). This is a generalization, and passive voice is
not necessarily used as a means to manipulate a text, but it is
something to avoid and look out for as it does affect readability.
The Mineral Resources and Mineral Reserves Reports contain
significant numbers of wordy items that can be replaced by
simpler words or phrases. The following are examples of wordy
items that were highlighted by the software. These indicate
narrative that is difficult to read and which can be stated in
simpler terms without infringing on the meaning of the text or
‘dumbing it down’.
abbreviated
accomplished
actually
alternative
amendment
annually
as a consequence of
as a result of
as well as
at the time
by means of
commencement
frequently
however
in terms of
is in compliance with
necessary
obtained
previous
previously
prior to
required
result in
taking into account

shortened
did, done
really
choice
change
yearly
because, because of, from, since
because of, due to, following
and, also
when
by, with, from, in, over, through
start
often
but
as for
complies with
needed
got
earlier, past
before, earlier
before
needed
lead to
considering

Other examples of readability issues in specific sentences or
sections in the Mineral Resources and Mineral Reserve Reports
are as follows:
The use of simpler terms:
On the basis of seam thickness and coal quality…
Based on seam thickness and coal quality…
Using the active voice rather than passive voice:
	Additional exclusive Mineral Resources of 1.6 billion
tonnes at a grade of 0.37 %TCu are also declared...
	The company also declared more exclusive Mineral
Resources of 1.6 billion tonnes at a grade of 0.37 %TCu…
These are only a few examples. In a lengthy document of
more than 100 pages, persistent use of unnecessary or difficult
words where simpler ones are available can result in an overall
unreadable text.
For the textual analysis, Diction 7.1.3 was used to measure
the narrative tone in the Mineral Resources and Mineral Reserves
Reports using pre-defined built-in word lists that represent a
specific narrative style, as shown in the table in the Appendix.
Table II summarizes the descriptive statistics for narrative tone.
The Journal of the Southern African Institute of Mining and Metallurgy

Diction analyses text for certain narrative choices. There are
five main categories: Certainty, Optimism, Activity, Realism, and
Commonality. As a main category, the Certainty aspect (mean =
44.89; SD = 4.90, mode = 29.66) refers to language indicating
purpose, inflexibility, completeness, and a tendency to speak with
authority. Under Certainty, the results show high levels of the
use of words relating to Insistence (mean = 124.45; SD = 60.61,
mode = 24.27), which refers to an ordered environment, and
Numerical Terms (mean = 93.04; SD = 67.61, mode = 12.69),
which is to be expected, due to the reports being quantitative in
nature. The Optimism main category (mean = 49.52; SD = 1.48,
mode = 50.17) refers to language that endorses a person, group,
concept, or event or that highlights their positive attributes. The
use of Inspiration type words (mean = 2.58; SD = 2.41, mode
=0.16) was the most prominent part of the Optimism score. In
the Activity main category (mean = 48.00; SD = 1.62, mode =
51.16), which refers to language featuring movement, change,
the implementation of ideas, and the avoidance of passivity,
words relating to Accomplishment (mean = 9.91; SD = 4.93,
mode = 7.91) and Communication (mean = 5.59; SD = 3.53,
mode =2.99) stood out. The Realism main category (mean =
46.80; SD = 1.86, mode = 54.78) relates to language describing
tangible, immediate, recognizable matters that affect people’s
everyday lives. The most prominent categories of words under
Realism were Spatial Terms (mean = 11.06; SD = 7.43, mode =
1.08), which makes sense in the context of mining operations,
and Concreteness (mean = 20.31; SD = 10.32, mode = 2.66),
which relates to tangible objects. The mean values for Temporal
Terms and Complexity were not exceptionally high, but the mode
values were (3.23 and 5.47 respectively). The main category of
Commonality (mean = 48.99; SD = 1.75, mode = 45.70) refers to
language highlighting the values of a group. The most prominent
word categories under Commonality were Centrality (mean =
6.31; SD = 4.57, mode = 0.63), which relates to core values, and
Cooperation (mean = 4.86; SD = 3.49, mode = 6.69), which refers
to interactions among people.
A summary of the main categories of textual choice (as
shown in Table III) indicates that the Mineral Resources and
Mineral Reserves Reports tend to make extensive use of words
relating to Optimism and Commonality, as shown by the mean
scores for these categories. This can indicate an attempt to
ensure that interested parties firstly get a positive and optimistic
picture of the company’s Mineral Resources and Mineral
Reserves (Optimism), and secondly to create the impression that
the company operates in an environment that emphasises the
importance of core values (Commonality). If the mode values
are considered (i.e., scores that occur most frequently for the
companies) both Optimism and Commonality feature again, with
Activity in addition, indicating the frequent use of words related
to movement, change, and new ideas.
The output from Diction 7.1.3 does not provide specific
examples of text that takes on a particular narrative tone.
However, to illustrate how narrative tone can be used to
manipulate impressions, the 2013 Mineral Resources and Mineral
Reserves Report of a prominent company that was affected by
the Marikana massacre of 2012 was analysed. The results from
the narrative analysis show similar high scores for especially
Optimism (highlighting positive attributes) and Commonality
(highlighting the values of a group). Given the effect that the
Marikana event had on this company’s profile, it makes sense
that the reports published subsequently should try to convince
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Table II

Narrative analysis: descriptive statistics
		
Certainty
Tenacity
Levelling terms
Collectives
Insistence
Numerical terms
Ambivalence
Self-reference
Variety
Optimism
Praise
Satisfaction
Inspiration
Blame
Hardship
Denial
Activity
Aggression
Accomplishment
Communication
Motion
Cognition
Passivity
Embellishment
Realism
Familiarity
Spatial terms
Temporal terms
Present concern
Human interest
Concreteness
Past concern
Complexity
Commonality
Centrality
Cooperation
Rapport
Diversity
Exclusion
Liberation

Mean

Mode

SD

Range

Min.

Max.

44.89
11.09
3.25
3.82
124.45
93.04
2.30
2.54
0.42
49.52
1.72
0.23
2.58
0.39
1.11
1.86
48.00
0.64
9.91
5.59
0.17
7.38
2.88
0.80
46.80
64.84
11.06
5.68
3.42
2.01
20.31
1.42
4.78
48.99
6.31
4.86
0.74
1.81
1.69
0.79

29.66
1.29
0.58
3.69
24.27
12.69
0.36
0.20
0.46
50.17
0.00
0.00
0.16
0.00
0.13
1.05
51.16
0.00
7.91
2.99
0.00
0.43
0.76
0.47
45.78
21.44
1.08
3.23
0.96
0.98
2.66
0.02
5.47
45.70
0.63
6.69
0.02
0.47
1.26
0.01

4.90
10.04
2.10
2.54
60.61
67.61
2.01
4.26
0.10
1.48
1.53
0.30
2.41
0.70
0.94
2.02
1.62
0.50
4.93
3.53
0.28
5.18
2.47
0.79
1.86
29.19
7.43
4.66
1.69
1.66
10.32
1.28
0.66
1.75
4.57
3.49
0.53
1.79
1.29
0.89

22.13
40.31
8.25
11.21
269.09
284.29
8.54
17.58
0.38
7.28
5.54
1.07
8.51
3.66
3.65
7.97
6.77
1.73
24.27
13.29
1.24
19.60
11.00
4.57
8.17
98.96
39.01
22.68
6.72
6.49
35.67
5.16
2.50
8.50
23.49
19.51
2.26
7.04
6.29
3.38

29.66
1.29
0.58
0.38
24.27
12.69
0.09
0.05
0.21
45.70
0.00
0.00
0.16
0.00
0.04
0.00
45.00
0.00
3.89
0.81
0.00
0.43
0.59
0.20
43.80
21.44
1.08
0.92
0.62
0.22
2.66
0.00
3.36
45.70
0.63
0.84
0.02
0.00
0.01
0.01

51.79
41.60
8.83
11.59
293.36
296.98
8.63
17.63
0.59
52.98
5.54
1.07
8.67
3.66
3.69
7.97
51.77
1.73
28.16
14.10
1.24
20.03
11.59
4.77
51.97
120.40
40.09
23.60
7.34
6.71
38.33
5.16
5.86
54.20
24.12
20.35
2.28
7.04
6.30
3.39

N = 33

Table III

 ummary statistics for the main narrative choice
S
categories
Activity
Optimism
Certainty
Realism
Commonality

Mean

Mode

SD

SE mean

48.00
49.52
44.89
46.80
48.99

51.16
50.17
29.66
45.78
45.70

1.619
1.484
4.897
1.862
1.748

0.282
0.258
0.853
0.324
0.304

interested parties of the company’s commitment through
optimistic words and words that show a sense of value. This
indicates that there may have been a measure of bias in the way
the report is presented to subtly manipulate readers’ impressions
of the company.

Discussion and conclusions
The results of this exploratory study indicate that narrative
manipulation occurs in Mineral Resources and Mineral Reserves
Reports through word choices that make the reports difficult
to read and specific narrative selections, which bring in bias
and may be a means to manipulate impressions. The lack of
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readability and use of specific narrative reduces the informational
value of the reports. It disregards the requirement stated by
Dominy et al. (2002) that reports should be presented in a way
that considers the goals, background, and competencies of the
company’s various stakeholders, and is not in line with general
principles of plain language as recommended by the SEC (1998).
One can argue that a Mineral Resources and Mineral Reserves
Report is a technical report and is by nature a complex document
requiring complex language. However, the general narrative of
a Mineral Resources and Mineral Reserves Report should be
written in a way to make it accessible to more stakeholders. Not
only investors are interested in the information contained in
these reports, but also others such as local communities. Some
companies compensate employees with shares in the company,
and thus employees are more likely to show an interest in the
company’s operations and performance through its corporate
reports. Despite the fact that there will undoubtedly be advanced
technical terms in a Mineral Resources and Mineral Reserves
Report, the use of wordy items and passive voice sentences,
of which there were many in the reports analysed, can cause
confusion if not used cautiously or for a specific purpose. The
excessive use of Optimistic and Commonality words can also be
considered bias or manipulation rather than necessity.
The Journal of the Southern African Institute of Mining and Metallurgy
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The results from this study will be valuable to specifically
the management and directors of mining companies, as they
highlight a potential shortcoming in Mineral Resources and
Mineral Reserves reporting that can be easily remedied. To ensure
transparency and accountability to stakeholders, companies have
a responsibility to present their published communications in a
readable and unbiased format. The results from the study suggest
that bodies such as the JSE and the SAMREC and SAMVAL Code
committees need to pay attention to the narrative styles used in
the corporate reports of mining companies. Tertiary institutions
that teach students the art of report-writing ought to take
cognisance of the principles of a clear, readable, and unbiased
report. The results also provide evidence that stakeholders should
be vigilant regarding the practices used in narrative reports
and aware that the information they receive is not necessarily
an objective view of the company’s operations and position.
Stakeholders with an important interest in a mining company
could consider attending the training events that give more detail
on the interpretation of Mineral Resources and Mineral Reserves
statements in company reports.
The study has limitations, the first being the small sample
size. Since companies started preparing IARs they also began
to include Mineral Resources and Mineral Reserves information
in them rather than providing it as supplementary documents.
Future research could extract the Mineral Resources and Mineral
Reserves sections from IARs in order to investigate a larger
sample. Another limitation is that this study is confined to South
Africa. It will be valuable to see whether Mineral Resources and
Mineral Reserves Reports from other countries differ in their
readability and narrative choice. Future research could explore
the readability aspect in more detail and obtain users’ inputs
through surveys or reading experiments.
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Definition

Certainty

[Tenacity + Levelling + Collectives + Insistence] − [Numerical Terms + Ambivalence + Self-reference + Variety]

	Tenacity

All uses of the verb to be (is, am, will, shall) three definitive verb forms (has, must, do) and their variants, as well as all associated contraction,s
(he’ll, they’ve, ain’t). These verbs connote confidence and totality.

