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Empowering the African minerals  
industry through diversity and  
inclusion

Journal

Comment

Many organizations that launch diversity and inclusion initiatives cite research showing  
that companies with more diverse teams outperform those with a more homogeneous 
workforce. According to some of these reports, the inclusion of voices from different 

geographic, gender, economic, and cultural groups not only creates opportunities for individuals 
to grow within the company, but also helps the organization to harness the talent and potential 
for itself, leading to greater profitability and value creation. Therefore, looking at it in simple 
terms, there is value in embracing diversity and inclusion initiatives in the workforce.

The Southern African mining sector, just like the global mining industry, still faces 
huge challenges when it comes to gender inclusivity and the creation of a supportive environment for career 
advancement of not only women but also other workers from diverse backgrounds such as, for example, LGBTQI. 
Issues such as gender disparity, safe spaces in the workplace, protective equipment, sanitation facilities, pregnancy 
and child care are but a few challenges that continue to plague the sector. There is thus a great need for strategies 
for advancing womens’ representation and encouraging decisions that are in the best interests of a diverse 
workforce in the mining industry. 

In most cases, diversity and inclusion are often treated as a single initiative owned exclusively by the human 
resources section of each organization. However, for real change to happen, leaders of the mining industry need 
to not only buy into these initiatives, but also embrace the value of belonging. It is only when this happens that 
we will witness a significant change in the mining landscape. The industry must also realize that sticking to 
quotas does not mean inclusion; it’s only compliance and not commitment. The industry needs to go beyond that. 
Identifying individuals, creating safe spaces for them, providing support for them to grow into their roles, and 
creating conditions that promote inclusion on a daily basis will ensure that such initiatives are not once-off, but 
are long term, which would be of more benefit to mining companies.

The SAIMM as a professional organization that represents the needs and interest of mining professionals in 
southern Africa also has a role to play in driving such an agenda. And as such, the Diversity and Inclusion in 
the Minerals Industry (DIMI) Committee was initiated to raise awareness on these issues and to create platforms 
for discussion that can lead to the development of strategies for advancing and encouraging decisions that are in 
the best interest of a diverse workforce. The Committee is made up of dynamic male and female, emerging and 
experienced professionals from both industry and academia, who are all passionate about seeing positive changes 
in the minerals sector. 

The Committee has held a number of talks at local universities to raise awareness among students and 
sensitize them particularly to issues related to gender inclusivity and safe spaces within the mining industry. The 
Committee has also hosted a workshop focusing on challenges and strategies for mentoring and retaining women 
in the mining industry. A webinar series given by highly notable speakers from within and outside the industry 
is scheduled for the month of August 2020, to celebrate Women’s Month. The series will cover talks on a weekly 
basis touching on diverse issues such as gender inclusivity in the workplace, creating a positive environment 
for diversity, conquering inner fears, developing a growth mind-set, and workplace strategies for mental health. 
The Committee is also planning to host the first-ever SAIMM conference on diversity and inclusion in the mining 
industry in August 2021. 

The Committee has also been looking at establishing collaborations with partners who are keen to enhance the 
diversity landscape and cause in the mining industry. Informal collaborative partnerships have been established 
with the Minerals Council South Africa and Women in Mining South Africa (WIMSA). It is expected that all these 
strategies and activities will go a long way in catalysing a positive change in the mining industry.

  S. Ndlovu
DIMI Chairperson
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As I write this second-to-last letter as President of the 
SAIMM, we are midway through the year and more than 
100 days since the first lockdown was announced on 26 

March 2020 in South Africa. It’s early July and the coldest 
winter in ten years, and I chose one of the coldest days of the 
month, on a Saturday morning, to ride 50 kilometres around 
town. I was prepared though, covered head to toe in winter 
gear, including a buff cloth as a mask. There were fewer cyclists 
than normal (perhaps because of the cold?) but a lot more 
runners than I had expected, also in winter gear and masked 
as a protocol in response to COVID-19. Everyone was covered 
and therefore unrecognizable, and it was difficult to see the 
determination or strain in their faces from their efforts.

Wearing masks has become normal and may prevail 
for longer than we would wish for. We have become 
unrecognizable to each other as people and so we easily walk 
past one another, and at a distance for additional protection 
against the virus. Conversation and collaboration now take 
place only through online meetings – from my own experience, 
the benefits are limited because person-to-person interaction as 
we have known it before is required in order to find solutions to 
the many challenges that are ahead of us. 

President’s

Corner
The rise of the institution

While we may not recognize one another at an individual level, we recognize institutional brands –  
I’m referring to the many institutions that have thrived through this period of the pandemic; the brand 
does not wear a mask as it stands resilient and responds to the challenges from the virus. The ‘new 
normal’ provides an opportunity for institutions to rise to the challenge and opportunities that are 
emerging from this period in our lives. They will be able to do so because of the invested capital within 
their organizations, viz., intellectual capital from the human resources and innovation; financial capital 
as a result of strategic and prudent management of operations and balance sheet; relationship capital 
invested with employees, customers, suppliers, communities, civil organizations, shareholders, and 
government; and lastly and most critical, leadership capital, which will provide the vision and bold 
actions required to overcome the socio-economic and environmental challenges we are faced with.

The SAIMM is a brand more than 125 years old which has prevailed through the challenges and 
tribulations of the mining, minerals, and processing industries. We are transforming and responding to 
the damage done by the virus, by adopting technology innovations to continue our important work of 
professional development and crafting a new value proposition for our members and stakeholders. It is 
a difficult period, but we will prevail as we harness the intellectual, relationship, and leadership capital 
within this institution

    M.I. Mthenjane
President, SAIMM
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Design of a lined platinum tailings 
storage facility in South Africa
L.H. Spies1

Synopsis
Under current environmental legislation in South Africa, tailings are viewed as potentially hazardous 
waste that needs to be disposed of in compliance with the appropriate minimum requirements. The 
platinum tailings in this case study were classified as a hazardous waste, requiring a geomembrane as a 
key component of the pollution control barrier for disposal. Traditionally, tailings dams in South Africa 
have been built on top of the in-situ soils. The use of composite liners is relatively new in tailings dam 
construction in South Africa and brings with it its own set of challenges. For example: where before the 
natural drainage through the in-situ soils aided drainage of the tailings dam, all drainage must now 
take place through engineered systems, stability of the tailings dam needs to be assessed considering 
potential weak planes caused by the barrier system, and management of stormwater during construction 
must be carefully planned. This paper presents a case study highlighting how some of these challenges 
were addressed in a project where a composite liner was included in the design of the tailings dam. 

Keywords
tailings storage facility, barrier system, composite liner, geomembrane.

Introduction

The requirement for a barrier system in South Africa
The regulations promulgated under the National Environmental Management Act – Regulations 632, 
634, 635 and 636 (South Africa, 2013) – are currently administered by the Department of Water and 
Sanitation (DWS) in South Africa. Under these regulations waste, including tailings, is assessed under 
Waste Acceptance Criteria for Disposal to Landfill (refer to Table I), which determines the requirements 
for disposal of different types of waste. Under these regulations, many mineral residue deposits are 
found to require a barrier system, which typically includes a geomembrane. It is usually not practical, 
and currently not mandatory, to retrofit a barrier system to existing tailings dams. However, there is an 
increase in the number of new tailings dams being constructed to include a barrier system. 

The Department of Water and Sanitation (DWS) no longer condones South Africa’s philosophy 
of the past 20 years, in terms of which dilution of water contamination and dispersion relying on 
attenuation was regarded as acceptable (Legge, 2019). Protection of water resources, and prevention of 
contamination in the first place (source) is now being sought in preference to mitigating contamination 
spread (pathway) and pollution cleanup (receptor).

Apart from preventing polluted leachate from seeping into the groundwater, an additional benefit of 
lining a tailings dam is that more water in the tailings system can be captured and returned to the plant.  
This is useful in a water-scarce country such as South Africa. It is estimated that the addition of the 
composite liner in this case study will improve the water recovery of the tailings dam by 95 litres per ton 
of dry tailings deposited. 

Since the tailings industry has not always included barrier systems in design or construction, there 
are learnings to be acquired, even by seasoned tailings consultants and contractors, on how to work 
with these systems.   

A proposed amendment to Regulation 632 (2016) has been drafted whereby there could in future be 
a relaxation of the regulations on a case-by-case basis, following a risk-based approach. However, such 
regulations have yet to be promulgated into law.  In the meantime, the current regulations apply to the 
disposal of tailings in the same way they apply to the disposal of any other waste to landfill. 
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Case Study – Marula tailings dam
Marula Platinum Mine is located approximately 32 km northwest 
of the town of Burgersfort in Limpopo Province, South Africa.  
The pre-deposition works for the mine’s existing tailings dam 
was constructed in 2003 as an unlined facility, in line with the 
legal requirements at that time.  The existing tailings dam is 
approaching its end of life and a new tailings storage facility 
(TSF) is currently under construction to accommodate the mine’s 
future tailings production.  The footprint of the new TSF (77 ha) 
is shown in Figure 1 in relation to the location of the existing 
facility. The new TSF is planned to abut the existing facility and 
rise over the southern portion of the existing facility by some  
5 m, to a maximum height of 47 m. The design life of the new 
TSF is 20 years.

The site for the new TSF slopes gently, at an approximate 
slope of 1:60, downwards toward the northwest. The geology 
of the site comprises part of the eastern limb of the Bushveld 
Complex (BC). Typically, the top 1.5 m of the soil profile 
consists of topsoil and firm to stiff clay (residual norite, also 
known as ‘black turf’). Beneath this, soft rock (gabbronorite) is 
encountered. The Moopetsi River is located approximately 500 m 
to the west of the new facility.

The new TSF is designed to accommodate the full tailings 
stream from the Marula plant, so that operation of the facility 
is independent of any disposal requirements on the existing 
tailings dam. Since the new TSF will receive tailings from the 
same source as the existing tailings dam, its design is based on 
material properties derived from in-situ and laboratory testing of 
the tailings on the existing tailings dam. The design boundary 
conditions have been kept similar to those for the existing 
tailings dam, such as a maximum rate of rise (RoR) of 2.5 m/a. 

Various studies have shown that the Marula tailings classifies 
as Type 3 waste according to Regulation 635 (2013). This 
is mainly due to the tailings leachate having elevated nitrate 
(N03) levels, in excess of the minimum leachable concentration 
threshold (LCT), for which no barrier system would have been 
required. It is understood that much of the nitrates result from 
the explosives used in the mining process.

Scavenger wells have been implemented around the existing 
tailings dam to limit the migration of the pollution plume into the 
groundwater. However, the DWS no longer views interception as 
acceptable where prevention in the first instance is possible.  

