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The first 100 days after lockdown
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t the time of writing, there were 3.85 million cases of COVID-19 reported globally, with
at least 270 000 deaths. In South Africa, 8232 reported cases and 161 deaths. The
South African government has responded by enforcing the lockdown in order to limit
the spread of the virus, while medical facilities are made ready for what is inevitable – that
the virus is not going to ‘disappear’, but that it will likely spread as the lockdown is eased in
accordance with the alert levels.
This realization means that not only must our mining industry adapt to the current
lockdown restrictions and the effects of the gradual relaxing of these restrictions, but also to
the reality that the way of work will be changed in the longer term.
The most critical issues facing mining companies in the 100 days after lockdown are as follows. These
issues are further exacerbated by the legislated phasing of the lifting of the lockdown. In South Africa, open pit
operations and underground coal operations may immediately return to 100% capacity, while other underground
mines can operate at 50% capacity, with a ramp-up to 100% after the next reduction in the alert level.
Firstly, those operations that can ramp up to 100% may do so under conditions of social distancing and
monitoring/screening, while facing challenges in terms of the movement of people back to work. In open pit
operations this is relatively easy, but for underground operations it is considerably more difficult.
The constraints that are imposed in this situation are:
➤ M
 aintaining social distancing, which requires alternative means of communication and data logging on
personal data logging equipment (as opposed to manual recording)
➤ Remote monitoring of the complete production environment, because manual data collection may not be
possible
➤ Automatic integration of data to central control rooms
➤ Sending people underground in small batches (teams) so that they (as a team) are separated from the
rest of the workforce
➤ The ability to ramp up after a long period of inactivity. This requires extensive medical screening, and
many safety and health risks to be monitored and managed
➤ The ability to feed the customer, through the logistics chain. Constraints may exist within the supply
chain (inbound) as well as outbound, either as a result of restrictions on travel and movement, liquidity,
or on logistical capacity (e.g. Transnet), and global shipping availability for export bulk products
➤ For coal supply to Eskom, a constraint may exist in terms of truck logistics to the processing plant, or
from the plant itself
➤ In all situations, stockpile and inventory monitoring and management is critical, and product quality
control is paramount
➤ Mobile equipment needs to be isolated so that only one dedicated person operates his/her allocated
piece of equipment. At shift change, the cabs must be disinfected, resulting in downtime during
changeovers.
Where operations can only work at 50% (all other underground operations), severe constraints are imposed
in terms of:
➤ H
 igh fixed cost components and impacts of under-utilized fixed infrastructure as a result of operating at
only 50% capacity
➤ The inability to allocate people to discrete teams: this may mean creating new teams of people who have
not worked together previously
➤ Deciding which workplaces can operate: depending on grade, travelling time, safety, environment etc.
➤ The extent to which downstream stock can be processed without creating stock gaps in the value chain
➤ The manner in which a return to 100% can be planned and realized, and how long it will take.
The following aspects need to be examined for the future.
During and after lockdown, does this mean business as usual? The answer is definitely ‘no’, based on the
following:
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The first 100 days after lockdown (continued)
1. T
 his pandemic will not be the last one, and we do not know for how long it will affect us. Given the
high degree of global mobility, we can expect more of the same in the future. As a result, the workplace
will change forever. The issues of social distancing and medical surveillance will remain, as will mining
companies’ relationships with communities and society. Mining companies must become more engaged
with community affairs and all aspects of environmental, social, and governance (ESG), propelled by everincreasing pressure from fund managers and financiers. This all places a financial burden on companies.
2. The difficulty in procuring adequate and applicable medical PPE for underground environments illustrates
a need for a rethink on the design and availability of mineworthy PPE for similar circumstances in future.
This is also the case with monitoring, and automated biometric monitoring and face recognition will
become a necessity in the future. Similarly, the possibility of major influxes of infection has highlighted the
inadequacies of some medical treatment facilities, both private and public, with solutions being necessary
for the future. These realities will need to influence the discussions around a national health system, and
the public/private obligations that will be needed to support it.
3. Social distancing requires greater focus on digitalization, especially in terms of communication, data
logging and analysis, and remote/semi-remote operations. Manual entries and large meetings are a thing
of the past, and so communication must be instant, real-time to each and every operator/employee, as the
organizations become increasingly data-enabled (at a much faster pace than before).
4. This is particularly critical for labour-intensive underground operations, where innovative solutions are
critical for sustainability.
5. The need for, and effectiveness of, communication to a very large number of people of different cultures
and languages on a topic such as the seriousness of COVID-19 and how to deal with it has highlighted the
need to constantly find ways to communicate effectively to individuals, in real time, whether through social
media or whatever other system is decided upon.
6. This is not the end of the mining world: the enormous stimulus packages that have been injected globally
may result in a scenario where there is a resurgence of demand sooner rather than later, as the world
continues to be resource-hungry. This is especially the case for metals that are needed in infrastructure
projects at national levels. The industry needs to be ready for that scenario. However, mining has to adapt
to new norms in terms of digitalization and ESG responsibilities.
7. This all requires a commensurate thrust on new digital skills requirements, and shifts in demand for
mineral products towards those that are used in the digital world.
8. The logistics and supply chain environments may be hurt beyond recovery as a result of the lockdown.
Where possible, mining companies will need to engage with suppliers, government, and financiers to
assist suppliers to remain viable, and to be able to continue to supply products and services. Similarly,
mining and logistics contractors may need support, otherwise severe and costly disruptions may occur
while alternative providers are sought. Thus liquidity tests may be required, and alternative intra-business
arrangements may be necessary to inject equity or provide finance for ailing contractors. The mining
companies may need to facilitate this process, in order to access state support funds.
9. Efficient digital procurement processes and supplier lists will further enhance the need to create a digitally
transformed and efficient business.
In addition, Accenture (https://www.accenture.com/us-en/about/company/coronavirus-human-experience)
has identified the following essential changes in the workplace that companies will have to deal with.
u T
he cost of confidence: re-establishing confidence that the company can manage its business recovery
through focus.
u 
The ‘virtual century’: now that people are used to working remotely and in a digital environment, this
may become the norm. Although in some cases virtual meetings may be lengthy, at least they remain
focused.
u 
Every business becomes a health business: companies will require to elevate the health focus on their
employees, providing wellness facilities and engaging more widely outside the mine fence.
u 
Cocooning: people have become used to working in isolation, and will seek opportunities to continue to
do so.
u 
The reinvention of authority: depending on the outcome of this period, partnerships will need to be
maintained between stakeholders.

The Journal of the Southern African Institute of Mining and Metallurgy

VOLUME 120 

APRIL 2020

v

◀

The first 100 days after lockdown (continued)
Priorities for mining companies are therefore:
1. F
 irst and foremost, a critical focus on cash flow and liquidity, having been through a period of drastically
reduced income while continuing to pay operating expenses and overheads. This means a very sharp
focus on cost and revenue drivers, and operating within a new set of constraints imposed by the current
situation, especially given the ramp-up regulations and constraints. Failure to do this may result in closure
of companies and operations that cannot weather the storm.
2. This is not a focus for company executives alone: it requires the support of Boards, organized labour, the
regulators, suppliers, and customers and communities alike in order to ensure sustainability, through
continuous dialogue and a flexible approach that allows adjustment and change on a daily basis, as
necessary, and as it becomes apparent that regulations or mandates need to be changed as learnings in this
new environment unfold.
3. Occupational health and safety is paramount in these changed times: workplaces that need to be restarted
after long periods of inactivity, people who have been away from the working environment for extended
periods of time, with a change in focus, maybe due to stressed family and financial circumstances. In
addition of course, the presence (known or unknown) of the virus, impacting a workforce that already has
a high susceptibility due to hyper tension, diabetes, obesity, HIV/Aids, and tuberculosis presents a new
complexity. Monitoring and treatment, and thus real-time ability to screen and monitor employees and
indeed family and community members, becomes even more important, with a deep understanding of the
capacity and capability of all medical facilities, both private and public.
4. The new constraints imposed on operating the business need to be recognized so that they can be
managed, and this will require a shift in the business to meet these constraints and to deal with them in a
proactive way.
5. It would be easy and flippant to say that as long as one company can weather the storm and come out the
other side of the crisis, others can fail and leave the market open. However, this is contrary to the new
norms of this situation. As a collective, companies should be aware of what their competitors are doing,
so as to collaborate rather than compete where critical areas such as the availability of medical treatment,
ESG, and community engagement are matters for a common societal good. Dialogue and the establishment
of systems to enable this need to be available.
6. While short-term cash flow priority is paramount, it is very important to maintain a focus on the longer
term. Companies that focus only on the short term will forego the opportunity to create the future required
in terms of build-up to the requisite capacity within the new set of constraints. This requires affordable
investment in mineral reserve creation, skills development, and technology and innovation, especially in
terms of moving to a globally competitive, digital environment which delivers real value.
This is a tactical focus, which requires that the medium-term future is catered for, which covers not only
individual assets, but also an optimized portfolio of assets, matched to the market.
Is there a silver lining to this dark stormcloud?
Potentially, the minerals industry may emerge into a new cycle of growth, once the pandemic is past and
global demand returns after a period of paucity of supply into markets, and then reap the benefits of state support
for infrastructure development and the preservation of economies. However, this will likely be in a different world.
Besides overcoming the current crisis, the industry needs to think (when there is time) on how to be a valued
player in the new post-pandemic world. Admittedly, the recovery time will be long, and it will lead into a different
world of collaboration, digitalization, and remote operation.
New industries will develop, bolstered through state support, as a result of the new technological world, but
also driven (hopefully) by a global urge to tackle pressing issues together. Imagine, for a moment, if the same
global attention and sense of urgency and purpose was applied to climate change as has been applied to fighting
COVID-19! Imagine the thrust to develop employment in the clean energy space. Just image the same effort
applied to combating famine and malnourishment, and the stimulation of a clean, global agricultural industry
while preserving our precious global green spaces and biodiversity.
Through collaboration, and fighting a common, invisible enemy, new relationships and partnerships have
been created and need to be built upon. In these times, can old foes become new friends?

A.S. Macfarlane
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President’s
Corner

I

must apologize for the late publication of the letter for this
month. In the midst of the turmoil from the outbreak of the
COVID-19 pandemic and its unfolding effects on people,
industries, and the global economy, it has been a challenge to put
my mind at ease and place my thoughts on paper.
I’m continuing on the topic of leadership and the lessons that
are coming through in response to the pandemic, both locally
and elsewhere around the world. I’ll focus on two key leadership
characteristics – namely, dealing with uncertainty and building
trust.
As I write this letter, in South Africa we would have completed
our 21-day lockdown at midnight on 16 April 2020. However,
at the end of the second week the President announced a further
two-week extension to the lockdown, which will now likely
end on 30 April 2020. It was a bold decision on the part of the
President and government, given the difficult social and financial
challenges that have been experienced in the first two weeks –
viz., lack of subsistence income, which meant that most people
could not provide basic food for themselves, loss of employment,
and in some instances a permanent loss, which will result in
higher unemployment rates for the country and the beginning of
a deep recession, with the economy likely to contract by about

6% according to the South African Reserve Bank. This is despite essential services continuing, such
as energy generation, health, and food production to name a few, but these industries will not be able
to hold up the economy on their own given the social distancing protocol that must continue to be
observed – as such, the mining industry is operating at about 30–35% of capacity compared to the
period before the lockdown.
The decision to extend the lockdown was nevertheless necessary in light of increasing infection
rates, a poor healthcare system, and the absence of a vaccine. Given these circumstances, the future
remains uncertain, but the potential for a blowout of infections on lifting the lockdown after three
weeks would have made this the worse alternative. Such is the difficult situation that our government,
and many others around the globe, find themselves – balancing the need to save lives of citizens with
protecting and promoting their livelihoods. There have been few, perhaps no, precedents of this nature –
but a decision was required and a decision taken in the best interest of the nation.
And so, it is during challenging times that decisions taken by leaders build trust and followership.
It is by making the tough decisions that no one else accepts that the leader can earn the support, in
our case, of the nation. It is this trust that will be the building block for future tough decisions that will
be required in order to reform economic policy and lift the country out of the recession. The stimulus
packages, both domestically and abroad, may help, but it will require more than an injection of liquidity
into the markets for the domestic and world economies to recover. The COVID-19 pandemic has changed
the world order – socially, economically, and politically – as we have known it. Reform will manifest in
many guises, including the continuing shift in global political power. My own observations on expected
changes include the following:
1. G
 reater emphasis on universal access for the poor to basic health care services. The divide
between the ‘haves’ and ‘have-nots’ have been shown up once again from the response to the
pandemic.

The Journal of the Southern African Institute of Mining and Metallurgy

VOLUME 120 

APRIL 2020

vii

◀

President’s Corner (continued)
2. Increased focus on governance, in both the private and public sectors. In relation to government
– to govern and lead with integrity (not an oxymoron) and give priority to the needs of the
nation. In the past nine to ten years, due to corruption, opportunities have been, lost in terms
of investment in basic infrastructure (health, education, transport, water, and energy to name a
view) which could have provided employment to millions of South Africans. There will also be
increased expectations regarding the role that business should play in society. This will differ
by territory, and publicly listed companies will be judged by their sustainability (ESG) practices
and reporting. Development of small businesses will become an area of focus in order to increase
employment opportunities.
3. E
 SG (environmental, social and governance) concerns may broaden, but will certainly deepen in
terms of their indicators. For the environment, impacts on health (from air and water pollution)
will gain greater attention – in addition to lifestyle diseases, illnesses arising from air pollution
that affect the functioning of the lungs, for instance, have increased the vulnerability to infection
from the coronavirus; for social, co-investment and collaboration in education and health
infrastructure and other social impact initiatives at scale will be a key distinguishing feature
of responsibility and accountability to society, especially after governments have spent money
saving some companies/industries from bankruptcy.
4. T
 he postponement of the climate change conference scheduled for the end of calendar 2020 does
not make climate issues secondary to COVID-19. I’m of the view that the required response to the
climate challenge has been elevated. While a vaccine for COVID will possibly be available in 12 to
18 months’ time, the solution to climate change and its potential effects still requires much more
resolve and it will take longer for the world to achieve an equivalent ‘climate vaccine’ to limit
temperature increases to below 1.5 degrees Celsius. An environment with higher temperatures
will provide a foothold for new and unknown diseases which will add to already complex life
challenges.
5. A
 n increased in and universal utilization of digitalization, and therefore increasing innovation. A
critical benefit of a digitalized environment is the very quick access to information. Appropriate
technology and capabilities enable the capture and manipulation of vast amounts of data (health
status, location and mobility, medication, etc.) which provides information on the effectiveness
of any response strategies implemented as well as immediate insights on complementary
interventions to resolve the challenge at hand. For these opportunities to be taken advantage
of, South Africa will require much higher bandwidth and investment in telecommunication
infrastructure and skills.
Wishing you all continued safety and health during and after the lockdown. Practice social
distancing and do not make the infection a stigma. Give understanding and the appropriate support to
those affected and less fortunate.

M.I. Mthenjane
President, SAIMM
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Synopsis
Thin spray-on liners (TSLs) are an areal support with the perceived ability of promoting rock mass stability,
based on their high tensile strength and elongation capacity. However, these benefits are not always realized
in the mining environment, which has resulted in some scepticism regarding the utilization of TSLs. The
research described in this paper was carried out to measure the tensile strengths of TSLs after they had
been subjected to underground-like conditions. This was achieved by exposing prepared samples to three
environmental conditions: a ‘standard’ room-temperature and humidity condition; a saturated roomtemperature condition; and a saturated, high-temperature (50°C) condition. Periods of exposure extended
up to 112 days. The test results showed that humidity and temperature have an adverse impact on TSL
uniaxial tensile strength, deformation modulus, and elongation. Some TSLs available commercially may
therefore completely underperform in humid and higher temperature conditions, and some even under
normal laboratory conditions. Water-based TSLs indicate good suitability for use in humid conditions, but
their performance declines when higher temperatures are involved. Therefore, it is inappropriate to design
underground support systems using TSLs based on strength and deformation properties determined under
normal laboratory conditions.
Keywords
areal support, thin spray-on liner, TSL, tensile strength, UTS.

Introduction
Geotechnical hazards in underground mines are closely linked with rock-related accidents (Kuijpers et al.,
2004; Potvin, Stacey, and Hadjigeorgiou, 2004; Szwedzicki, 2003). In 2017, 88 fatalities were recorded
in the South African mining environment, and the major cause was reported to be related to rockbursts
(Minerals Council South Africa, 2018). Rockfalls were the second major cause, though commonly thought
to be the major cause. Significant efforts have been made to mitigate geotechnical risks in the past decades.
Such efforts include the continual improvement of mining support systems that can retain and contain
the rock mass. Among the containing supports, also called areal supports, are wire mesh, straps, mortar,
shotcrete, etc. (Hoek, Kaiser, and Bawden, 2000). Another type of mining support that has emerged in the
last few decades is a thin membrane for surface support called a thin spray-on liner (TSL).
This areal support has also been referred to as a thin sprayed membrane, multi-component polymeric
liner, thin coating material, or just a thin liner. It has been promoted as possessing higher tensile strength
than traditional shotcrete support, and as being capable of spanning large cracks in the rock mass, thus
limiting the movements of mobilized rocks (Tannant, 2001). Tensile tests on rocks and shotcrete specimens
by Mpunzi et al. (2015) showed that, depending on the TSL used, the tensile strength of a strong, brittle
rock can be increased by some 30%, and that of shotcrete by more than 40%. However, these benefits
are not always realized in the mining environment, despite the extensive number of laboratory tests
promoting the beneficial properties of TSLs (Kanda and Stacey, 2019). To date, laboratory tests on TSLs
have apparently been performed mainly under room temperature and humidity conditions, which are
generally not the ambient conditions in which TSLs are applied. In South Africa, TSLs are often applied
in mines characterized by high temperature and humidity, particularly when it comes to deep mines, but
no references to testing under such conditions were found. Therefore, there is a need to research their
true characteristics by testing TSLs under conditions similar to those encountered in underground mines.
A review of liner support mechanisms identified nine such mechanisms, at least six of which depend
significantly on the tensile strength contribution of the liner (Mpunzi et al., 2015). In addition, theoretical
analyses indicated that tensile strength of TSLs provides their greatest contribution to rock support (Stacey
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and Yu, 2004). Therefore, since tensile strength is such an
important mechanical property of thin coating materials, the
research described in this paper focused on evaluating TSL
uniaxial tensile strength (UTS) behaviour after exposure to
humidity and high temperature (50°C). As the exposure time is
also an important parameter in the assessment, the samples were
exposed to these underground mine-like conditions for periods
of up to 112 days. The results obtained are compared with those
from tests performed on specimens stored in ’room’ conditions,
under which TSLs have commonly been tested to date. And for
this particular condition, though a hygrometer was used to check
on the room-temperature behaviour, which generally ranged
between 22°C and 26°C, no effort was made to keep it steady
since it had to reflect the conditions of most TSL tests, generally
performed with no particular focus concerning its fluctuation.

Effect of temperature and humidity on polymeric materials
The mechanical behaviour of polymeric materials, such as TSLs,
is related to time and temperature (Findley and Davis, 2013;
Guner and Ozturk, 2018). Osswald (2015) suggested that
polymeric material behaviour over time is temperature-related
and could be explained through the Boltzmann superposition
principle. Osswald explained that high-temperature conditions
shorten the time of molecular relaxations while low-temperature
conditions extend the relaxation time, with these temperatures
not affecting the shapes of the stress relaxation curves. This
supports the motivation for the current study to assess the
performance of polymer-based liners under various temperature
conditions. In this investigation, uniaxial tensile strength (UTS)
laboratory tests were carried out on three TSLs.

Laboratory testing
TSL characteristics
Samples of TSLs from three different manufacturers were
assessed and were coded as TSL1, TSL2, and TSL3 for
confidentiality. Their compositional characteristics are provided in
Table I.
➤	TSL1 is a cementitious product mixed with additives. The
raw material is supplied as three components that are to
be mixed: cement, polymer, and sand. The final product is
expected to prevent unravelling and oxidation of rock as
well as to provide lateral constraint to rock masses.
➤	TSL2 is a cementitious material, the raw material being
supplied in a bag as a single-component powder, and clean
tap water is used to form the mixture.
➤	TSL3 is a plasticizer-free aqueous copolymer emulsion
composed of acrylic acid esters and wetting agents mixed
with a cementitious binder. The final product is nonflammable and non-toxic. It is claimed to be able to bond to
dusty, wet, and greasy surfaces.
These three TSLs were chosen for testing since they have
been used in substantial quantities in the gold and platinum
mines of South Africa. Their continued use in such conditions
is indicative of the fact that they have been considered to have
provided benefit.

Specimen preparation
Dogbone-shaped specimens were prepared for tensile testing
according to ASTM D-638, 2010 type I, the design of which is
depicted in Figure 1. The shape of a dogbone type IV, which is
more appropriate for plastic materials, is also shown in Figure 1.

Figure 1—Dogbone type I and type IV designs (ASTM D-638, 2010)

Table I

Compositional characteristics of cement-based TSLs tested
Designation
TSL1
TSL2
TSL3

▶
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Components

Proportion of constituents

Cement, sand, and polymer
Mixed product of TSL2 and tap water
Mixed product of TSL3 and polymer

3.85:1.41:1 proportion of cement, sand, and polymer by mass
4.63:1 ratio of the mixed solid product and water by mass
5.2:1 ratio of the mixed solid product of TSL3 and polymer by mass
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Guner and Ozturk (2018) recommend the preparation of
dogbone shaped specimens using die-cutting since it results
in higher maximum tensile strengths, with smaller standard
deviations, than for specimens made using moulds. However,
their recommendation is appropriate for ductile TSLs rather than
brittle liners, which are the focus of the current research. In this
research, great care was taken in the preparation process, during
the pouring and removal of the specimens, in order not to alter
their texture or integrity.
All the specimens were prepared under ‘room’ environmental
conditions (temperature: 23±2°C) using an electric mixer
illustrated in Figure 2.
For representativeness, three sets of samples were prepared
(75 specimens per set/mixture, resulting in 25 specimens
allocated to each environmental condition). Although it is
advisable to prepare a complete set of TSL specimens in a single
step, this was not possible due to the limited capacity of the
mixing equipment, the large number of specimens required,
and the diversity of the tests. A further constraint was that
some TSLs, such as TSL1, could begin to set before reaching the
required mature texture, especially when large volumes were
prepared. Therefore, only solid constituents to a maximum of
2 kg could be prepared per batch according to the manufacturer’s
recommended instructions. The preparation process was
therefore repeated and preliminary testing (one to five days)
was performed to validate the consistency of the textures and
the strengths. In most of the cases, the preliminarily assessed
strengths were satisfactory.
For all the TSLs, the specimen preparation steps were as
follows:
1. Apply a very thin film of release agent on all the parts of the
mould sets to avoid sticking of the TSL onto the mould.
2. Assemble every mould part and place the sets on a flat
working surface covered with a plastic film. This film helped to
prevent direct contact between the thin liner and the working
surface, and therefore to avoid damaging the liner when
removing the specimen.
3. Mix the constituents of the TSL packages according to the
instructions provided by the manufacturers.
4. Pour the TSL mixture into the moulds and spread it out using
a spatula, making sure that it fills the mould set.
5. Use a plastic film to cover the mixture and gently level it down
by rolling a rock core over the set to ensure the moulding set
thickness of 5 mm, as shown in Figure 3.
6. Wait for two to three days for the TSL to set before isolating
the mould elements and removing the TSL specimens (for

short-term tests, removal could be after one day or even
shorter, but the testing was focused on longer term curing).
7. Use the sharp part of the spatula to remove the excess TSL
around the dogbone shape that could prevent the specimen
from being in full contact with the grips during the testing
phase.
In practice, the thickness of the moulded specimens varied
between 4 mm and 6 mm, while the width ranged between 12
mm and 14 mm. After the moulding process, the specimens
were kept in the moulds for three days to set properly. These
specimens were then split into three groups. One group was
stored under normal room conditions (R), the second group in a
container full of tap water at ambient temperature (H), and the
third group was placed in a water container and stored in an oven
at 50°C (HT). It is acknowledged that such 100% saturation is an
extreme case – it was used since it was much easier to implement
than to attempt to achieve a particular saturation percentage.
Since this study’s focus was on the evaluation of the UTS of TSL
specimens exposed to high temperature and humidity conditions
to simulate mining conditions, exposure times of 15, 28, 56,
and 112 days were used. Thereafter, the tensile strengths were
measured in the laboratory tests.