	Levelling	Words used to ignore individual differences and to build a sense of completeness and assurance. Included are totalizing terms (everybody,
anyone, each, fully), adverbs of permanence (always, completely, inevitably, consistently), and resolute adjectives (unconditional, consummate,
absolute, open-and-shut).
Collectives	Singular nouns connoting plurality that function to decrease specificity: These words reflect a dependence on categorical modes of thought.
Included are social groupings (crowd, choir, team, humanity), task groups (army, congress, legislature, staff), and geographical entities (county,
world, kingdom, republic).
Insistence	This is a measure of code-restriction and semantic contentedness. The assumption is that repetition of key terms indicates a preference for a
limited, ordered world.
Numerical terms	Any sum, date, or product specifying the facts in each case. This dictionary treats each isolated integer as a single word and each separate group
of integers as a single word. In addition, the dictionary contains common numbers in lexical format (one, tenfold, hundred, zero) as well as terms
indicating numerical operations (subtract, divide, multiply, percentage) and quantitative topics (digitize, tally, mathematics).
Ambivalence	Words expressing hesitation or uncertainty, implying a speaker’s inability or unwillingness to commit to the verbalization being made. Included
are hedges (allegedly, perhaps, might), statements of inexactness (almost, approximate, vague, somewhere), and confusion (baffled, puzzling,
hesitate). Also included are words of restrained possibility (could, would, he’d) and mystery (dilemma, guess, suppose, seems).
Self-reference	All first-person references, including I, I’d, I’ll, I’m, I’ve, me, mine, my, myself. Self-references are treated as acts of indexing whereby the locus of
action appears to reside in the speaker and not in the world at large thereby implicitly acknowledging the speaker’s limited vision.
Variety	This measure conforms to Wendell Johnson’s (1946) Type-Token Ratio, which divides the number of different words in a passage by the
passage’s total words. A high score indicates a speaker’s avoidance of overstatement and a preference for precise, molecular statements.
Optimism

[Praise + Satisfaction + Inspiration] − [Blame + Hardship + Denial]

Praise	Affirmations of a person, group, or abstract entity. Included are terms isolating important social qualities (dear, delightful, witty), physical qualities
(mighty, handsome, beautiful), intellectual qualities (shrewd, bright, vigilant, reasonable), entrepreneurial qualities (successful, conscientious,
renowned), and moral qualities (faithful, good, noble).
Satisfaction	Terms associated with positive affective states (cheerful, passionate, happiness), with moments of undiminished joy (thanks, smile, welcome) and
pleasurable diversion (excited, fun, lucky), or with moments of triumph (celebrating, pride, auspicious). Also included are words of nurturance:
healing, encourage, secure, relieved.
Inspiration	Abstract virtues deserving of universal respect. Most of the terms in this dictionary are nouns isolating desirable moral qualities (faith, honesty,
self-sacrifice, virtue) as well as attractive personal qualities (courage, dedication, wisdom, mercy). Social and political ideals are also included:
patriotism, success, education, justice.
Blame	Terms designating social inappropriateness (mean, naive, sloppy, stupid) as well as downright evil (fascist, bloodthirsty, repugnant, malicious)
compose this dictionary. In addition, adjectives describing unfortunate circumstances (bankrupt, rash, morbid, embarrassing) or unplanned
vicissitudes (weary, nervous, painful, detrimental) are included. The dictionary also contains outright denigrations: cruel, illegitimate, offensive,
miserly.
Hardship	This dictionary contains natural disasters (earthquake, starvation, tornado, pollution), hostile actions (killers, bankruptcy, enemies, vices) and
censurable human behaviour (infidelity, despots, betrayal). It also includes unsavoury political outcomes (injustice, slavery, exploitation, rebellion)
as well as normal human fears (grief, unemployment, died, apprehension) and incapacities (error, cop-outs, weakness).
Denial	A dictionary consisting of standard negative contractions (aren’t, shouldn’t, don’t), negative-functions words (nor, not, nay), and terms designating
null sets (nothing, nobody, none).
Activity

[Aggression + Accomplishment + Communication + Motion] − [Cognition + Passivity + Embellishment]

Aggression	A dictionary embracing human competition and forceful action. Its terms connote physical energy (blast, crash, explode, collide), social
domination (conquest, attacking, dictatorships, violation), and goal-directedness (crusade, commanded, challenging, overcome). In addition,
words associated with personal triumph (mastered, rambunctious, pushy), excess human energy (prod, poke, pound, shove), disassembly
(dismantle, demolish, overturn, veto), and resistance (prevent, reduce, defend, curbed) are included.
Accomplishment	Words expressing task-completion (establish, finish, influence, proceed) and organized human behaviour (motivated, influence, leader, manage).
Includes capitalistic terms (buy, produce, employees, sell), modes of expansion (grow, increase, generate, construction) and general functionality
(handling, strengthen, succeed, outputs). Also included is programmatic language: agenda, enacted, working, leadership.
Communication	Terms referring to social interaction, both face-to-face (listen, interview, read, speak) and mediated (film, videotape, telephone, e-mail). The
dictionary includes both modes of intercourse (translate, quote, scripts, broadcast) and moods of intercourse (chat, declare, flatter, demand).
Other terms refer to social actors (reporter, spokesperson, advocates, preacher) and a variety of social purposes (hint, rebuke, respond,
persuade).
Motion	Terms connoting human movement (bustle, job, lurch, leap), physical processes (circulate, momentum, revolve, twist), journeys (barnstorm, jaunt,
wandering, travels), speed (lickety-split, nimble, zip, whistle-stop), and modes of transit (ride, fly, glide, swim).
Cognition	Words referring to cerebral processes, both functional and imaginative: Included are modes of discovery (learn, deliberate, consider, compare)
and domains of study (biology, psychology, logic, economics). The dictionary includes mental challenges (question, forget, re-examine,
paradoxes), institutional learning practices (graduation, teaching, classrooms), as well as three forms of intellection: intuitional (invent, perceive,
speculate, interpret), rationalistic (estimate, examine, reasonable, strategies), and calculative (diagnose, analyse, software, fact-finding).
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Passivity	Words ranging from neutrality to inactivity. Includes terms of compliance (allow, tame, appeasement), docility (submit, contented, sluggish),
and cessation (arrested, capitulate, refrain, yielding). Also contains tokens of inertness (backward, immobile, silence, inhibit) and disinterest
(unconcerned, nonchalant, stoic), as well as tranquillity (quietly, sleepy, vacation).
Embellishment	A selective ratio of adjectives to verbs based on David Boder’s (1940) conception that heavy modification slows down a verbal passage by deemphasising human and material action. Embellishment is calculated according to the following formula: [Praise + Blame +1] ÷ [Present Concern
+ Past Concern +1].
Realism

[Familiarity + Spatial Terms + Temporal Terms + Present Concern + Human Interest + Concreteness] − [Past Concern + Complexity]

Familiarity	Consists of a selected number of C. K. Ogden’s (1968) operation words, which he calculates to be the most familiar words in the English
language. Included are common prepositions (across, over, through), demonstrative pronouns (this, that), and interrogative pronouns (who, what),
and a variety of particles, conjunctions, and connectives (a, for, so).
Spatial terms	Terms referring to geographical entities, physical distances, and modes of measurement. Included are general geographical terms (abroad,
elbow-room, locale, outdoors) as well as specific ones (Ceylon, Kuwait, Poland). Also included are politically defined locations (county, fatherland,
municipality, ward), points on the compass (east, southwest) and the globe (latitude, coastal, border, snowbelt), as well as terms of scale
(kilometre, map, spacious), quality (vacant, out-of-the-way, disoriented), and change (pilgrimage, migrated, frontier.)
Temporal terms	Terms that fix a person, idea, or event within a specific time interval, thereby signalling a concern for concrete and practical matters: The
dictionary designates literal time (century, instant, mid-morning) as well as metaphorical designations (lingering, seniority, nowadays). Also
included are calendrical terms (autumn, year-round, weekend), elliptical terms (spontaneously, postpone, transitional), and judgmental terms
(premature, obsolete, punctual).
Present concern	A selective list of present-tense verbs extrapolated from C. K. Ogden’s list of general and picturable terms, all of which occur with great frequency
in standard American English. The dictionary is not topic-specific but points instead to general physical activity (cough, taste, sing, take), social
operations (canvass, touch, govern, meet), and task performance (make, cook, print, paint).
Human interest	An adaptation of Rudolf Flesch’s notion that concentrating on people and their activities gives discourse a life-like quality. Included are standard
personal pronouns (he, his, ourselves, them), family members and relations (cousin, wife, grandchild, uncle), and generic terms (friend, baby,
human, persons).
Concreteness	A large dictionary possessing no thematic unity other than tangibility and materiality. Included are sociological units (peasants, African Americans,
Catholics), occupational groups (carpenter, manufacturer, policewoman), and political alignments (Communists, congressman, Europeans).
Also incorporated are physical structures (courthouse, temple, store), forms of diversion (television, football, CD-ROM), terms of accountancy
(mortgage, wages, finances), and modes of transportation (airplane, ship, bicycle). In addition, the dictionary includes body parts (stomach, eyes,
lips), articles of clothing (slacks, pants, shirt), household animals (cat, insects, horse) and foodstuffs (wine, grain, sugar), and general elements of
nature (oil, silk, sand).
Past concern	The past-tense forms of the verbs contained in the Present Concern dictionary.
Complexity	A simple measure of the average number of characters-per-word in each input file. Borrows Rudolph Flesch’s (1951) notion that convoluted
phrasings make a text’s ideas abstract and its implications unclear.
Commonality

[Centrality + Cooperation + Rapport] − [Diversity + Exclusion + Liberation]