According to Regulation 636, a Class C landfill barrier system, 
or a barrier of equivalent performance, is required for disposal 
of Type 3 waste. Thus, the new TSF will require a Class C barrier 
system or equivalent at its base. The components which make 
up a Class C barrier system are shown in Figure 2. Notably the 
system comprises: 

 ➤  Barrier components – a 1.5 mm thick HDPE geomembrane 
over a 300 mm thick clay liner (together referred to as the 
‘composite liner’)

 ➤  Protection components – geotextile or fine material to 
preserve the integrity of barrier components 

 ➤   Drainage above and below the barrier components.

Figure 1—Location of the new and existing TSFs at Marula Platinum Mine 

Figure 2—Components of a Class C barrier system (South Africa, 2013)

   Table I

   Acceptance criteria for disposal to landfill (South  
Africa, 2013) 

   Waste type Landfill disposal requirements
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The inclusion of a barrier system not only increases the 
complexity of the TSF design, but also its construction and 
operation. Various unique challenges had to be dealt with in this 
project; however, this paper focuses only on those specifically 
relating to the introduction of a barrier system into the design.

Design challenges

Drainage considerations
As soon as a low-permeability barrier system is introduced as 
part of a TSF, drainage needs to be carefully considered both 
above and below the barrier components. The drains significantly 
increase the already high cost of including a composite liner in 
the design.

The purpose of the above-liner drains is to:

 ➤  Draw down the phreatic surface (loosely equivalent to the 
water table) for structural stability purposes

 ➤  Reduce the head on the composite liner, thus reducing the 
seepage gradient

 ➤  Reduce the liquefaction potential of the tailings material.

The purpose of the underliner drains is to:

 ➤  Mitigate against construction issues related to water 
trapped beneath the geomembrane forming ‘whales’, 
softening the foundations etc.

 ➤ Provide a leakage detection layer
 ➤  In this particular case, because the new TSF abuts the 

existing tailings dam, to drain seepage from the existing 
facility. 

Drains need to be designed with protection from stormwater 
damage in mind (e.g. to protect against erosion of filter material 
or flow of runoff beneath a partially completed liner). Above-
liner drains also need to be designed so that the fine tailings that 
are first deposited over them do not cause them to blind, which 
would render them useless for the remainder of the facility’s life.

Drainage design
Various alternatives were considered for the drainage above and 
below the composite liner. The final drainage design, presented 
to and accepted by the DWS, consisted of a herringbone structure 
of drains on a 50 m spacing, as shown in Figure 3. Steady-state 
finite element seepage modelling confirmed that this spacing 
reduces the head on the composite liner to 5 m for the worst case. 
This reduces the seepage gradient and hence possible seepage 
across the composite liner.

A robust toe and blanket drain were included in this above-
liner drainage, designed with consideration of the closed form 
solutions and other recommendations presented by van Zyl and 

Robertson (1980). These are the primary drains responsible for 
drawing down the phreatic surface under the outer slope, which 
is required for structural stability. The outlets from the blanket 
and toe drains are separate from the rest of the basin drainage, 
also on a 50 m spacing. This means that in a worst-case scenario, 
if some of the inner basin drains were to block, the blanket and 
toe drains could continue to operate independently. 

The herringbone drains across the basin of the TSF collect 
into three major arterials, which serve as outlets to these drains.  
The herringbone drains, in addition to reducing the head on the 
composite liner as already mentioned, attempt to mimic the basal 
drainage observed through piezocone test work on the existing 
tailings dam. In the existing tailings dam, downwards seepage 
in the tailings basin can flow, to a limited extent, into the in-situ 
soils, which act as a natural drainage medium for the flows. In 
the lined TSF, artificial drains that will permit equivalent flows 
need to be added.  

A section through a typical drain is shown in Figure 4. There 
are 0.5 m high bunds, covered with geomembrane, on both 
sides of the drain, to protect the drain from stormwater damage.  
Sacrificial geotextile, which is removed before deposition, 
temporarily covers the drain as an additional protection measure 
against stormwater damage. It is accepted that this geotextile 
will degrade to some degree due to UV exposure, and to this 
end an additional thickness of coarse tailings is included into 
the topmost layer of the drain. The coarse tailings also serve to 
prevent the sand filter layer of the drain from blinding should the 
finest tailings material be deposited directly over it. A substantial 

Figure 3—Drainage layout

Figure 4—Section through a typical drain
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geotextile (A8) is included in the drains between the lowest 
gravel filter layer and the geomembrane. This is to protect the 
geomembrane from puncture by the gravel, and to limit strains 
in the geomembrane which would otherwise contribute to service 
life reduction (Brachman and Gudina, 2008).  

To cater for uncertainties regarding how all the drains will 
perform, redundancy has been introduced in the number of pipes 
in the drains. This redundancy comes at a relatively minor cost 
compared to the major reassurance it brings.  

Barrier component design
During the conceptual phase, alternatives to the composite 
liner were considered, ranging from a 7.4 m thick clay-only 
liner to vast amounts of drainage material only without a liner. 
Eventually a 2 mm thick HDPE geomembrane was selected, 
overlying a 300 mm thick compacted layer of clay. The 
geomembrane is thicker than that stipulated for a Class C landfill 
(1.5 mm), but it was chosen as it would be more resistant to 
damage during installation, and until it was covered everywhere 
with a protective layer of tailings. A double-sided textured 
geomembrane was chosen beneath the crest of the tailings dam 
to improve the interface friction between the geomembrane and 
the underlying clay/ overlying tailings. A smooth geomembrane 
was chosen for the much larger basin area of the tailings dam.

Stability
The stability of a TSF is commonly determined using limit 
equilibrium methods. The facility and its underlying soil horizons 
are considered as one ‘combined structure’ when undertaking 
slope stability analysis. The combined structure was designed to 
meet the factors of safety (FoS) listed in Table II for the various 
loading conditions, against large-scale slope failure. 

If there are significantly weaker layers within the TSF or 
its underlying soil horizons, the failure slip circle will generally 
pass through these weaker layers. In the case of the existing 
unlined facility, the black turf horizon presents a weak layer 
with a friction angle Ф = 21°. In the case of the new lined facility, 
the weakest layer is the interface of the soils/tailings with the 
geomembrane. The friction angle of this interface, as established 
from the literature, was taken as Ф = 16°. Specific shear interface 
testing between samples of the actual materials from site and the 
actual chosen geomembranes was undertaken. This confirmed 
that the design interface friction value of 16° was acceptable for 
both the smooth and textured geomembranes. Figure 5 shows 
the output of a slope stability analysis undertaken for one of the 
sections of the new TSF for loading condition 1, as defined in 
Table II. An overall outer slope of 1:4 is required to achieve the 
FoS design criteria. This is flatter than the slope of 1:3 that is 
used in the existing facility. The flatter slope means a reduction in 
the airspace available for material storage within the sloped areas 
of the lined TSF compared to the unlined tailings dam.

The design does not rely on stability berms to act as shear 
keys in order to meet the FoS design criteria. However, the drains 
are bunded (refer to Figure 4) which will to some extent act as 
stability berms and improve the geomembrane’s resistance to 
interface shearing. 

The phreatic surface for the slope stability analysis was based 
on the output of the seepage analysis discussed in the section on 
drainage design. In Figure 5 the assessment has assumed that 
all the drains are fully functional (loading condition 1). Stability 
analyses were also undertaken for the hypothetical scenario 
where the blanket drain is blocked and non-functional (loading 
conditions 3 and 4). This is considered a short-term, unsteady-
state condition, which could be rectified through remedial 
measures and consequently a lower FoS is considered acceptable 
for this condition.

The geometry (width) of the coarser, more permeable tailings 
(outer desaturated zone) is known for the existing tailings dam 
from the results of piezocone test work. By ensuring that the 
boundary conditions for the existing and new facilities are as 
similar as possible, knowledge of the tailings behaviour (e.g. 
width of the outer desaturated zone) on the existing tailings dam 
can be extrapolated to the new TSF. 

Paddocks
It is common practice for unlined, upstream constructed 
tailings dams to include paddocks at their toes to help manage 
stormwater runoff from the dam’s outer slopes. The catchment 

*Used to assess the robustness of the design.

   Table II

  Design criteria for factors of safety
   Loading condition  Minimum FoS Notes

   1 Design phreatic surface, effective stress shear strength model  1.5 Long-term stability under steady-state conditions 
   2 Design phreatic surface, undrained shear strength model*  1.3 Short-term loading / upset condition causing un-drained response and excess pore pressures 
   3 Adverse phreatic surface, effective stress shear strength model*  1.3 Short-term scenario, upset condition causing raised phreatic surface 
   4 Adverse phreatic surface, undrained stress shear strength model*  1.1 Short-term scenario, upset conditions causing raised phreatic surface and undrained response 

Figure 5—Slope stability analysis
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paddocks are designed to contain and store the stormwater runoff 
for later evaporation or seepage into the in-situ soils.  Stormwater 
that runs off the outer tailings slopes is considered contaminated 
water which, if allowed to seep into the in-situ soils, would defeat 
the purpose of lining the dam in the first place. The approach 
taken for this project was to combine the attenuation function 
of the catchment paddocks and the conveyance function of the 
solution trench into one system of inline attenuation ponds 
(Janse van Rensburg, 2018). The solution trench was designed to 
accommodate not only the base seepage flow, but also the peak 
storm flows from the outer tailings slopes.

To avoid an excessively large solution trench channel area, 
containment walls were introduced every 100 m along the 
solution trench to slow the time it took for all the water from 
upper catchments to join the downstream flows in the solution 
trench. Base flow is catered for by a slit in the wall, while peak 
flow will build up and overtop the wall. A typical section through 
a containment wall in the solution trench is shown in Figure 6. 

Construction challenges

Quality assurance
The success of a lined facility in acting to limit the seepage of 
leachate relies on all components of the barrier system being 

constructed to the highest standard. The geomembrane is 
manufactured to high quality standards, micrometre accuracy, 
and passed through numerous tests (in accordance with GRI-
GM13, 2013) before even leaving the factory. Once construction 
starts, all of this effort can be lost if the same diligence is not 
applied during installation of the geomembrane.

Each roll of geomembrane that arrives on site is accompanied 
by its a own quality certificate, so that if later there is a problem 
during the site inspections, it can be traced to a particular 
production batch at the factory. A panel layout is generated 
for the deployment of the geomembrane panels. An example 
of part of such a panel layout is shown in Figure 7. Each 
position in the layout is numbered so that which corresponding 
roll of geomembrane is in which position can be recorded. 
Many kilometres of welded seams between the panels need 
to be inspected, tested, repaired (if necessary), and records 
kept relating back to the panel layout. Such onerous quality 
assurance requirements during construction require a trained and 
meticulous workforce of quality inspectors.