Test set-up
The testing process follows the prescribed method recommended
by ASTM D-638 (2010), with a few modifications suggested by
Yilmaz (2010). The testing machine used for the UTS testing
for all the specimens was the MTS model 643.15A-03, shown
in Figure 4a. This multi-functional machine is equipped with a
10 kN load cell for UTS tests. Care was taken to ensure that the
specimens were centred and well-adjusted in the grips when
the tests were performed. A preload of about 15 N was applied
to allow the test to start at the loading rate of 5 N/s until failure

Figure 3—Moulding of TSL dogbone specimens

Figure 2—(a) Mixing of TSL and (b) electric mixer
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occurred (Yilmaz, 2010). A test result was considered valid
only if the specimen failed at its narrow section (Yilmaz, 2010).
The UTS tests were performed on dogbone specimens of three
different TSLs that had been exposed to different environmental
conditions for 15, 28, 56, and 112 days. The duration of
exposure had to be longer than the traditional 28 days of curing.
However, the specimens were also tested after the shorter
exposure for the traceability of the strength results. A stressdisplacement curve, represented by the example in Figure 4b, was
the typical output for all the tests.
The tensile strength was calculated as follows:
[1]
where
σt = Tensile strength (MPa)
F = Tensile load at failure in newtons (N)
A = Specimen’s cross-sectional area at the narrow section before
test, in square millimetres (mm2)
σt represents the UTS of the TSL. From the stressdisplacement curve, a stress-strain curve was deduced to evaluate
the strain at failure, elongation, and Young’s modulus. The strain
was considered as the ratio of a recorded displacement to the
initial distance between the grips. This initial distance was almost
constant and equivalent to 70 mm.

Results

A view of some of the specimens tested is shown in Figure 5.
For the specified environmental condition, each batch of
specimens contained at least 25 specimens, divided into the
four exposure time tests. Therefore, at least six specimens were
allocated to each TSL’s exposure time.

TSL UTS sensitivities to environmental conditions

Figure 4—(a) MTS model 643.15A-03 for UTS tests and (b) typical stress
-displacement curve (TDT R: T – tensile, D – dogbone specimen, T-TSL1,
R – room)

The UTS test results show the sensitivity of TSL tensile strength
to various environmental conditions, as presented in Figure 6.
The results for TSL1 and TSL2 for room conditions show
a strengthening trend with exposure time; but, in contrast,
TSL3 showed a weakening trend. The reason for this cannot be
explained. It is to be noted that the tensile strengths obtained
for TSL1 and TSL3 after 28 exposure days were lower than the
respective values of 9.7 MPa and 9.75 MPa indicated by the

Figure 5—Sample of the TSL dogbone specimens (TSL1, TSL 2, and TSL3)
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manufacturers. The measured strength of 3.2 MPa for TSL2
agreed well with the manufacturer’s value of 3.1 MPa. The
tests under different environmental conditions showed that
TSLs exposed to saturated and higher temperature conditions,
corresponding with some deep mining environments, have lower
strengths than under room conditions. Their rates of strength
increase with time are also lower, or may even become negative.
An exception is the water-based TSL2, which shows a higher
strength increase with time in saturated conditions, similar to its
performance in room conditions. Overall, the negative influence of
H (humid) and HT (humid and higher temperature) conditions on
TSL UTS performance, as indicated by the laboratory tests, might
be one of the reasons behind the perceived underperformance
of TSLs in the mining sector (Kanda and Stacey, 2019), and the
resulting scepticism regarding their utilization.

Influence of environmental conditions on TSL elongation
and modulus

Figure 6—UTS sensitivity to environmental conditions for (a) TSL1, (b) TSL2,
and (c) TSL3 (R – room condition; H – humid condition; HT – humid and
high-temperature condition)

According to Guner and Ozturk (2018), TSL strength and
modulus are proportional to curing time, and inversely
proportional to elongation under normal laboratory (R)
conditions. This was confirmed by the present research.
Additionally, investigations were carried out to assess whether
this conclusion is valid when liners have been exposed
to different environmental conditions. To evaluate this,
representative strength-deformation curves were considered,
based on the average strengths of the three TSLs, which are
summarized in Tables II, III, and IV. These tables also present the
percentage strength increases relative to the conventional 28-day
exposure/curing period.
The results for room environmental conditions, which show
TSL strengthening over time, except for TSL3, confirm the
information from the literature. However, the ultimate strengths
for TSL1 and TSL2 were achieved beyond the ‘conventional’ 28
days. Therefore, for the three TSLs tested, it was observed that
the strength at 14 days does not necessarily represent about
90% of the ultimate strength as stated by Guner and Ozturk
(2018). In effect, if the ultimate strength is at 28 days, the
strengths at 14 days for TSL1 and TSL2 correspond to 85% and
88%, respectively. These ratios drop to 76% of the strength at
112 days. A comparative study of the percentage strengths after
112 days of exposure in R and H conditions shows a decrease
of H strengths of TSL1, TSL2, and TSL3 in the order of 65%,
16%, and 41%, respectively. Likewise, the strengths of TSL1,

Table II

Results for TSL1 UTS under various environmental conditions (H – humid condition; HT – humid and higher temperature
condition; d – days)
TSL type

28 d

56 d

112 d

Mean (MPa)
3.5
Stepwise strength increase		
Percentage strength increase from 28 days		

4.1
17.1%
-

4.4
7.3%
7.3%

4.6
4.6%
12.2%

TSL 1 H UTS
		
		

Mean (MPa)
1.3
Stepwise strength increase 		
Percentage strength increase from room 28 days		

1.4
7.7%
–65.9%

1.5
7.1%
–63.4%

1.6
6.7%
–61%

TSL 1 HT UTS
		
		

Mean (MPa)
1.4
Stepwise strength increase		
Percentage strength increase from room 28 days		

1.4
0%
–65.9%

1.5
7.1%
–63.4%

1.6
6.7%
–61%

TSL 1 room UTS
		
		

Statistics
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Table III

R
 esults for TSL2 UTS under various environmental conditions (H – humid condition; HT – humid and higher temperature
condition; d – days)
TSL type

Statistics

28 d

56 d

112 d

Mean (MPa)
2.8
Stepwise strength increase		
Percentage strength increase from 28 days		

3.2
14.3%
-

3.4
6.3%
6.3%

3.7
8.8%
15.6%

TSL 2 HUTS
		
		

Mean (MPa)
2.2
Stepwise strength increase		
Percentage strength increase from room 28 days		

2.6
18.2%
–18.8%

3.0
15.4
–6.3%

3.1
3.3
–3.1%

TSL 2 HTUTS
		
		

Mean (MPa)
2.4
Stepwise strength increase		
Percentage strength increase from room 28 days		

2.3
-4.2%
–28.1%

2.1
-8.7%
–34.4%

2.1
0%
–34.4%

TSL 2 room UTS
		
		

15 d

Table IV

R
 esults for TSL3 UTS under various environmental conditions (H – humid condition; HT – humid and higher temperature
condition; d – days)
TSL Type

Statistics

28d

56d

112d

Mean (MPa)
4.4
Stepwise strength increase		
Percentage strength increase from 28 days

4.3
–2.2%
-

3.8
–11.6%
-11.6%

3.4
–10.5%
-20.9%

TSL 3 H UTS
		
		

Mean (MPa)
2.6
Stepwise strength increase		
Percentage strength increase from room 28 days

2.1
–19.2%
–51.1%

2.1
0%
–51.1%

2.0
–4.8%
–53.5%

TSL 3 HTUTS
		
		

Mean (MPa)
2.7
Stepwise strength increase		
Percentage strength increase from room 28 days

2.4
–11.1%
–44.2%

2.2
–8.3%
–48.8%

2.2
0%
–48.8%

TSL 3 room UTS
		
		

TSL2, and TSL3 from HT conditions decreased in relation to their
corresponding R strengths after 112 days, in the order of 65%,
43%, and 35%, respectively.
Figures A1, A2, and A3 in the Appendix show representative
stress-strain curves determined from the average strengths
of TSL1 and TSL2 after exposure to various environmental
conditions. From these curves, the strains at failure and the
moduli were extracted and plotted as presented in Figures 7,
8, and 9. The strains at failure were extracted directly from the
curves, and moduli were calculated from the tangents to the
stress-strain curves at 50% of the maximum stresses (Hudson
and Harrison, 2000). These parameters were assessed for TSL1
and TSL2 after exposure to the various environmental conditions,
TSL3 being omitted since its results, displayed in Table IV,
show its limitation regarding its tensile strength performance.
Figure 7 presents the behaviours of TSL1 and TSL2 under room
environmental conditions, and confirm the correspondence of
UTS and modulus with curing time in room conditions mentioned
by Guner and Ozturk (2018).
In these figures, the inverse proportionality of the elongation
(strain at failure) with exposure/curing time is also observed.
However, since the main aim of the research was to assess TSL
behaviour in underground mine-like conditions, it is important to
consider the sensitivities in H and HT conditions. The results of
this evaluation are presented in Figures 8 and 9.
The results presented in Figures 8 and 9 show that only
the water-based TSL2 demonstrates a simultaneous strength
and modulus proportionality with exposure time in saturated
conditions. Based on the tests on the two materials, TSL strength,
modulus, and elongation behaviour are generally adversely
affected in H and HT conditions, leading to irregular and
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inconclusive behaviour trends. These negative impacts are also
demonstrated by the direct comparison of the strength, modulus,
and elongation behaviour of a TSL under various environmental
conditions. TSL1 strength and elongation are always lower in
H and HT conditions compared with room conditions. At longer
exposures in these environmental conditions, the stiffness of
TSL1 also decreases. This shows that the risk of failure of TSL1
is higher in H and HT conditions than in room conditions.
A direct comparison of the strengths of TSL2 in room, H,
and HT conditions shows that saturated conditions reduce the
strengths observed in room conditions. In addition, the strength
of this liner is further reduced with exposure to HT conditions.
The strain at failure decreases in saturated conditions, but is
increased when extensively exposed to HT conditions. The
stiffness increases on longer exposure to humid conditions, but
decreases significantly when exposed for longer periods in HT
conditions. Therefore, liner TSL2 may not be appropriate for
use under HT conditions, but would be preferred to TSL1 for H
conditions. TSL3 requires more thorough investigation, since
its strength was shown to decrease with time, even in room
conditions.

Discussion
Tensile strength results on three TSLs under three different
environmental conditions have been presented. It is believed
that this is the first publication to report on laboratory testing
of TSL properties in conditions representative of underground
environmental conditions, noting that 100% saturation
represents an extreme condition. The specimens that were
used for H and HT tests were prepared and allowed to set in
room conditions for three days before being exposed to H and
The Journal of the Southern African Institute of Mining and Metallurgy
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HT conditions. Although this practice does not represent what
actually occurs in the field (TSLs are exposed immediately to the
mine environment), it was adopted to allow for initial setting
of the specimens before handling them, to avoid affecting their
integrity during the handling process. It is believed that the UTS
values of specimens subjected to H and HT conditions just after
preparation may well be lower than the indicated results, and
this will need to be checked by further testing. The preparation
and testing of specimens for the type of testing described in this
paper is very time-consuming, and the evaluations reported
from this research required considerable time and effort, hence
the limited number of TSLs considered. This perhaps is a reason
why no reports of similar testing information could be found
in the literature. In spite of the limited number of TSLs tested,
however, the results obtained from this research are considered
to be very significant, since they serve as a warning to TSL
users that performance determined from laboratory tests under
‘standard’ room conditions is most unlikely to be representative
of performance in deep-level operations, where conditions will be
hot and humid, and therefore the ’real’ performance data must be
taken into account for support design.
The test results showed, as expected for cementitious
products, that TSL1 and TSL2 strengthened with curing time

under room conditions. In contrast, TSL3’s UTS decreased with
curing time under room conditions. It was observed that the
UTS increases of TSL1 and TSL2 continued even beyond the
conventional period of 28 days, although at different incremental
rates. TSL3 showed a decrease in strength with curing time. In
all cases, care was taken that specimens from the same sample
were used for different curing times.
When TSLs are exposed to saturated conditions, their tensile
strengths reduce compared with their performance under room
conditions. Though TSL2, a water-based liner, shows the best
incremental H curve, its overall H strength remains lower than
the room UTS. Therefore, omission of the humidity factor in
the strength assessment of multi-component liners may lead
to an overestimation of their strength, and their use could be
significantly unconservative. However, the ultimate strength
should not be the decisive design parameter. In practice, liners
will also be subjected to creep loading, and this must be taken
into account in their design. The creep properties of the TSLs are
not dealt with in this paper.
In HT conditions, all the TSLs underperformed, although
TSL2 performed satisfactorily under H conditions. No significant
differences were observed between H and HT behaviour for
TSL1 and TSL3, with the humidity factor affecting behaviour

Figure 7—(a) UTS, (b) strain at failure, and (c) modulus of TSL1 and TSL2
after exposure to room conditions (mstr – millistrain)

Figure 8—(a) UTS, (b) strain at failure, and (c) moduli of TSL1 and TSL2 after
exposure to humid conditions (mstr – millistrain)
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Figure 9—(a) UTS, (b) strain at failure, and (c) moduli of TSL1 and TSL2 after
exposure to humid and higher temperature conditions (mstr – millistrain)

to a greater extent than the temperature alone. TSL2, however,
is more sensitive to HT conditions, and high temperature
significantly affects its integrity. These conclusions are considered
to be preliminary, and additional studies are recommended
to confirm the sensitivity of these liners to a variety of hightemperature conditions.
Generally, the UTS of TSLs increases over time under
room conditions. However, even when applied in room-like
conditions, if the self-supporting capability of the rock mass
is limited, the liners will be under stress from the deforming
rock mass immediately after application, and similarly in H and
HT conditions. Therefore, under such deforming conditions,
independently of the environmental conditions, TSLs should be
combined with retaining supports such as rockbolts to counter
the early disturbing forces while curing takes place.
In addition to the tests described in this paper, creep testing
was carried out on the same TSLs, as well as tests of tensile
performance when bonded to a substrate. The results of these
tests will be described in further publications.
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TSL confirmed their strengthening with curing time in room
conditions, even beyond the ‘conventional’ 28 days. A third type,
TSL3, was an exception, and its strength decreased with curing
time.
Humid conditions impacted adversely on the tensile strengths
of all three TSLs tested. It was observed that the tensile strengths
of these liners remained lower than their strengths measured
in room conditions, with the decrease ranging between a third
and two-thirds of the room strengths. This might be one of the
reasons behind the underperformance of TSLs that has been
observed in the mining environment. However, of the three TSLs,
the water-based TSL2, although weaker in saturated conditions
than in room conditions, showed better strength and modulus
increases, proportional to longer H exposures. Its elongation
remained inversely proportional to H exposure time, unlike the
inconclusive modulus and elongation trends observed for TSL1
and TSL3.
In HT conditions, the tensile strength of all three TSLs
reduced with exposure time. The stiffness of the water-based
liner TSL2 reduced, while its elongation tended to increase;
unlike TSL1, which showed inconclusive stiffness and elongation
trends. These findings show that the integrity of TSLs is strongly
compromised by HT conditions.
The trends in TSL performance when exposed to various
environmental conditions show that the combination of humidity
and temperature has a greater detrimental impact on TSL
strengths. For instance, TSL1 and TSL2 show a logarithmic trend
of strength increase over time in room conditions, but a decline or
lower incremental rate of performance when exposed to humidity
and high-temperature conditions, particularly after extensive
exposure periods.
The elongations of TSL1 and TSL2 are inversely proportional
to their strengthening and moduli in room conditions. The waterbased TSL2 also shows this behaviour in the H condition.
It is to be noted that the conclusions reported are based
on tests carried out on only three TSLs and must therefore be
regarded as preliminary. Similar studies on more TSLs, especially
ductile TSLs, could lead to alternative conclusions. However, the
results presented in this paper are considered to be important,
since they serve as a warning to TSL users that performance
determined from laboratory tests under room conditions is
most unlikely to be representative of performance in deep-level
operations, where conditions will be hot and humid. In summary,
the use of TSLs in H and HT conditions may be unconservative
and requires further thorough investigation. For support design,
TSL performance under actual expected mining environmental
conditions must be considered to avoid underestimation of risks
related to TSL utilization.
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Figure A1—Representative stress-strain curves after various exposure
periods in room conditions for (a) TSL1 and (b) TSL2 (d – days; mstr –
millistrain)
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Figure A2—Representative stress-strain curves after various exposure
periods in humid conditions for (a) TSL1 and (b) TSL2 (d – days; mstr –
millistrain)

Figure A3—Representative stress-strain curves after various exposure periods in humid and higher temperature conditions for (a) TSL1 and (b) TSL2
(d – days; mstr–- millistrain)
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Synopsis
India has limited resources of chromite. To optimally exploit this valuable and strategic raw material,
numerous chrome ore beneficiation plants have been established. Most of these plants suffer chromite
losses into the tailing. Decreasing these losses would not only improve the plant performance but also
make the economics of the operations more attractive. Accurate data collection and interpretation,
followed by making an implementable change in an operating plant, plays a critical role in the
performance of the circuit. In this article, the performance of an operating chromite beneficiation plant
is evaluated based on mineralogical characterization of samples from around the circuit. This innovative
methodology has brought insight into the behaviour of certain species (chromite and silicates) of
minerals in the circuit. This approach has not only resulted in the reduction of chrome losses (<12%
Cr2O3) but also the concentrator achieved a stringent target SiO2 grade of 3.27% in the concentrate. The
approach adopted and practical problems encountered during the study are reported in this paper.
Keywords
chromite ore, characterization, QEMSCAN, gravity concentration, performance evaluation.

Introduction
Chromite occurs as chromium spinel, a complex mineral containing magnesium, iron, aluminum, and
chromium in varying proportions depending upon the deposit. It varies widely in composition according
to the general formula (Mg, Fe+2) (Cr, Al, Fe+3)2O4. High-alumina chromite, largely from podiform
deposits, is used in refractory applications, while iron-rich ores, largely from stratiform deposits, are
utilized in metallurgical and chemical applications. Around 96% of world chromite ore production is
consumed in metallurgical applications, of which 94% is converted into different grades of ferrochrome,
i.e., high-carbon ferrochrome and charge chrome, as shown in Figure 1. Stainless steel being the
leading consumer of ferrochrome, any change in the dynamics of the stainless-steel industry impacts
overall chrome ore demand significantly. China plays a significant role in the world’s ferrochrome
production, contributing around 36% of the total in 2014, followed by South Africa, Kazakhstan, and
India (Figure 1d).

Chromite ore scenario – India
India ranks third in the world in chromite production, and fifth in terms of ore reserves. The majority
(98.6%) of the chromite resources in the country are hosted in the Sukinda Ultramafic Belt (SUB)
and Boula-Nausahi Igneous Complex (BNIC) in Odisha State (Figure 2). These deposits are typically
characterized as ferruginous- and siliceous-type ores. The ores are mostly high grade, soft and friable
in nature, with minor quantities of hard lumpy ore in separate bands. These are mainly associated
with laterite, altered ultramafic rock, nickel ferrous limonite, goethite, and talc-serpentine schist.
Chromite deposits occur in the form of discontinuous bands, lenses, and pockets in different host rock
associations.

Chrome ore beneficiation
Most of the chrome ores around the world are beneficiated by gravity concentration techniques. A
conventional chromite ore beneficiation process plant (Figure 3) consist of two sections:
➤	Communition (for preparing the material for the subsequent unit operations)
➤	Concentration (classification and beneficiation).
The beneficiation process flow sheet varies from location to location according to the ore
characteristics. For example, the Kemi concentrator in Finland comprises three stages: crushing (jaw
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 1—Chrome ore production and applications (ICDA, 2015)

Figure 2—Distribution of chromite resources in India

and cone crushers) followed by two-stage grinding (rod mill and
ball mill), followed by a combination of drum, cone, and highgradient magnetic separation. Turkish chromite concentrators
consist of gravity separation (shaking tables and spirals) for
coarse chromite fractions and a combination of gravity separation
and flotation for fines. In India, at both the Sukinda and BoulaNausahi sectors, chrome ore is mined by opencast mechanized
mining methods, though a few underground mines exist which
are confined to Byrapur in Karnataka and the Boula and Kathpal
mines in Odisha. The overall beneficiation scenario is outlined in
Figure 4.

Performance of gravity concentrators
A typical chromite ore gravity concentration circuit comprises
various configurations of hydrocyclones and spirals or floatex
density separators combined with two or more stages of spiral
circuit (typically roughing, cleaning, and recleaning) to overcome
the inefficiencies created by the random misplacement and/ or

▶

262

MAPRIL 2020

VOLUME 120

bypass of particles (Luttrell, 2003). The selection of gravity
concentration units is based on the particle size to be treated
and the capacity, which is inversely proportional to particle
size (Wills and Finch, 2015; Honaker and Forrest, 2003).
Every gravity concentration unit delivers its peak efficiency
under specific operating conditions and particle size range for
a given mineral (Pascoe, Power, and Simpson, 2007). The key
challenges an operator and circuit have to deal with are fine and
ultrafine particles arising from the indiscriminate nature of the
breakage process in conventional comminution methods and, to
some extent, increased mechanization in mining to increase the
production rate. Another common problem in many chrome ore
beneficiation plants is the presence of fine silicate gangue phases
which contaminate the final concentrate. This variability affects
the overall performance of the plant in terms of grade, recovery,
and throughput, including losses of valuable materials into the
tailings. In practice, unsteady operation of beneficiation units in
the process circuits, especially gravity-based units, arises due to
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 3—Conventional process flow sheet for chromite ore beneficiation

Figure 4—Beneficiation of Indian chromite ores

numerous changes in the input to the plant such as feed
ROM) characteristics, flow rate, mineral composition, percentage
solids etc.

Performance evaluation / process control in gravity
concentrators
In the last two decades, numerous research papers, technical
reports, and reviews have been published relevant to chromite
ore beneficiation (Gu and Wills, 1988; Gueney et al., 1994; Cicek
and Cocen, 1998, 2002; Ozdag, Ucbas, and Koca, 1994; Sonmez
and Turgut, 1998; Gence, 1999; Rama Murthy et al, 2011, 2013;
Tripathy, Rama Murthy, and Singh, 2013), but none on the
performance evaluation of concentrators with respect to size and
liberation of particles.
Process control systems and related applications have
been reported over the years in mineral processing plants.
Such process control systems are generally developed from an
extensive database that has been generated from the various
operating parameters of the plant. For overall performance,
The Journal of the Southern African Institute of Mining and Metallurgy

it is necessary to diagnose the problems with individual unit
operations of the circuit and investigate the alternatives for
process improvement and cost reduction. Conducting surveys
allows analysis of plant performance and presents opportunities
to identify areas for improvement in the circuit, maintenance,
and control. Maintaining a plant consistently at peak efficiencies
requires knowledge and understanding of circuit performance
and process control. The poor performance of the human operator
in the control room is regarded as one of the key reasons for
sub-optimal operation (Li et al., 2011). Any beneficiation plant
based on gravity separation has a potential to improve through
appropriate application of existing process engineering expertise
or using principles like the incremental quality concept and
linear circuit analysis, but these techniques are often overlooked.
Despite this advancement, plant performance has not always
been in line with expectations.
Mineral liberation data can be used as a fundamental
parameter for process plant design and optimization. The
significance and value of mineral liberation analysis in applied
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Figure 5—Methodology adopted for the performance evaluation

mineralogy and metallurgical processing has been well
documented (Jones, 1987; Petruk, 2000; King, 1993; Fandrich
et al., 2007). Dawson (2010) showed how the performance of a
gravity separation circuit can be evaluated based on mineralogical
and particle granulometry data. Several measurement systems
based on the application of scanning electron microscope
(SEM) technology have been developed (Fandrich et al., 2007).
The research works of Pascoe, Power, and Simpson (2007)
shows that it is possible to make a sensible selection of gravity
separation techniques from information on the particle size and
mineralogy of the ore. The present investigation, on performance
evaluation of an operating chromite ore beneficiation plant, was
carried out based on the same concept in order to improve the
quality and grade of the concentrate by eliminating siliceous
gangue.