Centrality	Terms denoting institutional regularities and/or substantive agreement on core values. Included are indigenous terms (native, basic, innate)
and designations of legitimacy (orthodox, decorum, constitutional, ratified), systematicity (paradigm, bureaucratic, ritualistic), and typicality
(standardized, matter-of-fact, regularity). Also included are terms of congruence (conformity, mandate, unanimous), predictability (expected,
continuity, reliable), and universality (womankind, perennial, landmarks).
Cooperation	Terms designating behavioural interactions among people that often result in a group product. Included are designations of formal work relations
(unions, schoolmates, caucus) and informal associations (chum, partner, cronies) to more intimate interactions (sisterhood, friendship, comrade).
Also included are neutral interactions (consolidate, mediate, alignment), job-related tasks (network, detente, exchange), personal involvement
(teamwork, sharing, contribute), and self-denial (public-spirited, care-taking, self-sacrifice).
Rapport	This dictionary describes attitudinal similarities among groups of people. Included are terms of affinity (congenial, camaraderie, companion),
assent (approve, vouched, warrants), deference (tolerant, willing, permission), and identity (equivalent, resemble, consensus).
Diversity	Words describing individuals or groups of individuals differing from the norm. Such distinctiveness may be comparatively neutral (inconsistent,
contrasting, nonconformist), but it can also be positive (exceptional, unique, individualistic) and negative (illegitimate, rabble-rouser, extremist).
Functionally, heterogeneity may be an asset (far-flung, dispersed, diffuse) or a liability (factionalism, deviancy, quirky), as can its characterizations:
rare vs. queer, variety vs. jumble, distinctive vs. disobedient.
Exclusion	A dictionary describing the sources and effects of social isolation. Such seclusion can be phrased passively (displaced, sequestered) as well as
positively (self-contained, self-sufficient) and negatively (outlaws, repudiated). Moreover, it can result from voluntary forces (secede, privacy) and
involuntary forces (ostracise, forsake, discriminate) and from both personality factors (small-mindedness, loneliness) and political factors (rightwingers, nihilism). Exclusion is often a dialectical concept: hermit vs. derelict, refugee vs. pariah, discard vs. spurn).
Liberation	Terms describing the maximizing of individual choice (autonomous, open-minded, options) and the rejection of social conventions
(unencumbered, radical, released). Liberation is motivated by both personality factors (eccentric, impetuous, flighty) and political forces (suffrage,
liberty, freedom, emancipation) and may produce dramatic outcomes (exodus, riotous, deliverance) or subdued effects (loosen, disentangle,
outpouring). Liberatory terms also admit to rival characterizations: exemption vs. loophole, elope vs. abscond, uninhibited vs. outlandish.
Adapted from Hart (2000) and Laskin (2018)
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Synopsis
At a time of resource consumption, it is important to study the chemical composition of mining and
metallurgical wastes to prevent the dissipative loss of metals and metalloids from the mining value
chain. In particular, the recovery of critical elements from wastes is an option to increase the resources of
such materials that are economically significant and have an overall supply risk. In this paper we report
on the chemical composition, in particular the critical element content, of granulated slag originating
from historical smelting activities in the Tsumeb area, Namibia. Laboratory-based inductively coupled
plasma–mass spectrometry (ICP-MS) and X-ray fluorescence (XRF) analyses as well as portable X-ray
fluorescence (pXRF) demonstrate that the slags are on average enriched in base metals (Cu 0.7 wt%,
Pb 2.7 wt%, Zn 4.7 wt%), trace metals and metalloids (Cd approx. 50 mg/kg, Mo approx. 910 mg/kg) as
well as critical elements (As approx. 6300 mg/kg, Bi approx. 3 mg/kg, Co approx. 200 mg/kg, Ga approx.
100 mg/kg, In approx. 9 mg/kg, Sb approx. 470 mg/kg). While metals and metalloids such as As, Mo
and Pb can be determined reliably using pXRF instruments, the technique has inherent limitations in
evaluating the contents of certain critical elements (Ga, Sb). However, there are positive correlations
between the As, Mo, and Pb contents determined by pXRF and the Ga and Sb contents obtained through
ICP-MS and XRF. Thus, quantitative pXRF analysis for As, Mo, and Pb allows calculation of Ga and Sb
abundances in the slags. This work demonstrates that pXRF analysers are a valuable tool to screen
smelting slags for their chemical composition and to predict the likely contents of critical elements.
Keywords
base metal slag, portable XRF, critical elements, secondary resource.
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Introduction
The consumption of critical elements for high-technology applications is increasing exponentially,
and scenarios predict that future demand will exceed current annual worldwide production (European
Commission 2010, 2017). Recent improvements in extraction and recovery technologies have the
potential to render secondary materials such as copper slags important sources of critical elements (e.g.
PGE, In, Bi) (Binnemans et al., 2015).
Nonferrous slags are known to be highly heterogeneus and mineralogically diverse materials (Piatak,
Parsons, and Seal II, 2015). They comprise variable amounts of glass and crystallized phases and may
also contain relic ore, gangue minerals, and fluxes. The composition of slags depends on the metallurgical
processes and the composition of the processed ore(s) and the fluxes used. Consequently, slags display
a wide range in bulk chemical composition, with major concentrations (wt% range) of Al2O3, SiO2, and
Fe2O3, and lesser amounts of TiO2, MnO, CaO, MgO, Na2O, K2O, P2O5, and S (Piatak, Parsons and Seal
II, 2015). In addition, historical nonferrous slags are commonly characterized by elevated metal and
metalloid contents as a result of inefficient metal recovery technologies, with wt% levels of Cu, Pb, and
Zn (Ettler, Červinka, and Johan, 2009; Lottermoser, 2002; Vítková et al., 2010). The metals are contained
within the silicate glass and various slag phases, as well as within primary and weathering-induced
secondary minerals, including native elements, sulphides, oxides, hydroxides, chlorides, carbonates,
sulphates, arsenates, and silicates (Ettler et al., 2001; Piatak, Parsons, and Seal II, 2015). In these
studies, laboratory-based methods have commonly been applied for the determination of major (>1 wt%)
and trace elements (<0.01 wt%) (Ettler et al., 2009). In particular, inductively coupled plasma–mass
spectrometry (ICP-MS) and atomic absorption or emission spectrometry (AAS/AES) have proven their
merits for establishing the bulk chemical composition of these slags (Potysz et al., 2015). However, the
concentrations of critical elements in slags and the application of field-portable instruments like portable
X-ray fluorescence (pXRF) for such targeted analysis remain largely unexplored.
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The purpose of this study is to appraise the use of combined
ICP-MS, AAS, XRF, and pXRF data to establish the bulk
chemistry and the presence of critical elements in granulated
copper slags from the Tsumeb smelter, Namibia. The pXRF
method is compared with ICP-MS and XRF techniques and the
application of pXRF analysis for quantitative analysis of slag
samples is validated. Hence, this case study contributes to our
understanding of critical elements in slags and demonstrates that
pXRF is a useful addition for the chemical characterization of
pyrometallurgical wastes.

Background
Smelting site
The Tsumeb smelting complex, currently operated by Dundee
Precious Metals Ltd., is located approximately 430 km north of
Windhoek, the capital city of Namibia, on the northern slopes
of the Otavi Mountains (Figure 1). Smelting in the area goes
back to 1907, when the German Otavi Minen-und EisenbahnGesellschaft constructed two lead-copper blast furnaces to
smelt local dolomitic ore (Mapani et al., 2014). The present
smelter complex was constructed in the early 1960s by Tsumeb
Corporation Limited to process largely sulphidic Cu-Pb ore from
the Tsumeb mine, and later also ores from Kombat (Kramer
and Hultman, 1973) and Khusib Springs (Melcher, 2003). The
site originally featured an integrated copper and lead section
(with refinery) and smaller plants that intermittently produced
cadmium metal, arsenic trioxide, and germanium (Acid Plant

Database, 2020; Dundee Precious Metals Tsumeb, 2020; Mapani
et al., 2014, and references therein). During the early 1980s,
a slag mill was built to reprocess old copper reverbatory slags,
which were milled and subsequently treated by flotation. The
resulting concentrate was then processed in the smelters to
extract Cu and Pb. In 1986, sodium antimonite was produced
(Mapani et al., 2014, and references therein). Between 1980 and
1996, the reverbatory furnaces used fuel oil, and the smelting
charge was pelletized with pulverized coal, as well as quartz,
chert, and lime as fluxes (Ettler et al., 2009; Mapani et al., 2014).
Since the flooding of the De Wet Shaft and the subsequent closure
of the Tsumeb mine in 1996 (Bowell and Mocke, 2018), copper
ores from the Democratic Republic of Congo, Zambia, Mauritania,
Botswana, Greece, Russia, and in particular from Bulgaria and
South America have been processed in the refurbished Ausmelt
furnace, with various fluxes and fuelled with locally produced
charcoal and heavy furnace oil (Jarošítková et al., 2017; Kabbash
and Smith, 2016; Mapani et al., 2014). The granulated slag is
processed in the slag milling plant and the by-product sulphuric
acid is sold to industrial consumers in Namibia (Dundee Precious
Metals, 2020). Tsumeb blister copper production benefits
distinctly from the considerable tolerance of the Tsumeb smelter
towards arsenic and lead in copper concentrates feed (Mapani
et al., 2014). Resulting from the long processing history, three
different types of slags can be distinguished (Ettler et al., 2009).
Granulated slag from the reprocessing of older slags (slag type III;
Ettler et al., 2009) is the subject of this study.

Figure 1—A: The Tsumeb smelter and the associated historical and current slags are located on the outskirts of the city of Tsumeb in the Oshikoto region of Namibia, around 500 km north of Namibia’s capital city Windhoek. B: There are three different types of slags plus slimes, which can be assigned to different phases
of processing activities, concomitant with changing types of processed ore (modified after Ettler et al., 2009). C: Sampling points in the slag heap of granulated
copper smelting slags
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Materials and methods
Sampling
A large slag dump (approx. 40 000 m2) is located adjacent to
the smelting complex and contains approximately 1.5 Mt of
slag. At present, the reprocessed slags comprise granulated
fragments ranging in grain size from a few millimetres in
diameter to predominantly powder-size due to granulation and/
or milling (Jarošítková et al., 2017; Figures 1, 2, 3). During
sampling in 2018, the slag heap was divided into 20 equal
sectors (approximately 1 000 m2). Each sector was covered by
a number of parallel traverses to obtain a representative 5 kg
sample of powdered to millimetre-sized slag pieces from each
sector (sample numbers TSS1–TSS20). An additional slag hand

Figure 2—Sampled surface of slag dump with Tsumeb smelter complex in
the distance (photograph by B.G. Lottermoser, 2018)

Figure 3—EMP maps of As (B), Cu (C), Ni (D), Pb (E) and Sb (F) of granulated Tsumeb slag. Red lines represent the contours of the larger crystals of the original
image (A). There is a certain match of element distributions of As and Sb, as well as of Cu and Pb in the glass shards, although As is distinctly more abundant than
Sb and Pb is more abundant than Cu. Analytical conditions: 15 kV, 20 nA
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specimen was taken during a field sampling campaign in 2019
(sample number TSSF).