Protection against stormwater damage
The timing for the construction of this project is such that a large 
portion of the drain construction and geomembrane installation 
will be done during the rainy season. Stormwater can flow very 

Figure 6—Section through a containment wall

Figure 7—Part of a panel layout
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rapidly over the geomembrane, as it does not have the roughness 
of the natural vegetation. Stormwater can pond on top of the 
geomembrane, as it cannot infiltrate into the natural soils.  
High-speed stormwater flows and ponding of water can cause 
significant damage to the above-liner drainage.

In addition to the drain-specific measures that have been 
taken to protect the drains from stormwater damage (see 
section on drainage design), other measures have also been 
implemented. A permanent stormwater cut-off trench is included 
on the upslope eastern and southern sides of the facility. It is 
likely that temporary cut-off trenches may be needed upslope 
of sections of the basin to protect the barrier system during 
construction. Intermediate penstocks have been included in the 
design, close to the inner toe of the tailings dam, to assist with 
decant of ponding stormwater during construction.

Phasing and sequencing of construction
Phased construction of the new tailings dam was considered.  
Apart from the usual benefits associated with phased 
construction, such as delaying capital expenditure, in the case 
of a composite-lined facility there would be additional benefit in 
that the geomembrane would lie exposed to the elements and 
to vandalism for a shorter period before a protective layer of 
tailings is deposited. Closer consideration showed, however, that 
in the case of the new Marula TSF, because the site is relatively 
flat, the entire facility could be covered by a relatively thin layer 
of protective tailings within the first few years. Phasing was 
therefore not considered beneficial for this project.

The sequencing of construction works around the installation 
of a barrier system is complex but important. Once the 
geomembrane has been laid, traffic cannot be allowed to pass 
over it, as this can damage the geomembrane. Even pedestrian 
traffic must be limited, and labourers alerted to the fact that 
simply dropping a cigarette or a pen-knife onto the geomembrane 
can have serious consequences. With the herringbone drains 
spaced every 50 m, the geomembrane has to be laid concurrently 
with construction of the drains. The geomembrane cannot be 
trafficked over again in order to place the drainage materials over 
it.

The geomembrane cannot all be laid at once. Placement of 
the geomembrane will depend on the rate of drain construction. 
The contractor either has to order shipments of geomembrane in 
batches, which increases the risk that materials are not available 
on site when they are required, or has to store a vast quantity of 
geomembraneon site for a long time. The total time required for 
laying the geomembrane for the Marula TSF is approximately 9 
months.

Geomembrane can deteriorate if stored for a long time 
exposed to the elements. Rolls of black geomembrane can heat 
up if ventilation is not allowed through stacks of the material.  
The upper exposed surface of a geomembrane was recorded to 
heat up to 83–86°C at midday at various sites in Limpopo (Legge, 
2019). If covered with a thin (100 mm) layer of soil or tailings, 
the temperature of the geomembrane and number of associated 
wrinkles was found to reduce significantly. Placing a layer of 
tailings over the Marula TSF’s geomembrane as soon as practical 
will be a priority.

Commissioning challenges
The project is not yet at the commissioning phase. The following 
areas will require careful attention when this phase is reached:

 ➤  Protection of drains from blinding. This is a challenge 
when commissioning any TSF. In the case of a TSF with a 
barrier system there are many more drains that need to be 
protected, so this activity needs to be much more rigorous.

 ➤  Removal of the sacrificial geotextile covering every drain 
before depositing over it.  The geotextile has not been 
designed as a filter layer, but is in place to protect the other 
filter layers from eroding. 

Conclusions
Barrier systems are a legislative requirement for many new 
tailings storage facilities in South Africa to protect surface and 
groundwater. Barrier systems also offer an opportunity to capture 
more water within the tailings system and return this water to the 
plant, which is useful in a water-scarce country.

Since the tailings industry has not always included barrier 
systems in its design or construction projects, there are many 
learnings still to be made, even by seasoned tailings consultants 
and contractors. There is a scarcity of as-built examples of 
tailings facilities constructed on composite liners, particularly in 
South Africa, so there are still unknowns relating to how these 
structures will behave in future. Stability and drain performance 
will need to be monitored rigorously during operation to confirm 
that these are performing as intended. 

The inclusion of a barrier system into a tailings facility 
increases the complexity of not only the design, but also of 
construction and operation. This increased complexity comes 
with an associated increase in costs. These factors have been 
illustrated through the case study presented in this paper.
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Modelling and analysis of the 
Brumadinho tailings disaster using 
advanced geospatial analytics
I. Atif1, F.T. Cawood1, and M.A. Mahboob2

Synopsis
On 25 January 2019, one of the most significant and deadliest tailings dam failures in history occurred at 
Brumadinho Córrego do Feijão iron ore mine in Brazil. Twelve million cubic metres of tailings travelling at 
120 km/h destroyed a total of 109 buildings, 36 belonging to Vale and 73 local residences. More than 259 
people died. Some farmlands were wiped out and left under a sea of mud and tailings up to 8 m deep. Seven 
sections of local roads, one main road, and one railway bridge were severely damaged. In this research, 
a GIS-based tailings spill path (TSP) model was developed using the Python programming language 
for predicting the potential tailings flow path – before failure of the tailings storage facility (TSF). The 
pre- and post-failure satellite images of the Brumadinho disaster were processed and analysed to map 
the damaged infrastructure and to extract digital footprints of the tailings waste and flow path. This 
model was then compared with the post-failure satellite images.  The TSP model is capable of generating 
the possible path of tailings flow and other important outputs like a processed digital elevation model 
(DEM), processed satellite image, down-path slope direction, and flow accumulation. The model was 
tested and validated for the Brumadinho and Samarco tailing disasters. The results are very promising 
and correlate well with the actual tailings spills. The methodology adopted in this research is robust, 
advanced, and can be applied to other tailings dams for hazard and risk assessment in case of their 
possible failure. The lack of high-resolution post-disaster satellite images and other topographical data 
were the main limitations of this research, which if available, could improve the modelling results. 

Keywords
Geospatial modelling, tailings dam failure, Brazil dam collapse, mining disaster, Brumadinho, Samarco 
tailings, tailings management.

Introduction
The mining industry plays a significant role in supporting the economies of several developed and 
underdeveloped countries around the globe. Massive volumes of solid and liquid waste are produced 
as part of the mining and metals extraction processes. This has the potential for several negative 
socio-economic and environmental impacts. Among these, the greatest threat is failure of a tailings 
storage facility (TSF), which may contain a large volume of mining wastes. TSF failure is not a new 
phenomenon and many such events have occurred around the world, as shown in Figure 1. Some 
of the critical failures are Mount Polley in Canada (Byrne et al., 2015), Merriespruit in South Africa 
(van Niekerk and Viljoen, 2005), Cieneguita mine in Mexico (Warden, 2018), Cerro Negro in Chile 
(Valenzuela, 2018), Rio Pomba Cataguases in Brazil (Oliveira and Kerbany, 2016), and Bento Rodrigues 
in Brazil (Segura et al., 2016), but there are many more.

There can be many reasons for TSF failures, such as an earthquakes (17% of global failures) 
(Villavicencio et al., 2014; Lyu et al., 2019), heavy rainfall (Ozkan and Ipekoglu, 2002), construction 
issues (17.3% of global failures) (Davies, 2002; Lyu et al., 2019), poor maintenance (Rico et al., 2008), 
excess pore water pressure (21.6% of global failures) (Wang et al., 2016, Lyu et al., 2019), starter wall 
and foundation failure and slope instability (Davies, 2002). Hence, proper monitoring, management, 
and risk assessment should be done to minimize the devastating impacts of a possible failure. To assess 
the risk of a potential TSF hazard, the first (and the most important) step is to map and quantify the 
magnitude of potential damage that can occur in the zone of influence. The zone of influence is the area 
that would be significantly affected in case of a TSF failure and should be categorized as a risk zone.

Usually, field-based surveys can be used to map the zone of influence. However, such mapping is 
expensive and time-consuming. Recent advances in digital technologies like Geographical Information 
Systems (GIS) and Remote Sensing (RS) have made mapping and modelling a viable option for 
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delineating the zone of influence. In the last decade, GIS and 
RS have been extensively and successfully used in disaster 
management studies, e.g. seismic disasters (Ehrlich et al., 
2009; Frigerio et al., 2016); flood disasters (Atif, Mahboob, and 
Waheed, 2015, Sajjad et al., 2020); geological disasters (Li et 
al., 2005, Mahboob et al., 2015b, 2019b); droughts (Raut et 
al., 2020, Atif, Iqbal, and Su, 2019); and fire disasters (Hinkley, 
2019). Several commercial and open-source satellite data-sets 
are available for both pre- and post-disaster analysis and future 
risk assessments (Mahboob et al., 2019b; Voigt et al., 2007; van 
Westen, 2013).

The applications of these advanced technologies can also be 
useful in the mining industry, particularly for TSF management. 
For example, Rudorff et al. (2018) investigated the impact 
of the Samarco tailings dam collapse on the turbidity of the 
Doce River plume off the eastern Brazilian coast by applying 
Landsat and MODIS-Aqua imagery. Mura et al. (2018) used 
advanced differential interferometric synthetic aperture radar 
(A-DInSAR) data from TerraSAR-X satellites to monitor the 
spatial and temporal displacement and assess the vulnerability 
of the TSF at Samarco in Brazil. Goff et al. (2019) proposed 
a cost-effective solution for monitoring and management 
of tailings by combining satellite-based Earth observations 
and global navigation satellite systems, such as the Global 
Positioning System (GPS) technologies, with real-time on-site 
instrumentation. Wang et al. (2018) modelled tailings slurry 
runout using a Smoothed Particle Hydrodynamics (SPH) method. 
They concluded that SPH numerical modelling is a powerful 
technique that can be recommended for risk assessment and 
design assessments of TSFs. However, these numerical models 
are usually expensive and computationally very demanding when 
applied to solve the mathematical equations in order to predict 
the tailings flow paths.

On 25 January 2019, one of the most severe tailing dam 
failures ever occurred in Brazil at Brumadinho Córrego do Feijão 
iron ore mine. About 11.7 million cubic metres of tailings was 
released, inundating around five miles of the area downstream 
and killed at least 259 people (Vale, 2020). Nine persons are 
still missing. The reason for the dam failure is still under 
investigation. Along with the TSF failure at Samarco, this disaster 
has put the mining industry under enormous pressure concerning 
safety in the zone of influence. The risk of failure of tailings 
dams located in Brazil has been assessed by experts, who found 

that 27 of the total number of TSFs in the country represent a 
high risk to human life, infrastructure, and the environment 
(New York TImes, 2019). If these TSFs, which are located in 
mountainous regions, failed, then an estimated number of more 
than 100 000 people living downstream could be affected, along 
with severe environmental destruction. Hence, for effective TSF 
management, it is essential to define the zone of influence as 
part of the risk assessment process. In this research, advanced 
geospatial analytics have been used to develop a model for 
mapping the potential tailings spill path (TSP) in case of a TSF 
failure.  This can help decision-makers to assess, quantify, and 
manage the risk in a better, efficient, and scientific way.