Methodology
Improving the performance of a beneficiation circuit is always
dependent on the performance of individual unit operations in
the circuit. In an operating plant, it is very difficult to measure
all the processes as well as operating parameters simultaneously.
In order to effect improvements, accurate data collection and
proper interpretation, followed by the necessary changes, plays
a critical role in circuit performance. A critical aspect in collecting
such a database hinges on documenting relatively small changes/
improvements in an actual operating plant in terms of grade,
recovery etc., which in turn affect the economics. A database
collected over a period under various conditions would also
help in overcoming future problems related to either variation
in the feed characteristics or specific demand by metallurgical
industries.
Mineralogical characterization was carried out using
QEM*SEM (Quantitative Evaluation of Minerals by Scanning
Electron Microscopy) on the samples to analyse the distribution
of liberated silica and locked silica along with other minerals.

Results and discussion
Process circuit optimization begins with a detailed audit of the
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operating plant under existing conditions, followed by modified
conditions. Periodic shifts in the feed quality and size fractions
are common. In practice, the cut size of the final classification
stage is a compromise between achieving adequate liberation and
avoiding slimes production. Under optimized conditions during
trials, the change in spigot diameter of individual classifiers
(rougher circuit, cleaner circuit, and scavenger circuit) from
33 mm to 35 mm resulted in a decrease in particle cut sizes:
hydrocyclone no. 5 (d75 62–52 µm), hydrocyclone no. 6 (d50
56–40 µm), and hydrocyclone no. 7 (d50 70–30 µm) as shown in
Figure 6.
Inconsistency in the underflow fraction with respect to SiO2
and Cr2O3 has been observed. The SiO2 content was observed to
vary between 20.63% (max.) and 2.77 (min.) with a standard
deviation of 5.35, whereas the Cr2O3 content varied between
11.63 (min.) and 44.89% (max.) with a standard deviation of 6.15.

Circuit mineralogical analysis
Mineralogical characterization of the beneficiation circuit samples
was carried out using QEMSCAN (Quantitative Evaluation
of Minerals by Scanning Electron Microscopy) to understand
the distribution of liberated and locked mineral fractions. The
samples were also analysed for components such as Cr2O3, Fe (T),
SiO2, Al2O3, CaO, and MgO. Since the circuit product grade was
contaminated by the siliceous minerals, characterization studies
were primarily evaluated for silicates. It is observed in Figure 7a
that a high concentration (24.0% max.) of siliceous gangue is
entering the spiral circuit along with chromite. The spinel group
of minerals shows wide ranges of chemical composition and
therefore density. The deportment analysis (Figure 7) shows
that siliceous gangue is contributed by both free quartz and Fe
silicates. It can be observed that around 60% of the feed fraction
contains 90% liberated quartz fraction. This information will
govern the process parameters for spiral operations.

Spiral performance
To understand the performance of the spiral circuit (i.e. rougher,
cleaner, and scavenger), a complete set of feed to spiral and
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 6—Classifier performance with respect to cut size and distribution

product samples was collected. The samples were characterized
to understand the distribution of siliceous gangue and chromite
particles. The cleaner spiral performance in terms of SiO2 and
Cr2O3 analysis is presented in Figures 8a to 8c.
A clear band of separation between Cr2O3 and SiO2 particles is
observed in the cleaner concentrate. The maximum Cr2O3 content
in the concentrate was 49.44%, with a mean value of 34.85% and
standard deviation of 6.93.

Quantitative evaluation of minerals (QEMSCAN)
The mass percentage distribution present in the feed and
products was analysed using an automated scanning system
and the results are presented in Figure 9. It can be seen that the
cyclone underflow (UF) contains nearly 30–35% Fe silicates,
which have reported in the middling and tailings of the cleaner
circuit, whereas the concentrate contains approximately 20% of
the siliceous gangue.
Unlike the rougher spiral circuit, the cleaner spiral concentrate
shows a better separation of heavies from the lights. The mean
SiO2 content was 5.27%, with a maximum value of 28.97% and
standard deviation of 7.15.
The maximum Cr2O3 content in the concentrate was 53.22%,
with a mean value of 34.92% and standard deviation of 6.89.
The Journal of the Southern African Institute of Mining and Metallurgy

A clear band of separation between Cr2O3 and SiO2 can be
further achieved by optimizing the operating conditions. Similar
analysis and data interpretation were carried out for the rougher
and scavenger circuits, but only the cleaner circuit analysis is
presented here.
Stagewise improvement in the beneficiation circuit based
on the mineral species distribution under different conditions is
presented in Figure 10.
It can be seen that under optimized conditions, it is possible
to reduce the SiO2 contamination in the concentrate to 3.27%
(Figure 10a), although at lower throughputs further reduction
is possible. This change has improved the Cr2O3 grades to a
maximum value of 48.21% (Figure 10b).
From the circuit mineral mass distribution pattern, it
is possible to understand the behaviour of mineral species
throughout the circuit at a given feed input. The mineral mass
distribution of various feed components is presented in Figure
10c.
➤	The variation in the proportion of siliceous contamination
(Fe silicates or quartz) in the concentrate can be clearly
observed.
➤	Most of the free quartz reported to the cyclone overflow,
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Figure 7—Mineral deportment

Figure 8—Cleaner circuit data analysis
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Figure 9—Quantitative evaluation of mineral mass distribution in feed and product

Figure 10—Overall performance of the optimized beneficiation circuit

whereas the Fe silicates, due to their higher density,
reported to the concentrate.
➤	The ultrafine beneficiation circuit separates the fine chromite
particles from the silica and clay minerals. This circuit
comprises a bank of 16 hydrocyclones. The d50 or cut size
of the cyclone underflow (UF) here is 25 µm.
➤	In ultrafine sizes, the settling velocity of fines reaches the
limit and coarse light and fine chromite particles will report
in the product (UF), whereas ultrafine liberated chromite
particles short-circuit into the overflow along with other
silicates.
➤	The standard deviation values of SiO2 and Cr2O3 in the
cyclone OF were observed to be 4.7 and 3.41 respectively,
and 5.34 and 6.14 in the UF .
➤	The overall yield of Cr2O3 in the ultrafine circuit was
increased to 168 t/d from 160 t/d, an increase of 5%.
➤	Optimization and better knowledge of the feed in the upper
stream of the circuit can further reduce the fine Fe silicate
contamination in the concentrate.

Conclusions
➤	The variation in the ore characteristics (particularl the
difference in mineral densities) plays a critical role in
The Journal of the Southern African Institute of Mining and Metallurgy

the evaluation of such beneficiation circuits. Detailed
characterization studies aided by QEMSCAN helped in
optimization of the gravity separation process.
➤	Under optimized conditions, the beneficiation plant
produced a concentrate with < 3.0% SiO2 compared with
9.0% in the feed. Optimization and better knowledge of the
feed in the upper stream of the circuit can further reduce the
fine Fe silicate contamination in the concentrate.
➤	A systematic steady-state model/simulation must be
designed for process control and optimization of the
beneficiation process flow sheet.
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Synopsis
The development and commercialization of technologies within the metallurgical industry often spans a
time-frame of decades. This paper proposes a managerial framework that aims at increasing the success
rate and speed of technology commercialization within this industry, focusing on the front end of the
process.
A case study research strategy was applied, with an in-depth evaluation of two cases. The cases
involved technologies that were developed by a metallurgical research and development organization.
For each of the cases, secondary data was collected, followed by interviews. The data was evaluated,
compared, and consolidated into a framework. For the technology development stages of concept
development, and for research and development, important factors were identified that contribute to
the successful development of technologies with the objective of commercialization. During concept
development, the most important factor was determined to be the identification of the need or opportunity
within the market, whereas the most important factors during research and development were determined
to be the involvement of a project champion, a suitable team, and a potential implementer. The central
driver of technology commercialization was identified to be the market, along with the fulfilment of a
need or opportunity within the market.
Keywords
Framework, technology
metallurgical industry.
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Introduction
Technological development leads to economic growth (Schumpeter, 1939). This statement, made 80
years ago, still holds true today. However, technological development can contribute to economic
growth only if technologies are commercialized. The progression from ideation to commercialization
seems quite straightforward; however, it is typically a difficult and slow process (Cetindamar, Phaal,
and Probert, 2010). Technology commercialization seems to be a challenge in any industry; and the
metallurgical field is no different, with time-frames for technology innovation typically spanning
more than a decade. This creates a considerable challenge for researchers during the development of
technologies in the metallurgical industry, since the market might change as the technology is being
developed, potentially resulting in the need for changes to the technology during its development.
While several frameworks for successful technology commercialization have been developed,
none of these places a focus on the metallurgical industry specifically. Therefore, it is believed
that a framework that highlights the important factors that contribute to successful technology
commercialization would assist technology managers within this industry.
Technology development is typically performed in stages. These may be in the form of stage-gates
(Cooper, 1990; Cooper, 2014), life-cycles (Cetindamar, Phaal, and Probert, 2010; Taylor and Taylor,
2012; Geissdoerfer, Savaget, and Evans, 2017), or technology readiness levels (Sauser and Verma, et
al., 2006). Figure 1 illustrates the impact to risk, uncertainty, and cost over the time-frame of a project
such as the development of technology. As technology development progresses, risk and uncertainty
decrease, whereas the cost of changes increases dramatically. The importance of a structured, focused
technology development process, along with proper management of this process during the early stages
of the project time-frame, is therefore emphasised.
The objective of this research was to identify the key factors that influence the successful
commercialization of technologies, focusing on the early stages of the technology innovation process,
and to consolidate these factors into a framework for a successful technology commercialization frontend for the metallurgical industry.
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Figure 1—Impact of changes to variables over the project time-frame
(Sherman, 2015)

Literature
Over the years, competition has become more focused on
knowledge, and this is especially true of technology-intensive
industries (Lichtenthaler, 2006). Along with the growing
importance of knowledge, transactions of technologies between
organizations and their external environment have also increased
considerably. This results in the need for organizations to
manage both the technological knowledge inside the firms
and the transfer of technologies and products to the external
environment. Many firms experience difficulties in the
management of these activities (Lichtenthaler, 2006).
Lichtenthaler, a frequent publisher on aspects of external
technology commercialization and open innovation, aptly
states that it is considerably more difficult to commercialize
technologies than it is to commercialzse products (Lichtenthaler,
2008a). Lichtenthaler (2006) explains that, to gain maximum
economic benefit from the commercialization of technologies,
an organization should develop a strategy for technology
commercialization, and not merely perform ad hoc operations in
the hope of achieving success.
The metallurgical industry is described by Bakalarczyk
(2013) as the most important branch of the processing industry,
with a focus on the preparation of extracted ores to obtain pure
metals or their derivatives. Advances in the metallurgical industry
rely heavily on technological development and on the successful
commercialization and implementation of these technologies.
Innovation has evolved considerably over the past number
of years. Of particular interest in the work by Tidd (2006) is the
discussion of the five generations of innovation models, from
a linear model of market pull and technology push in the first
and second generations, to extensive networking, integration,
and a systems approach in the fifth generation. Support in
favour of integrated, nonlinear innovation models is provided
by Alekseevna (2014), who highlights that such models enable
the involvement of the customer and enhance decision-making
during the innovation process. The nonlinearity of the technology
innovation process is promoted further by Ross and Kleingeld
(2006), with the innovation process represented as a continuous,
interlinked, and integrated sequence of four main stages – invent,
ideate, introduce, and implement.
Van der Heiden et al., (2016) developed a framework that
shows the multifaceted nature of technology commercialization
and the strategic considerations that are required during the
innovation process. Their framework highlights which technology
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commercialization aspects are important – such as technical
specifications, user characteristics and requirements, appropriate
technology selection, and the policy environment. An integrated
framework by Blank (2013) provides additional insights related
to technology commercialization; in particular, this model
emphasises the importance of customer involvement and focused
development efforts with the sole aim of satisfying the customer
requirements.
The cyclical nature of open innovation and product
development is well illustrated by Berkhout et al., (2006). This
framework is insightful and informative; each link illustrated in
the model is contextualized and rationalized, and the synergies
between all aspects are explained to promote understanding. The
cyclical, integrated nature of the model enables regular feedback
to all processes within the model. Van der Duin, Ortt, and Kok
(2007) applied this model in an actual innovation process, and
emphasised that feedback allows participants to be reminded of
the consequences of their actions, and enables fast responses if
adjustments to the process are necessary. Ford et al. (2014) also
applied this model in an operational environment, and indicated
that the application of innovation may start anywhere in the
model, and that prior innovations may inspire new ideas due to
the interactive and integrated nature of the model. Berkhout et
al. (2006) also emphasised the importance of open innovation,
as supported by Lichtenthaler (2008b), Cetindamar, Phaal,
and Probert (2010), and Kirchberger and Pohl (2016), and of
early engagement between the researchers and the market,
as supported by Markman, Siegel, and Wright (2008) and
Polampally (2013). In a subsequent article, Berkhout, Hartmann,
and Trott (2010) highlight the value of this model, and state that
it links the scientific aspects of research and development (R&D)
to the market aspects where commercialization occurs.
None of the frameworks identified in the literature
were specifically developed to aid successful technology
commercialization within the metallurgical industry. The
applicability of the frameworks to the metallurgical industry
is therefore unknown. It was based on these shortcomings
that the need for a new framework for a successful technology
commercialization front-end for the metallurgical industry was
identified.

Conceptual framework
The conceptual framework, illustrated in Figure 2, was developed
from insights from key literature sources, such as Berkhout et
al. (2006), Ross and Kleingeld. (2006), Tidd (2006), and van

Figure 2—Conceptual framework
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der Heiden et al. (2016). The conceptual framework illustrates
the four technology innovation stages – concept development,
R&D, product development, and implementation – which are
integrated cyclically, highlighting the fluid and nonlinear nature
of technology innovation.
Each stage has distinct characteristics and a particular
purpose within the overall technology innovation process.
Concept development involves formulating the vision or the
purpose of the technological concept; several ideas are developed,
from which the most likely ideas are selected for further
evaluation (Geissdoerfer, Savaget, and Evans, 2017). During
this stage, innovation is initiated by using the identification
of a problem that is translated into a consequent need, and
the creation of ideas to satisfy the particular need (Ross and
Kleingeld., 2006). Specific researcher traits are necessary for
successful technology commercialization, such as businessminded thinking, creativity, and motivation (Ismail, Nor, and
Sidek, 2015; Kirchberger and Pohl 2016). Focus is also placed on
market analysis (Polampally, 2013), networking (Lichtenthaler,
2006), and the development of a conceptual business case for the
technology (Geissdoerfer, Savaget, and Evans, 2017).
Various internal and external interactions occur during
concept development (Ungureanu, Pop, and Ungureanu, 2016).
Internal interactions include developing various new concepts
and revising new ideas, as well as evaluating and selecting
concepts for further evaluation (Geissdoerfer, Savaget, and
Evans, 2017). The external interactions involve concepts such as
the formation of networks and open innovation (Lichtenthaler,
2008b; Cetindamar, Phaal, and Probert, 2009; Aarikka-Stenroos,
Sandberg, and Lehtimäki, 2014; Ostendorf, Mouzas, and
Chakrabarti, 2014; Kirchberger and Pohl, 2016; Ungureanu, Pop,
and Ungureanu, 2016).
R&D involves experimentation and technological development
(Geissdoerfer, Savaget, and Evans 2017). Ross and Kleingeld
(2006, p. 73) explain that this stage involves the verification of
scientific principles and the execution of research to develop a
‘formally documented basis of understanding’. The application
of stage-gates (Cooper, 1990, 2014), technological life-cycles
(Cetindamar, Phaal, and Probert, 2010; Taylor and Taylor,
2012; Geissdoerfer, Savaget, and Evans, 2017) and technology
readiness levels (Sauser et al., 2006) is likely to form the
dominant function during R&D in order to undertake a structured
approach to the experimentation process. Specification of the
technical characteristics and user requirements (van der Heiden
et al., 2016) are also key aspects that require attention during
R&D.
Numerous internal and external interactions (Ungureanu,
Pop, and Ungureanu, 2016) occur during R&D. Internal
technological development is likely to be performed, with further
tests based on outcomes from previous work, which might also
indicate that the technology is not viable, resulting in the need
for a decision to abandon further development. Moreover, the

internal interactions comprise collaborative research that is
conducted within an organization, involving various researchers,
technical specialists, and different departments. The external
interactions during R&D might involve partnerships, networks,
and open innovation (Lichtenthaler, 2008b; Cetindamar, Phaal,
and Probert, 2009; Aarikka-Stenroos, Sandberg, and Lehtimäki,
2014; Ostendorf, Mouzas, and Chakrabart, 2014; Kirchberger
and Pohl, 2016; Ungureanu, Pop, and Ungureanu, 2016). The
specifications of technology characteristics and user requirements
(van der Heiden et al., 2016) are likely to be obtained from a
potential user or implementer who will probably be external to
the organization.
During any stage of technology innovation, external stimuli
might prompt ideas for new technological concepts (Geissdoerfer,
Savaget, and Evans, 2017), while licensing of the technology
may also occur during any stage (Barr et al., 2009; van der
Heiden et al., 2016). These notions are depicted by the perforated
borders surrounding the technology innovation stages (Figure 2),
highlighting the interactive nature of the process.
The conceptual framework depicts the technology innovation
process that revolves around the existence of a driver of
technology commercialization. Technology commercialization
would not be possible in the absence of a driver, irrespective of
the dedication that might have been applied to the development
of the technology during the innovation process.
This study aimed to identify the driver of technology
commercialization, along with an evaluation of internal and
external factors influencing the technology innovation stages of
concept development and R&D (Figure 2). An in-depth evaluation
of the stages of product development and implementation was
excluded from the scope of this study.

Research methodology
This study followed a qualitative research design, enabling a
deeper understanding of the topic that was studied. A theorybuilding research approach was followed by the introduction of
new concepts into existing frameworks. Due to the exploratory
nature of the topic, a case study research strategy was selected.
A single organization that focuses on R&D, innovation, and
technology commercialization within the metallurgical industry
was selected as the unit of analysis for the study. Within the
organization, four cases were selected, and from these, two for
in-depth evaluation, namely Case 1 and Case 2 as shown in
Figure 3. The failed and successful cases are reported in van
Rooyen (2018) and, as similar results were obtained for these
cases as for Cases 1 and 2, these are not discussed in depth.
For both cases that are described in this paper, data was
collected by secondary data analysis, using internal company
reports and publications, and by interviewing a case-specific
technical expert on an in-person, one-to-one basis. This was
followed by a one-to-many, in-person focus group interview
for Case 1. For Case 2, insufficient informants were available to

Figure 3—Selection of cases
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participate in a one-to-many focus group interview, and so an
in-depth interview with a second case-specific technical expert
was subsequently conducted. This highlights the implication
of the long technology development time-frames that are
typically experienced in the metallurgical industry. Most of the
team members who were involved in the development of the
Case 2 technology resigned or retired from the organization
during the technology development period. In total, eight
people were interviewed for this study, and each person was
purposively selected, based on his/her in-depth knowledge of
the selected cases and expertise in technology development and
commercialization.
From the publications that were evaluated as part of the
literature review, as well as the secondary data analysis that was
performed for each case, factors that contribute to successful
technology commercialization were identified. The factors
were coded for the technology innovation stages of concept
development and R&D to form an initial template that was used
as the basis for the collection of data. Figure 4 shows the data
acquisition template with the initial factors that were identified
as contributors to successful technology commercialization,
along with a brief explanation of each factor. All the factors that
were listed for the stages of concept development and R&D were
discussed with the respondents to determine what impact the
absence or presence of the factor had on the commercialization
of the technology. Respondents were also asked for potential
unidentified factors to add to those in the template.
As the data collection process progressed, the template was
updated with new insights where relevant. During the interviews,
the factors were discussed and ranked according to importance.
Rankings were done qualitatively, based on the views of the
interviewees. During the focus group interview, the respondents
discussed each factor with one another, and full agreement on
the rank of each factor was obtained. The factors contained in the
final template were included in the framework for a successful
technology commercialization front-end for the metallurgical
industry.

Background of the selected cases
Both technologies that were selected for case study evaluation
were developed by the metallurgical R&D organization, the unit
of analysis for this research study. The cases were selected based

on the availability of secondary data and informants to interview.
Case 1 is an acid mine drainage treatment technology, the
development of which began around 1990. Numerous laboratory
test programmes and pilot plant campaigns were performed
between 1990 and the early 2000s; however, the technical
viability of the complete flow sheet had not been demonstrated.
Around 2009, design changes were made to the process, and
further test programmes were conducted on a laboratory and
pilot plant scale. The technology is currently nearing completion
of the R&D stage. The organization has performed extensive
experimentation over the years, without the involvement of a
potential implementer.
Case 2 is a magnesium processing technology. Development
of this technology began in the 1980s; however, after several
years of development, market interest declined, and so
development was halted. Around 1998, market interest was
renewed and the development of the technology was revived.
A consortium of investors was formed, including an intended
implementer, and this facilitated the fast-tracking of technology
development. The technology was in the product development
stage, nearing Implementation, when the market conditions
again became unattractive. Along with changes in the market
conditions, the intended implementer made the strategic decision
to withdraw all commercial activities from the magnesium
market. The technology has thus not yet been commercialized.

Discussion of results
The initial data acquisition template (Figure 4) was used as the
basis for the in-depth, one-to-one, in-person interview with the
Case 1 technical expert. The technical expert suggested that two
additional factors be included in the data acquisition template
for the stage of concept development: (i) a preliminary concept
review, and (ii) involvement of the implementer as early as
possible. The Case 1 technical expert also suggested that the
involvement of the implementer should be added to the R&D
stage of the data acquisition template. An interesting finding was
made: during all subsequent interviews that were conducted, no
further additional factors were suggested; the only differences in
the findings between the various interviews were slight variations
between the rankings of the factors. This was a comforting
finding, as it proved that relevant factors were collected from
the case-specific secondary data; and the subsequent interviews
validated these factors.

Figure 4—Data acquisition template – initial factors
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Figure 5—Cases 1 and 2: Concept development ranked factors

Concept development
During the interviews that were conducted for the evaluation
of Cases 1 and 2, numerous similarities were found between
the rankings of the factors related to the stage of concept
development. Several factors were ranked as equally important,
and so obtained an identical ranking. The ranked factors that
impact technology commercialization during the stage of concept
development that were obtained during the interviews for the
evaluation of Cases 1 and 2 are given in Figure 5.
A difference was found between the rankings for the
formulation of the vision and purpose of the technology; this
factor received a ranking of 2 for Case 1, while a ranking of 4
was assigned for Case 2. When this factor was considered, it was
mentioned during the evaluation of both cases that the market
analysis and business case reviews were highly important.
Furthermore, the second Case 2 technical expert emphasised
the challenge of the long time-frames that are typical during the
development of metallurgical processes and the changes that
are experienced in the market during technology development.
Therefore, it makes sense that the vision and purpose of the
technology should be defined clearly, and reviewed, during
the long time-frame of the technology development. This is to
ensure that the vision and purpose of the technology remain
relevant, and are updated if required as the market and industry
experience changes.
Slight differences were found in the rankings of the factors
for the market analysis, researcher/team traits, and the number
of ideas that were developed; the rankings of these factors
differed by one integer between the two cases. Probably the
most interesting finding for the rankings of the factors for
the concept development stage relates to the involvement of
the implementer: for Case 1, this factor was ranked as least
important, whereas, for Case 2, this factor was ranked as one
of the most important. The factors were ranked according to
importance, based on the qualitative views of the informants, and
no definitive, quantitative assessment was made; thus another
way to explain the difference in the rankings was needed.
When Case 2 technology is considered, the importance of the
involvement of the implementer as early as possible during the
developmental stages of the technologies is clearly emphasised.
When Case 1 technology is considered, this technology is not yet
commercialized, and no implementer has been involved during its
The Journal of the Southern African Institute of Mining and Metallurgy

development. It is with this in mind that it seems reasonable to
assign a greater weight to the importance of the ranking for Case
2 when the involvement of the implementer is considered.
When the findings from the two cases for the stage of concept
development were considered, some similarities in the views of
the informants were found, as well as some differences; this can
be seen by the rankings of the various factors between the cases
(Figure 5). Since these factors were ranked on a qualitative basis,
reflecting the personal views of the informants, no definitive
and quantitative analysis can be made regarding exact rankings,
nor was this intended. The second Case 2 technical expert was
of the view that the three most important factors should receive
more focused attention, while the remaining factors might share
a similar level of importance, albeit a lower level than the top
three. This view might be helpful when the overall rankings
of the factors for both cases are combined. When the top three
ranked factors are classified as the ‘most important factors’, and
the factors that were assigned lower rankings are classified as the
‘remaining factors’, the results are as shown in Figure 6.
While some of the factors were ranked differently between
the various respondents during the interviews, some were
ranked identically as ‘most important’. For the stage of concept
development, the factor that was ranked as most important for
both cases is the identification of the need or opportunity for the
envisioned technology. This top-ranked factor is highlighted in
bold italic in Figure 6.
During concept development, researchers and technology
managers need to ensure that the vision and purpose of the
technology are clearly defined, understood, and aligned with

Figure 6—Concept development: Final factors
VOLUME 120

APRIL 2020

273

◀

Technology commercialization front-end framework: Metallurgical industry

Figure 7—Cases 1 and 2: ranked key factors in the R&D stage

all stakeholder expectations. Early involvement of a potential
partner or implementer is preferred; however, this might not
be possible at such an early stage of technology development.
Attention should be paid to the identification of the need or
opportunity in the market, and this is likely to be supported by a
market analysis. Furthermore, researchers should ensure that a
conceptual business case for the technology is developed and that
sufficiently detailed technology concept reviews are conducted by
suitable technical experts.