Sample processing and laboratory-based analysis
Slag samples were air-dried and homogenized. A representative
aliquot was milled to analytical fineness using a tungsten-carbide
swing mill in the Department of Mineral Processing at RWTH
Aachen University. Milled powders were sent to SGS Bulgaria,
Bor Laboratory/Serbia for conventional ICP-MS analysis for Al,
As, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Hf, In, K, La,
Li, Lu, Mg, Mn, Mo, Na, Nb, Ni, P, Rb, Sb, Sc, Se, Sn, Sr, Ta, Tb,
Te, Ti, Th, Tl, U, V, W, Y, Yb, and Zr after HNO3-HF-HClO4 and
HCl digestion. Pb and Zn were analysed by AAS. Samples with
high Cu values were re-analysed by AAS. In addition, milled
powders were submitted to Australian Laboratory Services (ALS,
Loughrea, Ireland) for conventional XRF analysis for major
elements (Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si, Ti), and minor/trace
elements (As, Ba, Cl, Cr, Cu, Mo, Pb, Sb, Zn). LOI was determined
by sintering at 1000°C (Table I).

XRD analyses were performed on pulps (<2 µm), using an
X’Pert Pro (PANalytical) instrument with data collector and an
X’Pert HighScore system equipped with a Cu-LFF (Empyrian)
tube and an ADS tool at the Institute of Disposal Research
(IDR) at Clausthal University of Technology (TUC). Qualitative
evaluation was done using the X’Pert HighScore software from
PANalytics (Figure 4).
Electron microprobe (EMP) mapping of As, Cu, Ni, Pb, and
Sb was done on a slag hand-specimen mounted in epoxy resin at
the IDR, TUC (Figure 3). An In-As alloy was used for As (Lα1),
chalcopyrite for Cu (Kα), pentlandite for Ni (Kα), crocoite for Pb
(Mα), and stibnite for Sb (Lα) calibration. EMP analyses were
performed using an acceleration voltage of 15 kV and a 20 nA
beam current.

Portable X-ray fluorescence spectroscopy
Chemplex sample cups were filled with milled sample powders.
ProleneTM thin films were used to guarantee simple, and at the
same time comparable, analytical settings. All sample cups were

Table I

Bulk rock analytical results for granulated Tsumeb slags analysed by a combination of ICP-MS, AAS. and XRF. Values
of F are consistently <0.1 wt%
Analytes
Method
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

Analytes
Method
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

▶
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SiO2 [wt%]
XRF

TiO2 [wt%]
ICP-MS

36.79
26.43
39.11
38.57
25.91
36.76
36.85
34.85
37.41
37.29
38.05
36.74
30.12
36.67
38.39
38.06
35.60
31.08
28.70
23.42
-

0.28
0.25
0.28
0.30
0.25
0.30
0.30
0.28
0.30
0.32
0.28
0.30
0.28
0.30
0.32
0.30
0.33
0.35
0.25
0.25
0.25

CaO [wt%]
ICP-MS

TiO2 [wt%] Al2O3 [wt%] Al2O3 [wt%] Fe2O3 [wt%]
XRF
ICP-MS
XRF
ICP-MS
0.22
0.20
0.25
0.24
0.19
0.22
0.24
0.24
0.23
0.24
0.23
0.25
0.21
0.23
0.25
0.25
0.27
0.27
0.20
0.16
-

3.34
3.12
3.38
3.72
3.33
3.74
3.53
3.44
3.61
3.91
3.68
3.74
3.84
3.72
3.91
3.80
4.23
4.93
3.55
3.19
4.48

CaO [wt%] Na2O [wt%] Na2O [wt%]
XRF
ICP-MS
XRF

15.07
>20
10.75
14.19
>20
17.29
18.65
16.92
18.72
20.16
19.83
14.82
>20
14.34
12.98
12.89
15.42
19.48
>20
>20
12.63
MARCH 2021

11.25
17.50
8.88
10.30
16.55
11.80
13.20
12.70
13.20
13.60
13.85
11.00
16.10
10.00
9.06
9.43
10.80
13.20
14.45
15.20
-

1.08
0.94
0.70
0.90
1.08
1.08
1.20
1.00
1.13
1.35
0.90
0.88
0.88
0.93
0.92
0.81
1.27
1.39
1.08
1.00
0.93

1.20
0.15
0.83
1.00
1.24
1.10
1.28
1.16
1.14
1.33
0.95
1.00
0.93
0.96
0.93
0.87
1.32
1.42
1.10
0.93
VOLUME 121

Fe2O3 [wt%] MnO [wt%]
XRF
ICP-MS

MnO [wt%]
XRF

MgO [wt%]
ICP-MS

MgO [wt%]
XRF

3.62
3.62
4.09
4.01
3.57
3.80
3.81
3.96
3.81
3.92
3.92
4.27
3.93
3.89
4.11
4.00
4.43
4.85
3.60
3.03
-

29.68
30.47
35.61
34.74
32.81
33.84
28.44
29.92
30.30
30.62
30.20
33.20
34.67
37.80
41.00
39.97
35.26
34.91
33.51
35.06
23.78

31.08
34.19
39.88
35.35
33.66
32.21
28.76
32.01
30.45
29.42
29.23
34.74
33.55
36.73
39.66
39.11
34.53
33.04
35.04
34.59
-

0.42
0.49
0.15
0.34
0.39
0.51
0.49
0.37
0.44
0.49
0.47
0.35
0.47
0.36
0.18
0.18
0.39
0.45
0.44
0.56
0.30

0.28
0.34
0.17
0.22
0.26
0.31
0.32
0.25
0.27
0.30
0.29
0.24
0.29
0.22
0.19
0.20
0.25
0.28
0.26
0.31
-

4.26
5.24
2.77
3.78
4.88
4.86
4.89
4.16
4.78
5.22
4.46
3.68
4.64
3.85
3.35
3.20
4.33
4.91
4.46
5.82
3.88

4.17
5.52
3.01
3.76
4.83
4.37
4.79
4.31
4.54
4.75
4.27
3.81
4.35
3.62
3.21
3.15
4.15
4.37
4.30
5.17
-

K2O [wt%]
ICP-MS

K2O [wt%]
XRF

P2O5 [wt%]
ICP-MS

P2O5 [wt%]
XRF

SO3 [wt%]
XRF

Cl [mg/kg]
XRF

LOI [wt%]

0.40
0.48
0.41
0.42
0.43
0.39
0.39
0.41
0.40
0.43
0.45
0.46
0.53
0.46
0.49
0.51
0.53
0.71
0.48
0.54
0.46

0.38
0.50
0.43
0.41
0.41
0.34
0.35
0.42
0.37
0.37
0.40
0.46
0.49
0.42
0.45
0.48
0.51
0.63
0.43
0.46
-

0.34
0.23
0.23
0.27
0.25
0.37
0.41
0.32
0.46
0.48
0.46
0.27
0.25
0.27
0.27
0.25
0.27
0.27
0.23
0.21
0.37

0.33
0.22
0.23
0.26
0.24
0.33
0.41
0.34
0.45
0.45
0.45
0.28
0.24
0.27
0.26
0.26
0.27
0.24
0.23
0.19
-

0.54
2.00
1.50
0.84
2.83
0.44
0.31
1.07
0.60
0.61
0.46
1.08
1.78
1.01
1.28
1.28
1.20
1.62
2.22
1.38
-

60
80
<50
<50
70
<50
60
50
50
50
60
<50
60
50
50
<50
<50
100
90
180
-

2.71
3.81
4.02
3.22
4.07
2.56
2.28
2.07
2.14
2.09
1.92
2.69
3.16
3.46
3.78
3.88
2.98
2.81
3.15
3.69
-
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Table I (continued)

B
 ulk rock analytical results for granulated Tsumeb slags analysed by a combination of ICP-MS, AAS. and XRF. Values
of F are constantly <0.1 wt%
Analytes
Method
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

Analytes
Method
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

Analytes
Method
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

As [mg/kg]
ICP-MS
8640
2383
4336
5554
2094
9469
>10000
6756
9296
9508
7454
5169
2767
5205
4894
3434
6647
4110
3337
5488
7528

As [mg/kg] Ba [mg/kg]
XRF
ICP-MS
8900
2200
4600
5200
1900
9200
11200
7100
9500
9500
8000
5500
2400
5200
4800
3200
6700
3600
3000
4700
–

1373
>10000
1450
1478
7676
1494
1309
4456
1498
1695
2825
4380
8320
1701
1522
4518
4831
6720
9210
>10000
928

Ba [mg/kg]
XRF

Be [mg/kg]
ICP-MS

Bi [mg/kg]
ICP-MS

Cd [mg/kg]
ICP-MS

Ce [mg/kg]
ICP-MS

Co [mg/kg]
ICP-MS

Cr [mg/kg]
ICP-MS

Cr [mg/kg]
XRF

1523
6359
1791
1702
4747
1612
1523
2598
1791
1881
2060
2508
4568
2060
1881
2508
2598
3583
4479
5822
–

0.6
1.2
0.6
0.8
1.1
0.5
0.9
0.7
0.5
1.0
0.8
0.7
1.2
0.7
0.7
0.7
1.0
1.8
1.6
1.5
0.8

2.10
2.91
0.93
2.59
1.94
3.18
1.14
9.68
4.69
4.10
2.55
5.87
1.91
1.62
2.94
1.34
2.62
2.11
2.06
4.92
1.39

45
36
14
42
28
97
94
49
107
52
91
62
29
39
18
26
50
41
26
69
60

70
55
65
61
55
71
69
67
75
90
77
73
61
67
81
72
76
80
53
49
173

239
155
117
235
216
220
214
186
189
188
204
193
216
216
132
154
255
235
248
249
131

380
152
351
402
235
447
406
308
430
371
431
372
305
371
316
292
313
282
279
175
330

821
342
889
821
547
889
889
753
1026
821
1026
821
684
821
684
616
753
684
547
342
-

Cs [mg/kg] Cu [mg/kg] Cu [mg/kg] Cu [mg/kg] Ga [mg/kg] Hf [mg/kg] In [mg/kg] La [mg/kg] Li [mg/kg] Lu [mg(kg] Mo [mg/kg] Mo [mg/kg]
ICP-MS
ICP-MS
AAS
XRF
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
XRF
0.56
1.04
0.73
0.76
1.11
0.50
0.46
0.68
0.34
0.64
0.58
0.78
1.06
0.67
0.69
0.69
0.90
1.14
1.15
1.13
1.24

7800
6681
6587
6512
6921
7856
8180
7012
8135
6609
7436
6860
4986
6369
6262
5362
7120
6262
7455
>10000
7200

Nb [mg/kg] Ni [mg/kg]
ICP-MS
ICP-MS
7.1
6.0
3.6
5.7
6.0
7.6
8.0
7.5
4.4
11
2.5
6.0
6.0
3.1
4.9
6.4
7.4
8.4
4.5
5.2
9.4

140
52
58
123
46
151
137
87
117
98
140
93
58
111
75
64
105
70
67
128
94

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
15400
-

7220
6140
5920
5770
6550
7760
8630
6510
7690
6280
7690
6570
4690
5770
5740
5300
6490
5580
7120
14250
-