Materials and methods

Study area
The study area is a tailings dam at Brumadinho Córrego do 
Feijão iron ore mine, located in Belo Horizonte’s Brumadinho 
metropolitan district in southeastern Brazil (Figure 2). The 
average minimum and maximum temperatures of the study area 
are 16°C and 27°C respectively, with average annual precipitation 
of 965 mm (38 inches). The Brumadinho region has a complex 
geology with different types of sedimentary ores like high-
grade compact and soft haematite, soft itabirite, canga rica, 
slumped canga, and rolado, with alluvial pebbles and cobbles 
of compact haematite (Simmons, 1968). Extensive mining has 
been conducted for more than 150 years (Chase, 2008) for gold 
and iron. Brazil is the world’s second-largest iron ore producing 
country (De Moraes and Ribeiro, 2019). 

Upstream construction method
The Brumadinho region has several tailings dams located in the 
vicinity of mining areas, most of which are constructed using the 
upstream method (Valenzuela, 2018).

This economical construction method is very common in low 
seismic risk areas. A cross-section illustrating the construction 
method is shown in Figure 3 (Soares, Arnez, and Hennies, 
2000). In this method, the fresh tailings are deposited on top 
of the previously placed tailings. This requires the tailings to 
provide support for the dam and as such makes this type of dam 
potentially more prone to failure where the tailings are of low 
strength and materials may be prone to liquefaction (McLeod 

Figure 1—Historical global tailing dam failures. The colours correspond to 
the geographical region and numbers in the cells represent the number of 
accidents in that region for that decade  (data source: Lyu et al., 2019)

Figure 2—Location map of Brumadinho Córrego do Feijão iron ore mine 
tailings dam in Brumadinho region, Brazil
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and Bjelkevik, 2017). Most of the tailing dams that have failed 
in the past few decades, were constructed using upstream 
construction (Rico et al., 2008). This method is mostly suitable 
for arid regions and requires more careful supervision and water 
management than other methods.

The Brumadinho Córrego do Feijão tailings dam, which failed 
in January 2019, was constructed using the upstream method. 
Upstream constructed TSFs are not permitted in Chile and Peru 
(and recently in Brazil as a result of the failure) due to the 
higher probability of failure under static and dynamic loading 
(Breitenbach, 2010, Valenzuela, 2018).  

Satellite data
The Sentinel-2A satellite data was used owing to its good spatial 
resolution and open access from the European Union. For detailed 
analysis, another high-resolution open-source DigitalGlobe 
satellite image acquired from Google Earth dated November 2017 
was utilized to map the elements at risk. The specifications of the 
Sentinel-2A images are given in Table I. Two images were used 
– one from before the failure and the other from after the failure. 
The post-failure satellite image of Samarco dam was also used for 
validation of the model.

The satellite images were processed with respect to the 
analysis as recommended in several studies (Mahboob et al., 
2019a, , 2015a, Minu, Shetty, and Gopal, 2016), including 
atmospheric, radiometric, and geometric correction (Mahboob 
et al., 2019a). A command-line Atmospheric and Radiometric 
Correction of Satellite Imagery (ARCSI) software package was 
used to automate the pre-processing of Sentinel-2A imagery 
(Padró et al., 2017). It generates analysis-ready data by 
standardizing the surface reflectance for atmospheric correction, 
cloud masking, and topographic shadows correction. 

Topographical data
The Global Digital Elevation Model (GDEM) version 2.0 was 
extracted from Advanced Space-borne Thermal Emission and 
Reflection Radiometer (ASTER) images. The GDEM was the only 
open-access topographical data available before the Brumadinho 
tailings disaster. Several studies (Gesch et al., 2016; Courty, 
Soriano-Monzalvo, and Pedrozo-Acuña, 2019) have used ASTER 
data for detailed terrain and geomorphological analysis. The 
absolute vertical accuracy of GDEM2 was assessed by a joint 

team from the USA and Japan. They found an elevation offset of 
+7.4 m and Root Mean Square Error (RMSE) of 15 m in the high-
lying mountainous and forested area (Aster, 2016). 

Development of a GIS-based TSP model
The GIS-based model was developed using Python (computer 
programming language) in ArcGIS Desktop version 10.X to 
predict the potential path of tailings waste, in case of failure, 
by incorporating the satellite imagery and Digital Elevation 
Model (DEM).  Pre-processing of the DEM for filling of sinks is 
recommended (Köthe and Bock, 2009) before any application. 
The sinks are the cells in the data with very low or high 
values compared to their neighbour cells. Hence, it is crucial 
to identify any possible sinks in the data as they can distort 
the results. After the identification of sinks, the next important 
task was to fill those sinks.  For this, many methods have been 
proposed (Lindsay, 2016; Sharma and Tiwari, 2019). The linear 
interpolation method proposed by Pan, Xi, and Wang (2019) 
was applied for filling of sinks due to its simplicity and lower 
computational requirements. The Python library for GIS analysis 
was imported and the workspace environment specified. The 
maximum allowable difference for the depth of a sink and the 
neighbour cell was auto-defined by local variable h-limit to fill 
those sinks. The kernel window of 3×3 was run on the surface to 
identify which cell to be filled and which to remain untouched as 
per Equation [1].  

[1]

where Dsp is the depth of the sink cell, Do and Di are the depths 
of outflow and inflow cells respectively, and Dspi and Dspo

 are the 
distance from sink cell to inflow and outflow cells, respectively. 
This algorithm was iterated until all the sinks were filled within 
the pre-defined h-limit to obtain a DEM without depressions. 
After pre-processing, the smoothed DEM was incorporated in 
the TSP model to generate other hydrological parameters, i.e. 
flow direction and flow accumulation. To calculate the flow 
direction, the slope of each cell was determined using a geodesic 
measurement technique. Equation [2] was used to compute the 
slope variation in elevation surface:

[2]

where SDeg is the slope measurement in degrees and ∂z/∂x and 
∂z/∂y represent the change (difference) in horizontal and vertical 
directions, respectively. 

After computing the slope variations, a flow direction map 
was generated using the D8 technique, which was further based 
on three flow-modelling algorithms proposed by Jiaye et al. 
(2020). D8 calculates the flow direction for each cell with its 
downward steepest-slope neighbour cells. The flow direction 

Figure 3—Overview of upstream tailing dam construction method (redrawn 
from McLeod, Murray, and Berger, 2003)

   Table I

  The specifications of Sentinel-2A satellite data used 
   Sr. no. Event Image date No. of spectral bands Spatial resolution Remarks

   1 Brumadinho tailings dam pre- failure 7 January 2019 
4 (blue, green, red, 

 10 × 10 m Model testing
   2 Brumadinho tailings dam post- failure 1 February 2019 and near-infrared)   
   3 Samarco tailings dam post- failure 26 December 2015   Model validation
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grid was generated to represent flow in several directions with 
unique colour symbols, where the colours represent directional 
distribution of flow (Figure 4). 

The flow direction raster was then used to generate the flow 
accumulation map to highlight the total accumulated flow from 
higher to lower elevation based on the specified threshold value 
for the pixels (Figure 5). It is noteworthy that flow accumulation 
plays a vital role in dam failures, surface landslides, and 
subsurface land subsidence (Liu et al., 2014).  

For the delineation of tailing spill paths, the threshold was 
examined by applying the histogram equalize stretch to the flow 
accumulation raster. It helps to determine the minimum number 
of cells that contribute to generating flow into the target cells. 
This threshold was found to be the most sensitive parameter 
of the TSP model for determining the spill path accurately. The 
lower the threshold value, the lower will be the number of cells 
that can contribute to generate the flow. The model was tested 
for the Brumadinho Córrego do Feijão tailings dam for threshold 
values starting from 100 and increasing in steps of 100 till the 
flow accumulation started towards the downslope cells. The 
final threshold value was found to be greater than or equal to 
2000. The model was further validated on another TSF (Samarco 
dam disaster) located in a similar region to assess its accuracy 
under certain conditions. The work flow and Python code for 
the development of the TSP model are given in Figure 6 and 
Appendix-A, respectively.  

Results and discussion
The pre-failure Sentinel-2A satellite image of the Brumadinho 
Córrego do Feijão TSF is given in Figure 7. The dark and light 
green tones represent the forest cover and farmlands respectively. 
The whitish-grey colour represents the semi-urban region 
(towns and villages), and the dark purple colour highlights the 
freshwater resources. The TSF is shown as dark grey, which 
might be related to the altered chemical materials in the tailings. 

In addition to this pre-failure satellite image, the high-
resolution DigitalGlobe satellite image acquired from Google Earth 
was also analysed to assess the significant elements at risk due 
to TSF failure (Figure 8). 

The post-failure Sentinel-2A satellite image (Figure 9) shows 
the spill and the extent of destruction caused by the failure. After 
mapping of the affected area, the digital footprint of the tailings 
spill was extracted and overlaid on the high-resolution imagery 
for detail damage analysis, as shown in Figure 10.  

The results show that the total area of the spill was about  
3.1 km2. A straight line from the start (the TSF) to end of the 
flow (Paraopeba River) measured 6 km. However, the length 
of the spill measured along the centre line of the flow path was 
about 10 km. The main infrastructure affected comprised the Vale 
administrative office, a railway bridge, some farmlands in the 
northwest, and houses located in the southern side of the town. 
A considerable portion of the tailings ran into the Paraopeba 
River, causing significant pollution. 

Figure 5—Generation of flow accumulation raster from flow direction  
(Mahboob et al., 2019b)

Figure 4—Generation of flow direction raster (Mahboob et al., 2019b)

Figure 7—Pre-failure Sentinel-2A satellite image of the Brumadinho Córrego 
do Feijão TSF area (green, near-infrared, and red bands highlighted as R, G, 
and B)

Figure 6—The work flow followed to create the TSP model
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A total of 109 buildings were damaged; 36 belonged to Vale 
and the remaining 73 were local residences (Figure 11). Some 
farmlands were wiped out and left under a sea of mud with 
depths of around 8 m. Seven sections of local roads, one main 
road, and one railway bridge were severely damaged. Field 
pictures from post-failure are given in Figure 12, showing the 
collapsed bridge (Figure 12A), aerial views of the catastrophe 
(Figures 12B and F), and demolished roads and houses (Figures 
12C–E). 