R&D
During the interviews that were conducted for the stage of
R&D, various similarities and differences were found between
the ranks of the factors for Cases 1 and 2. Several factors were
ranked as equally important and received an identical ranking.
The ranked factors for Cases 1 and 2 that impact technology
commercialization during R&D are indicated in Figure 7.
Interestingly, for both cases the presence of a project
champion (to drive and lead the development activities), along
with the personality traits of the project team (ensuring the
presence of relevant knowledge and skills), and the involvement
of the implementer (to provide the technology specifications and
user requirements) were ranked as most important factors for
the R&D stage. A further interesting finding was made: for the
project team personality traits, the informants for both cases
specifically mentioned the importance of the traits of perseverance
and logical thinking during the R&D stage. This is an important
insight because, in practice, organizations generally have limited
resources, and seldom have the luxury of being able to assign
team members based on their personality traits. However, this
study shows that certain personality traits, such as perseverance
and logical thinking, are key success factors for technology
innovation; and this should be considered during the allocation
of team members.
The factor related to the specification of technological
characteristics and user requirements received a ranking of 4 for
Case 1 and 2 for Case 2. The envisioned implementer typically
provides the technical specifications and user requirements; thus,
as with the explanation related to the ranking of the involvement
of the implementer during the concept development stage, it is
also believed to be reasonable that a greater weight be assigned
to the ranking for this factor for Case 2. Further minor differences
between the rankings of the various factors were found between
Cases 1 and 2. The ranked factors related to R&D were grouped
into the ‘most important factors’ and ‘remaining factors’, and the
resultant list is shown in Figure 8.
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During the evaluation of both cases, certain factors were
ranked as ‘most important’ for the R&D stage; these factors are
the presence of the project champion and relevant personality
traits of the team members, and the involvement of the
implementer. The top-ranked factors are highlighted in bold italic
in Figure 8.
During R&D, the identification of a suitable project champion
is important: a person who is capable of motivating and
steering the project team, ensuring that a structured technology
development approach, with appropriate experimentation, is
followed. The technology development should be based on an
accurate definition of the specifications of the technology, with
properly defined technology standards and user requirements.
The identification and involvement of a potential implementer
becomes considerably more important during R&D, since an
implementer is in the best position to identify the minimum
experimentation that is required and to stipulate the technical
specifications and user requirements, along with the provision of
relevant market information.

Technology commercialization driver
During the evaluation of Cases 1 and 2, it became clear that
the existence of a market, along with the existence of a need or
opportunity within that market, is an exceptionally important
driver for technology commercialization. Several studies suggest
that the driver of technology commercialization is a susceptible
market, along with an identified need or opportunity within the
market (Markman, Siegel, and Wright, 2008; Polampally, 2013;
Kirchberger and Pohl, 2016). The market involves aspects such
as policies, regulations, sustainability, environmental aspects,

Figure 8—R&D: Final factors
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risk, investment conditions, and access to finance (van der
Heiden et al., 2016).
Needs and opportunities have to exist within the market,
resulting in a gap that will enable the commercialization of
a technology that satisfies the identified need or opportunity
(Polampally, 2013). Although most factors that were identified
as part of this study were present during the development of
Case 2, the poor market condition was the main reason for the
unsuccessful commercialization of this technology.

Technology commercialization front-end framework for
the metallurgical industry
The most important factors that influence technology
commercialization during concept development (Figure 6) and
R&D (Figure 8) were converted into a graphical framework for
a successful technology commercialization front-end for the
metallurgical industry, for which the conceptual framework
was used as a basis. Within this framework, the technology
innovation stages of product development and implementation
are still shown, albeit in slightly lighter shading; this was done
intentionally to prevent a reader from thinking (wrongly) that
these two important stages do not form part of the technology
innovation process. The stages of product development and
implementation were excluded from a detailed evaluation for this
study; however, it would be of considerable value if an in-depth
case study evaluation was also performed for these stages, as
part of a future study.
The framework, shown in Figure 9, illustrates the cyclical
technology innovation process, which focuses specifically on
the initial stages of concept development and R&D. The most
important factors that impact technology commercialization
during the early stages of the innovation process are shown,
while the top-ranking factors are highlighted in bold, italic. The
central driver of the entire technology innovation process is the
market.
It is suggested that this framework could assist technology
managers within the metallurgical industry to perform the initial
stages of technology innovation, with the aim of technology
commercialization, with greater focus and structure, and
increase the likelihood of technology commercialization. By
focusing attention and resources on the indicated factors that are
relevant to each technology development stage, the technology

innovation process should progress at a faster rate, and with
potentially greater success, compared with a scenario in which
this framework is not applied. The application of this framework
has relevance to the innovation process of any technology that is
typically developed according to similar stages to those within the
metallurgical industry, as indicated in the framework.
Furthermore, a contribution is made to theory in the form of
the internal and external loops that are shown in the framework;
these indicate interactions that are both internal and external to
the technology innovation process. In particular, open innovation
and the formation of networks were not found in existing
frameworks; and so their inclusion contributes a new dimension
to current frameworks for technology commercialization.

Conclusions
This study aimed to identify the driver of technology
commercialization, along with an evaluation of internal and
external factors influencing the technology innovation stages of
concept development and R&D, and to consolidate these aspects
into a framework for a successful technology commercialization
front-end for the metallurgical industry.
Insights from a literature review were applied to construct a
conceptual framework that illustrates the technology innovation
process, with four integrated stages of concept development,
R&D, product development, and implementation. For this
study, only the first two stages of the technology innovation
process were evaluated. The conceptual framework was used
as the basis for the collection of data for each case. Appropriate
secondary data was reviewed, followed by two interviews per
case. The findings from both cases were evaluated, compared,
and consolidated into a single list of factors that contribute to
successful technology commercialization in the metallurgical
industry, with a focus on the initial stages of the technology
innovation process.
During concept development, the most important factors
that impact technology commercialization were found to be an
appropriate identification of the need or opportunity within the
market, along with an accurate formulation of the vision and
purpose of the technology. The identification of the need within
the market was the top-ranked factor for the stage of concept
development. Further key factors were identified to be the
development of a conceptual business case for the technology,

Figure 9—Technology commercialization front-end framework for the metallurgical industry
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and a thorough market analysis, along with preliminary concept
reviews of the technology. The involvement of an implementer
was also found to be preferred during concept development;
however, it might not be possible to identify and involve a potential
implementer during such early stages of technological development.
During R&D, the involvement of a potential implementer
becomes considerably more important for the description of the
technical specification and user requirements, along with a project
champion who will drive the technology development programme
in a structured manner, while focused, minimal experimentation
is done by a competent team. The top-ranked factors for the stage
of R&D were found to be the involvement of an implementer and
the presence of a project champion and a suitable team.
The central driver of technology commercialization was
identified as the existence of a susceptible market, along with
the fulfilment of a need or opportunity within the market. It is
critically important that appropriate analysis is done to identify
the market and its needs or opportunities accurately.
The driver of technology commercialization, along with the
factors that influence the commercialization of technologies
during the stages of concept development and R&D, was
translated into a framework that highlights important aspects
related to the development of technologies in the metallurgical
industry. Researchers and technology managers would be able
to apply this framework during the development of almost
any technology in the metallurgical industry, irrespective of its
uniqueness. The framework is therefore presented as a practical
guideline for technology managers and researchers who are
involved in technology development with the ultimate objective of
technology commercialization in the metallurgical industry.

Recommendations
For this research study, only the stages of concept development
and R&D were evaluated; thus it is recommended that case
studies be performed in which the stages of product development
and implementation are also evaluated, to enable a holistic view
of the entire technology innovation process.
Furthermore, it is recommended that the validity of the
framework be evaluated in several ways. First, this could be done
by expanding the study to include more cases of technologies
that were successfully commercialized in the metallurgical
industry. Second, it would be of value if more informants were
available to be interviewed and thereby increase the sample
distribution. Third, it is recommended that this framework be
validated by applying it during the development of an actual
technology related to the metallurgical industry. Finally, the
validity of the framework might be tested during the development
of a technology external to the metallurgical industry.
For future research, it would be of value if the
interrelationships between the various factors could be
determined and quantified. This might be done by an in-depth
evaluation of the extent of influence and impact between the
various factors, and highlighting the most important relationships
in a quantitative manner.
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Synopsis
A new technique was used to improve the properties of 5083 aluminium weldments using nano-Al2O3.
The single-pass welded metals were made using gas tungsten arc welding by fillers containing different
amounts of nano-Al2O3 particles fabricated using friction stir processing (FSP). To achieve a uniform
distribution of nano-Al2O3 particles, FSP was applied to the welding zone. In comparison with parts
welded with conventional filler wires, a 29% increase in yield strength, 18% increase in tensile strength,
and a 56% increase in impact energy were attained in the specimens welded using filler wires containing
nano-Al2O3 particles and post-weld FSP. The fracture mode of the weldments was changed from brittle
(for the un-FSP’d specimens) to ductile (for the FSP’d specimens). Particles agglomeration, particle
cracking, and weak matrix-reinforcement bonding reduce tensile properties. The impact fracture surface
of the samples showed that the fracture mode of the FSP’d samples was ductile and the fracture was
commonly initiated in the matrix. The uniform distribution of reinforcements leads to an improvement
in the mechanical properties of the weldment.
Keywords
gas tungsten arc welding, filler metal fabrication, friction stir processing, 5083 aluminium alloy, impact
energy, tensile fracture.
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Introduction
The unique properties of 5083 aluminium, such as its light weight, high strength, and resistance to
corrosion, make it an ideal material for use in marine industries and other structural applications. Thus,
aluminium welding plays an important role in these industries. Due to melting and solidification as
well as thermal effects on the surrounding area, the strength properties of the welding zone decrease.
Different theories exist for strengthening mechanisms in metal matrix composites using nanoparticles.
Adding nanoparticles to the welding zone leads to an increase in strength properties. However, the
elongation and impact energy decrease (Mansoor and Shahid, 2015; Mazahery and Ostadshabani,
2011).
Fattahi et al., (2012) studied the influence of Ti-containing inclusions on mechanical properties
in multi-pass welding of a low-carbon steel. Results showed that by increasing the amount of
titanium oxide nanoparticles in the electrode coating, the tensile properties and impact toughness of
the welded parts improved. Fattahi et al., (2013) developed a new technique for strengthening coldworked aluminium in gas tungsten arc welding (GTAW). A ﬁller metal containing multi-walled carbon
nanotubes (MWCNT) produced by powder metallurgy was utilized to improve the mechanical properties
of the welded metal. Fattahi et al., (2015) used Al/TiC composite ﬁllers fabricated by accumulative roll
bonding (ARB) for the welding of aluminium and illustrated that the tensile strength of the welding
zone was improved and the hardness increased from 64 to 93 Vickers micro hardness due to the use of
Al/TiC composite fillers.
It should be pointed out that the existing processing techniques for the fabrication of nanoreinforced filler are based on liquid phase processing at high temperatures, powder metallurgy (PM),
and severe plastic deformation. In liquid phase processing, it is hard to avoid the interfacial reaction
between reinforcement and metal matrix and the formation of some detrimental phases. In the PM
method, secondary processing methods such as extrusion and rolling are essential to fully consolidate
the composite. The fabrication of nano-reinforced filler by most plastic deformation methods such
as ARB is complicated. Friction stir processing (FSP) appears to offer another route to incorporate
ceramic particles into the metal matrix to form bulk composites. The severe plastic deformation and
material flow in the stirred zone (SZ) during FSP can be utilized to modify the bulk alloy composition
through the mixing of other elements or second phases into the stirred alloys (Patel, Badheka, and
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Kumar, 2016). FSP is characterized by unique features like the
low amount of heat generated (processing temperature is below
solidus temperature) and severe plastic deformation. Hence,
FSP can be used to refine the microstructure of the welding
zone (about 90% reduction in grain size of the welding zone)
(Fuller and Mahoney, 2006), modify the casting structure,
improve surface properties, increase the fatigue strength of
the 5083 alumimium MIG fusion weld by 30% at 107 cycles
(Fuller and Mahoney, 2006), and to achieve superplasticity in
5083 aluminium alloy (by 290% in elongation at 250°C) (Patel,
Badheka, and Kumar, 2016).
Different studies have shown similar results regarding the
improved mechanical properties of weldments achieved by adding
nanoparticles in the welding zone (Fattahi et al., 2013, 2014).
However, the agglomeration of nanoparticles and the presence
of welding defects (such as porosity) can lead to a decrease
in mechanical properties, including strength, elongation, and
fracture toughness. By employing FSP, the mechanical properties
and microstructure can be improved (Mishra and Ma, 2005). FSP
uses the method known as friction stir welding (FSW), which
although it can be used to modify the local microstructure it
does not join metal together (Ma, 2008). A number of studies
have reported the effectiveness of FSP in casting and welding
(Borrego et al., 2014; Gregson and Harris, 2002). Fuller and
Mahoney (2006) suggested that the application of FSP to
aluminium weldments leads to an improvement in the tensile
properties of 5083-H321/5356 arc welds. Kianezhad and
Honarbakhsh Raouf (2019) showed that using a filler containing
nano-Al2O3 particles and post-weld FSP led to an improvement
in hardness and strength of the welding zone. In the present

study, fillers containing different amounts of nano-Al2O3 particles
were fabricated using FSP. The single-pass welds were made
using GTAW. To achieve a uniform distribution of nano-Al2O3
particles, FSP was applied to the welding zone. Subsequently,
tensile properties, impact energy, and the fracture surfaces of the
weldments were evaluated.

Materials, methods, and tests
Materials and methods
Commercial aluminium alloy 5083 rolled plates with the chemical
composition 5% Mg, 0.57% Mn, 0.15% Si, 0.35% Fe, 0.05%
Cu, 0.05% Cr, and 0.02% Zn, (balance Al) were used as starting
material. The 6 mm thick plates were cut to a size of 210 × 28 ×
6 mm. Several grooves with a depth of 3.8 mm, 1 mm in width,
and required length were machined on both sides of each strip
and 30 nm nano-Al2O3 powder was inserted into each groove as
shown in Figure 1a.
FSP was utilized for the production of welding fillers
containing nano-Al2O3 particles as illustrated in Figure 1. To
insert the nano-Al2O3 powders, five grooves with a depth of
3.8 mm, 1 mm in width, and the required length were machined
on both sides of the plates. In order to prevent sputtering of Al2O3
powder and its ejection from the grooves during the process, the
groove’s gap was closed by a tool that had only a shoulder and
no pin. To achieve a homogeneous distribution of nano-Al2O3
particles, samples were subjected to three passes of FSP for each
path (shown in Figures 1b and 1c). All passes were carried out
sequentially in the same direction. A hardened H-13 tool steel
cylindrical threaded pin (5 mm in diameter; 4.5 mm in length,

Figure 1—(a) Grooves utilized on 5083 aluminium to insert nanoparticles, (b) production of the composite filler using friction stir processing, (c) schematic of tool
traverse along the strip, and (d) schematic view of the tool position relatively to the TIG welded plate
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with a shoulder diameter of 16 mm) was used as the pin in FSP.
FSP was performed with a rotation speed of 900 r/min, travel
speed 28 mm/min, and a 5° tilting angle of the pin. Then, the
plates were cut into 200 × 3 × 6 mm pieces, and fillers containing
nano-Al2O3 particles were produced.
Sets of seven coupons of 5083-H112 aluminium alloy
with a single V-shaped groove, width 6 mm, and an angle of
60° were welded using ER5183 filler metal (for conventional
fusion welding) and fillers contained 0.75, 1.5, and 2.5% by
volume nano-Al2O3 particles. The coupons were made using
GTAW. Single-pass welding was carried out using a current of
140-160 A, voltage 20 V (AC), gas flow rate 13-15 l/min, and
welding velocity of 1.6-1.9 mm/s. A groove angle of 60°, 6 mm
deep, was used for welding under 100% Ar as the shielding
gas. The surface of the welded zone was machined to eliminate
the weld bead. To modify the local microstructure and obtain a
homogeneous distribution of the reinforcing particles, FSP was
performed on the welding zone using a cylindrical threaded
hardened H-13 tool steel pin. The pin diameter, shoulder
diameter, pin length, and tilt angle were 4 mm, 17 mm, 4.5
mm, and 5 degrees, respectively. The rotation speed of the pin
was 1400 r/min, and the travel speed 28 mm/min. The tool
traversed along the welding zone for three passes on each side. A
schematic view of the process is shown in Figure 1d. All passes
were carried out sequentially in the same direction, with no
time for the sample to cool to room temperature. The following
terminology was used to identify the test specimens: base
(Al5083-H112 plate), simple weld (joint welded using ER5183
filler wire), and simple weld plus FSP (joint welded using ER5183
filler wire followed by six friction-stir passes). The specimens
welded using fillers containing 0.75, 1.5, and 2.5 vol% nanoAl2O3 powders were identified by the numbers 0.75, 1.5, and 2.5,
respectively, and the specimens identified as 0.75+FSP, 1.5+FSP
and 2.5+FSP each underwent six friction-stir passes in the weld
zone.

Test work
Three sub-sized tensile test specimens with 25 mm gauge length
and 6 mm width were made from the weldment (the welding
zone was in the middle of the tensile test specimen) according to
ASTM B 557M. Tensile tests were performed using a SANTAM
universal tensile test machine model STM-400, at a constant
cross-head velocity and at room temperature of 20°C. The initial
strain rate was 6.67 × 10–4 s–1. The Charpy impact test was carried
out at room temperature to evaluate the impact behaviour of
the weldments. Sub-sized specimens (10 × 5 × 55 mm3) with
a 45° V-notch of 2 mm depth and 0.25 mm root radius at the
FSP’d zone were made according to ASTM E23. Microstructural
characterization was performed using optical microscopy (DM400
M model, Leica) and scanning electron microscopy (Mira3 model,
TESCAN). For metallographic examination, the specimens were
cross-sectioned perpendicular to the welding direction. After
preparation, the specimens were etched with 50 ml of Poulton’s
reagent solution (12 ml HCl + 6 ml HNO3 + 1 ml HF (40%) +
1ml H2O) + 25 ml HNO3 + 40 ml (3 g) CrO3 in 100 ml H2O) for
55 seconds in order to accentuate the grain boundaries. For
observing different phases, the samples were etched with 0.5%
HF solution for 7 seconds. For macroscopic observation, the
samples were etched with 75 ml HCl + 25 ml HNO3 + 5 ml HF
+ 25 ml distilled H2O solution for 35 seconds (Kianezhad and
Honarbakhsh Raouf, 2019). Dispersion of nano-Al2O3 particles
The Journal of the Southern African Institute of Mining and Metallurgy

was studied using a scanning electron microscope (SEM)
equipped with silicon drift detector (SAMx) and energy dispersive
spectroscopy (EDS). Also, fracture surface characterization of the
samples was studied using the SEM.

Results and discussion
Tensile test properties
The yield strength, tensile strength, and elongation to fracture
of different tensile test specimens are presented in Figure 2a.
When the welding zone yield strength values are plotted as a
function of the reciprocal square root of grain size of the welding
zone, yield strength can be approximated through a Hall-Petch
relationship as shown in Figure 2b.
The yield strength, tensile strength, and elongation of the
weldments decreased from 175 MPa, 320 MPa, and 21% (for
the base metal) to 131 MPa, 268 MPa, and 19% (for the ‘simple
weld’ specimen), respectively, due to the equivalent cast arc-weld
microstructure of the weldment (Fuller and Mahoney, 2006).
Large grain size, the presence of welding defects, and residual
stress can affect the mechanical properties of the welding zone.
Adding nanoparticles to the welding zone (such as for the ‘1.5’
specimen) slightly increased the yield strength of the welded
part (about 8%), but the tensile strength and elongation were
decreased (about 23% and 63%, respectively). In addition to the
factors mentioned above, agglomerated nanoparticles are suitable
sites for the nucleation of cracks and porosity (see Figure 3a).
Due to particle dispersion, large dislocation pile-ups occurred
at the sites. The pile-ups will contribute to high stresses, the easy
initiation of micro-cracks, and brittle behaviour (Dieter, 1988).
Application of FSP to the welding zone increased the yield
strength, tensile strength, and elongation to fracture from
131 MPa, 268 MPa, and 19%, respectively, for the ‘simple weld’
specimen to 153 MPa, 304 MPa, and 23%, respectively, for the
‘simple weld + FSP’ specimen because of the grain refinement of
the welding zone and the removal of welding defects (especially
porosity) (Kianezhad and Honarbakhsh Raouf, 2019). The crosssectional microstructure of the welding zones and FSP’d zones
is illustrated in Figure 4. The grain size decreased from 94.7 µm
(for the ‘simple weld’) to 4.9 µm (for the ‘simple weld + FSP’).
Fine and equiaxed grains were formed within the Al matrix
because of the dynamic recrystallization during FSP (Huang et
al., 2016), which is caused by the frictional heat and intense
plastic deformation of the material (see Figures 4a and 4b). Grain
refinement by FSP could be a promising route to increase the
yield strength (Karbalaei Akbari, Baharvandi, and Mirzaee, 2014;
Patel, Badheka, and Kumar, 2016). The stress can be enhanced
at grain boundaries due to the formation of dislocation pile-ups,
and yielding takes place when the stress is large enough to cause
the slip to propagate from one grain to the next (Hansen, 2004).
The presence of nano-Al2O3 particles and the post-weld FSP
led to an improvement in the strength properties of the untreated
weldments. The elongation to fracture decreased because of
the presence of nano-Al2O3 particles in the welding zone. The
maximum strength properties were attained in the ‘1.5 + FSP’
specimen in comparison with the ‘simple weld’ specimen.
Significant improvements in yield strength (29%) and tensile
strength (about 18%) of the weldment were attained in the ‘1.5 +
FSP’ specimen, but the elongation to fracture decreased by 30%.
Also, in comparison with the ‘simple weld + FSP’ specimen,
the yield strength and tensile strength were increased by 10.5%
and 3.6%, respectively, but the elongation was decreased by
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Figure 2—(a) The yield strength, tensile strength, and elongation to fracture of different tensile test specimens. (b) The yield strength of the welding zone plotted as
a function of inverse, square-root of the grain size of the welding zone

42%. By applying FSP to the welding zone (welded by filler wires
containing nanoparticles) the particles were uniformly dispersed
in the matrix and the size of the reinforcements was decreased
(see Figure 3b). During subsequent FSP passes, the plastic
deformation of the material was more severe, and the stirred
material deformed more easily, uniformly distributing the Al2O3
particles in the SZ. The uniform distribution of nanoparticles and
fragmentation of clusters may be due to the more severe plastic
deformation (Sharifitabar, 2011).
The small particle size and good distribution of the Al2O3
particles, which was confirmed by SEM micrographs, and low
degree of porosity in the FSP’d specimens (see Figure 4) led to
the effective transfer of applied tensile load to the uniformly
distributed, strong Al2O3 particulates (Sharifitabar, 2011).
Fine nano-Al2O3 particles are an important factor in the high
strength of the weldment. Also, applying FSP to the welding
zone decreased the size and aspect ratio of the other phases
(see Figures 4c and 4d), and increased the quality of matrixreinforcing particle bonding (Kianezhad and Honarbakhsh Raouf,
2019). Therefore, crack initiation at the sites was retarded.
The generation of dislocations due to the difference in the
thermal expansion coefficients of the matrix and reinforcing

▶

280

APRIL 2020

VOLUME 120

particles and interaction of dislocations with nanoparticles
(Orowan strengthening mechanism) increased the strain
hardening rate and, therefore, improved the strength (Fattahi et
al., 2014). The removal of the welding defects, such as porosity
(see Figures 4e, 4f, and 4g) and precipitation strengthening
due to a higher volume of precipitates (e.g. Al-Fe-Mn) are
also hypothesised to improve the mechanical properties of the
weldment. For all the reasons stated, FSP led to an improvement
in the mechanical properties (including strength and elongation)
of the weldments.