170
53
63
85
64
171
194
123
148
190
108
80
62
81
72
47
104
90
65
54
127

Pb [wt%]
AAS

Pb [wt%]
XRF

Rb [wt%]
ICP-MS

3.03
2.46
1.61
2.21
2.06
3.33
3.27
2.38
3.04
2.56
3.07
2.09
1.70
2.17
1.93
1.55
2.54
2.50
2.68
7.40
2.85

2.76
2.25
1.37
1.88
1.85
3.12
3.02
2.22
2.72
2.28
2.84
1.98
1.51
1.94
1.72
1.39
2.33
2.24
2.58
5.76
-

16
17
17
17
16
13
14
15
13
16
15
17
17
16
18
18
19
23
17
19
17

The Journal of the Southern African Institute of Mining and Metallurgy

2.21
2.69
2.07
2.00
2.29
2.30
2.32
2.47
2.50
2.33
2.33
2.41
2.43
2.53
2.52
2.94
2.91
3.38
2.34
2.46
2.34

6.65
6.45
9.13
12
5.18
9.88
8.07
8.01
8.02
7.38
8.02
9.05
9.51
11
9.40
9.10
9.28
8.21
7.32
12
6.22

28
27
26
25
26
29
28
29
31
36
32
29
28
29
31
31
34
37
25
24
103

21
26
18
23
26
20
24
19
21
28
21
19
23
19
21
19
23
27
26
31
24

0.42
0.24
0.32
0.28
0.22
0.36
0.44
0.39
0.40
0.51
0.45
0.38
0.30
0.35
0.42
0.37
0.38
0.42
0.27
0.23
0.49

1225
752
478
675
875
1107
1365
1074
1186
1465
993
734
734
697
566
535
1014
978
940
867
997

Sb [mg/kg] Sb [mg/kg] Sc [mg/kg] Se [mg/kg] Sn [mg/kg] Sr [mg/kg]
ICP-MS
XRF
ICP-MS
ICP-MS
ICP-MS
ICP-MS
723
317
318
604
215
822
777
555
569
660
414
503
265
304
301
301
541
305
259
637
527

710
340
380
600
270
800
810
580
730
680
740
540
270
530
410
310
580
430
350
600
-

3.7
3.7
3.9
4.0
4.0
4.1
4.0
4.0
4.0
4.3
4.0
4.2
4.5
4.2
4.3
4.3
5.0
6.2
4.3
6.3
4.2

VOLUME 121

<2
22
3
3
23
<2
<2
4
6
3
6
5
10
4
4
<2
8
12
20
30
7

63
48
39
70
445
123
122
84
98
97
96
61
64
53
43
39
83
80
53
97
97

285
442
224
296
459
284
275
313
296
359
301
327
429
296
243
276
327
372
395
424
318

MARCH 2021

1120
730
490
580
870
1000
1280
1020
1120
1360
930
710
730
680
540
450
920
980
870
620
-

Ta [mg/kg]
ICP-MS
2.68
1.72
0.90
2.42
1.29
2.20
2.88
1.24
0.67
1.93
0.20
2.00
1.66
0.39
0.51
1.85
2.22
2.86
1.25
1.12
0.46
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Table I (continued)

 ulk rock analytical results for granulated Tsumeb slags analysed by a combination of ICP-MS, AAS. and XRF. Values
B
of F are constantly <0.1 wt%
Analytes
Method
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

Tb [mg/kg] Te [mg/kg] Th [mg/kg] Tl [mg/kg]
ICP-MS
ICP-MS
ICP-MS
ICP-MS
0.84
0.52
0.74
0.70
0.50
0.84
0.94
0.79
0.99
1.05
0.95
0.82
0.65
0.77
0.82
0.81
0.78
0.80
0.62
0.51
0.94

0.52
1.34
0.11
0.69
0.72
0.79
0.38
3.72
1.18
1.16
0.69
1.93
0.71
0.46
0.43
0.44
0.64
0.44
0.56
1.19
0.51

18
9.7
7.4
8.5
7.7
14
16
16
21
37
12
10
9.0
10
9.2
11
16
14
8.6
8.7
33

U [mg/kg]
ICP-MS

V [mg/kg]
ICP-MS

40
13
22
24
16
45
46
33
43
52
59
30
19
30
29
30
33
27
20
14
34

231
127
81
107
96
177
229
128
146
204
122
105
86
108
95
82
106
104
88
138
118

0.94
0.37
0.54
0.68
0.37
0.90
0.80
1.15
1.13
0.88
1.40
1.15
0.50
0.92
0.77
0.86
0.84
0.93
0.53
0.22
2.23

W [mg/kg]
ICP-MS
191
97
85
113
89
158
200
125
127
176
59
110
96
47
54
78
151
151
120
85
94

Y [mg/kg] Yb [mg/kg] Zn [wt%] Zn [wt%] Zr [mg/kg]
ICP-MS
ICP-MS
AAS
XRF
ICP-MS
32
16

2.8
1.6

23
25
18
32
37
29
36
43
38
27
22
27
30
28
26
27
19
15
30

3.97
7.36
2.11
2.95
8.89
3.87
3.98
4.31
3.48
3.65
3.66
3.32
5.88
3.07
2.43
2.64
4.71
6.64
7.81
9.25
4.30

2.2
2.0
1.5
2.7
3.1
2.7
2.8
3.3
3.2
2.6
2.0
2.6
2.8
2.6
2.4
2.5
1.9
1.4
3.0

4.06
7.43
2.07
2.83
9.04
4.06
4.12
4.54
3.45
3.63
3.42
3.50
6.12
3.14
2.47
2.83
4.85
7.25
8.19
7.92
-

77
90
80
86
80
84
87
84
80
87
83
88
94
89
91
93
105
123
86
87
78

Table II

Analytical results by pXRF for granulated Tsumeb slags. Values of Nb and Se <LOD (lower analytical detection limit)
Analytes
As [wt%]		
Cu [wt%]		
Mo [wt%]		
Pb [wt%]		
Sb [wt%]		
Sn [wt%]		
Zn [wt%]
		±		±		±		±		±		±		±
TSS1
TSS2
TSS3
TSS4
TSS5
TSS6
TSS7
TSS8
TSS9
TSS10
TSS11
TSS12
TSS13
TSS14
TSS15
TSS16
TSS17
TSS18
TSS19
TSS20
TSSF

1.04
0.295
0.543
0.620
0.285
1.01
1.26
0.849
1.10
1.03
0.889
0.640
0.363
0.662
0.575
0.406
0.799
0.485
0.381
0.779
0.873

0.02
0.011
0.011
0.005
0.012
0.02
0.02
0.015
0.02
0.01
0.012
0.004
0.004
0.007
0.008
0.009
0.009
0.010
0.010
0.018
0.014

0.840
0.769
0.746
0.683
0.763
0.841
0.869
0.782
0.877
0.690
0.787
0.763
0.561
0.731
0.710
0.597
0.767
0.677
0.778
1.82
0.749

0.012
0.020
0.007
0.006
0.018
0.018
0.010
0.010
0.010
0.012
0.008
0.005
0.008
0.024
0.005
0.012
0.014
0.002
0.013
0.04
0.005

0.116
0.073
0.050
0.063
0.081
0.092
0.127
0.107
0.112
0.130
0.094
0.071
0.069
0.069
0.053
0.051
0.094
0.088
0.081
0.068
0.098

0.002
0.001
0.000
0.001
0.001
0.003
0.002
0.002
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.001
0.001
0.001
0.001

backfilled with stuffing fibre. Analysis was carried out using
a Niton XL3t 900 hand-held XRF instrument connected to a
radiation protection chamber at the IDR (TUC). The analyser
is equipped with a 50 kV Ag target X-ray tube. Analyses were
done in ’environmental mode – minerals with Cu/Zn’, with a
total measurement time of 100 seconds (Table II). Analyses were
repeated five times. To test reproducibility and homogeneity two
sample cups were prepared for each pulp; the results were almost
identical. The instrument was calibrated using the following
certified reference materials (CRMs): (i) OREAS 24b, 24c, 36,
37, 112, 131b, 132b, 133b, 134b, 160, 623, 932 of the OREAS
pXRF Zn-Pb-Ag sulphide kit; (ii) RTS-3a and MP-1b CRMs of

▶
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3.07
2.15
1.48
2.06
1.64
3.33
3.25
2.36
2.98
2.41
3.06
2.16
1.60
2.16
1.89
1.47
2.48
2.40
2.35
5.74
2.76

0.05
0.05
0.01
0.02
0.05
0.09
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.04
0.02
0.02
0.02
0.01
0.03
0.11
0.03

0.080
0.033
0.045
0.067
0.021
0.082
0.082
0.063
0.080
0.067
0.073
0.058
0.030
0.059
0.048
0.034
0.061
0.032
0.031
0.051
0.059

0.003
0.002
0.001
0.003
0.001
0.003
0.002
0.002
0.001
0.002
0.002
0.002
0.001
0.002
0.001
0.002
0.001
0.001
0.002
0.003
0.002

0.119
0.117
0.116
0.120
0.117
0.125
0.126
0.122
0.124
0.122
0.123
0.118
0.119
0.118
0.116
0.116
0.122
0.120
0.117
0.121
0.122

0.001
0.000
0.001
0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.001
0.001
0.000
0.001
0.000

4.26
7.44
2.15
2.91
8.54
4.07
4.17
4.45
3.59
3.70
3.50
3.58
5.65
2.95
2.50
2.49
4.81
6.74
7.60
7.50
2.72

0.06
0.07
0.01
0.03
0.08
0.09
0.03
0.04
0.03
0.03
0.02
0.02
0.07
0.05
0.01
0.02
0.04
0.03
0.03
0.09
0.03

the CANMET Mining and Mineral Sciences Laboratories Canada,
and (iii) SRM 2780 of the National Institute of Standards and
Technology. Calibration factors, slope, and intercept, were
obtained using the provided CorrectCalc software program of
the Niton device. To monitor the drift of the instrument and to
assure quality control, a set of six CRMs (OREAS 36, 131b, 132b,
133b, 134b, 623) was analysed three times at the start and at the
end of every measuring day plus once after every sample (plus
duplicate).
For calibration of the pXRF device, regression analysis was
done using the aforementioned CRMs. The quality of the linear
relationship between a CRM and a pXRF value is expressed
The Journal of the Southern African Institute of Mining and Metallurgy

Copper slag as a potential source of critical elements - A case study from Tsumeb, Namibia
by the coefficient of determination (R²), which is at the best
1.00. Very good R² values were obtained for TiO2, MnO, CaO,
K2O, As, Ba, Cd, Cu, Mo, Pb, Rb, Sn and Zn (R² = 0.99) and for
SiO2, Fe2O3, S, Sb, Sr and Zr (R² = 0.96–0.98), when filtered
for outliers. However, R² is low for Al2O3 (R² = 0.53), and
only acceptable for MgO (R² = 0.86). Root mean square errors
(RMSEs) are largely below unity, with the exception of SiO2,
Al2O3, and Fe2O3 (Table III).
Precision (i.e. the degree to which repeated measurements
under unchanged conditions show the same result) and accuracy
(i.e. proximity of measurement results to the true value) are
important parameters to evaluate the quality of chemical
analyses. Precision of pXRF values can be assessed via the
percentage relative standard deviation (RSD), and accuracy via
the relative difference (%RD), using the criteria after Jenner
(1996) and Piercy and Devine (2014). Most major elements,
metals, and metalloids show on average excellent (RSD 0–3%)
to good (RSD 7–10%) precision, with the exception of MgO, Cd,
and Rb (RSD >10%). Considering average values, As, Ba, Cu, Mo,
Pb, Sn, and Zn show excellent precision (RSD 0–3%) and Sb very
good precision (RSD 7–10%).