For the back-propagation modelling of the TSF failure, the 
TSP model was developed and applied to predict the potential 
path of the tailings spill based on the DEM of the area.  The 
Graphical User Interface (GUI) of the developed model is shown 
in Figure 13. 

The input of the model is the raw DEM and satellite image of 
the study area. The model can generate several output maps such 
as processed DEM, processed satellite image, elevation, slope, 
flow direction, flow accumulation, and the potential path that the 
liquefied tailings will take. The elevation map showed that the 
vertical height variation from Brumadinho Córrego do Feijão TSF 
to the Paraopeba River was 207 m (from 948 m to 741 m above 
mean sea level), as shown in Figure 14.

The results of slope analysis (Figure 15) showed a slope 
profile of between 0 and 28 degrees with the maximum slope of 
28 degrees at the TSFs and zero towards the Paraopeba River.   

The developed model was applied to delineate the potential 
tailings flow paths, before the failure.  The results show that 
the potential spill path as predicted by the TSP model using 
geospatial analytics matched the actual extents of the tailing spill, 
shown in Figure 16. 

The elevation profile of the predicted tailings spill path was 
also extracted – illustrated in Figure 17. The elevation difference 
is 207 m with an average topographic slope of 2.07% over the  
10 km horizontal distance to the Paraopeba River. 

A TSP model was developed for TSFs located in mountainous 
terrain and was further validated for the Samarco Tailings dam of 
Brazil. The Samarco TSF failure, which occurred on 5 November 
2015, also constituted a major disaster in the history of the 
mining industry. Figure 18 shows the potential tailings spill path 
(red line) from the Samarco TSF as predicted by the TSP model, 
overlaid on the post-failure satellite image. The results illustrate 

Figure 8—High-resolution DigitalGlobe satellite image before Brumadinho 
Córrego do Feijão TSF failure

Figure 9—Post-failure Sentinel-2A satellite image of the Brumadinho Cór-
rego do Feijão TSF area, tailing spills highlighted in purple (green, near-in-
frared, and red bands highlighted as R, G, and B) 

Figure 10—Digital footprint of tailing spill (red) overlaid on high-resolution 
satellite image

Figure 11—Detailed damage assessment map post-failure 
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that the predicted tailings flow path is in accordance with and 
within the actual tailings spill extent, hence validating the model.  

This TSF failure devastated two communities, Bento 
Rodrigues and Paracatu de Baixo, located about 2 km and  
38 km away from the collapsed dam (do Carmo et al., 2017). The 
section in Figure 19 shows the modelled tailings flow up to point 
X in Figure 18, which is 50 km away from the start of the spill. 
Modelling was stopped at point X due to the presence of thick 
cloud cover in the next satellite image. In this case, the elevation 
difference is 804 m with an average slope of 2.2%. 

The validation results showed that the model is capable of 
making acceptable predictions of the potential tailings flow path 
in the case of TSF failures in mountainous regions. The output 
of the model is also suitable for mapping a first pass of the zone 
of influence, which in turn can be used in the development of 

Figure 12—Field pictures of post-failure damage. Railway bridge (A), aerial 
views (B and F), houses (C and D), and destroyed road (E) Source: Bonac-
corso (2019)

Figure 13—Graphical user interface (GUI) of the TSP model

Figure 14—Pre-failure topographical digital elevation model of the tailings 
spill area
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Figure 15—Pre-failure topographical slope profile of tailing spill path
Figure 16—Modelled tailing spill path (red) overlaid on real tailing spill extent 
(black)

Figure 17—Elevation profile of Brumadinho tailings spill path

Figure 18—Spatial footprint (red line) of the Samarco TSF spill modelled by TSP (map scale 1cm : 1km)

Figure 19—Elevation profile of Samarco tailing spill path
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mitigation strategies as well as guide search and rescue missions. 
The accuracy of the TSP model is highly dependent on the spatial 
resolution of the input DEM. Fine resolution (≤5 m) will generate 
more detailed and accurate results. 

Conclusion
Geospatial technologies were successfully applied for post-failure 
modelling and analysis of TSF failures. The TSP model was 
developed and applied to two TSF failures, Brumadinho Córrego 
do Feijão and Samarco in Brazil. The predicted tailings flow paths 
based on geospatial technologies were found to correlate well 
with the actual (post-failure) paths. 

An attempt was made to delineate the path followed by the 
spill from the Brumadinho Córrego do Feijão iron ore mine TSF 
using satellite data and geospatial technologies. The TSP model 
developed, and methodology adopted, in this research is robust, 
advanced, and can be applied to other TSFs for assessment of 
areas which could be affected in case of failure. Currently, the 
model is suited for the prediction of the longitudinal section of 
a tailings flow; however, further research into prediction of the 
the cross-sectional characteristics is also recommended. High-
resolution LiDAR (Light Detection and Ranging) point cloud 
data-sets could be used for this purpose. The unavailability of 
high-resolution post-failure satellite images and topographical 
data (≤1m spatial resolution) was the main limitation of this 
research. This data, if available, could improve the modelling 
results.
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Appendix A
Python code for the development of the TSP model
import arcpy
from arcpy import env
from arcpy.sa import *
env.workspace = “C:\GIS-TSP Model\Data”
arcpy.CheckOutExtension(“Spatial-Analyst”)
arcpy.ProjectRaster_management(in_raster=Satellite_Imagery, 
out_raster=Atmospherically___Radiometrically_Corrected__
Satellite_Image_, out_coor_system=”PROJCS[‘WGS_1984_UTM_
Zone_23N’,GEOGCS[‘GCS_WGS_1984’,DATUM[‘D_WGS_1984’,S
PHEROID[‘WGS_1984’,6378137.0,298.257223563]],

PRIMEM[‘Greenwich’,0.0],UNIT[‘Degree’,0.0174532925199433]],

PROJECTION[‘Transverse_Mercator’],

PARAMETER[‘False_Easting’,500000.0],

PARAMETER[‘False_Northing’,0.0],

PARAMETER[‘Central_Meridian’,- 45.0],PARAMETER[‘Scale_
Factor’,0.9996], PARAMETER[‘Latitude_Of_Origin’,0.0],

UNIT[‘Meter’,1.0]]”, 

resampling_type=”NEAREST”, 
cell_size=”29,9314345838804 29,9314345838805”, 
geographic_transform=””, 

Registration_Point=””,

in_coor_system=”GEOGCS[‘GCS_WGS_1984’,

DATUM[‘D_WGS_1984’,

SPHEROID[‘WGS_1984’,6378137.0,298.257223563]],



Modelling and analysis of the Brumadinho tailings disaster using advanced geospatial analytics

▶ 414 JULY 2020 VOLUME 120 The Journal of the Southern African Institute of Mining and Metallurgy

PRIMEM[‘Greenwich’,0.0],

UNIT[‘Degree’,0.0174532925199433]]”, 

vertical=”NO_VERTICAL”)

arcpy.ProjectRaster_management(in_raster=DEM, 
out_raster=Output_Project_DEM, out_coor_
system=”PROJCS[‘WGS_1984_Complex_UTM_Zone_23N’,

GEOGCS[‘GCS_WGS_1984’,

DATUM[‘D_WGS_1984’,

SPHEROID[‘WGS_1984’,6378137.0,298.257223563]],

PRIMEM[‘Greenwich’,0.0],

UNIT[‘Degree’,0.0174532925199433]],

PROJECTION[‘Transverse_Mercator_Complex’],

PARAMETER[‘False_Easting’,500000.0],

PARAMETER[‘False_Northing’,0.0],

PARAMETER[‘Central_Meridian’,-45.0],

PARAMETER[‘Scale_Factor’,0.9996],

PARAMETER[‘Latitude_Of_Origin’,0.0],

UNIT[‘Meter’,1.0]]”, 

resampling_type=”NEAREST”, 

cell_size=”29,9314345838804 29,9314345838805”, 

geographic_transform=””, Registration_Point=””, in_coor_
system=”PROJCS[‘WGS_1984_UTM_Zone_23N’,

GEOGCS[‘GCS_WGS_1984’,

DATUM[‘D_WGS_1984’,SPHEROID[‘W
GS_1984’,6378137.0,298.257223563]],

PRIMEM[‘Greenwich’,0.0],

UNIT[‘Degree’,0.0174532925199433]],

PROJECTION[‘Transverse_Mercator’],

PARAMETER[‘False_Easting’,500000.0],

PARAMETER[‘False_Northing’,0.0],

PARAMETER[‘Central_Meridian’,-45.0],

PARAMETER[‘Scale_Factor’,0.9996],

PARAMETER[‘Latitude_Of_Origin’,0.0],UNIT[‘Meter’,1.0]]”, 

vertical=”NO_VERTICAL”)

arcpy.env.overwriteOutput = False

Filled-DEM = arcpy.GetParameterAsText(0)

Satellite_Imagery = arcpy.GetParameterAsText(1) Atmospherically_
Radiometrically_Corrected_Satellite_Image_ = arcpy.
GetParameterAsText(2) 

Rectified_DEM = arcpy.GetParameterAsText(3) 

Flow_Direction_Map = arcpy.GetParameterAsText(4) 

Flow_Accumulation_Map = arcpy.GetParameterAsText(5) 

Tailing_Spill_Path = arcpy.GetParameterAsText(6) 

Strahler_Order = arcpy.GetParameterAsText(7) 

inSurfaceRaster = “Elevation”

sink_minimum = ZonalStatistics(sink_areas, “Value”, 
inSurfaceRaster, “Minimum”)

sink_maximum = ZonalFill(sink_areas, inSurfaceRaster)

sink_depth = Minus(sink_maximum, sink_minimum)

h-Limit = 3.28

Output-Fill = Fill(inSurfaceRaster, h-Limit)

Output-Fill.save(“C:\GIS-TSP Model\Data\Filled-DEM”)

inRaster = “Filled-DEM”

outMeasurement = “DEGREE”

method = “GEODESIC”

arcpy.CheckOutExtension(“3D-Analyst”)

arcpy.Slope_3d(inSurfaceRaster, outMeasurement, method)

arcpy.Slope_3d.save(“C:\GIS-TSP Model\Data\Slope”)

inRaster = “Filled-DEM”

method = “D8”

output-FlowDirection = FlowDirection(inRaster, method, outRaster)

output-FlowDirection.save(“C:\GIS-TSP Model\Data\Flow-Direction”)

inflow-DirectionRaster = “output-FlowDirection”

dataType = “INTEGER”

Output-FlowAccumulation = FlowAccumulation(inflow-
DirectionRaster, dataType)

Output-FlowAccumulation.save(“C:\GIS-TSP Model\Data\Flow-
Accumulation”) 

Flow-Accumulation-Conditional = Con(Raster(“Output-
FlowAccumulation”) > 2000, “ Output-FlowAccumulation”)