Fractography of the tensile test specimens
Macroscopic fracture properties of the samples are listed in
Table I. Macroscopic observation of the welded specimens
containing nano-Al2O3 particles showed brittle fracture with flat
surfaces; the breakdown position of the welded sample was at the
middle of the tensile specimens and necking was not observed.
The appearance of the fracture was granular and the strain
to fracture was negligible. However, for the FSP’d specimens,
a ductile fracture surface with shear angle of about 45° was
observed. A small amount of necking occurred near the fracture
surface, with a fibrous appearance.
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 3—SEM micrographs of the welding zone containing nano-Al2O3 particles. (a) Agglomeration of nanoparticles in the welding zone of the ‘0.75’ specimen,
(b) and (c) the distribution of nanoparticles in ‘1.5 + FSP’ specimen, (d) dendritic structure in the welding zone of the ‘1.5’ specimen, and (e) the reinforcing particles
were pushed by the solid/liquid to the front during solidification of the ‘1.5’ specimen

SEM micrographs of tensile fracture surfaces of the un-FSP’d
samples are shown in Figure 5. A large difference was seen in
the appearance of the fracture surfaces of the samples. All the
SEM micrographs were in good accordance with corresponding
percentage elongation value in Figure 2a. For the ‘base’ sample
(Figure 5a), dimples were fine with different sizes and depths.
The relatively shallow dimples on the fracture surface of the alloy
can be explained by both a much more uniform deformation in
the alloy and the small size of inclusions in the materials. Larger
dimples were formed in the ‘simple weld’ specimen (Figure 5b).
The Journal of the Southern African Institute of Mining and Metallurgy

Thus, voids were formed on some of the inclusions and were
allowed to grow considerably and coalesce (Kang and Chan,
2004). By adding nano-Al2O3 particles to the welding zone, the
fracture surface changed from dimple mode (for the ‘simple weld’
specimen) to semi-cleavage (for the ‘2.5’ specimen) mode.
During deformation of these specimens, two types of microcracks will be initiated by the particles. Void nucleation can occur
by de-cohesion of the matrix-reinforcement interface and cracked
agglomerated reinforcing particles (Fuller and Mahoney, 2006).
Once a reinforcement has cracked, any additional strain in that
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Figure 4—Optical micrographs of some of the samples. (a) Coarse grains in the ‘1.5’ specimen, (b) refined grain of the nugget zone in the ‘1.5 + FSP’ specimen, (c)
difference in the size of various phases in the ‘1.5’ specimen, (d) refined particles and inclusions of the nugget zone in the ‘1.5 + FSP’ specimen, e.€ macro image of
the weld cross-section in the ‘1.5’ specimen, (f) The microstructure of the welding zone in the ‘1.5’ specimen, and (g) the microstructure of the welding zone in the
‘1.5 + FSP’ specimen

region can be accommodated by the opening of an interparticle
void (Poza and Llorca, 1996). The fracture surfaces of the
‘1.5’ specimen consisted of a bimodal distribution of flat facets
and dimples as shown in Figure 5d. A mixture of dimples and
flat surfaces implies reduced ductility in the ‘1.5’ specimen. In
most cases the large dimples (above 7 µm in mean diameter)
contained second-phase particles. The presence of nano-Al2O3
particles at the bottom of some dimples (Figure 5e) showed that
the agglomeration particulates provide sites for void nucleation
(Kang and Chan, 2004).
A semi-cleavage fracture mode and micrograph of an Al2O3
cluster related to the ‘2.5’ specimen are shown in Figure 5f. The
change in the mode of fracture from dimple-ductile to quasicleavage can be related to the accumulation of nano-Al2O3
particles. The unfractured nano-Al2O3 particles were related to
de-cohesion between the matrix and reinforcement. Al2O3 clusters
do not bond strongly with the matrix. This leads to nucleation
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of micro-voids in the welding zone. Also, these clusters promote
dislocation creation, stress concentration, and easy crack
propagation at agglomerated particles, which have an effect on
tensile properties. The presence of porosity (see Figure 4) in the
welding zone can lead to matrix deterioration. During welding
of the specimen with fillers containing nanoparticles, because
the reinforcing particles were pushed by the solid/liquid to the
front during solidification (see Figures 3c and 3d), the particles
were segregated in the interdendritic region where the last step
of solidification occurred (Zhong, 1996) and restricted the flow of
liquid before the composite was completely solidified. Therefore,
micro-cavities can be formed in these regions. Many cavities
were produced by solidification, and deformation weakened the
interdendritic regions (Zhong, 1996).
The tensile test fracture surfaces of the FSP’d specimens were
dominated by dimples (see Figure 6). As seen in the ‘simple weld’
specimen, the homogeneity of the dimple sizes related to the
The Journal of the Southern African Institute of Mining and Metallurgy
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Table I

The macroscopic fracture properties related to the tensile test samples
Specimen

Appearance of
fracture (fibrous/
granular)

Fracture angle
(related to tensile
axis)

Strain to fracture
(brittle/ductile)

Fracture position

Yield stress of
the weldment
(MPa)

Base

Fibrous

45°

Ductile

-

175

Simple weld

Fibrous

About 45°

Ductile

Welding zone

131

Simple weld + FSP

Fibrous

45°

Ductile

Base metal (mostly)

153

0.75

Granular

Perpendicular

Brittle

Welding zone

-

1.5

Granular

Perpendicular

Brittle

Welding zone

141

2.5

Granular

Perpendicular

Brittle

Welding zone

-

0.75 + FSP

Dominantly fibrous

About 45°

Ductile

Welding zone (mostly)

161

1.5 + FSP

Dominantly fibrous

About 45°

Ductile

Welding zone (mostly)

169

2.5 + FSP

Dominantly fibrous

About 45°

Ductile

Welding zone

157

Figure 5 – SEM micrographs of fracture surfaces of the tensile test specimens. (a) ‘Base’, (b) ‘simple weld’, (c) ‘0.75’, (d) ‘1.5’, (e) inclusions and reinforcing particles
at the bottom of the dimples in the ‘1.5’ specimen, and (f) agglomerated nano-Al2O3 particles on the fracture surface of the ‘2.5’ specimen

‘simple weld + FSP’ specimen decreased. The dimple size related
to the ‘simple weld + FSP’ was very small due to the formation of
ultrafine grains (Fattahi, 2014) and the fracturing of dispersed
second phases. As mentioned before, SEM views of the area of
the final fracture in the ‘1.5’ specimen revealed dimples in some
The Journal of the Southern African Institute of Mining and Metallurgy

regions and cleavage plane facets in others. The dimples in the
fracture surface of the ‘1.5 + FSP’ specimen (Figure 6c) indicate
that the ductility of the specimen was improved. The difference
indicates more plastic deformation in the ‘1.5 + FSP’ specimen than
in the ‘1.5’ specimen. However, for the ’1.5 + FSP’ specimen (see
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Figure 6—SEM micrographs of the fracture surfaces of the FSP’d specimens. (a) ‘Simple weld + FSP’,(b) ‘0.75 + FSP’, (c) ‘1.5 + FSP’, and (d) ‘2.5 + FSP’

Figure 6c), the centres of some dimples were free from any secondphase particles. Hence, micro-voids are basically initiated in the
matrix instead of particles or particle-matrix interface. Final failure
occurred by coalescence of small voids in the matrix.
There is a similar situation for other FSP’d specimen as
shown in Figure 6. For the ‘2.5’ specimen, the fracture mode
was basically cleavage. Shallow dimples were observed in some
areas of the welding zone. Ductile fracture morphology was found
in the ‘2.5 + FSP’ sample, which confirms the improvement in
ductility. Among the FSP’d specimens containing nano-Al2O3
particles, there were some notably differences between the size
and depth of dimples. The fracture surface of the ‘2.5 + FSP’
specimen consisted of finer dimples than other FSP’d specimens,
which correlated with the amount of nano-Al2O3 particles in the
welding zone.

Impact test properties
Macroscopic photographs of fracture surfaces of the impact test
specimens are shown in Figure 7. The lateral expansion shows
that the fracture is ductile. Figure 8 shows SEM micrographs of
impact test fracture surfaces of some specimens. All the fracture
surfaces presented a ductile fracture morphology involving the
nucleation, growth, and coalescence of voids. There are voids and
dimples in different sizes and shapes in the fracture surfaces.
Figure 8 shows that by increasing the nanoparticle content in
post-weld FSP specimens, the size of the dimples decreased. The
presence of second-phase particles at the bottom of some dimples
indicates that fracture was basically initiated in the particles. The
particles are suitable for micro-crack nucleation.
The weldment impact energy of the specimens is shown
in Figure 9. Also, the strength versus impact energy of the
samples is shown in Figure 10. It can be seen that the impact
energy is increased by increasing the strength properties of the
samples. The results show that the impact energy of aluminium
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Figure 7—Macroscopic photographs of fracture surfaces of the impact test
specimens. (a) ‘Base’, (b) ‘simple weld’, (c) ‘simple weld + FSP’, (d) ‘0.75
+ FSP’, e ‘1.5 + FSP’, and (f) ‘2.5 + FSP’. The lateral expansion and fibrous
appearance indicate that the fracture mode is ductile

weldments with 5183 filler metals was significantly reduced due
to coarsening in the grain structure of the matrix material and
the presence of welding defects. The appearance of pores in the
matrix degraded the impact energy of the welding zone, because
pores can act as micro-crack initiators during deformation.
Maximum impact energy among the FSP’d specimens was found
in the ‘simple weld + FSP’ specimen. The application of FSP to
the welding zone increased the impact energy by 68%. Compared
to the ’simple weld’, the impact energy of the ‘0.75 + FSP’, ‘1.5
+ FSP’, and ‘2.5 + FSP’ specimens increased by 56%, 34%,
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 8—SEM micrographs of impact test fracture surfaces. (a) Base’, (b) ‘simple weld’, (c) ‘simple weld + FSP’, (d) ‘0.75 + FSP’, e ‘1.5 + FSP’, and (f) ‘2.5 + FSP’

Figure 9—The impact energy of the specimens (at least three samples per
condition)

and 10%, respectively. This was due to grain size refinement,
removal of the welding defect, homogeneous distribution of and
decrease in the size and the aspect ratio of the second phases
(which increased resistance to cracking (Dieter, 1988) during
FSP. Increasing the amount of nano-Al2O3 particles decreased the
impact energy of the weldment. The lower impact energy of these
specimens can be attributed to the presence of brittle reinforcing
particles, which may act as a stress concentration area (Ozden,
2007).
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 10—The strength of the samples versus impact energy

Conclusions
➤	Adding nano-Al2O3 particles to the welding zone led to a
deterioration in the tensile properties of the weldment. The
fracture surface was changed from ductile mode (for the
‘simple weld’ specimen) to semi-cleavage mode (for the
‘2.5’ specimen containing nanoparticles), which could be
related to the accumulation of nano-Al2O3 particles. The
unfractured nano-Al2O3 particles were related to de-cohesion
between the matrix and reinforcement.
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➤	Applying FSP to weldments significantly improved
performance in terms of yield and ultimate strengths,
as well as elongation (by 21%). The yield strength
improvement of some 17% could prove useful in higher
stressed weld areas. Also, the presence of nano-Al2O3
particles and the post-weld FSP led to an improvement
in the yield strength and ultimate strength properties of
the weldments (by 29% and 17.5% respectively). The
elongation to fracture decreased because of the presence of
nano-Al2O3 particles in the welding zone.
➤	In comparison to the weldment welded with ER5183 filler
wires, a 29% increase in yield strength, 18% increase
in tensile strength, and a 30% decrease in elongation
were attained in the specimens welded using filler wires
containing nano-Al2O3 particles and post-weld FSP. The
tensile test fractured surfaces of the FSP’d specimens were
dominated by dimples. Micro-voids were basically initiated
in the matrix instead of at particles or the particle-matrix
interface. Final failure occurred by coalescence of small
voids in the matrix. Increasing the concentration of nanoAl2O3 particles in the FSP’ specimen led to finer dimples.
➤	Applying FSP to the welding zone led to an improvement in
the impact energy of the weldment by up to 68%. Moreover,
in comparison with the ‘simple weld’, the impact energies
of the ‘0.75 + FSP’, ‘1.5 + FSP’, and ‘2.5 + FSP’ specimens
increased by 56%, 34%, and 10%, respectively. The lower
impact energies of these specimens can be attributed to the
presence of brittle reinforcing particles, which may act as a
stress concentration area. The impact test fracture surfaces of
FSP’d specimens were dominated by dimples. By increasing
the nanoparticle concentration in the welding zone, the size
of the dimples decreased. The presence of second-phase
particles at the bottom of some dimples showed that the
cracks were basically initiated in the particles.
➤	Grain size refinement of the welding zone, removal of the
welding defect, the generation of dislocations, increasing
the quality of matrix-reinforcing particle bonding, and
homogeneous distribution and decreased aspect ratio
of the second-phase particles during FSP contributed to
an improvement in the mechanical properties, including
strength, elongation, and fracture toughness of the
weldments.
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Synopsis
Air and water pollution are among the most significant environmental problems facing the communities
living in and around the copper mining areas in Zambia. It is a complex issue, which cuts across the
environmental, social, economic, and political dimensions. Despite recent investments and technological
improvements to capture sulphur dioxide emissions and minimize the discharge of mine effluents into
natural streams, there are still numerous reports that cite air and water pollution problems. The aim of
this study was to investigate the effects of sulphur dioxide emissions and mine effluent discharge on air
and water quality in Kankoyo Township of Mufulira district.
The investigation involved sampling of the ambient air, mine effluents, and domestic water and
determination of sulphur dioxide and various water quality parameters. The results indicated significant
improvements in sulphur dioxide capture and subsequent reductions in sulphur dioxide emissions from
the copper smelter. The average sulphur capture was 48% from 2007 to 2013 and about 94% from 2014
to 2018. However, the average annual sulphur dioxide level for 2017/2018 was 144.5 µg/m3 per 24 hours,
which is 15.6% above the statutory limit of 125 µg/m3 in ambient air. The general water quality meets
the statutory limits, despite the fact that the water quality in this area may be affected not only by the
mining activities, but also by the dilapidated water infrastructure, which may be a further source of
contamination from intrusion by surface run-off and sewage leakage.
Keywords
environment, pollution, effluent, SO2 emissions.

Introduction
The problems of air and water pollution in Kankoyo Township began with the installation of two copper
reverberatory smelting furnaces in 1937 (Ross and Vries, 2005). At that time there was no provision
for capturing sulphur dioxide (SO2), and any SO2 emissions were vented directly into the atmosphere,
resulting in many environmental and social impacts. The other contributing factor was the expansion
of mining activities from the early 1940s to the present day. Thus, the current air and water pollution
issues in Kankoyo Township are to some extent historical in nature, and have attracted interest from
the local and international communities. However, the mining operations in this area have undergone
several process and infrastructure upgrades and expansions, such as the replacement of the old electric
furnace with an ISASmelt furnace and matte electric settling furnace (MSEF) which have resulted in
significant operational transformations over the past decades (Alistair et al., 2012). This section gives a
review of the key technological changes that have taken place, as well as challenges of the persistent air
and water pollution problems that Kankoyo residents have faced over the years.

Significance of the study
The quality of air and water is at the core of the survival of human beings. The demand for clean
air and water is at the top of the agenda on all governmental programmes at both national and
international levels. A study of this kind is very important because it provides the most recent and
relevant information on the status of air and water quality in Kankoyo Township, which can be used
to assist stakeholders in making informed policy decisions to mitigate the impacts of environmental
pollution arising from the mining activities. Similar studies have been done in the past by various
authors (Mwaanga et al., 2019; Elisha, Clement, and Jhonnah, 2012; Chipatu, 2011), but these have
not all provided updated information on the current pollution trends, including the sustainability aspect
of mining and the environment.
The Journal of the Southern African Institute of Mining and Metallurgy
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Causes of air pollution
The gaseous fugitive emissions – mainly oxides of sulphur,
acid mists, and particulate matter – from the copper smelter
and sulphuric acid plants are the major cause of air pollution
in Kankoyo Township (CPTD, 2010). Since the upgrade
of the copper smelting process, many improvements have
taken place, e.g. production of sulphuric acid from SO2 gas
emissions, and also the application of more efficient pollution
control technologies such as improvements in the conversion,
absorption, and cleaning stages of gas emissions, which have
greatly enhanced the process efficiencies leading to significant
improvement in air pollution control (Ross and Vries, 2005)

Causes of water pollution
The possible sources of water contamination from the Mufulira
operations include seepage and erosion from old tailings ponds,
and release of process water from mining operations and
metallurgical processing plants. Therefore, there is need for
proper management of these point sources to minimize water
contamination. Apparently, the tailing dams are approximately 10
km downstream from Kankoyo Township and discharge from the
tailings dams flows outside the township into the Mufulira stream
and finally into the Kafue River.
The demand for water in all sectors of the economy is such
that sustainable management of water resources is critical. The
mining industry in Zambia consumes a lot of water for various
process requirements and at the same time generates thousands
of cubic litres of mine waste waters and related hazardous
effluents per day. Konkola mine (though not part of this study,
being located about 35 km west of Mufulira mine, upstream on
the Kafue River) is one of the wettest underground mine in the
world; it pumps an average of 300 000 m3/d of water into the
Kafue River (Mulenga, 1993).

Effects of air and water pollution in Kankoyo
Mining activities in Zambia are a major contributor to air
and water problems, especially in the copper mining region.
Emissions from the copper smelting and sulphuric acid
production plants are among the major sources of air pollution
in Kankoyo Township. The effects of air and water pollution in
Kankoyo include the degradation of roofing sheets, wall plaster,
and paint on the housing structures (Stephen and Wilson, 2017).
Previous studies in Zambia have shown high concentrations of
sulphur dioxide emissions that are above regulatory standards.
According to Simukanga et al. (2010), the SO2 concentration
levels, measured as two-week means, within the copper
smelter plant area were well in excess of the World Health
Organization (WHO) and Zambian 24-hour guideline value
(125 μg/m3). These levels give rise to concerns for the health of
the communities living near the plants.

Nature of the air pollution problem
The nature of air pollution in Kankoyo Township is a historical
and complex problem which can be traced back to 1937, when
the first reverberatory furnaces were installed at Mufulira mine.
Thus, sulphur dioxide gases have been released into the nearby
Kankoyo Township, which is located on the downwind side of
Mopani copper smelter, for over eight decades. According to Jones
(2015), ’Mopani Copper Mines commissioned their ISASmelt
plant at Mufulira mine site in Zambia’s Copperbelt in 2006. It was
designed to initially smelt 650 000 tonnes per annum of copper
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concentrate, with the potential to expand to 850 000 tonnes
per annum in the future. Mopani’s ISASmelt plant replaced
their existing electric smelting furnace, which were introduced
in 1971 to replace the original reverberatory furnaces. The
plant comprised a new feed preparation system, electric settling
furnace, waste heat boiler, electrostatic precipitator, gas cleaning
plant, oxygen plant and acid plant. The improvements were
also made to the converter aisle and anode plants’. Although
the technological improvements have helped to reduce sulphur
dioxide emissions by 92% by 2018, fugitive sulphur dioxide
emissions still remain the major air pollution problem in Kankoyo
Township. According to the World Bank (2002), the potential
human health impact from the emissions of sulphur dioxide
includes respiratory symptoms, increased morbidity from
respiratory diseases, and increased mortality, especially from
cardiopulmonary disease.

Nature of the water pollution problem
Water pollution in Kankoyo Township is mainly a result of the
poor and dilapidated water infrastructural network as revealed
from the field study. The township’s water supply pipes are old
and in poor condition, constituting a potential source of water
contamination, especially when there is a massive sewer blockage
and overflow, which is likely to mix with drinking water, as
shown by the outbreak of typhoid fever in 2012 (Syapiila, 2018).
‘The old and damaged sewer and water pipelines, which run next
to each other from the main water pump to the township, were
the suspected source of typhoid fever infection’. Nearly all the
township houses, apart from a few housing units which receive
communal supplement water supply from Mopani Copper Mines,
are supplied with water from Mulonga Water and Sewerage
Company (MWSC), a local water utility. The test results from
the samples collected in this research indicate impurity levels
in compliance with the international and statutory limits for
domestic and effluent water discharges respectively, and few
incidences of water pollution have been reported in Kankoyo
Township.

Conceptual framework
The conceptual framework given below summarizes the broad
themes (social, environmental, and economic) of responsible
mining that the mining companies need to focus on in order for
their operations to be sustainable. It presents the interactions
among the mining firms, the community, and the natural
ecosystems.
Figure 1 shows the proposed conceptual framework for
sustainable mining and environmental management. Sustainable
development is an ongoing process, and not a temporary
undertaking. It ensures the protection of natural resources and
the environment. It also emphasises care for the employee at the
workplace and community development in the area of the mining
environment (Jozef, 2013).

Environmental sustainability
This section summarizes some important sustainability issues
in the Zambian mining industry, illustrates the sector’s best
practices, and suggests sustainable practices for mining.
Environmental stewardship is the keystone to sustainability in
mining and industry (Zvarivadza, 2015).
Environmental degradation in Kankoyo Township is evident
in the degraded physical structures or buildings, dust, air
pollution, and surface and groundwater. This is also coupled
The Journal of the Southern African Institute of Mining and Metallurgy
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quantitative techniques. Specific techniques employed include
laboratory test work and individual interviews with key
informants, mainly the residents of Kankoyo Township. The
study was also based on a substantive review of the publications
by various scholars and researchers.

Case study location
Kankoyo Township is an old mining community located on the
western side of Mufulira district near Mopani Copper Mines plc
(MCM) operations. It is one of the low-cost and most densely
populated areas in Mufulira district (Figure 2). The township is
one of the major settlements in Kankoyo constituency with a total
population of 45 258 people (22 754 males and 22 504 females)
(CSO, 2013). According to Action Aid’s (2015) Zambia study
report, ‘… apart from a few people in Kankoyo working for the
mines, the greater population is unemployed and a few people are
engaged in informal trading of assorted merchandise’.
The study was focused mainly on the built-up settlement
of Kankoyo Township, where most of the waters samples were
collected (Figure 3).