The average accuracy of pXRF data, compared to ICP-MS data
and XRF data, is variable. Elements/oxides like SiO2, TiO2, Fe2O3,
Cd, Cu, Mo, Pb, Sr, and Zn show an acceptable accuracy (%RD
≤20) compared to the ICP-MS and XRF values. An acceptable
accuracy is also evident for MnO, CaO, Ba, and Sb compared to
the XRF data, but accuracy is only within the 23–36%RD range
compared to ICP-MS results. The average accuracy of As is close
to 20%RD. Accuracy for Al2O3 is poor, as well as for MgO, Rb,
and in particular Sn.

Results and discussion
Slag mineralogy
Granulated slags from Tsumeb are largely composed of X-ray
amorphous substances, in particular vitreous materials, which
cannot be distinguished by XRD. This feature is clearly reflected
in all XRD patterns by the lack of clearly defined X-ray peaks
(Figure 4). Only (synthetic) augite and quartz could be identified
in most slag samples. In addition, an uncommon spinel with CuZn-Al compounds is present, as well as unknown Mg-Al oxide,
Mg-Fe oxide, and Pb oxide phases. The ‘quartz’ proportion can

Table III

C
 alibration factors and CRMs used for calibration. Range of precision, expressed as RSD and accuracy, expressed as
%RD, for pXRF data. %RDICP-MS values refer to ICP-MS data, %RDXRF values refer to XRF data. Av. |%RD| is the average
absolute value of the percentage relative difference
Analytes
SiO2
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
K2O
SO3
As
Ba
Cd
Cu
Mo
Pb
Rb
Sb
Sn
Sr
Zn
Zr

CRMs

R²

RSD [%]

OREAS 24b, 24c, 131b, 132b, 133b,
0.98
134b, 160, 623, 923, RTS-3a
OREAS 24b, 24c, 131b, 132b, 133b,
0.99
623, 932, MP-1b, RTS-3a, SRM 2780
OREAS 24b, 24c, 131b, 132b, 133b, 134b,
0.53
160, 623, 932, MP-1b, RTS-3a, SRM 2780
OREAS 24b, 24c, 36, 37, 121, 131b, 132b, 133b,
0.98
134b, 160, 623, 932, RTS-3a, SRM 2780
OREAS 24b, 24c, 36, 131b, 132b, 133b,
0.99
134b, 623, 932, MP-1b, RTS-3a, SRM 2780
OREAS 24b, 131b, 132b, 160,
0.86
932, MP-1b, RTS-3a, SRM 2780
OREAS 24b, 24c, 131b, 132b, 133b, 134b,
0.99
160, 623, 932, RTS-3a, SRM 2780
OREAS 24b, 24c, 131b, 132b,
0.99
133b, 134b, 623, MP-1b, RTS-3a
OREAS 131b, 132b, 133b, 36, 37, 623,		
932, MP-1b, RTS-3a, SRM 2780
0.98
OREAS 24b, 24c, 36, 37, 112, 131b, 132b, 133b,
0.99
623, 932, MP-1b, RTS-3a, SRM 2780
OREAS 24c, 131b, 132b, 133b, 134b, RTS-3a
0.99
OREAS 112, 131b, 132b, 133b, 134b, 623, 932, MP-1b
0.99
OREAS 36, 37, 112, 131b, 132b, 133b, 134b,
0.99
623, 932, MP-1b, RTS-3a, SRM 2780
OREAS 623, MP-1b, RTS-3a, SRM 2780
0.99
OREAS 36, 37, 131b, 132b, 133b, 134b, 623,
0.99
MP-1b, SRM 2780
OREAS 24b, 24c, 131b, 132b,
0.99
OREAS 112, 131b, 132b, 133b, 134b, 623, SRM
0.96
2780, 623, 932, RTS-3a, SRM 2780
OREAS 24b, 24c, 131b, 132b, 133b, 134b, 623, 932, MP-1b
1.00
OREAS 24b, 24c, 131b, 132b, 623, 932, RTS- 3a, SRM 2780
0.98
OREAS 24b, 24c, 36, 37, 112, 131b, 132b, 133b, 134b, 623,
0.99
932,MP-1b RTS-3a, SRM 2780
0.99
OREAS 24b, 24c, 131b, 132b, 133b, 623, MP-1b, SRM 2740
0.96

0.43 - 2.09

1.04			

3.83 - 14

7.83

(-)33 - 2.35

0.70 - 3.41

1.93

0.17 - 1.85
1.66 - 6.90
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%RDXRF

av |%RDXRF|

(-)15 - 2.23
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11

53 - 122

93
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0.58
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3.68
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Sample

Augite (Ca, Mg, Fe) (Mg, Fe) Si2O6

Identified substances
Quartz (SiO2)

TSS2			
TSS5			
TSS6
X
X
TSS7
X
X
TSS9
X
X
TSS10
X
X
TSS13
X
X
TSS20			

CuZnAlspinel

MgAl oxide

MgFe oxide

X		
X
X
X
X
X			
X			
X		
X
X			
X		
X
X
X
X

Pb oxide

X

Figure 4—XRD results for Tsumeb slag. A, B: Slag is largely composed of amorphous substances, as reflected by a very low number of depicted peaks. Only quartz
and augite could be identified in almost all samples. In addition, an uncommon spinel with CuZnAl-compounds is present, as well as synthetic MgAl oxides, MgFe
oxides, and Pb oxides. Almost all peaks could be assigned to a mineral, although some might be obscured in the background signal
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probably be ascribed to the high-temperature, low-pressure SiO2
compound tridymite and/or cristobalite (Figure 5). No sulphide
minerals, intermetallic compounds, pure metals, or arsenates (cf.
Ettler et al., 2009) could be detected in the sampled materials.
Element mapping of As, Cu, Ni, Pb, and Sb (sample TSSF)
reveals a largely very heterogeneous distribution of these
elements within granulated slag powder (Figure 3) as well as
within slag particles. Moreover, imaging gives clear evidence
for predominance of glassy fragments in quenched milled slag.
Sulphides and oxides are rare. There is a certain match between
element distribution maps of As and Sb, as well as of Cu and Pb,
but the distinctly greater abundance of As over Sb and Pb over
Cu is obvious.

Slag geochemistry
The chemical composition of the slag samples is reported in Table
I. The slags are largely composed of SiO2 (23.42–39.11 wt%; av.
34.34 wt%), Fe2O3 TOT (28.76–39.88 wt%; av. 33.86 wt%), and
CaO (8.88–17.50 wt%; av. 12.60 wt%), as well as minor Al2O3
(3.03–4.85 wt%; av. 3.91 wt%) and MgO (3.01–5.52 wt%; av.
4.22 wt%) as is typical for base metal slags (Figure 5). P2O5
and S contents are comparatively low at 0.19–0.45 wt% (av.
0.30 wt%) and 0.12–1.13 wt % (Ø 0.48), respectively. However,
the slags are significantly enriched in metals and metalloids:
Pb (1.55–7.40 wt%; av. 2.68 wt%), Zn (2.11–9.25 wt%; av.
4.70 wt%), Cu (4 986–15 400 mg/kg; av. 7 290 mg/kg), As
(2 094–11 200 mg/kg; av. 5 607 mg/kg), Ba (1 373–
6 359 mg/kg; av. 3 692 mg/kg), and Mo (478–1 465 mg/kg; av.
913 mg/kg). Likewise, high contents of >100 mg/kg are shown
by Cr (152–447 mg/kg; av. 331 mg/kg), Co (117–
255 mg/kg; av. 203 mg/kg), Ga (47–194 mg/kg; av. 101 mg/kg),
Sb (215–822 mg/kg; av. 470 mg/kg), Sn (39–123 mg/kg; av.
73 mg/kg), Sr (224–459 mg/kg; av. 331 mg/kg), and V (81–231
mg/kg; av. 128 mg/kg). Several of these elements (As, Cr, Co, Ga,
Sb, V) are considered as critical elements according to the USGS
(2018). The bulk chemical composition of the granulated slags
generally agrees with that documented by Ettler et al. (2009) and
Jarošítková et al. (2017). Lower As and S as well as high Cd and
Sb values detected in this study are likely due to higher sample
numbers (Ettler et al., 2009: n = 2; this study: n = 20).

Compared to average crustal abundances, the granulated
slag is highly enriched in As [approx. 2 530 ×], Pb, [approx.
2 450 ×], Sb [approx. 2 350 ×], and Mo [approx. 1 140 ×]. Zn
[approx. 650 ×], Cd [approx. 635 ×], Cu [270 ×], Te [approx. 180
×], In [approx. 170 ×], and W [approx. 115 ×] also are distinctly
enriched; however, W values have to be interpreted with caution
as a tungsten-carbide mill was used for milling. Moreover, a
notable enrichment is shown by Se [64 ×], Sn [43 ×], U [24 ×],
Bi [17 ×], S [12 ×], Ba [12 ×], Co [8 ×], and Ga [6 × (Figure 6).
The major elements Fe, Mn [4 ×], Ca and P [3 ×] are slightly
enriched, as well as Cr, Th, Ta, Ni, Ce, and Tl [2 ×]. La, Y, Li, Tb,
Yb, Lu, Sr, Mg, V, Nb, Hf, Zr, and Si have the same abundance
as in average bulk continental crust. Be, Ti, Cs, Rb, Na, K, Al,
and Sc are slightly depleted. The important critical elements As,
Sb, Te, and In are among the most enriched elements in Tsumeb
granulated slag. In addition, although less enriched, are the four
critical elements Sn, U, Bi, Ga, and Co.