Flow-Accumulation-Conditional.save(“C:\GIS-TSP Model\Data\Flow-
Accumulation-Conditional”)

RasterConditioning = “Flow-Accumulation-Conditional”

TailingSpillPath = “C:\GIS-TSP Model\Data\Tailing Spill Path.shp”

backgrVal = “ZERO”

dangleTolerance = 50

field = “VALUE”

arcpy.RasterToPolyline_conversion(inRaster, TailingSpillPath, 
backgrVal, dangleTolerance, “SIMPLIFY”, field)

StreamRaster = “Output-FlowAccumulation”

FlowDirectionRaster = “output-FlowDirection”

StreamorderMethod = “STRAHLER”

TSPStrahlerOrder = StreamOrder(StreamRaster, 
FlowDirectionRaster, StreamorderMethod)

TSPStrahlerOrder.save(“C:\GIS-TSP Model\Data\Spill Path order.
shp)    u
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Using experimental design and response 
surface methodology (RSM) to optimize 
gold extraction from refractory sulphidic 
gold tailings with ionic liquids
S. Teimouri1, G. Mawire1, J.H. Potgieter1,2, G.S. Simate1, L. van Dyk1, 
and M. Dworzanowski1

Synopsis
This work examined the feasibility of gold extraction from a pyrite flotation concentrate sample using an 
ionic liquid and water mixture as solvent, thiourea complexing agent, and iron(III) sulphate oxidant. A 
design of experiment (DOE) methodology was used to optimize the process parameters. The purpose of 
the investigation was to determine how feasible it would be to replace the traditional cyanide extraction 
process by using an alternative approach, and compare the yield that could be obtained with a less 
environmentally damaging and hazardous combination of chemicals. Test parameters such as ionic liquid 
concentration, pulp density, time, and temperature were varied using two imidazolium-based ionic liquids: 
1-butyl-3-methylimidazolium hydrogen sulphate [Bmim+HSO4

–] and 1-butyl-3-methylimidazolium 
trifluoromethansulphonate [Bmim+CF3SO3

–]. The effects on gold extraction were assessed and screened 
using a half fractional factorial design (25-1) approach. The ionic liquid concentration, pulp density, and 
temperature had a statistically significant effect on gold extraction, while the type of ionic liquid and 
extraction time did not affect the gold extraction as much within the operating range investigated. A high 
gold extraction was obtained at low ionic liquid concentration, low pulp density, and high temperature. 
A central composite design in conjunction with response surface methodology were used to create an 
optimization design with the statistically significant parameters in an attempt to establish the optimal 
gold extraction conditions. It was found that the optimum concentration of ionic liquid [Bmim+HSO4

–] in 
the aqueous solution was 15% (v/v), pulp density was 15% (w/v), and the temperature 60°C, with a gold 
extraction of 35.7% under these conditions. This, sadly, was only about half of the yield achieved with 
the cyanide process. In order to compete with the traditional approach, a way will have to be found to 
completely destroy the pyrite component in the material, in which a substantial portion of the gold was 
locked up. This work, and similar studies reported in the literature, indicates that cyanide technology for 
gold recovery will remain the process of choice in the gold industry for the immediate future. 

Keywords
refractory sulphidic gold tailings, gold leaching, ionic liquids, design of experiment (DOE), screening, 
optimization.

Introduction
The general decline in resources of gold ore grades at shallow depths has in recent years resulted in the 
exploration of gold tailings to recover gold to meet demand. Gold tailings are predominantly refractory 
and are not amenable to efficient gold recovery with conventional methods. This has led to a growing 
interest in research into alternative extraction techniques.

Gold tailings are classified as secondary ores, and are leftover materials discharged after an 
extraction process. Mine tailings are an environmental burden that contains precious metals such 
as gold, but further treatment of the tailings and improving the gold recovery has the potential to 
offer massive financial rewards (Falagán, Grail, and Johnson, 2017). DRDGOLD (Pty) Ltd feed ore 
originates from surface tailings, sand dumps, and slime dams left behind by mining operations across 
the Witwatersrand Basin. Organic material and debris are removed from the slurry before it is fed to 
a flotation circuit, where preferential recovery of pyrite over quartz produces a sulphide-enriched gold 
concentrate. 
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Within the gangue matrix, gold is finely disseminated in the 
host sulphide minerals, making it inaccessible for extraction 
(Attia and El-Zeky, 1989). Uneconomical reagent consumption 
and complex pre-treatment processes are characteristic of 
sulphide-gold bearing ores, including gold tailings, with the 
major drawback being the substantial risks associated with the 
cyanidation process (Grosse et al., 2003). There is thus a need 
to find an alternative, efficient lixiviant for gold recovery from 
refractory sulphidic minerals.

Ionic liquids (ILs) are prospective alternative solvents that 
are composed mainly of organic cations and organic/inorganic 
anions. ILs are salts that exist as liquids at ambient conditions 
because of their low melting point and low vapour pressure. 
Some of the properties that make ILs favourable as alternative 
solvents are non-flammability, chemical and thermal stability, 
high conductivity, wide electrochemical windows, and the ability 
to be task-specified (Lee, 2012; Park et al., 2014). 

A number of studies have been carried out on the use of 
ILs as an efficient lixiviant for gold extraction and recovery. 
Whitehead, Lawrance, and McCluskey (2004) investigated the 
extraction of gold and silver from a sulphidic ore using aqueous 
H2SO4 and 1-butyl-3-methylimidazolium hydrogen sulphate 
[Bmim+HSO4

–] as a nonconventional solvent with thiourea 
and iron(III) sulphate as the complexing agent and oxidant, 
respectively. Silver extraction was improved significantly in the 
ionic liquid system (>60%, compared to <10% in the aqueous 
sulphuric acid system), although gold extraction was relatively 
similar (>85%) in both systems. 

Many experimental investigations involve the study of 
various effects, and experiments in which one factor at a time 
is changed are inefficient, uneconomical, and do not show the 
entire interaction. Full and fractional factorial experiments are the 
only means to completely and systematically study interactions 
between factors. This allows screening tests to be done so 
that one can work with just the significant factors, which can 
be optimized to solve problems of low recoveries successfully 
(Simate, Ndlovu, and Gericke, 2009). For example, Aguirre et al. 
(2016) used response surface methodology (RSM) to establish 
the optimal conditions for Cu extraction from chalcopyrite 
(CuFeS2) with [Bmim+HSO4

–] as the lixiviant. Shemi et al. (2013) 
employed an experimental design approach (DOE) to optimize 
influential factors in aluminium extraction from coal fly ash. 
RSM is one of the popular methods used to establish the optimal 
conditions by using a fitted quadratic polynomial model of the 
experimental results and was applied after the screening stage 
(Montgomery, 1984). 

Figure 1 represents the sequential steps in the design of 
experiments employed in this study. For screening, a fractional 
factorial design (i.e., 25-1) was used to investigate the influence 
of the concentration of IL, pulp density, time, and temperature 
with two imidazolium-based ILs, so as to identify the statistically 
significant parameters that have a large effect on gold extraction. 
Afterwards, the statistically significant parameters were 
optimized through CCD in conjunction with RSM.

Material and methods 

Mineral tailings and characterization
The sample was obtained from the ERGO plant, operated by 
DRDGOLD (Pty) Ltd, in South Africa. Most of the gold in the 
ERGO plant feed (tailings) is associated with sulphide minerals, 
which justifies the preferential concentration of pyrite over other 
minerals resulting in a pyrite flotation concentrate. This flotation 
concentrate sample contained a high amount of sulphides, with 
micro-disseminated gold mostly locked in the pyrite fraction. 
The gold grade was 2.38 g/t. A photomicrograph indicating the 
gold occurrence in both the free as well as the locked state in the 
pyrite fraction is shown in Figure 2. This sample can be classified 

Figure 1—Sequential steps of DOE methodology

Figure 2—Gold association with pyrite: (A) gold rim around pyrite, (B) gold locked in pyrite
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as refractory as gold was occluded within the crystal matrix of 
a mineral and/or various minerals, making it inaccessible for 
leaching. Figure 3 presents the liberation by grade of the finely 
milled flotation concentrate sample. Gold recovery from by carbon 
in leach (CIL) and carbon in pulp (CIP) after fine grinding was 
approximately 67%. 

The as-received pyrite flotation concentrate was collected 
before the fine grinding step. The sample was milled with a 
laboratory roller ball mill, since it was agglomerated and included 
solid hard lumps. The subsequent fine material was dried in an 
oven at 105°C to remove any moisture.The dried sample was then 
blended and classified into different fraction sizes (–45 µm, +45 
–90 µm, +90 –106 µm, and +106 –150 µm) using an electronic 
sieve shaker (Eriez model ES 200) with stainless steel sieves. 
The finest size fraction (–45 µm) was selected for the leaching 
experiments to ensure a sufficient exposed surface area, and it 
can be represented by the +25 µm cumulative plot (Figure 3). 
Another reason was to ensure a high concentration of gold in 
the material so that small changes in response to varying the 
different test parameters could be detected. 

It is well known that hydrometallurgical processes, and 
leaching in particular, are absolutely dependent on the shrinking 
core model, liberation, and particle size distribution (PSD). The 
leaching kinetics of the selected size fraction was described in 
detail recently by Teimouri et al. (2020), who established that 
there were two regions of kinetic control, i.e. mixed control and 
diffusion control, with activation energies Ea of 17.97 kJ/mol and 
27.17 kJ/mol, respectively.

The –45 µm fraction, which was used in this investigation, 
was analysed by both atomic absorption spectroscopy (AAS) 
and fire assay. The results were within 2.5% relative standard 
deviation (RSD) for the value of 2.84 g/t determined via gold 
assay. Table I shows the mineralogical analysis of the flotation 
concentrate sample by X-ray diffraction (XRD). The predominant 
minerals were quartz and pyrite at 45.1% and 36.3%, 
respectively. Figure 4 illustrates the XRD scan of the concentrate.

Reagents
The two ILs, 1-butyl-3-methyl-imidazolium hydrogen 
sulphate [Bmim+HSO4

–] and 1-butyl-3-methylimidazolium 
trifluoromethansulphonate [Bmim+CF3SO3

–], were chosen, with 
thiourea SC(NH2)2 as complexing agent and Fe2(SO4)3 as a source 
of ferric ions, which acted as the oxidant. All the chemicals and 
reagents were purchased from Sigma Aldrich in South Africa and 
were of analytical grade, and used as received without further 
purification.