Figure 1—Proposed conceptual framework for sustainable mining
operations and environmental management

with social and economic impacts. Therefore, mining companies
must be aware of the potential impacts of their activities, and
plan and execute strategies to have positive net outcomes that are
sustainable in the long term. Mining companies, by virtue of their
complexity, have always sought ways of improving productivity
and reducing operational costs through adoption of various
strategies such as reducing labour costs, and implementing
austerity cost and safety measures. A mine must be profitable in
order to be sustainable (IFC-World Bank, 2014).
A sustainable mining development takes cognisance of its
impacts on the environment and adopts appropriate measures
to address such impacts (Zvarivadza, 2015). Sustainable
mining is about balancing financial, social, and environmental
issues, to ensure the success of the company as well as
the sustainable livelihoods of the communities. It involves
community engagement and investments, respecting human
rights, protecting the environment, being transparent, and
acting with integrity (IFC-World Bank, 2014). It is a tool for
balancing economic, social, and environmental considerations.
Although the mining industry in Zambia has contributed greatly
to the economic growth of the country, it has also contributed
to the increase in environmental degradation. Some of the
environmental hazards associated with mining activities in
Kankoyo Township are listed in Table I.

Data collection and analysis
The field-based case study was both quantitative and qualitative
in scope. The field work involved detailed observations of the
copper smelter and acid plant emissions and mine effluent
discharge, and the collection of water samples from 31 selected
households. Seven weather stations for monitoring of sulphur
dioxide levels (Table II) located at strategic sites in Mufulira
district were used for collection of air quality data. Furthermore,
mine water effluents were sampled at a few critical points within
and outside the mining site to obtain additional information on
the effects and extent of water pollution in Kankoyo Township.
The sampling period for air quality was 18 months (i.e. from
January 2017 to June 2018) at an average of 16 to 24 hours
duration. and for water samples, 7 months (from January 2018 to
July 2018).
The target population was specifically Kankoyo Township,
including other strategic sites (i.e. the market and police post)
around and within the township. Thus, the target population
tended to be randomly selected based on the settlement
plan. Structured questionnaires were also administered to
31 households/residents of Kankoyo to collecting additional
information for research use.

Air quality samples
The air samples considered in this study were taken from the
ambient air in Kankoyo Township and other selected parts of
the Mufulira district. The locations of the seven air-sampling

Materials and methods
This study involved a combination of both qualitative and

Table I

Environmental hazards associated with mining activities – typical of Kankoyo Township and community
Mine creation
• Deforestation and destruction of animal
•
habitats, particularly in the supply of
•
firewood used in copper smelters
•
• Use of native land and officially
protected natural areas
• Creation of potentially toxic waste rock
•
			
			

Extraction

Smelting and refining

Creation of mine waste with toxic emissions
Water table contamination
Acid mine drainage: sulfides in waste rock react
with water to produce sulphuric acid; including use
of sulphuric acid for heap leaching of oxide ores
Disposal of tailings from concentrator process plants

• Major energy consumer
• Major air polluter
- Primarily release of sulphur dioxide, acid mists,
major components of smog and acid rains
- Contributes to respiratory illnesses and possibly other
diseases due to emissions of fine dust such flu dust
• Disposal of granulated slag from the copper smelters
• Contamination of river water from mine effluents.

Adapted from: (Lins & Horwitz, 2007)
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Figure 2—Map showing location of Kankoyo Township in Mufulira district (adapted from Chipatu, 2011)

Figure 3—Map showing the water sampling pionts in Kankoyo Township and surrounding areas (adapted from Chipatu, 20011)

stations are given in Table II. These air sampling and monitoring
stations have state-of-the-art equipment, which uses the S5001
SO2 analyser series to perform sulphur dioxide measurements
over a range of 0–2 ppm with a lower detection limit (LDL) of
0.5 ppb. The measurement of sulphur dioxide is based on X-ray
fluorescence spectroscopy (XRF) principles. Sulphur dioxide
(SO2) exhibits a strong ultraviolet (UV) absorption spectrum
between 200 and 240 nm, and so when SO2 absorbs UV from
this range, emission of photons occurs at 300–400 nm. The
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amount of fluorescence emitted is directly proportional to the SO2
concentration (Ecotech, (2011).

Results
Water samples
The water samples referred to in this study are of two types: mine
effluents and domestic water. These were all analysed by wet
chemistry methods using an ICP-OES finish.
The Journal of the Southern African Institute of Mining and Metallurgy
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Industrial/mine effluents

Table II

Location of the 7 air sampling stations
Sampling Station
		
		
		

		
		
		

Eleven mine effluent samples were collected from the existing
mine effluent discharge points, eight of which were located
within the mine site and three outside the mine site. The reason
for sampling these points was to find out the levels of pollutants
(sulphates, copper, cobalt, iron, manganese etc.) from the
mine source and also to track them downstream before finally
discharging into the main natural drainage (Kafue River). The
results are shown in Tables III and IV.

Location

Kankoyo station

< 1 km on the western side of the Copper
Smelting Plant

Kantanshi Clinic 3

< 1 km on the southern side of the Copper
Smelting Plant

Kantanshi Clinic 6

< 2 km on the south eastern side of the
Copper Smelting Plant

Eastlea Clinic 9

High cost residential area

Kamuchanga station

> 6 km on the southern side of the
Copper Smelting Plant

Malcolm Watson Hospital station

Central town area within 2 km radius from
the Copper Smelting Plant

Butondo station

> 4 km on the western side of the Copper
Smelting Plant

Domestic water
Twenty-nine sampling points located in the core of Kankoyo
Township were strategically defined for collection of domestic
water samples to determine the water quality of Kankoyo
community with respect to pH, TSS, Pb, Cd, TDS, Fe, Co, Cu, Mn,

Table III

The chemical composition of the effluent sample from the main mine drain discharge (sampling point no. 404)
Date							Measurement parameters
Conductivity Turbidity TCu
DCu
TCo
DCo
TFe
DFe
TMn
µS
NTU
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l mg/l

DMn
mg/l

TDS
mg/l

Sulphates
mg/l

31-Jul-18

1 471.00

30.00

0.97

0.32

0.02

0.02

0.11

0.01

0.27

0.25

736.00

24-Jul-18

1 554.00

22.00

3.62

0.68

0.04

0.03

1.52

0.01

0.21

0.15

777.00

17-Jul-18

1 631.00

35.00

1.31

0.42

0.01

0.01

0.77

0.16

0.18

0.13

10-Jul-18

1 564.00

43.00

0.39

0.06

0.01

0.01

0.20

0.01

0.10

03-Jul-18

1 644.00

61.00

0.66

0.11

0.01

0.01

0.42

0.01

26-Jun-18

1 530.00

29.00

0.73

0.10

0.10

0.01

1.02

19-Jun-18

1 515.00

4.00

0.23

0.07

0.01

0.01

12-Jun-18

1 685.00

44.00

0.89

0.22

0.01

05-Jun-18

1 713.00

64.00

0.07

0.07

29-May-18

1 689.00

18.00

0.65

22-May-18

1 718.00

17.00

15-May-18

1 692.00

08-May-18

TSS
mg/l

pH
-

Pb
mg/l

Cd
mg/l

368.00

26.00

8.60

0.10

0.00

389.00

70.00

7.10

0.10

0.00

816.00

408.00

34.00

8.30

0.00

0.00

0.06

782.00

391.00

36.00

8.30

0.00

0.00

0.10

0.07

822.00

411.00

67.00

8.20

0.00

0.00

0.01

0.08

0.03

766.00

383.00

34.00

8.20

0.00

0.00

0.05

0.01

0.08

0.06

758.00

377.00

8.00

8.40

0.00

0.00

0.01

0.74

0.01

0.16

0.14

826.00

393.00

63.00

8.20

0.20

0.00

0.01

0.01

1.69

0.01

0.25

0.18

840.00

400.00

90.00

7.90

0.00

0.00

0.08

0.01

0.01

0.36

0.04

0.21

0.20

845.00

414.00

28.00

8.70

0.00

0.00

2.18

0.21

0.01

0.01

0.01

0.01

0.29

0.21

860.00

426.00

50.00

8.00

0.00

0.00

17.00

0.60

0.03

0.01

0.01

0.44

0.01

0.25

0.16

845.00

425.00

41.00

8.80

0.00

0.00

1 698.00

28.00

0.45

0.08

0.01

0.01

0.54

0.01

0.14

0.11

840.00

416.00

40.00

8.00

0.00

0.00

01-May-18

1 657.00

24.00

1.06

0.01

0.01

0.01

0.98

0.10

0.13

0.13

835.00

421.00

61.00

8.30

0.00

0.00

24-Apr-18

1 668.00

10.30

1.18

0.01

0.01

0.01

0.88

0.01

0.32

0.19

834.00

399.00

77.00

8.50

0.10

0.00

17-Apr-18

1 651.00

26.00

1.94

0.30

0.03

0.03

0.74

0.03

0.21

0.20

813.00

400.00

5.00

7.90

0.20

0.00

10-Apr-18

1 641.00

2.00

0.50

0.01

0.02

0.01

0.13

0.13

0.21

0.20

819.00

40.00

34.00

8.30

0.00

0.00

03-Apr-18

1 104.00

29.00

0.37

0.16

0.06

0.05

0.53

0.23

0.57

0.23

550.00

272.00

16.00

7.50

0.00

0.00

27-Mar-18

1 611.00

12.00

0.51

0.34

0.01

0.01

0.61

0.33

0.11

0.01

805.00

405.00

19.00

7.80

0.00

0.00

20-Mar-18

1 270.00

16.00

0.32

0.15

0.01

0.01

0.13

0.01

0.07

0.03

634.00

320.00

100.00

8.00

0.10

0.10

13-Mar-18

1 417.00

14.00

0.72

0.44

0.09

0.06

0.59

0.31

0.99

0.61

713.00

355.00

34.00

7.70

0.00

0.00

06-Mar-18

1 489.00

24.00

1.58

0.01

0.03

0.02

0.88

0.01

0.01

0.09

756.00

379.00

52.00

8.00

0.00

0.00

27-Feb-18

1 602.00

37.00

3.55

2.43

0.08

0.05

4.48

2.93

0.16

0.09

800.00

398.00

47.00

7.30

0.00

0.00

20-Feb-18

1 415.00

34.00

0.42

0.01

0.01

0.01

0.01

0.21

0.08

0.06

711.00

359.00

22.00

8.30

0.00

0.00

13-Feb-18

1 776.00

113.00

6.12

5.63

0.55

0.49

19.82

11.62

0.49

0.34

658.00

333.00

79.00

5.30

0.10

0.10

06-Feb-18

1 481.00

30.00

0.31

0.07

0.03

0.01

0.33

0.05

0.20

0.18

740.00

375.00

35.00

8.30

0.00

0.00

30-Jan-18

953.00

24.00

0.35

0.13

0.01

0.01

0.52

0.05

0.25

0.18

483.00

247.00

30.00

8.40

0.10

0.10

23-Jan-18

933.00

31.00

0.27

0.11

0.02

0.01

0.33

0.16

0.21

0.18

480.00

243.00

54.00

8.10

0.00

0.00

16-Jan-18

874.00

59.00

1.48

0.82

0.05

0.01

2.97

0.66

0.26

0.11

443.00

227.00

72.00

7.90

0.00

0.00

09-Jan-18

983.00

70.00

3.84

0.64

0.23

0.20

1.90

0.50

1.54

1.11

472.00

232.00

172.00

8.20

0.40

0.00

5.00

1.06

0.01

0.10

0.08

0.38

0.24

0.22

0.20

437.00

214.00

0.10

0.00

2.00

0.07

0.01

0.01

0.01

0.01

0.01

0.01

0.01

437.00

40.00

02-Jan-18

866.00

Average

1 467.58

31.36

Max.

1 776.00

113.00

Min.

Statutory Limits

866.00
-

-

1.24

6.12

1.50

0.44

5.63
-

0.05

0.55

1.00

0.04

0.49
-

1.42

19.82
2.00

0.58

11.62
-

0.27

1.54

1.00

0.19
1.11

725.68

860.00

-3 000

349.03

426.00

1 500		

26.00 8.10w
49.10

8.02

172.00

8.80

5.00

5.30

100 6.5-9.0

0.05

0.00

0.40
-

0.01

0.00

0.10
-

High levels of total copper and total iron were due to:
1. Slag pond being full. The slag pond has since been de-sludged and the water quality has improved
2. Concentrate from the smelter being washed to the drain by rainwater. Area outside the concentrate shed has been concreted and sumps constructed to trap concentrate
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Table IV

The chemical composition of industrial water from underground (sampling point no. 431)
Date						Measurement parameters
Conductivity
TCu
DCu
TCo
DCo
TFe
DFe
TMn
µS
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l

DMn
mg/l

TDS
mg/l

Sulphates
mg/l

TSS
mg/l

pH
-

Pb
mg/l

Cd
mg/l

31-Jul-18

1 300.00

0.63

0.13

0.01

0.01

0.53

0.01

0.09

0.04

650.00

325.00

57.00

8.30

0.10

0.00

17-Jul-18

1 538.00

0.84

0.26

0.01

0.01

0.90

0.06

0.15

0.08

769.00

384.00

57.00

7.90

0.00

0.00

3-Jul-18

1 482.00

3.75

0.01

0.01

0.01

6.88

0.01

0.67

0.01

741.00

371.00

182.00

7.90

0.00

0.00

19-Jun-18

1 650.00

0.19

0.02

0.01

0.01

0.01

0.01

0.01

0.01

825.00

410.00

13.00

7.80

0.00

0.00

5-Jun-18

1 789.00

0.81

0.19

0.01

0.01

0.82

0.19

0.14

0.09

877.00

418.00

56.00

7.70

0.00

0.00

22-May-18

1 683.00

0.29

0.03

0.01

0.01

0.01

0.01

0.09

0.04

842.00

417.00

13.00

7.90

0.00

0.00

8-May-18

1 707.00

0.34

0.06

0.01

0.01

0.51

0.01

0.03

0.01

854.00

418.00

81.00

8.10

0.00

0.00

24-Apr-18

1 638.00

0.19

0.01

0.01

0.01

0.17

0.01

0.01

0.01

819.00

392.00

56.00

7.80

0.10

0.00

10-Apr-18

1 663.00

0.24

0.05

0.04

0.01

0.16

0.06

0.04

0.01

808.00

404.00

11.00

7.80

0.00

0.00

27-Mar-18

1 609.00

0.28

0.06

0.01

0.01

0.20

0.06

0.01

0.01

806.00

409.00

29.00

7.40

0.00

0.00

13-Mar-18

1 589.00

0.01

0.01

0.01

0.01

0.07

0.01

0.01

0.01

793.00

395.00

47.00

7.70

0.00

0.00

27-Feb-18

1 577.00

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

789.00

393.00

20.00

7.80

0.00

0.00

13-Feb-18

1 640.00

2.95

0.92

0.24

0.01

6.03

0.08

0.25

0.21

824.00

415.00

43.00

7.90

0.10

0.10

30-Jan-18

1 049.00

0.22

0.19

0.01

0.01

0.06

0.01

0.08

0.01

524.00

265.00

30.00

8.00

0.00

0.10

16-Jan-18

964.00

0.50

0.16

0.01

0.01

0.02

0.01

0.10

0.06

483.00

243.00

29.00

7.80

0.00

0.00

2-Jan-18

885.00

0.01

0.01

0.08

0.07

0.12

0.07

0.08

0.05

445.00

220.00

11.00

7.60

0.10

0.00

Average

1 485.19

0.70

0.13

0.03

0.01

1.03

0.04

0.11

0.04

740.56

367.44

45.94

7.84

0.03

0.01

Min

885.00

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

445.00

220.00

11.00

7.40

0.00

0.00

Max

1 789.00

3.75

0.92

0.24

0.07

6.88

0.19

0.67

0.21

877.00

418.00

182.00

8.30

0.10

0.10

-

1.50

1.00

-

2.00

-

1.00

-

3 000

1 500

100

6.5-9.0

-

-

Statutory Limits

Table V

The chemical composition of various water sample types from selected critical sampling points
Test
parameter

Statutory
(ZEMA) limits

Concentration
units

Kafue River
water

Conductivity
TCu
DCu
TCo
DCo
TFe
DFe
TMn
DMn
TDS
Sulphates
TSS
pH
Pb
Cd

1.5
1.0
2.0
1
3000
1500
100
6.5-9.0
-

µS
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l

250.90
0.07
0.02
0.02
0.02
0.42
0.17
0.19
0.17
126.65
63.23
21.55
7.89
0.04
0.01

Industrial water
from underground
1485.19
0.70
0.13
0.03
0.01
1.03
0.04
0.11
0.04
740.56
367.44
45.94
7.84
0.03
0.01

Domestic water
from underground
1567.75
0.31
0.10
0.01
0.01
0.31
0.08
0.07
0.03
792.63
393.31
31.44
7.84
0.02
0.01

Household water
from taps

Main mine
effluent

1193.00
0.20
0.04
0.49
0.26
662.00
325.00
10.00
7.60
<0.1
<0.1

1467.58
1.24
0.44
0.05
0.04
1.42
0.58
0.27
0.19
725.68
349.03
49.10
8.02
0.05
0.01

The prefixes ‘T’ and ‘D’ for Cu, Co, Fe and Mn stand for total and dissolved Cu, Co, Fe and Mn respectively. The chemical test results were within the ZEMA statutory limits for industrial
mine effluent.

SO42-, and conductivity (see Table V). Domestic household water
from Mulonga Water and Sewerage Company (MWSC) water
network system was collected from household taps.
The chemical test results were within the ZEMA statutory
limits for industrial mine effluent.
The general physical and chemical characteristics of drinking
water with respect to non-toxic constituents are shown in Tables
VI and VII.

Air samples
The air samples referred to in this study are from the ambient
air in Kankoyo Township plus six other selected areas outside
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the township that were used as a reference for comparison (see
Table II for locations of the sampling points). The average SO2
concentrations measured are shown in Table VIII.

SO2 emission trends
Figures 4–9 show the SO2 emission trends at the seven weather
stations from January 2017 to May 2018.
The 18-month average trends indicate that the SO2 levels
recorded at all the stations were below the ZEMA statutory
limit, apart from Kantanshi Clinic 3 and Kankoyo Clinic 5, which
had levels of 28% and 44% above the ZEMA statutory limit
respectively.
The Journal of the Southern African Institute of Mining and Metallurgy
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Table VI

General physical characteristic of drinking water
Parameters
Odour
Colour (True colour units TCU)
Taste
pH
Hardness (total) as calcium carbonate CaCO3 (mg/l)
Dissolved solids (total) mg/l
Turbidity (NTU)
Conductivity (µs/cm)

Maximum permissible limit

Method of test

Unobjectionable to most consumers
1.5
Unobjectionable to most consumers
6.5-8.0
500
1,000
5
1,500

ZS 312 Part 1
ZS ISO 7887
SM 2160B
ZS ISO 10523
ZSASTM D 1126
ZS 312 Part 19
ZS ISO 7027
ZS ISO 7888

Source: (ZABS, 2010)

Table VII

Non-toxic chemical substances in drinking water
Substance

Maximum permissible limit (mg/l)

Method of test

200
250
0.2-0.5
1.0
0.3
150
400
3
0.002
1.0
200

ZS ISO 6068
ZS ISO 9297
ZS ISO 7393 Part 1
ZS ISO 8288
ZS ISO 11885
ZS ISO 7980
ZS 312 Part 3
ZS ISO 8288
ZS ISO 6439
ZS 312 Part 20
ZS ISO 9964 Part 1

Calcium (Ca)
Chloride ( Cl-)
Chlorine residue
Copper (Cu)
Iron (Fe)
Magnesium (Mg)
Sulphate (SO2-4)
Zinc (Zn)
Phenolic compounds (as phenol)
Detergents (alkyl benzene sulphonate)
Sodium
Source: (ZABS, 2010)

Table VIII

Average concentration of SO2 emissions from the seven sampling stations compared to ZEMA limits for a period of 18
months (Jan 2017 to Jun 2018)
Month

*Kankoyo
Clinic 5

Butondo
Clinic 7

Kantanshi
Clinic 3

Kantanshi
Clinic 6

18 Months Average Concentration of SO2 (µg/m3/24h)

159.73

9.49

81.77

19.81

14.19

12.05

11.51

Statutory (ZEMA) Limit of SO2 (µg/m /24h)

125.00

125.00

125.00

125.00

125.00

125.00

125.00

3

Eastlea
Kamuchanga
Clinic 9		

Malcolm
Hospital

*Results for Kankoyo were above the statutory limit of SO2

Figure 4—Monthly average SO2 levels in the Butondo Clinic 7 area. *No readings taken for the months of February and March 2018 due to equipment breakdown

Figure 5—Monthly average SO2 levels in the Kantanshi clinic 3 area
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Figure 6—Monthly average SO2 levels in the Kankoyo clinic 5 area. *No readings taken for the month of March and April 2018 due to equipment breakdown

Figure 7—Monthly average SO2 levels in the Kantanshi clinic 6 area

Figure 8—Monthly average SO2 levels in the Eastlea clinic 9 area. *No readings taken for the month of February and March 2018 due to equipment breakdown

Figure 9—Monthly average SO2 levels in the Kamuchanga area. *No readings taken for the month of March and April 2018 due to equipment breakdown

Figure 10—Monthly average SO2 levels in the Malcom Hospital area. *No readings taken for the month of March and April 2018 due to equipment breakdown
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Average sulphur dioxide levels for Kankoyo Township in
the last two decades
The available information for sulphur dioxide levels for the last
two decades for Kankoyo (see Table IX and Figure 11) shows
a significant decrease from over 400 µg/m3/24h in 1995 to
less than 110 µg/m3/24h in June 2018. The results reflect the
massive investments in technology for sulphur dioxide capture
in the copper smelting plants after the year 2010, which have
improveed sulphur dioxide capture by over 90% (Ross and Vries,
2005; Alistair et al., 2012).
The coefficient of determination (R2) of 0.6673 means that
about 67% of the variation in the SO2 emission data is due to
variation with time. There has been a significant decrease in SO2
emissions (√64 = 0.817 ≈ 82%) with time in the last two decades.

significant reduction in air pollution that has been achieved in
the last decade, residents of Kankoyo Township still believe
that very little has been done in addressing the air and water
quality issues. The community blames the mining industry
for the economic hardships, unemployment, and air and water
pollution. This may be attributed to the historical background –
the previous mine owners used to clean up the mine townships
and provided social amenities in addition to employment
opportunities, but this is no longer the case (World Bank, 2002).

Table IX

 O2 levels for Kankoyo Clinic 5 station from
S
January 1995 to June 2018
Year

Discussion
Kankoyo residents’ perceptions on the effects of mining
on air and water quality
According to residents’ perceptions, the adversity caused by
copper smelting has reached an extent where it is a danger to
the natural and physical environment in Kankoyo Township.
The damage caused by excessive SO2 levels is depicted in
Figures 12 and 13. The mining industry needs to formulate
clear strategies to address these misconceptions, and to engage
the local community of Kankoyo, if it is to survive. Despite the

Zambian 24-hr SO2 guideline (µg/m3) Clinic 5 - Kankoyo Station

1995

125

427

1996

125

485

1997

125

342

1998

125

407

1999

125

480

2000

125

247

2017

125

184

**2018

125

105

Shaded areas indicate concentrations above the Zambian statutory guidelines limit.
*The 2018 results are from January to June 2018

Figure 11—Average annual SO2 levels at Kankoyo Clinic 5 station from January 1995 to June 2018

Table X

Air quality data for the seven weather sampling stations - monthly average readings
Month

ZEMA LIMIT

Jan-17
Feb-17
Mar-17
Apr-17
May-17
Jun-17
Jul-17
Aug-17
Sep-17
Oct-17
Nov-17
Dec-17
Jan-18
Feb-18
Mar-18
Apr-18
May-18
Jun-18
Average

125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00

Kankoyo-Clinic 5
17.09
20.17
114.21
277.84
1.59
173.83
282.72
140.55
547.75
374.68
228.51
29.60
18.19
44.34
118.09
166.54
159.73

Butondo Clinic 7

Kantanshi Clinic 3

5.53
2.96
7.21
0.42
6.05
6.78
15.42
9.65
10.65
4.67
4.39
2.35
0.73
64.47
8.34
2.24
9.49
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97.13
122.50
61.20
75.74
5.00
14.09
58.60
34.09
94.89
165.36
152.68
145.32
141.37
237.45
37.53
8.56
12.07
8.26
81.77

Kantanshi Clinic 6
27.73
45.47
16.25
2.77
0.92
1.23
1.79
2.90
2.83
14.31
18.64
25.41
93.01
58.73
37.61
2.76
2.23
2.04
19.81
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Eastlea Clinic 9
8.82
11.78
15.39
42.17
19.23
8.22
0.00
0.00
0.00
16.61
23.15
21.57
16.43
19.03
19.63
5.02
14.19

Kamuchanga

Malcom Hospital

16.67
16.13
7.06
2.68
2.40
2.56
3.47
3.43
4.20
6.01
22.89
11.72
29.99
58.37
1.82
3.34
12.05

APRIL 2020

7.52
8.85
8.25
0.43
0.23
0.42
0.93
0.81
0.91
12.84
13.77
43.77
24.25
57.18
1.53
2.50
11.51
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Causes of air pollution
Air pollution in Kankoyo Township is perceived to be due entirely
to mining operations, and this is a strong belief among the
residents of this old mining township. Perhaps this has been an
inherited problem for the current generation in the township.
Clean air is a basic requirement of human health and wellbeing
(WHO, 2006). Air pollution has continued to be perceived as
a serious environmental problem in Kankoyo Township. The
main causes of air pollution are the sulphur dioxide gas and
particulate matter emitted from the copper smelting plant. The
extent of air pollution is quite devastating, as can be seen from
the destructive effects on the physical and natural environment
(Figures 11 and 12), and requires sustainable and responsible
solutions to minimize its impact on the environment..