Prediction of geochemical composition from pXRF data
XRF and ICP-MS analysis are well-established techniques
for determining the composition of geological materials and
metallurgical wastes (e.g. Potysz et al., 2015). Such instruments
used for elemental analysis must be operated in a controlled
laboratory environment. Progress in XRF instrumentation has
opened the way to measurement of materials in the field by
means of portable XRF analysis. Portable XRF can screen for
multiple elements simultaneously in a variety of materials, using
one device with minimal sample preparation. However, many
critical elements are only poorly determined in materials by the
energy-dispersive pXRF technology (Gallhofer and Lottermoser
2018). Comparison of laboratory-generated XRF and ICP-MS data
with pXRF data reveals specific element trends and may allow
predictions of likely chemical compositions (Figure 7).
The chemical composition of slag samples analysed by pXRF
is reported in Table II. To compare pXRF with ICP-MS/AAS and
XRF data, linear regression functions were calculated for pXRF –
ICP-MS/AAS and pXRF – XRF data-sets, which reveal very good
correlations (R² ≥ 0.90) for As, Ba, Cd, Mo, P, Pb, Si, Sn, Sr, and
Zn (Figure 7). Good correlations (R² ≥ 0.80) are shown by Ca and
Mn. Cu shows distinctly better correlations for the pXRF – ICP-

Figure 5—Bulk chemical composition of slags in Al2O3-SiO2-FeO (A) and FeO-SiO2-CaO (B) ternary diagrams. Tsumeb slag samples plot well within the field of base
metal slags of Piatek, Parsons, and Seal II (2015). Diagram is based on XRF data [wt%]. Isotherms are in °C
The Journal of the Southern African Institute of Mining and Metallurgy

VOLUME 121

MARCH 2021

137

◀

Copper slag as a potential source of critical elements - A case study from Tsumeb, Namibia

Figure 6—A: Average concentration of selected elements in bulk continental crust. B: Enrichment of selected elements in comparison to bulk continental crust
based on ICP-MS data for granulated Tsumeb slags. For Si and S, XRF data was used, for Cu combined ICP-MS and AAS data, and for Pb AAS data. Elements are
arranged by increasing enrichment of average values. There is a clear enrichment of As, Pb, Sb, Mo, Zn, Cd, Cu, Te, and In (>100 ×) as well as a certain enrichment
of Se, Sn, U, Bi, Ba, Co, and Ga (> 5 ×). W is likewise enriched, but the values have to be interpreted with caution as a tungsten-carbide mill was used. Arrows reflect the concentration range of each element. If elements have values below/above the analytical detection limit (no arrow tip) the lower element range was set to
half the lower analytical detection limit and the upper element range was set to the double the upper analytical detection limit. All values below analytical detection
limits are considered with half detection limit and all values above the analytical detection limits are considered with the double detection limit. Element concentrations in bulk continental crust are taken from Rudnick and Gao (2014) and Wedepohl (1969)

MS/AAS values than for the pXRF – XRF data-sets (RICP-MS/AAS-pXRF
= 0.94; RXRF-pXRF = 0.81), but for Sb the opposite is the case (RICPMS/AAS-pXRF = 0.73; RXRF-pXRF = 0.92; Figure 7). Correlation of ICP-MS
and XRF data is good for most elements (R² ≥ 0.80), and for
major elements and Sb within an acceptable range (R² ≥ 0.70).
Analysis of critical elements using pXRF is notoriously
difficult. In the studied slags, pXRF provides precise and accurate
data for only As. Other critical elements (e.g. Ga, Sb, Sn) can be
detected; however, accuracy is either poor or concentrations are
close to the detection limit. Cobalt is difficult to analyse by pXRF,
in particular if Fe is present (Sieber and Pella, 1986), due to
X-ray peak overlap (Gallhofer and Lottermoser, 2018), although
concentrations are in the 100–200 mg/kg range.
Calculation of correlation coefficients for element pairs
from the ICP-MS and pXRF data-sets reveals clear positive
correlations of Ga, Sb, and Sn (analysed by ICP-MS) with As
(analysed by pXRF), as well as a less certain correlation of Mo
and As. Current commercial pXRF detectors are not capable of
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analysing Ga routinely. Only a few detectors can analyse for Ga
if concentrations are well above 100 mg/kg (Williams-Thorpe,
2008), and if the sample matrix allows Ga detection (Lemière,
2018). For the Tsumeb slags, considering that Ga concentrations
correlate with the As and Mo concentrations, Ga contents
can be indirectly determined by pXRF analysis of As and Mo.
pXRF analyses of both As and Mo are of excellent precision,
and accuracy is acceptable for As (RSD = 1.79; %RDICP-MS = 22;
%RDXRF = 25; averages) for both pXRF – ICP-MS and pXRF –
XRF data-sets and is good for Mo (RSD = 1.28; RDICP-MS = 7.39;
%RDXRF = 4.47; averages; Figure 8). Hence, the following linear
regressions allow calculation of Ga concentrations:
[1]
[2]
Antimony is another critical element enriched in the Tsumeb
slag, although a certain portion has already been extracted. As
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 7—X-Y plots of pXRF and ICP-MS/AAS data as well as of pXRF and XRF data showing good to acceptable correlations for As, Cu, Mo, Pb, Sb, and Zn
The Journal of the Southern African Institute of Mining and Metallurgy

VOLUME 121

MARCH 2021

139

◀

Copper slag as a potential source of critical elements - A case study from Tsumeb, Namibia

Figure 8—X-Y plots of selected elements. There is good correlation between AspXRF and GaICP-MS, AsICP-MS and GaICP-MS, MopXRF – GaICP-MS as well as between MoICP-MS
and GaICP-MS, allowing the indirect, quantitative determination of Ga contents by pXRF analysis of As and/or Mo. Sb concentrations can be verified by pXRF analysis
of As and Pb. Moreover, As correlates with Ga and Sb and shows a correlation with Sn and Mo

direct analysis by pXRF of Sb is acceptable, but not of good
precision (RSD = 3.53; %RDICP-MS = 23; %RDXRF = 10), indirect
verification of pXRF-derived Sb data is recommended using
Pb pXRF-derived data (Bero et al., 1993). The following linear
formula allows the indirect calculation of Sb contents using Pb
values:

possible. In addition, indirect analysis of Ga and Sb is feasible,
using As and Mo or Pb and As pXRF-derived data, respectively.

Reprocessing potential of Tsumeb slags

[3]
In addition, Sb contents can be verified from As:
[4]
Thus, a direct analysis of the critical element As enriched in
Tsumeb granulated slag using low-cost on-site pXRF analysis is
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Slag compositions are influenced by the metallurgical process
used and the composition of smelted ores and fluxes. At the
Tsumeb smelter, ores of the Tsumeb deposit as well as other
deposits close by in the Otavi Mountain Land were originally
processed, which are well-known for their metal and metalloid
enrichment (i.e. Pb, Cu, Zn, Ag, As, Sb, Cd, Co, Ge, Ga, Au,
Fe, Hg, Mo, Ni, Sn, W and V) (Bowell, 2014; Frimmel, Deane
and Chadwick, 1996; Melcher, 2003; Melcher, Oberthür and
Rammlmair, 2006; Pirajno and Joubert, 1993).
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Overall, approximately 30 Mt ore at 10% Pb, 4.3% Cu, and
3.5% Zn plus significant quantities of As, Sb, Ag, Cd, and Au
were extracted from the Tsumeb deposit between 1907 and
1996 (Melcher 2003). Over time, these ores and other base
metal ores from mines close by, and since 1996 from several
deposits overseas, were processed in the Tsumeb smelter
complex, producing Pb metal, blister Cu, and Zn concentrates
with by-products Ag, Au, Ge, and Cd, and intermittently As
and Sb (Kramer and Hultman, 1973; Kamona et al., 1999;
Mapani et al., 2014). Therefore, the studied slags do not arise
from the processing and smelting of a single ore. The chemical
composition of the studied slags is the result of the metallurgical
treatment of diverse base metal ores and reprocessing of
older slag wastes. The Tsumeb smelter is one of few smelters
worldwide that is capable of processing mixed Cu-Pb ore with
high As contents (Mapani et al., 2014), and Tsumeb sulphidic ore
is known for its arsenate content (Bowell, 2014). Thus, the very
high As concentration detected within the metallurgical waste is
a logical consequence; although some arsenic was temporarily
extracted for production of arsenic trioxide (cf. Acid Plant
Database, 2020). In the past, poor recovery technologies for base
metals, trace metals, and metalloids as well as critical elements
led to the observed element enrichments.
Tsumeb slags are enriched in the critical elements As, Bi,
Ga, In, Sb, Sn, Te, and U. To date, the Southern African mineral
processing and smelting industry has extracted Cu, Pb, Cd, and
Sb from Tsumeb slags and flotation tailings (Guest, Svoboda, and
Venter, 1988; Svoboda, Guest, and Venter, 1988). In addition, the
recovery of Co from slags is possible, as demonstrated by Jones
et al. (2002). Moreover, there are numerous studies that focus on
recovery of trace elements from mining and processing residues
using different technical approaches to recycle high-tech elements
(e.g. Anand, Kanta Rao, and Jena, 1980; Gbor, Ahme, and Jia,
2000; Gbor, Hoque, and Jia, 2006; Tshiongo, Mbaya, and Maweja,
2011; Tümen and Bailey, 1990; Yang et al., 2010).
The Tsumeb copper slag is an under-exploited residue,
from which metals, metalloids, and critical elements may be
derived, e.g. Sn (Mapani et al., 2014). Successful recovery of raw
materials from the existing waste would require reprocessing
and adjustments to the existing metallurgical processes that
would allow critical element extraction. The additional benefit
of such waste valorization practices would be the prevention of
metalliferous drainage and dust dispersion from the slag dump
in the long term (Dundee Precious Metals Tsumeb, 2020; Ettler
et al., 2009; Kříbek et al., 2014, 2018; Mapani et al., 2014). For
example, the amorphous glassy slag matrix exhibits a certain
susceptibility to leaching during weathering (Mostafa et al.,
2001; Tshiongo, Mbaya, and Maweja, 2011). Thus, recovery of
additional metals from nonferrous slags as by-products would
result in two benefits: it could yield critical raw materials and
prevent the development of significant environmental impacts
from waste disposal.