Figure 3—Liberation by grade (cumulative) for finely milled pyrite flotation 
concentrate

   Table I

  XRD analysis the flotation concentrate sample
   Mineral Chemical formulae Mass%

   Quartz SiO2 45.1
   Pyrite FeS2 36.3
   Muscovite KAl2(Si3Al)O10(OH, F)2 5.3
   Chlorite (Mg,Fe2+)5AlSi3Al2O10(OH)8 4.1
   Pyrophyllite Al2Si4O10(OH)2 4.1
   Other - 5.0

Figure 4—XRD spectrum of the flotation concentrate sample
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Design of experiments
Design Expert software (version 11) was employed to study the 
feasibility of leaching of the flotation concentrate sample using 
the reagent suite; firstly, through screening of parameters and 
then by optimizing the statistically significant parameters.

Factorial design
The significance of each parameter and probable interactive 
effects were considered using a fractional factorial design (i.e., 
25-1, containing 20 experimental runs) represented in Table 
II, and the yield of gold was taken as the measured response. 
Previous studies (Whitehead, Lawrance, and McCluskey, 2004; 
Whitehead et al., 2007, 2009; Aguirre et al., 2016) on the 
leaching of sulphidic ores using ILs provided some guidelines 
when designing the experiments. Therefore, the choice of the 
parameters to investigate was based on reports in the literature. 
The design factors were categorized as controlled parameters and 
constant (uncontrolled) parameters. The controlled parameters 
were the selected parameters for the purpose of the study. The 
constant parameters (pH and shaking speed) were those that may 
have an effect on the response, but were not of interest for the 
purpose of the study, and thus were held constant ( pH = 1 and 
shaking speed = 250 r/min). The design controlled parameters, 
the coded levels (low = -1, centre = 0, and high = +1) and the 
actual values are represented in Table III.

It is worthy of note that acidic conditions (pH 1) were chosen 
based on the reagents used. To avoid rapid degradation of 
thiourea, as well as to ensure the stability of thiourea, an acidic 
solution was required. In acidic medium, the aqueous form of 
thiourea acts as a ligand to form a stable cationic complex with 
gold. In addition, ferric ions are stable at pH <2 and precipitate 
as hydroxyl species (ferric hydroxide) as the pH increases 
(Whitehead et al., 2007).

Methodology for data analysis
Normal probability plots of effects
A normal probability plot is a plot of the effect of the actual value 
evaluations versus their accumulative normal probabilities, which 
offers an approach to select significant factors (Montgomery, 
1984).

Central composite design and response surface method-
ology
The CCD combined with RSM was used in this study to examine 
the optimal conditions of the statistically significant parameters 
for gold extraction from pyrite flotation concentrate.

A second-order polynomial equation of the predicted 
response (y) was proposed, which indicated coded independent 
variables (Xi and Xj) and their coefficients β0, βi, βii, and βij as the 
coefficients for intercept, coefficient of linear effect, coefficient of 
quadratic effect, and coefficient of interaction effects, respectively, 
as given in Equation [1] (Myers, Montgomery, and Anderson-
Cook, 2016).

[1]

   Table II

  Fractional factorial design (25-1) for experimental parameters (actual values)
   Run IL type IL concn. (%) Pulp density (%) T (°C)  Time (h)

   1 BmimCF3SO3 33%  25% 35 38
   2 BmimHSO4 33%  25% 35 17
   3 BmimCF3SO3 78%  25% 35 17
   4 BmimHSO4 78%  25% 35 38
   5 BmimCF3SO3 33%  12.5% 35 17
   6 BmimHSO4 33%  12.5% 35 38
   7 BmimCF3SO3 78%  12.5% 35 38
   8 BmimHSO4 78%  12.5% 35 17
   9 BmimCF3SO3 33%  25% 65 17
   10 BmimHSO4 33%  25% 65 38
   11 BmimCF3SO3 78%  25% 65 38
   12 BmimHSO4 78%  25% 65 17
   13 BmimCF3SO3 33%  12.5% 65 38
   14 BmimHSO4 33%  12.5% 65 17
   15 BmimCF3SO3 78%  12.5% 65 17
   16 BmimHSO4 78%  12.5% 65 38
   17 BmimHSO4 55.5%  18.7% 50 27.50
   18 BmimHSO4 55.5%  18.7% 50 27.50
   19 BmimHSO4 55.5%  18.7% 50 27.50
   20 BmimHSO4 55.5%  18.7% 50 27.50

   Table III

  Experimental parameters and respective levels
   Parameter Low level (–1) Centre point (0) High level (+1)

   IL type [Bmim+SF3SO3
-] [Bmim+HSO4

–] [Bmim+HSO4
–]

   IL concentration 33% IL 55.5% IL 78% IL
   Pulp density 12.5% (1:8) 18.7% (1:6) 25% (1:4)
   Temperature 35°C 50°C 65°C
   Time 17 h 27.5 h 38 h
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Experimental
A closed Schott bottle with 50 mL capacity was used as a 
leaching container for each experiment. Each particular sample 
was prepared with the appropriate amount of the pyrite flotation 
concentrate (–45 µm fraction), thiourea, and iron (III) sulphate 
oxidant, added to a 10 mL mixture of imidazolium-based IL and 
deionized water with a specific IL concentration to obtain the 
required solid to liquid ratio based on the experimental design 
(see Table II). The pH of the IL-water mixture was adjusted to pH 
of 1 and a shaking speed of 250 r/min was used. To maintain a 
constant temperature, the bottles were incubated in a platform 
shaking incubator. The bottles were removed from the shaker 
at specified times, and the solutions filtered and the filtrates 
analysed for gold using AAS. The samples were thoroughly 
homogenized for each test to ensure the representativeness 
of the weighted samples corresponded to each other for every 
experiment. All experiments were run randomly to reduce the 
effects of an uncontrolled error (Montgomery, 1984) and repeated 
in triplicate to yield an average value for use in the calculations.

Results and discussion

Significant factors
The percentage of extracted gold in the leach liquor was 
calculated and used to evaluate both the main and interaction 
effects of the studied parameters. The estimation of the main 
effects and the interaction terms were illustrated in the half-
normal probability graph of gold extraction (Figure 5). As 
illustrated, all insignificant effects were typically spread with 
zero means and variance (σ2), and have a tendency to be 
along the straight line on the plot. On the contrary, significant 
effects were situated far away from the straight line with non-
zero means. The greater the statistical significant effect, the 
greater the distance from the straight line. From this statistical 
analysis, the observed significant effects, in order of descending 
significance with respect to the influence on the desired measured 
response (percent extracted gold), were concentration of IL (B) 
> temperature (D) > solid to liquid ratio (C). The interaction 
between the studied parameters were found to be insignificant 
since they all were located along the straight line on the half-
normal probability plot.

Influence of factors on gold extraction

Effect of IL concentration
The effect of IL concentration on gold extraction is presented in 
Figure 6. The ratios of 33% and 78% IL in aqueous solution were 
the low and high levels examined for this factor. As illustrated, 
higher extraction of gold was obtained at a lower IL concentration 
under the tested conditions. Pure ionic liquids are usually 
viscous, especially [Bmim+HSO4

–] (900 mPa) compared to water 
(1 mPa), hence water was added to reduce the viscosity of the IL 
(Whitehead et al., 2007), thus improving the transport properties 
of the cations and anions in the system (Mawire and van Dyk, 
2018). This was supported by the observed higher extraction 
of gold in the 33% IL solution, where the mass transfer was 
properties of the system were better than with 78% IL.

Effect of pulp density
The effect of pulp density (solid to liquid ratio) on gold extraction 
is illustrated in Figure 7. Under the investigated experimental 
conditions, a lower extraction was obtained at higher pulp 
density, which in this case was the pulp density of 25% w/v 
(1:4). The reduction in the gold extraction at higher pulp density 
can be attributed to the ineffective mixing of solids and the liquid 
solution (IL-water mixture) as a result of the mixture’s high 
density, which leads to ineffective mass transfer. In contrast, 
higher gold extraction was obtained at a lower pulp density of 
12.5% w/v (1:8). 

Effect of temperature
Figure 8 demonstrates the effect of temperature on gold 
extraction. It can be seen that more gold was extracted at a higher 
temperature under the conditions tested. The viscosity of IL 
generally follows the Vogel–Fulcher–Tammann (VFT) expression 
and the temperature dependence of viscosity can be described 

Figure 5—Half-normal plot of effects of the main and two-factor interactions

Figure 6—Effect of IL concentration on gold extraction

Figure 7—Effect of solid to liquid ratio on gold extraction
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by the Arrhenius equation (Mawire and van Dyk, 2018). The 
viscosity of the IL-water system decreases with an increase in 
temperature and, as mentioned earlier, high viscosity adversely 
affects extraction in this system. In addition, higher gold 
extraction at higher temperature can be expected since thiourea 
has fast kinetics for gold dissolution (Örgül and Atalay, 2002). 
Likewise, at higher temperatures more collisions occur between 
reactant molecules with adequate energy during oxidative 
leaching.

Optimization of significant parameters

Experimental design for the response surface  
methodology and central composite design 
Optimization of the statistically influential parameters on the 
measured response (yield of gold) was examined. From the 
screening tests, it was observed that the IL concentration, 
pulp density, and temperature were statistically significant 
parameters in gold extraction from concentrated gold-bearing 
pyrite using the mixture of IL aqueous solution/thiourea/
ferric ions. Further experiments were done by focusing on 
these three influential parameters inside the experimental 
area to optimize the extraction of gold by employing CCD 
and RSM techniques. In addition, since both ILs studied, 
[Bmim+HSO4

–] and [Bmim+CF3SO3
–], could extract gold, one of 

the ILs ([Bmim+HSO4
–]) was used for further experiments in the 

optimization stage.
The designed procedure for the CCD and RSM optimization in 

this study was as follows: 

(1)   Designing and conducting a series of experiments in order 
to obtain reliable measurements of the response (gold 
extraction)

(2)   Developing a mathematical model
(3)  Establishing the optimal experimental parameters
(4)   Demonstrating the effects of significant studied parameters 

through three-dimensional (3D) plots (Myers, Montgomery, 
and Anderson-Cook, 2016).

Derivation of the fitted model
The fitted second-order coded model with the variable terms that 
were significant at greater or equal to 95% confidence level was 
obtained as shown in Equation [2]:

[2]

where, y is the predicted response for gold, x1, x2, and x3 the 
coded levels of process variables (IL concentration, pulp density, 
and temperature, respectively) within the predictor variable 
limits: –λ ≤ xi ≤ +λ; i = 1, 2, 3, and λ = 2(k)1/4 = 1.682 (for k = 3); 
where λ is the distance between the star points and the centre of 
the CCD, and k is the number of factors.

Checking the adequacy of the developed model 
The adequacy of the fitted model was tested by applying analysis 
of variance (ANOVA), F-value, P-value, and coefficient of 
determination (R2) at 95% confidence level. Table IV represents 
the results for an ANOVA for the fitted model. Statistically at 
this level of confidence, a probability value (P-value) less than 
0.050 indicates that the model terms were significant, while 
values greater than 0.100 indicate that the model terms were 
insignificant. Thus, the results revealed that the fitted regression 
model was significant with a P-value of 0.0001. However, the 
lack of fit was insignificant with a P-value of 0.333.