Causes of water pollution
The cause of water pollution in Kankoyo Township is perceived
to be negligence by the water utility and lack of concern from the
mining company. The erratic extent of water pollution is cause
for concern and requires sustainable and responsible solutions to
mitigate its impact on the health and social wellbeing of people
in the township. Although there is limited information on public
perceptions of water supply in Kankoyo, the available evidence
focuses on perceptions of water quality. Even though previous
reports show instances of acid contamination in Mufulira’s water
network (CTPD, 2010), this study found that about 80% of the
population in Kankoyo have the misconception that MCM has
permanently polluted the water supply to the township.

Figure 12—House with iron roof sheet corroded by acid rain (August 2018)

Comparison of SO2 levels at different sampling points
The air quality was evaluated by comparing SO2 levels from seven
weather stations. As shown in Table VIII, the highest average
SO2 concentration was 159.73 µg/m3/24h at Kankoyo Clinic 5,
and the lowest was 9.49 µg/m3/24h at Butondo Clinic 7. The
average levels of SO2 from the seven weather-sampling stations
for a period of 18 months from January 2017 to June 2018 are
compared to the Zambia Environmental Management Agency
(ZEMA) emission limits in Figures 3 to 9. The 18-month average
trends show that the emissions recorded at all the weather
monitoring stations were below the ZEMA statutory limit, apart
from Kantanshi Clinic 3 and Kankoyo Clinic 5, at which the
SO2 levels were 28% and 44% above the ZEMA statutory limit
respectively.

Sulphur dioxide capture
The capture of sulphur dioxide from the copper smelting plant
has greatly improved due to the new and improved technologies,
which reduce or even eliminate air and water pollution. The

Figure 13—Bare land devoid of vegetation (August 2018)

traditional smelters used to emit most of the sulphur dioxide
generated, but now almost all of it is captured prior to emission
using new technologies, such as the complex gas absorption
towers in the sulphuric acid plants and electrostatic precipitators,
which capture dust particles and return them to the process.
The results indicate a significant reduction in sulphur dioxide
emissions from the copper smelter. As shown in Figure 13, the
average sulphur dioxide capture was 48% from 2007 to 2013
and about 94% from 2014 to 2018. However, the average annual
sulphur dioxide levels for 2017/2018 were 144.5 µg/m3 in
Kankoyo Township, which is 15.6% above the statutory limit of

Figure 14—Sulphur dioxide capture trend for the period March 2007 to March 2018. The line at 97% indicates the design capacity for SO2 capture in the acid plant
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125 µg/m3 in ambient air (per 24 hours). Figure 13 shows the
smelter sulphur dioxide capture trends for the period March 2007
to March 2018.
The results given in Figure 13 show a significant reduction
in sulphur dioxide emissions from the copper smelter. The
average sulphur dioxide capture was 48% from 2007 to 2013
and about 94% from 2014 to 2018. The 46% improvement in
sulphur dioxide capture in the four years from 2014 to 2018 is
attributed to technological upgrades and good operating practices
implemented at the Mopani Mufulira copper smelter. According
to Ross and Vries (2005), from the inception of the Mufulira
copper smelter in 1937 there was no sulphur dioxide abatement
facility. However, the current ISASmelt technology is designed
to capture sulphur dioxide in a separate plant and convert it
into sulphuric acid, which is sold to other mines. The average
annual atmospheric sulphur dioxide level for 2017/2018 was
144.5 µg/m3 in Kankoyo Township, which is 15.6% above the
statutory limit of 125 µg/m3 per 24 hours in ambient air. This
is not an acceptable level of exposure as it may have adverse
environmental and health implications for the community.

Water quality
The results from the five critical sampling points are given in
Tables III, IV, and V. These results are the arithmetic averages of
the analyses obtained for each parameter for the period January
to July 2018, except for household or domestic water from taps,
which was sampled between March and August 2018. The
prefixes ‘T’ and ‘D’ for Cu, Co, Fe, and Mn stand for total and
dissolved species respectively.

Kafue River water
The Kafue River water is the source of water supply for
both domestic and industrial use. The average water quality
parameters were all within the statutory limits (Table V).

Tap water (domestic water from underground)
Drinking water for the people of Mufulira is supplied from three
main sources. The municipal residential area has piped water
from the Kafue River. The mine townships are supplied by the
network that delivers water partly from the dewatering operations
in the underground mine and partly from the Kafue River. The
local water utility, Mulonga Water and Sewerage Company
(MWSC), solely manages the water supply. The third source of
water is the boreholes and shallow wells for those people who
are not connected to the piped network. Kankoyo Township is a
mine residential area, which is exclusively supplied with treated
water from the underground network. The average water quality
parameters were all within the statutory limits (Table V). The
relatively high levels of turbidity, iron, and sulphates (see Table
III) can be attributed to the heavily dilapidated water network
infrastructure, since these are not lower than those from the
mine effluents, which are the possible sources of contamination.
The tap water in most households was collected from dilapidated
water connections, which are much more prone to contamination.

Air quality
Ambient air quality is defined by the physical and chemical
measure of pollutant concentrations in the ambient atmosphere to
which the general population will be exposed. In most developing
countries, ambient air quality is reported to have deteriorated
seriously, especially in urban areas, exposing populations to
pollutant levels above the recommended limits (UNEP, 1998).
The Journal of the Southern African Institute of Mining and Metallurgy

Although there are seasonal and operational variations in
sulphur dioxide levels as shown in Table VIII, the general trend
still shows that Kankoyo Township is more affected than other
townships. Out of the 48 times that Mufulira recorded SO2 levels
above the 125 µg/m3 per 24 hours ZEMA maximum allowable
limit in the period January 2017 to June 2018, Kankoyo township
alone recorded 23 instances representing 48% of the total counts.
Kantanshi Clinic 3 and Clinic 6 stations recorded excessive levels
thirteen and six times, representing 27% and 13% respectively.
Butondo and Eastlea stations recorded no incidences of excessive
SO2 levels during the same period. Kamuchanga Station and
Malcolm Hospital Station recorded four and two incidences
representing 8% and 4% respectively.

Water quality
The chemical composition of water and effluent samples from
the Kafue River, industrial water (from underground), domestic
water (from underground), household water (from the taps), and
mine effluents is given in Table V. These results are the averages
of the analyses obtained for each parameter in the period March
to August 2018. Table V shows that the values of all parameters
were within the ZABS allowable limits for drinking water (see
Tables VI and VII). The pH values were within ZEMA statutory
limits of 6.5–9 in all water samples tested.
The domestic water from underground shows relatively high
conductivity levels, including total iron (TFe) (0.01–1.11 mg/l)
and sulphates (214–577 mg/L. The relatively high level of copper
at 3.62 mg/l in the month of July 2018 in the mining effluent
samples can, however, be attributed to direct contamination from
the runoff waters (see Table V) accounted for by experimental
error.

The impact of air and water pollution on the local
environment
The environmental impacts of mining operations are significant
and quite often severe, especially in Kankoyo Township. The
buildings and the surrounding environment have been degraded
due to the corrosive effects of acid rain. Residents complain of
headaches, coughing, itching eyes and ears, and bronchitis.
The mining operations in the Mufulira district are within the
catchment area of the Kafue River and other natural water bodies
such as the Mufulira and Kansuswa streams. Several studies
have shown that concentrations of many dissolved elements
are elevated in the Kafue River and its tributaries within the
Copperbelt (Lindahl, 2014). The contaminants are mainly from
the run-of-mine (ROM) ore and untreated effluent such as the
domestic and industrial water from underground and processing
plants.
MCM has shown commitment to pollution control and
environmental management, as evidenced by environmental
monitoring and investments in technological upgrades in order to
improve process efficiency and minimize pollution. However, the
results from this study show that the general dilapidation of the
water pipeline and network system is another potential source of
water pollution.

Conclusions
The study found that there has been a significant reduction in
sulphur dioxide emissions from the copper smelter since the
implementation of the smelter technological upgrades in 2014.
The average sulphur dioxide capture was 48% from 2007 to 2013
but improved to about 94% from 2014 to 2018. The average
VOLUME 120
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annual sulphur dioxide level for 2017/2018 was 144.5 µg/m3
in Kankoyo Township which is 15.6% above the statutory limit
of 125 µg/m3 .The occurrence of periodic fugitive emissions
(due to technical or operational failure) may cause air pollution,
but not to significant or alarming levels. This is evidenced by
some high spikes in the SO2 level on certain days of the month,
as is the case for Kantanshi Clinic 3 and Kankoyo Clinic 5 air
monitoring stations. It was also observed that air pollution has
adversely affected the physical environment, as evidenced by
excessive corrosion of iron roofing sheets, wall plaster, and paint
degradation, as well as serious deterioration of the soils due to
acid rain.
The general water quality meets the ZEMA and ZABS
statutory limits for effluent discharge and domestic drinking
water quality, respectively. It is worth noting that the water
quality in this area may not only be attributed to the mining
activities, but also to the dilapidated water infrastructure and pipe
network, which may be another source of water contamination.
However, the negative effects of air and water pollution that
has prevailed for the past six decades are still noticeable and give
rise to serious environmental concerns among Kankoyo residents
and other interested parties. It is for these reasons that this study
sought to fill this knowledge gap by investigating the effects of
sulphur dioxide emissions and mine effluent discharge on air
and water quality respectively in Kankoyo township of Mufulira
district.

Recommendations
It is recommended that other researchers take this research
further and look at the aspects of soil quality and rehabilitation of
the degraded environment in Kankoyo Township.
Furthermore, the mining company should seriously consider
investing in environmental protection programmes and projects,
such as reclamation of mine tailings, revegetation of degraded
mine land, and investing in research and development on
green mining technology, that will help mitigate some of the
environmental concerns raised by the communities around the
mine site and various other stakeholders. It should also consider
ongoing technological improvements to maximize sulphur dioxide
capture. The captured sulphur dioxide could be used not only
for sulphuric acid production, but also for other value-added byproducts such as phosphoric acid and sulphate- and phosphatecontaining fertilizers.
To ascertain the effectiveness of its air and water pollution
control, MCM should ensure robust equipment maintenance and
strict routine environmental monitoring of all pollution control
points. ZEMA and the local authority should have adequate
resources to provide the various stakeholders with information
on the state of the environment and various sources of pollution
that the community may be experiencing.
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Synopsis
Artisanal and small-scale mining (ASM) activities have risen significantly in sub-Saharan Africa and
other developing regions. ASM is increasingly being recognized as a viable pathway for sustainable
livelihood building and poverty alleviation. Lack of information regarding the spatial distribution of
artisanal mines and their growth over time has created significant gaps in terms of awareness in the
affected communities. The systematic documentation of ASM mining is often made challenging by the
seasonality and nomadic nature of these rudimentary operations. In this study, we aimed to quantify
changes in vegetation cover, bare soil, and mined open pits from 2014 to 2018 due to the impacts of ASM
using SPOT 6 satellite imagery. With Prieska, South Africa as a case study, morphological classification
was used to delineate mined open pits and the Spectral Angle Mapper to map the changes in vegetation
and bare soil. The results show a progressive increase in areas being mined for the semiprecious stone
tiger’s eye from 2014 to 2018. High classification accuracies of above 92% in mapping were achieved
to identify artisanal open pits using morphological profiles, and classification accuracies of above 80%
for mapping vegetated areas and bare areas using Spectral Angle Mapper. The results of this study also
show the continuous decrease of vegetated areas and expansion of bare soil surfaces from 2014 to 2018,
making the areas more vulnerable to land degradation, particularly soil erosion.
Keywords
artisanal and small-scale mining, ASM, mapping, morphological profile, Spectral Angle Mapper, remote
sensing.

Introduction
The recent proliferation of illegal artisanal and small-scale mining (ASM) operations in sub-Saharan
Africa and other parts of the world has attracted significant research attention globally, due to the
inherent socio-economic imperatives and concomitant environmental impacts (Banchirigah, 2006;
Edwards et al., 2014; Hilson and McQuilken, 2014; Siegel and Veiga, 2010; Thornton, 2014). While
ASM dates back to the Stone Age, the growing concerns over ASM activities emanate largely from
a regulatory, safety, health, labour, socio-economic, and environmental perspective (Hermanus,
2007; Maconachie, 2009; Maconachie and Hilson, 2011; McLoughlin and Chirico, 2013; Siegel and
Veiga, 2010). The growth of ASM over the last few decades necessitates an understanding of this
sector in terms of spatial distribution and evolution over time. There is growing reliance on ASM in
most marginalized communities of sub-Saharan Africa and South America (Hilson, 2009; Lobo et
al., 2015; Spiegel et al., 2012). It is estimated that at least 20 million people are involved in ASM
globally (McLoughlin and Chirico, 2013) and this number seems to be on an upward trajectory. The
systematic documentation of ASM is often challenging due to the seasonal and nomadic nature of these
rudimentary operations (McLoughlin and Chirico, 2013). The illicit nature of most artisanal mining
operations and the volatile prices for mineral commodities make ASM patterns and trends unpredictable.
In recent years, artisanal mining and small-scale mining have become recognized as viable pathways
for sustainable livelihoods and poverty alleviation (Hilson 2009; Hilson 2002; Spiegel et al., 2012).
In South Africa, the ASM sector officially gained legal recognition in 1994 and is governed by a
series of mining, environmental, and safety legislative and policy prescripts (Mutemeri and Petersen,
2002; Ledwaba and Mutemeri, 2018). Legal ASM activities are regulated through the Mineral
and Petroleum Resources Development Amendment Act (MPRDA), No. 49 of 2008 (Ledwaba and
Nhlengetwa, 2016). The MPRDA was largely crafted to ensure equitable access to minerals, promote
sustainable development, and to expand mining opportunities to previously disadvantaged persons as
part of South Africa’s transformation agenda (Mutemeri and Petersen, 2002; Ledwaba and Mutemeri,
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2018). The 1998 White Paper on Minerals and Mining Policy
of South Africa recognizes the role ASM plays in economic
development. The legal framework regulating ASM in South
Africa has mainly been adopted from large-scale mining.
(Ledwaba, 2017; Mutemeri et al., 2016). Progress in the ASM
sector has largely been constrained by the bureaucracy involved
in the provision of mining permits (Ledwaba, 2017). The
constraints in obtaining mining permits have given rise to a
significant proportion of informal and illegal ASM activities in
South Africa that operate without mining licenses and do not
adhere to any mining, environmental, and safety regulations
and laws (Ledwaba and Nhlengetwa, 2016). Illegal ASM has
poor access to markets and is often associated with criminal
syndicates. In contrast to legal ASM, which contributes revenue
and foreign currency to the formal economy, illegal ASM is linked
to the illicit trade in minerals and gemstones on the black market,
smuggling, and money laundering (Mkhize, 2017). Legal ASM
is considered as a viable means of reducing unemployment and
provides business opportunities to previously disadvantaged
persons (Ledwaba, 2014; Mutemeri, Sellick, and Mtegha, 2010).
In recent times there have been calls to formalize ASM in South
Africa and to remove bottlenecks in the issuing of mining
permits.
Lack of information regarding the spatial distribution of
artisanal mines and their growth over time has created significant
gaps in terms of baseline demographics and spatial awareness
in the affected communities (Hilson and McQuilken, 2014).
ASM is a primitive and labour-intensive form of subsistence
mining done by individuals and groups with rudimentary tools
(Seccatore et al., 2014). Some common minerals mined at
an ASM level include gold, diamonds, platinum group metal,
gemstones, clay, sandstone, and coal using open pit, alluvial, and
underground mining methods. In recent years, artisanal miners
have been increasingly exploiting derelict underground mines
and recovering residual minerals from mine dumps. In most
instances, artisanal miners lack safety apparel and equipment,
exposing themselves to a wide range of safety and health risks.
In most parts of Africa, artisanal mining is largely informal and
unregulated and faces financial, legal, trade, and technological
challenges.
Although artisanal mining plays a significant economic
role in poverty alleviation in marginalized communities around
the globe, it is known to have more detrimental environmental
impacts than mechanized mining (Telmer and Stapper, 2007).
Considerable environmental damage is inflicted to sensitive
ecological zones, biodiversity, and the general physical
environment during the mineral exploration, exploitation,
and processing, and closure stages of the artisanal mining
life-cycle. Some common environmental problems induced by
artisanal mining include deforestation, land degradation due
to soil erosion, river siltation, solid waste disposal, landscape
impairment, water pollution, acid drainage, and mercury and
cyanide contamination (Elmes et al., 2014; Isidro et al., 2017;
Lobo, Costa, and Novo, 2015). Air pollution due to dust and
smoke from cooking fires is a common problems. Dust poses a
health risk, and cases of tiger’s-eye pneumoconiosis have been
recorded in South Africa (White, Chetty, and Bateman, 1991).
Using satellite imagery covering a 40-year period, Lobo et al.
(2016) demonstrated the impact of ASM on river siltation. The
impacts of artisanal mining activities are known to infringe
the legislation that seeks to protect, conserve, and govern
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the environment in most countries. In South Africa, mining
activities are regulated by a battery of environmental legislative
prescripts that include the National Environmental Management
Act (NEMA, Act 107 of 1998), National Water Act (NWA, Act
36 of 1998), National Environmental Management: Air Quality
Act (NEM: AQA, Act 39 of 2004) and the environmental impact
assessment (EIA) regulations. The recorded environmental
impacts due to the intensification of artisanal mining activities in
South Africa include contamination of drinking water in natural
springs and rivers in Mpumalanga Province due to unregulated
coal mining.
In South Africa, there is growing concern over artisanal
mining (Mutemeri and Petersen, 2002; Thornton, 2014). There
is an acknowledgement of the economic function that artisanal
mining plays in poverty alleviation, particularly as regards the
circular flow of income and its contribution to the mainstream
economy. On the downside, the adverse aspects of artisanal
mining have gained government and public attention due to
increasing reports of environmental degradation, fatal accidents
due to poor safety, poor hygiene, disease outbreaks, and
other social tribulations such as crime (Edwards et al., 2014;
Hermanus, 2007). In this context, there is a growing need to
regularize artisanal mining to ensure it is well regulated as a
formal mining activity. To achieve this, geographical information
on the spatial distribution of artisanal miners and the changes
over time is pertinent. Satellite-based remote sensing can play
a pivotal role in providing critical geospatial information on the
remote location of artisanal mines, and their growth over time
(Lobo et al., 2016; Manu, Twumasi, and Coleman, 2004). Remote
sensing is also a powerful tool for monitoring the environmental
impact of artisanal mining over time.
Satellite images captured at medium and high spatial and
spectral resolution can provide suitable visual and spatial
information on surfac-related artisanal mining activities (Asner
et al., 2013; Elmes et al., 2014; Lobo, Costa, and Novo., 2015).
The advantages of satellite-based remote sensing include its
ability to capture large swaths of land in areas that are often
inaccessible and dangerous to reach. Systematic documentation
of artisanal mining is often constrained by its short-term, diffuse,
and unpredictable nature. Geospatial data derived from satellite
imagery can provide accurate, reliable, and timely environmental
information throughout the artisanal mining life-cycle to support
enforcement of environmental regulations (Manu, Twumasi,
and Coleman, 2004). Many remote sensing studies confirm
that the surface imprints of artisanal mining such as open pits,
mine dumps, dust pollution, footpaths, and informal settlements
are discernible from high-resolution satellite imagery. Landsat
8 medium-resolution satellite imagery has also been used
successfully to assess the environmental impacts of artisanal
mining (Connette et al., 2016; Lobo, Costa, and Novo, 2015).
Some common remote sensing techniques that have been used
to map artisanal mining activities include unsupervised image
classification techniques such as ISODATA classification and
supervised classification techniques such as maximum likelihood
classification.
The advent of satellite sensors with the high spatial, spectral,
radiometric, and temporal resolution is increasingly making it
feasible to capture and characterize small surface-based mining
developments. This, coupled with the emergence of advanced
land cover classification algorithms such as geographic-objectbased image analysis (GEOBIA), Spectral Angle Mapper,
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Random-Forest Classifier, support vector machines (SVMs),
decision trees, artificial neural networks, and morphologicalbased classifiers has potential to significantly improve the
classification accuracies related to the mapping features linked to
artisanal mining (Asner et al., 2013; Isidro et al., 2017; Connette
et al., 2016; Lobo, Costa, and Novo, 2015; Manu, Twumasi, and
Coleman, 2004). Very high spatial resolution Ikonos satellite
imagery has been successfully used to identify artisanal diamond
mining in Africa using object-oriented classification. Objectbased change detection (OBCD) has been used to successfully
map and monitor ASM sites in the Democratic Republic of
Congo using optical very high-resolution data and generate
digital surface models (DSMs) (Luethje, Kranz, and Schoepfer,
2014). The integrated use of high-resolution optical imagery,
synthetic aperture radar( SAR) images, and DSMs has potential
to accurately map artisanal mines and their changes over time
(Kranz, Lang, and Schoepfer, 2017). Morphological image
analysis techniques, generally referred to as mathematical
morphology (MM), exploit spatial domain in images using
various techniques. These techniques are developed based on
concatenation of mathematical operations grounded in a set of
operations such as union, intersection, complementation, and
translation, and utilize set theory to estimate and measure useful
geometrical features such as shape, size, and connectivity.
Spectral indices have been widely used for quantitatively
and qualitatively monitoring ecosystem dynamics (Pettorelli et
al., 2011; Verrelst et al., 2015; Wilson et al., 2016; Zargar et
al., 2011). Vegetation indices have been utilized for assessing
fractional vegetation cover, chlorophyll content, above-ground
biomass, plant phenology, net primary productivity, leaf area
index, and absorbed photosynthetically active radiation (Huete
et al., 2010; Huete, 2012; Verrelst et al., 2015). Most vegetation
indices utilize the red and near-infrared spectral bands to assess
plant vigour. The accuracy of vegetation indices in ecological
evaluations is affected by soil brightness, colour, and moisture,
vegetation heterogeneity, and atmospheric effects.
Several studies point to the fact the most widely used
vegetation index, the Normalized Difference Vegetation Index
(NDVI), is affected by many environmental factors such as
topography, bare soil conditions, atmospheric conditions,
vegetation association, rainfall, and non-photosynthetic materials
(Bannari, Morin, and Bonn., 1995; Huete, 2012; Qi et al., 1994;
Verrelst et al,. 2015). Numerous vegetation indices have been
develop over the last few decades to enhance vegetation response
and curtail the effects of these environmental factors. To deal
with these background influences a number of slope-based
and distance-based vegetation indices have been developed.
The Soil Adjusted Vegetation Index (SAVI) and Modified Soil
Adjusted Vegetation Index (MSAVI) are aimed at correcting soil
background brightness in varied vegetation cover environments
(Qi, Kerr, and Chehbouni, 1994). The MSAVI and Transformed
Soil Adjusted Vegetation Index (TSAVI) are particularly optimized
for utility in semi-arid low vegetation density environments by
minimizing the effects of background soil brightness.
Vegetation cover is an essential parameter for characterizing
environmental impacts resulting from land disturbances due
to artisanal mining (Lobo, Costa, and Novo, 2015; Schueler,
Kuemmerie, and Schröder, 2011). Artisanal mining operations
inevitably degrade areas in pristine condition. The unsystematic
extraction of minerals is undertaken through clearance of the
surface vegetation cover and excavation of soil surfaces. Lack
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of mechanization in ASM also leads to a network of footpaths
around artisanal mines, leaving the land surface exposed and
vulnerable to soil erosion. The anthropogenic disturbances due
to artisanal mining and the subsequent transformations in land
cover leave imprints that can be visibly detected by satellite
imagery (Isidro et al., 2017).
Satellite imagery can provide consistent and accurate
information regarding the proportions of vegetation and soil
cover over time. The transformation of vegetated surfaces to
bare soils is indicative of land degradation and increased human
activity around artisanal mines. While remote sensing has been
successfully used in mapping artisanal mining imprints, the
spectral similarity of bare soil surfaces and excavated pits still
remains a challenge, making the accurate mapping of artisanal
open pits difficult. In this study, we used SPOT 6 satellite imagery
to quantify changes in vegetation cover, bare soil, and mined
open pits from 2014 to 2018 due to the impacts of artisanal
mining. Using Prieska as a case study, we used morphological
profiling to delineate mined open pits and the Spectral Angle
Mapper to map the changes in vegetation and bare soil. The
challenge in mapping excavated artisanal open pits using satellite
imagery relates to the spectral confusion between open-pit
mined-out areas and bare soils. In this study, we aim to bridge
this gap by using a morphological profile technique to separately
delineate artisanal open-pit mines. This contribution will be
valuable in assessing the pattern, distribution, and growth of
artisanal mines in areas of interest.