Conclusion
This study aimed to chemically characterize the granulated copper
slag at the Tsumeb smelter site and to demonstrate its potential
as source of critical raw materials. In addition, it was shown
that pXRF is a useful addition to the techniques for chemical
characterization of pyrometallurgical wastes. The results of this
study demonstrate that
(i)	Tsumeb slags are enriched in base metals (Cu, Pb, Zn),
The Journal of the Southern African Institute of Mining and Metallurgy

trace metals and metalloids (Ba, Cd, Mo, S, Se), and
critical elements (As, Bi, Ga, In, Sb, Sn, Te, U)
(ii)	The critical element As can be determined in smelting
slags by pXRF at excellent precision and accuracy
(iii)	Other critical elements like Ga and Sb may be
determined using element proxies (As, Mo, Pb) and
simple linear regression functions
(iv)	pXRF can be used as an additional low-cost tool for
screening the chemical composition of smelting slags.
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18–22 April 2021 — IMPC2020
XXX International Mineral Processing Congress
Cape Town, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
9–10 June 2021 — Diamonds – Source To Use — 2021 Hybrid
Conference
‘Innovation And Technology’
The Canvas, Riversands, Fourways, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
21–22 June 2021 — Mandela Mining Precinct Virtual
Symposium
‘Beneficiating Three Years’ of Research, Development and
Innovation’
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
23–25 June 2021 — ROLLS6 2021
London, UK
Contact: Chelsea Wallis, Tel: +44 (0)207 451 7302
24–26 June 2021 — AGROMIN II AGRO-Mining
Convention - Agriculture and Mining joined by Nature
Trujillo, Peru
Contact: (51-1) 989-590-328
E-mail: informes@agrominperu.com, peru.agromin@gmail.com
27–30 June 2021 — European Metallurgical Conference,
EMC 2021
Salzburg, Austria
Tel: +49 (5323) 93 79-0
E-Mail: verein@gdmb.de, Website: https://emc.gdmb.de/contact/
28–30 June 2021 — Renewable Solutions for an Energy
Intensive Industry Hybrid Conference 2021
Mintek, Randburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
1–2 July 2021 — The Mine Waste & Tailings Stewardship
Conference 2021
Brisbane, Australia
Website: https://www.ausimm.com/conferences-and-events/minewaste-and-tailings/
13–16 July 2021 — Copper Cobalt Africa Incorporating
The 10th Southern African Base Metals Conference
Avani Victoria Falls Resort, Livingstone, Zambia
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
28–29 July 2021 — 5th Mineral Project Valuation
Hybrid Colloquium
The Canvas Riversands, Fourways, Johannesburg
Contact: Gugu Charlie
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za
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3–4 August 2021 — DIMI (Diversity and Inclusion in the
Minerals Industry) Hybrid Conference 2021
‘Empowering the African minerals industry through diversity
and inclusion’
The Canvas, Riversands, Fourways, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
16–17 August 2021 — Worldgold Hybrid Conference 2021
Misty Hills Conference Centre, Muldersdrift,
Johannesburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
29 August–2 September 2021 — APCOM 2021
Minerals Industry Hybrid Conference
‘The next digital transformation in mining’
Misty Hills Conference Centre, Muldersdrift,
Johannesburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
21–22 September 2021 — 5th Young Professionals Hybrid
Conference 2021
‘A Showcase of Emerging Research and Innovation in the
Minerals Industry’
The Canvas, Riversands, Fourways, South Africa
Contact: Gugu Charlie
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za
23–24 September 2021 — 3rd Global Engineering Online
Symposium
‘Bridging the gap between research (academia) and industry
while transitioning into 4IR’
Contact: Gugu Charlie
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: gugu@saimm.co.za, Website: http://www.saimm.co.za
26–29 September 2021 — The 16th International Ferroalloys
Congress (INFACON XVI)
Clarion Hotel & Congress, Trondheim, Norway
infacon2021@videre.ntnu.no
4–6 October 2021 — PGM The 8th International
Conference 2021
Sun City, Rustenburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
18–19 October 2021 — Southern African Rare Earths
International Conference 2021
Misty Hills Conference Venue, Muldersdrift, Johannesburg,
South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
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3M South Africa (Pty) Limited

Ex Mente Technologies (Pty) Ltd

MSA Group (Pty) Ltd

AECOM SA (Pty) Ltd

Expectra 2004 (Pty) Ltd

Multotec (Pty) Ltd

AEL Mining Services Limited

Exxaro Coal (Pty) Ltd

Murray and Roberts Cementation

African Pegmatite (Pty) Ltd

Exxaro Resources Limited

Nalco Africa (Pty) Ltd

Air Liquide (Pty) Ltd

Filtaquip (Pty) Ltd

Namakwa Sands (Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

FLSmidth Minerals (Pty) Ltd

Ncamiso Trading (Pty) Ltd

AMEC Foster Wheeler

Fluor Daniel SA ( Pty) Ltd

New Concept Mining (Pty) Limited

AMIRA International Africa (Pty) Ltd

Franki Africa (Pty) Ltd-JHB

Northam Platinum Ltd - Zondereinde

ANDRITZ Delkor(Pty) Ltd

Fraser Alexander (Pty) Ltd

Opermin Operational Excellence

Anglo Operations Proprietary Limited

G H H Mining Machines (Pty) Ltd

OPTRON (Pty) Ltd

Anglogold Ashanti Ltd

Geobrugg Southern Africa (Pty) Ltd

Arcus Gibb (Pty) Ltd

Glencore

Paterson & Cooke Consulting
Engineers (Pty) Ltd

ASPASA

Hall Core Drilling (Pty) Ltd

Atlas Copco Holdings South
Africa (Pty) Limited

Hatch (Pty) Ltd

Aurecon South Africa (Pty) Ltd

HPE Hydro Power Equipment (Pty) Ltd

Aveng Mining Shafts and Underground
Axiom Chemlab Supplies (Pty) Ltd
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
Barloworld Equipment -Mining

Bluhm Burton Engineering Pty Ltd
Bond Equipment (Pty) Ltd
Bouygues Travaux Publics
Castle Lead Works
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing
SA Pty Ltd
CSIR Natural Resources and the
Environment (NRE)
Data Mine SA
Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
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Redpath Mining (South Africa) (Pty) Ltd
Rocbolt Technologies
Royal Bafokeng Platinum
Roytec Global (Pty) Ltd
RungePincockMinarco Limited
Rustenburg Platinum Mines Limited
Salene Mining (Pty) Ltd
Sandvik Mining and Construction
Delmas (Pty) Ltd

Magnetech (Pty) Ltd

Blue Cube Systems (Pty) Ltd

Rams Mining Technologies

Rosond (Pty) Ltd

Joy Global Inc.(Africa)

Maccaferri SA (Pty) Ltd

BHP Billiton Energy Coal SA Ltd

viii

Ivanhoe Mines SA

Lull Storm Trading (Pty) Ltd

BedRock Mining Support Pty Ltd
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Ingwenya Mineral Processing (Pty) Ltd

Longyear South Africa (Pty) Ltd

Becker Mining (Pty) Ltd

Precious Metals Refiners
Rand Refinery Limited

IMS Engineering (Pty) Ltd

Leica Geosystems (Pty) Ltd

BCL Limited

eThekwini Municipality

Immersive Technologies

Kudumane Manganese Resources

BASF Holdings SA (Pty) Ltd

Elbroc Mining Products (Pty) Ltd

Polysius A Division Of Thyssenkrupp
Industrial Sol

Herrenknecht AG

Aveng Engineering

Duraset

Perkinelmer

Magotteaux (Pty) Ltd
Malvern Panalytical (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd

Maptek (Pty) Ltd

SANIRE

Maxam Dantex (Pty) Ltd

Schauenburg (Pty) Ltd

MBE Minerals SA Pty Ltd

Sebilo Resources (Pty) Ltd

MCC Contracts (Pty) Ltd

SENET (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Senmin International (Pty) Ltd

MDM Technical Africa (Pty) Ltd

SISA Inspection (Pty) Ltd

Metalock Engineering RSA (Pty) Ltd

Smec South Africa

Metorex Limited

Sound Mining Solution (Pty) Ltd

Metso Minerals (South Africa) Pty Ltd

SRK Consulting SA (Pty) Ltd

Micromine Africa (Pty) Ltd

Time Mining and Processing (Pty) Ltd

MineARC South Africa (Pty) Ltd

Timrite Pty Ltd

Minerals Council of South Africa

Tomra (Pty) Ltd

Minerals Operations Executive (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

MineRP Holding (Pty) Ltd

Umgeni Water

Mining Projections Concepts

Webber Wentzel

Mintek

Weir Minerals Africa

MIP Process Technologies (Pty) Limited

Welding Alloys South Africa

MLB Investment CC

Worley

Modular Mining Systems
Africa (Pty) Ltd
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UNIVERSITY STUDENT BODIES

T

he SAIMM YPC Career and Leadership Conference is aimed at enhancing students’ leadership skills and to
provide them with an opportunity to interact with various stakeholders. The conference fulfils a need for students
to acquire additional soft skills that will serve them well in their future career paths. These student bodies organise the
conference on a rotational basis.
U
N
I
S
A

U
P

UNISA Mining Society (UMS) With this: The SAIMM YPC collaborates with the following
student bodies in organising the annual Career and Leadership Conference which is aimed
at enhancing students’ leadership skills and to provide them with an opportunity to interact
with various stakeholders. Although the conference was not held in 2020 due to the
COVID-19 pandemic, it is anticipated that the conference will be held in 2021.
I also attach the information for the inside front cover. There may be changes from the
committee.
The Tuks Mining Society (TMS) is a student led society and the sub-house of
mining department; which forms part of Engineering Built-Environment and Information
Technology (EBIT). It is under the supervision of the mining department and aims not only
at enhancing students social and leadership skills, but also creates a platform for students
to network with other students, lecturers, alumni members and industry professionals. It
was founded in the 1990’s with the initial purpose of addressing the social needs of its
members.
The Metallurgical Sub-house is a student organisation of the Department of
Material Science and Metallurgical Engineering at the University of Pretoria. The main
objectives of the Sub-House are to serve as a communication link between students in the
Department of Materials Science and Metallurgical Engineering and the staff members, to
assist in organizing academic, social and other events for the department and to assist in
marketing Metallurgical Engineering as a career and a study field.

The CHMT (Chemical and Metallurgy) School Council is an extension and
operates under the governance of the SRC. We are here to voice out our students’
concerns, interests and suggestions.

W
I
T
S

The Mining Engineering Student Council (MESC) is committed to exemplary
student leadership in defining competent Mining Engineer that the Wits School of
Mining Engineering is producing for the mining industry and the country at large. To this end,
it aims to encourage academic excellence and promote equality of opportunity through
effective, accountable and transparent student leadership.
The Student in Mining Engineering Society (SMES) is a student body recognised by
Wits University with the main objective to represent and address the social needs of its
members (mainly consisting of Wits Mining Engineering Students). It is concerned with
linking students to the school, alumni and the industry through different events.
We, the school of mines students of the University of Johannesburg, drawn from
various cultural, religious, social, economic and political backgrounds, conscious of the
historic disparities within the South African mining industry in general; and committed to the
building and sustenance of a non-racial, non-sexist and democratic institution.

U
J

MESO is an organisation concerned with the holistic development of its constituents.
Academic excellence combined with social development is a goal that is to be reached.
MESO seeks to create an environment that will allow for an improved relationship between
students and the Metallurgical department. Our aim is also to build a bridge between
students and the institution (University of Johannesburg) and industry.
Women in Mining of the University of Johannesburg is a constituency of female students
in mining related courses (namely; Mining Engineering, Mineral Surveying and Metallurgical
Engineering). We are the flowers of our nation, springing from different roots of cultures,
religion and race. In unity, we stand through our diversity with the main aim to empower
each other.

We strive
to offer
you the
lowest
cost of
ownership
Weir Minerals is a leading
designer and manufacturer of
mine dewatering solutions, slurry
pumps, hydrocyclones, valves,
screens, centrifuges, crushers,
feeders, washers, conveyers,
rubber lining, hoses and wearresistant linings for the global
mining and minerals processing,
sand and aggregate, and power
and general industrial sectors.
For more information contact us
on +27 11 9292600

Minerals
www.global.weir
www.weirafricastore.com
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