Study area
Priska is located in the Northern Cape Province in the western
part of South Africa (Figure 1). The climate is arid, with a mean
annual precipitation of about 244 mm. Most of the rainfall is
received in summer and early autumn. Typical maximum day
temperatures in summer are about 27–33°C, while average winter
night temperatures are about 1°C. The region is predominately
characterized by Nama Karoo biome vegetation, with low bushes
of Karoo shrubland, and sparse grass and trees. The Nama Karoo
biome is comprised of low dwarf shrubs intermixed with grasses,
succulents, geophytes, and annual forbs growing on extensive
plains (Mucina and Rutherford, 2006). Irrigated agriculture is
predominant along the course of the Orange River and sheep
grazing is common in the area. The surface topography of the
study site is mountainous.
The tiger’s eye deposits mined in the area are hosted in
the Asbestos Hills Subgroup within the Ghaap Group, which is
overlain by the Postmasburg and Elim groups, and Olifantshoek
Group of the Transvaal Supergroup and underlain by the
Schmidtsdrif and Campbell subgroups (Heaney and Fisher, 2003;
Rasmeni et al., 2016; Schröder et al., 2011). The stratigraphy of
the area is shown in Figure 2.
Tiger’s eye is an attractive and popular semiprecious stone
formed by the silicification of asbestos. The iron-bearing
silicification leaves the fibrous appearance intact (Ledwaba,
2014). An attractive ‘cat’s-eye’ effect is known as chatoyancy.
The tiger’s eye seams contain pockets of unsilicified crocidolite
asbestos, which constitutes a health hazard to the miners.
Three varieties of tiger’s eye occur in the area, and these include
blue tiger’s eye (silicified crocidolite), yellow tiger’s eye, and
variegated tiger’s eye (a mixture of yellow and blue tiger’s
eye) (Heaney and Fisher, 2003; Ledwaba, 2014; Qi, Kerr, and
Chehbouni, 1994; Rasmeni et al., 2016).
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Figure 1—Study area. The imagery shows ASM activity 30 km east of Prieska town

Figure 2—Stratigraphic column illustrating the Asbestos Hill Subgroup hosting the tiger’s eye deposits (Rasmeni et al., 2016; Schröder et al., 2011)

Data-sets and data preparation
Orthorectified SPOT 6 data acquired by the South African
National Space Agency (SANSA) was used to map out imprints
induced by artisanal mining, including changes in vegetation,
bare soil, and open pits. SPOT 6 has five spectral bands that
are simultaneously captured, and these include blue (0.450–
0.520 mm), green (0.530–0.590 mm), red (0.625–0.695 mm), and
near-infrared (0.760–0.890 mm) multispectral (MS) bands and a
panchromatic band covering the 0.450–0.745 mm spectral region.
With a swath of 60 km, the data is acquired at nadir at a ground
sampling distance of 2.2 m for the panchromatic band and 8.8 m
for multispectral bands. The panchromatic band is processed to a
spatial resolution of 1.5 m and multispectral bands to 6 m, and
the dynamic range is 12 bits per pixel at acquisition.
To ensure consistency and fair comparison of changes,
atmospheric corrections were appliedto the multispectral SPOT
6 data-sets for 2014, 2016, and 2018. The Quick Atmospheric
Correction (QUAC) atmospheric algorithm available in the ENVI
software was used to implement atmospheric corrections before
applying the Spectral Angle Mapper algorithm for classification.
The QUAC algorithm was selected for atmospheric corrections
due to simplicity of use compared to complex first-principles
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physical algorithms that require ancillary data. QUAC derives
its atmospheric correction parameters directly from the scene
reflectance spectra in the satellite image and is known to produce
accurate results. The other benefits of using the QUAC method
are that it is fast and accommodates a wide range of sensor
viewing angles and solar elevation angles. A more elaborate
description of the QUAC method is provided by Bernstein et al.
(2012).
The Modified Intensity-Hue-Saturation (MIHS)
pansharpening algorithm was used to fuse the low spatial
resolution multispectral and the high-resolution panchromatic
band to generate a high-resolution 1.5 m multispectral
pansharpened (PS) image to enable identification of
small artisanal open-pit features in the image. The MIHS
pansharpening algorithm was selected due to its ability to
ability to retain spectral content while providing good spatial
enhancement (Rahmani et al., 2010; Sunuprapto, Danoedoro,
and Ritohardoyo, 2016).

Classification methods
The classification methodology applied in this study is outlined
in Figure 3. The Spectral Angle Mapper (SAM) classification
method was used to map vegetated and bare areas. The SAM
classification technique was chosen because it is relatively
insensitive to the illumination and albedo effects common in
rugged terrains that characterize our study area. SAM applies
a deterministic similarity measure that uses an n-dimensional
angle to compare pixels to reference spectra. The SAM method is
defined as a common-distance metric that matches the unknown
pixel spectrum to the reference spectra and classifies the endmember spectrum to the class with the smallest distance (Li,
Ehsani., and Yang, 2012). The classification process involves
matching of the end-member spectrum vector and each pixel
vector in n-dimensional space, whereby smaller angles resemble
better correspondence to the reference spectrum (Kruse et al.,
1993).
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of connected components that best represent each object in the
scene. MMP was constructed based on the concatenation of
various EMPs.

Validation data

Figure 3—Flow chart of the analysis methodology applied to generate the
results

The three classes of interest within the image are artisanal
mines, bare areas, and vegetated areas. The artisanal mines and
bare areas classes were merged into the bare area class. Equation
[1] shows the formula for computing the spectral angle.
[1]
where θ is the spectral angle, n the number of spectral bands, t
the reflectance of the end-member spectrum, and r the reflectance
of the reference spectrum.
The morphological profiles method was used to map open
pits due to its ability to delineate edges effectively on high
spatial resolution imagery. The images were analysed in a
Matlab environment and the maps generated in ArcMap. The
pansharpened imagery was transformed into three-component
using principal component analysis. The first component PC1
was used because it contains 99% of the total variance of the
data-set. Then the transformed imagery was processed using
morphological filters, and opening and closing by reconstruction.
Opening and closing by reconstruction were used to construct
MPs. The use of a sequential combination of opening and closing
suppresses narrow bright structures, and a combination of
sequential closing and opening removes small darker structures
in the scene. The morphological openings and closings by
reconstruction were processed using a square structural element
(SE) with a radius range from 2 to 9 with step 1 pixel. Increasing
or changing the SE filter size also determines the extent of
artisanal mining activity that is extracted; that is, features
such as footpath and road networks created by miners. In this
case, features such as footpaths and road networks were not
extracted. The extended morphological profile (EMP) is based
on the ordering of connected components that best represent an
open-pit artisanal mine in the scene. By considering filters with
these attributes the image was filtered according to the scale
of the regions. The EMP transforms are based on the ordering
The Journal of the Southern African Institute of Mining and Metallurgy

The validation data-set was generated utilizing a random
sampling method in a QGIS environment. Ideally, the training
data should be collected at or near to the time of the satellite pass
to accurately characterize the classes. It is often recommended
that the training sample size for each class should not be less
than 20–10 times the number of bands (Congalton and Green
2002; Foody and Atkinson 2003; Mather and Koch 2011). A total
of 50 points were randomly generated for 2014, 2016, and 2018
for ASM activity validation and 2014, 2016, and 2018 for SAM
results validation. For ASM activity the reference points were
quantified from the panchromatic band using the same SPOT
imagery used for the analysis. For SAM results the samples were
verified through image interpretation using the Digital Globe
Earth Watch system and Google Earth. The Digital Globe Earth
Watch imagery acquired on 14 June 2018 was accessed through
ArcMap to validate the 2018 analysis (Figure ). However, due
to the unavailability of reference data for 2014 and 2016 from
the Digital Globe Earth Watch system, Google Earth was used
to validate the data-set for 2014 and 2018. The 2014 reference
imagery was dated 18 August 2013 and for 2016 an imagery
dated 14 of August 2017 was used.

Accuracy assessment
In order to validate the reliability of the SAM classification, and
extracted ASM activity using MMP, automatically extracted ASM
activity and visually quantified ASM activity areas for 2014,
2016, and 2019 were compared statistically. A similar approach
was used for validation of SAM classification results; a statistical
comparison between automatic SAM classification and visually
collected points classified into bare land and vegetation. An error
matrix was used to compare to the proportion of the extracted
artisanal mines and other classes and the proportion of barren
land and vegetated areas for 2014, 2016, and 2018. A confusion
matrix was used to determine producers (PA), users, and
overall accuracy (OA) of the extracted artisanal mines and SAM
classification. Producers accuracy was acquired by diving the
individual class classification accuracy. The accuracy was further
assessed by calculating the kappa coefficients (k) between first
classes of ASM activity (1) and other classes (0) for ASM feature
extraction, and secondly for classes of barren land and vegetated
areas (0). k is given by:
[2]

Results and discussion
The area extracted due to artisanal mining being identified
increased to 1.2 ha in 2016 from 0.2 ha in 2014, with a sharp
rise to 3.2 ha in 2018. The artisanal mine class is extracted from
the original panchromatic image, and is converted to a binary
image where the black indicates the background and white
indicates artisanal open pit mines (Figure 4). The morphological
profiles techniques used to classify open-pit artisanal mines
produced high accuracies of 94%, 92%, and 94% for 2014, 2016,
and 2018 respectively, as shown in Table I. The success of the
morphological profile could be attributed to its ability to isolate
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Figure 4—Artisanal mining activity in the area, indicating changes between
2014, 2016, and 2018

bright and dark structures in images, by exploring a range of
different spatial domains as well as brightness and darkness
contrast. This study exploited the brighter or darker features
surrounding the open pit mines in the image to better map out
such features. Elements such as image texture, shape, and edges
play a critical role in the successful delineation of open pit mines.
As shown in Figure 5 and Figure 6, the bare land increased
from 17.5 ha in 2014 to 27.5 ha in 2016, and sharply to 49.1 ha
in 2018. In contrast, vegetated areas decreased from 92.5 ha in
2014 to 83.3 ha in 2016, and to 63.8 ha in 2018. Accuracies of
80%, 82%, and 84% were achieved in the classification of bare
areas and vegetated areas (Table II). The success of SAM could
be attributed to its resilience to illumination conditions and soil
brightness effects in semi-arid regions.
This study demonstrates the feasibility of using highresolution satellite imagery to systematically map artisanal
mines and assess their environmental impact over time. The
unregulated and short-term nature of ASM activities often makes
the systematic documentation of artisanal development life-

Figure 5—Environmental changes associated with growth in ASM activity

cycle difficult (Isidro et al., 2017; Telmer and Stapper, 2007).
The accurate assessment of environmental impacts of artisanal
mining is impeded by the diffuse and remote locations of the
mines. The use of SPOT 6 high-resolution satellite imagery
demonstrated in this study eliminates these challenges that are
inherent in traditional survey methods. The problems associated
with the use of remote sensing in mapping ASM open pits are
described by Isidro et al., (2017). The similarity in the spectral
response of ASM open pits and other bare soil surfaces is one
of the key challenges associated with the accurate mapping of
small-scale mines (Elmes et al., 2014; Isidro et al., 2017). This
problem was circumvented using morphological profiling based
on reconstruction transformation to delineate open pits where
artisanal mines are operating. The application of morphological
techniques allowed us to separate bare soil surfaces that

Table I

Confusion matrices for ASM extraction for the years 2014, 2016, and 2018
2014

ASM

OC

ASM
OC
Totals
PA (%)

7
0
7
85.7

3
10
70
ASM
40
40
100
OC
43
50		 Totals
96.6		
0.94
PA
KC

OA

94

Totals

UA (%)

0.79		

2016

OA

ASM

OC

Totals

UA (%)

2018

ASM

OC

17
0
17
100

4
21
80.95
ASM
29
29
100
OC
33
50		 Totals
87		
0.92
PA

18
3
21
85.7

1
19
28
31
29
50
96.6		

92

KC

0.83		

OA

94

KC

Totals

UA (%)
94.74
90.32
0.92

0.83

Note: ASM, OC, UA, PA, OA, KC, denote artisanal small scale mine, other land cover classes, user accuracy, producer accuracy, overall accuracy, and kappa coefficient
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share similar spectral responses with excavated open pits, and
accuracies of 92% and 94% were achieved, respectively (Table
I). In this case, it was feasible to estimate the form, size, and
distribution of open pit mines and their changes over time.
The feasibility of using high-resolution SPOT and Pleiades-1A
imagery for mapping ASM footprints has also been ascertained by
Isidro et al. (2017) using an object-based support vector machine
(OB-SVM) classifier, and attained classification accuracies of
87% and 89%. The successful use of the SAM to map vegetation
cover changes was largely due to the fact that SMA is optimized
to eliminate the impacts of soil brightness common in semi-arid
areas, and is insensitive to variations in average brightness that
arise from terrain and sensor gain effects.
The results of this study show the progressive decrease of
vegetated areas and expansion of bare soil surfaces from 2014
to 2018. Declines in vegetation cover are a result of clearance
to make way for ASM. This increases the area of exposed
soil surfaces and makes the area more vulnerable to land
degradation, particularly soil erosion. Lack of mechanization and
motorized vehicles around the artisanal mines is also evidenced
by the dense network of footpaths that are discernible from
SPOT 6 imagery of the study area. The increase in the network
of footpaths is indicative of increased pedestrian activity, which
reduces the vegetation cover and increases the surface area
of exposed soils. Footpaths are also known to accelerate soil
erosion. The decrease in vegetation cover revealed in this study
has the potential to threaten rare and endangered species. The
results of this study also show the progressive increase in the
number of open pits being mined for tiger’s eye from 2014 to
2018. Our analysis indicates massive expansion of minedout area from 2014 to 2018. This could be attributabed to the
increase in the number of people resorting to ASM to sustain
their livelihoods as a result of the high unemployment rate
in South Africa (about 26–30%) and low economic growth

rate. Reliance on ASM has also surged due to the favourable
commodity prices for semiprecious stones.

Conclusions
This study demonstrates the feasibility of using satellite imagery
to monitor illegal ASM activities in remote and rugged terrains
that are difficult to access. Remote sensing provides a reliable
and cost-effective way of detecting surface mining operations and
reveals the adverse environmental impacts of ASM over time.
In this study, we demonstrate the feasibility of mapping ASM
open-pit mines using morphological profiles. The reliability of
using the Spectral Angle Mapper techniques in mapping changes
in bare land and vegetated areas in semi-arid regions has been
illustrated. The results of this study reveal a progressive decline
of vegetation cover and a significant expansion of exposed
bare soil surfaces from 2014 to 2018. The decline in vegetation
is attributable to vegetation clearance and extensive topsoil
clearance to prepare the way for artisanal mining. Expansion
of bare soil surfaces is also a result of increased human
activity, resulting in extensive footpath networks. A reduction
in vegetation cover threatens biodiversity and increases the
vulnerability of the area to land degradation, particularly soil
erosion. It is recommend that the government regularize illegal
ASM in the affected areas and institute progressive rehabilitative
programmes aimed mitigating the detrimental impacts of illegal
mining on the environment and ensure recovery to pristine
conditions after the cessation of mining activities.
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TH ARCH SUPPORT SYSTEMS
PROFILE SETS
Ring Set

Semi Arch Set

PRODUCTION CAPABILITIES:
• Standard arch lengths from 1.8m
to 5.5m
• Minimal curvature R 1000mm, at
R 1200mm at R 1600mm

Half Arch Set

APPLICATIONS
• Tunnel junctions
• Over and under ore passes
• Haulage
• Incline shaft portals
• Active support through bad
ground conditions, dykes, faults,
friable ground

BENEFITS
• Simple and fast installation
• High load carrying capacity
• Long operational life
• Suitable for tunnels from 4.15m to 5.5m wide
• Upright support beams cater for tunnel heights
from 3.1 to 6.5m
• Cost effective
• Dimensional and design flexibility

OMNI 150

APPLICATIONS
• Tunnel support
• Pillar rehabilitation
• Set construction on friable ground
• Active blast on support
• Used with backfill
• Travelling ways, mono ways and winch
chambers

a member of the

BENEFITS AND FEATURES
• Provides active roof support with
controlled yielding
• Working load set to customer
requirements (8 to 45 ton)
• Resilient in rockburst conditions
• Superb energy absorption
• Can accommodate numerous seismic
events

• Constant and consistent support
resistance
• Light, easy and quick to install
• Safe remote installation
• Cannot be over extended
• Reusable versions available on request
• Standard lengths available to 6 meters
• Longer lengths available on request

TO VIEW OUR FULL RANGE OF TUNNEL SUPPORT
PLEASE VISIT OUR WEBPAGE
Tel: +27 010 534 5174 • sales@elbroc.co.za

www.elbroc.co.za

EVOLUTION ON THE OUTSIDE
REVOLUTION ON THE INSIDE
THE NEW SANDVIK 800i
CONNECTED CONE CRUSHER SERIES
These eight crushers maximize uptime and offer you the best possible solution
for any mining or aggregate application. Connected 24/7 to the My Sandvik portal,
and with the new generation Automation and Connectivity System (ACS) as standard,
they boost productivity and help you predict performance. And with the option of
Sandvik Reborn and overhaul kits, crushing has never been easier to upgrade,
and as cost-efficient to operate.
Join the crusher revolution.
ROCKTECHNOLOGY.SANDVIK/800i

NATIONAL & INTERNATIONAL ACTIVITIES
2021
23–25 June 2021 — ROLLS6 2020
London, UK, Website: http://www.rolls6.org/home
9–11 June 2021 — Diamonds – Source to Use —
2020 Conference
The Birchwood Hotel & OR Tambo Conference
Centre
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
13–16 July 2021 — Copper Cobalt Africa
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
29–30 July 2021 — 5th Mineral Project Valuation
Colloquium
Glenhove Events Hub, Melrose Estate
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

18–20 August 2021 — WorldGold 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
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
3–6 October 2021— Massmin 2020 Eight
International Conference on Mass Mining
Santiago, Chile, Contact: J.O. Gutiérrez
Tel: (56-2) 2978 4476
Website: www.minas.uchile.cl

2022
17–24 June 2022 — NAT2020 North American
Tunneling Conference
Philadelphia
Website: http://www.natconference.com

Due to the current COVID-19 pandemic our 2020 conferences
have been postponed until further notice.
We will confirm new dates in due course.
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Company affiliates
The following organizations have been admitted to the Institute as Company Affiliates
3M South Africa (Pty) Limited

Expectra 2004 (Pty) Ltd

MSA Group (Pty) Ltd

AECOM SA (Pty) Ltd

Exxaro Coal (Pty) Ltd

Multotec (Pty) Ltd

AEL Mining Services Limited

Exxaro Resources Limited

Murray and Roberts Cementation

African Pegmatite (Pty) Ltd

Filtaquip (Pty) Ltd

Nalco Africa (Pty) Ltd

Air Liquide (Pty) Ltd

FLSmidth Minerals (Pty) Ltd

Namakwa Sands(Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

Fluor Daniel SA ( Pty) Ltd

Ncamiso Trading (Pty) Ltd

AMEC Foster Wheeler

Franki Africa (Pty) Ltd-JHB

New Concept Mining (Pty) Limited

AMIRA International Africa (Pty) Ltd

Fraser Alexander (Pty) Ltd

Northam Platinum Ltd - Zondereinde

ANDRITZ Delkor(pty) Ltd

G H H Mining Machines (Pty) Ltd

Opermin Operational Excellence

Anglo Operations Proprietary Limited

Geobrugg Southern Africa (Pty) Ltd

OPTRON (Pty) Ltd

Anglogold Ashanti Ltd

Glencore

Arcus Gibb (Pty) Ltd

Hall Core Drilling (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

ASPASA

Hatch (Pty) Ltd

Atlas Copco Holdings South Africa (Pty)
Limited

Herrenknecht AG

Aurecon South Africa (Pty) Ltd

Immersive Technologies

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

Ingwenya Mineral Processing (Pty) Ltd
Ivanhoe Mines SA
Kudumane Manganese Resources

Longyear South Africa (Pty) Ltd

Becker Mining (Pty) Ltd
BedRock Mining Support Pty Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd

Precious Metals Refiners
Rand Refinery Limited
Redpath Mining (South Africa) (Pty) Ltd
Rocbolt Technologies

Joy Global Inc.(Africa)

Leica Geosystems (Pty) Ltd

BCL Limited

Polysius A Division Of Thyssenkrupp
Industrial Sol
Ramika Projects (Pty) Ltd

IMS Engineering (Pty) Ltd

Leco Africa (Pty) Limited

BASF Holdings SA (Pty) Ltd

Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd

Rosond (Pty) Ltd
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
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

Smec South Africa

Council for Geoscience Library

Metalock Engineering RSA (Pty)Ltd

Sound Mining Solution (Pty) Ltd

CRONIMET Mining Processing
SA Pty Ltd

Metorex Limited

SRK Consulting SA (Pty) Ltd

Metso Minerals (South Africa) Pty Ltd

Time Mining and Processing (Pty) Ltd

CSIR Natural Resources and the
Environment (NRE)

Micromine Africa (Pty) Ltd

Timrite Pty Ltd

MineARC South Africa (Pty) Ltd

Tomra (Pty) Ltd

Data Mine SA

Minerals Council of South Africa

Ukwazi Mining Solutions (Pty) Ltd

Minerals Operations Executive (Pty) Ltd

Umgeni Water

MineRP Holding (Pty) Ltd

Verni Speciality Construction Products
(Pty) Ltd

Bluhm Burton Engineering Pty Ltd
Bond Equipment (Pty) Ltd
Bouygues Travaux Publics
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete

Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
Duraset
Elbroc Mining Products (Pty) Ltd
eThekwini Municipality
Ex Mente Technologies (Pty) Ltd
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HPE Hydro Power Equipment (Pty) Ltd

Perkinelmer
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MIP Process Technologies (Pty) Limited

Webber Wentzel

MLB Investment CC

Weir Minerals Africa

Modular Mining Systems
Africa (Pty) Ltd
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Sub-Surface Proﬁler (SSP)
Simplicity meets efﬁciency
Designed for the challenges faced by underground mining operations to improve dynamic decision making through the precise
management of Fall of Ground risks in an environment where every second counts. This light-weight and patented ergonomic
design allows for one handed operation by one person. Data collected is wirelessly transmitted and processed in real-time,
giving instant feedback while scanning.
Intrinsic safe certiﬁcation: Ex ia I Ma

FCC certiﬁed

Safety and productivity through accuracy and reliability.
www.reutechmining.com

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
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www.global.weir
www.weirafricastore.com
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