Figure 8—Effect of temperature on gold extraction

   Table IV

  ANOVA for the fitted model
   Source Sum of squares df Mean square F-value P-value

   Model 420.00 9 46.67 23.55 0.0001
   A (IL concentration) 43.69 1 43.69 22.04 0.0008
   B (pulp density) 131.17 1 131.17 66.18 0.0001
   C (temperature) 3.98 1 3.98 2.01 0.0186
   AB 21.78 1 21.78 10.99 0.0078
   AC 15.78 1 15.78 7.96 0.0181
   BC 20.51 1 20.51 10.35 0.0092
   A² 51.93 1 51.93 26.20 0.0005
   B² 121.90 1 121.90 61.50 0.0001
   C² 39.01 1 39.01 19.68 0.0013
   Residual 19.82 10 1.98  
   Lack of fit 11.90 5 2.38 1.50 0.3330
   Pure error 7.92 5 1.58  
   Total 439.82 19   

   Table V

  Fitted summary statistics
   Std. dev. 1.41 R2 0.9549
   Mean 26.52 Adjusted R2 0.9144
   CV (%) 5.31 Predicted R2 0.7626
   Adeqate precision 15.5807
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From the fitted summary statistics presented in Table V, the 
low standard deviation value of 1.41 and high R2 value of 0.95 
indicate that the model was statistically likely to accurately define 
the performance of the experimental system.

Experimental results and predicted values obtained using the 
fitted models are presented in Table VI. The predicted values were 
reasonably comparable to the experimental values, with a linear 
correlation coefficient of R2 = 0.97 (Figure 9). 

Response surface methodology 
Once the experimental area was confined, the IL concentration 
(factor A), pulp density (factor B), and temperature (factor C) 
were fine-tuned using RSM by evaluating two parameters at the 
same time while holding the other constant at the centre level.

   Table VI

  Observed and predicted values for gold extraction
  Standard run  Actual levels of factors  Au yield (observed) Au yield (predicted) 
 A IL concn. B Pulp density C Temperature

   Factorial points 
   1 10 12.5 35 28.4 27.36
   2 20 12.5 35 19.21 18.71
   3 10 25 35 28.40 27.51
   4 20 25 35 25.23 24.81
   5 10 12.5 60 23.80 23.07
   6 20 12.5 60 19.60 19.36
   7 10 25 60 29.60 28.94
   8 20 25 60 32.40 31.85
   Axial points     
   9 5 18.75 48 26.76 27.62
   10 25 18.75 48 21.17 21.45
   11 15 30 48 15.00 15.46
   12 15 8 48 27.00 27.69
   13 15 18.75 25 23.82 24.62
   14 15 18.75 70 25.88 26.49
   Centre points     
   15 15 18.75 48 32.15 30.75
   16 15 18.75 48 31.76 30.75
   17 15 18.75 48 28.82 30.75
   18 15 18.75 48 30.88 30.75
   19 15 18.75 48 30.30 30.75
   20 15 18.75 48 29.71 30.75

Figure 9—Relationship between experimental and predicted values for gold 
extraction

Figure 10—(A) Surface and (B) contour plots showing the effect of IL concentration and pulp density on gold extraction at 50°C
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Figure 10 shows response surface (3D) and contour plots 
(2D), where gold extraction was represented by simultaneously 
varying the IL [Bmim+HSO4

–] concentration from 10% to 20% 
(v/v) and pulp density from 12.5 to 25 (w/v) at a temperature of 
50°C. The lines of the contour plots represent the values of gold 
extraction for different IL concentrations and pulp densities at an 
extraction time of 24 hours. The optimum condition was found as 
the red shaded area where the pulp density of 14% to 16% (w/v) 
converges with the concentration of IL between 14% to 16% (v/v) 
in the IL aqueous sample. In other words, to obtain a higher  
gold extraction, the leach solution should be prepared at 
around the centre point of IL concentration (15% v/v) and pulp 
density (15% w/v). The results imply that there was effective 
homogeneous mixing of solids and liquid at low pulp density, 
leading to better mass transfer and hence increased gold 
extraction. Also, at low IL concentration the viscosity of the IL-
water mixture was low, which enhances gold extraction. 

Figure 11 illustrates the effect of IL [Bmim+HSO4
–] 

concentration and temperature on gold extraction at the centre 
level of pulp density (18.75 w/v) for 24 hours leaching time. 
The IL concentration was varied from 10% to 20% (v/v) and 

the temperature varied from 35 to 60°C. It can be seen that gold 
extraction was at its maximum value in 15% (v/v) IL at an 
elevated temperature in the range of 55–60°C. The viscosity of IL 
[Bmim+HSO4

–] in water reduces at high temperature, resulting in 
free ions as well as more collisions between reactant molecules, 
which leads to better gold extraction. Besides, at higher 
temperatures the reaction kinetics of thiourea was faster for 
extracting gold in the system (Örgül and Atalay, 2002). 

Figure 12 displays the effect of pulp density and temperature 
on gold extraction at constant IL [Bmim+HSO4

–] concentration 
at the central level (15% v/v) over a period of 24 hours. Gold 
extraction increased with a decrease in pulp density and increase 
in temperature. The optimum condition was found as the red 
shaded area which converges at the values from 14% to 15% 
(w/v) for the pulp density and around a temperature of 55–60°C. 
Increasing the temperature and decreasing the pulp density 
reduce the viscosity of the IL-water solution and thus contributed 
to better mass transfer which results in increased gold extraction.  

Confirmatory experiments
To test the validity of the optimized conditions achieved by the 
RSM, experiments were carried out with the parameters at the 

Figure 11—(A) Surface and (B) contour plots showing the effect of IL [Bmim+HSO4
–] concentration and temperature on gold extraction at a pulp density of  

18.75 (w/v)

Figure 12—(A) Surface and (B) contour plots showing the effect of interaction of pulp density and temperature on gold extraction at 15% (v/v). [Bmim+HSO4
–] 
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levels indicated. The conditions were as follows: IL [Bmim+HSO4
–] 

15% (v/v), pulp density 15% (w/v), and temperature 60°C. 
The gold extraction under optimum experimental conditions for 
24 hours leaching time was found to be 35.7% which, within 
experimental error, is consistent with the model, which predicted 
35.2% extraction (Table VII). The model can, therefore, be 
considered to fit the experimental data under the experimental 
conditions.

Conclusions
The identification of statistically influential parameters in the 
extraction of gold from refractory sulphidic gold sample with a 
mixture of IL aqueous solution/thiourea/ferric ion was addressed 
by screening the main parameters using a half-fractional factorial 
design. The experimental results were analysed statistically for 
the significance of the studied parameters using the probability 
plot. It was found that IL concentration, pulp density, and 
temperature were statistically significant parameters, while the 
type of IL and extraction time did not affect the gold extraction 
as much. The significant parameters were optimized by applying 
CCD and RSM to find the optimum experimental conditions. 

The optimum gold extraction conditions for the IL leaching 
system according to the RSM were IL [Bmim+HSO4

–] 15% (v/v), 
pulp density 15% (w/v), and temperature 60°C. A confirmatory 
test was carried out under the optimum conditions and achieved 
a gold extraction of 35.7%, whereas the model predicted 35.2% 
extraction under the same conditions. The closeness of the 
confirmatory test results to the predicted value shows that the 
model fits the experimental data reasonably well.

The results obtained indicated the following. 

 ➤   The selected statistical method and experimental design 
approach were able to help in determining statistically 
significant and insignificant parameters for gold extraction. 
The half-normal probability chart statistically identified the 
significant parameters as IL concentration, pulp density, 
and temperature. 

 ➤   The high R2 values signify that the model obtained was 
able to give a reasonably good estimate of the response 
values in the studied range.

 ➤   Optimal gold extraction of 35.7% was achieved at an IL 
[Bmim+HSO4

–] concentration of 15% (v/v), pulp density 
15% (w/v), and temperature of 60°C. 

 ➤   The model can be considered to fit the experimental data 
very well under the experimental conditions studied. 

The IL contribution was observed in a specific range, since 
the addition of 15–20% (v/v) IL [Bmim+HSO4

–] in water can 
create the acidic environment required for thiourea leaching 
by releasing protons (H+), which is in agreement with the 
investigation by Aguirre et al. (2016). Equilibrium studies of the 
release of protons from IL [Bmim+HSO4

–] in aqueous solution 
have been reported by Crowhurst et al. (2003) and Dong et al. 
(2009). 

It should be noted that although the cyanide leaching was 
done on finely milled pyrite flotation concentrate, the concentrate 
sample used was not as fine as that used in the cyanide leaching 
process. This may be one of the reasons for the lower gold 
extraction. Therefore, further detailed work on the leaching of 
refractory sulphidic ore containing gold using ILs needs to be 
undertaken to identify the factors that can achieve higher gold 
extraction.
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Energy consumption modelling using 
socio-economic indicators: Evidence 
from the BRICS-T countries
I. Karakurt1

Synopsis
An outlook on energy consumption in the BRICS-T countries is presented, using statistical models based 
on multiple regression analysis to predict the future energy consumption. The accuracy and prediction 
capabilities of the proposed models were verified by  various statistical tests, and the most significant 
variables that affect the energy consumption according to the proposed models determined. Energy 
consumption of the BRICS-T countries is forecast for the next 5, 10, 15, and 20 years. The most significant 
variable statistically affecting the energy consumption of South Africa, India, and China is determined 
as the total population, while the urban population and gross domestic product per capita are the most 
significant variables for Brazil, Turkey, and the Russian Federation. The forecasting results show that 
the energy consumption of BRICS-T countries will increase significantly in the future. 

Keywords
BRICS-T countries, socio-economic indicators, energy consumption, modelling, regression analysis.

Introduction 
Increases in human population, industrialization, living standards, and growth rates of national 
economies have raised worldwide energy consumption. At the end of 2018, world total primary 
energy consumption amounted to 13 864.88 Mt of oil equivalent (Mtoe), (BP, 2019). China was 
the world’s largest energy consumer with a 23.61% share, followed by the USA, India, the Russian 
Federation, and Japan with 16.60%, 5.84%, 5.20%, and 3.27% respectively. These five top countries 
were responsible for 54.52% of world primary energy consumption (BP, 2019). In the same year, 
fossil fuels accounted for 84.70% of world primary energy consumption. Fossil fuels were followed by 
hydroelectric, nuclear, and renewable sources (Figure 1). As seen, fossil fuels are vital for global energy 
needs. Recent scenarios taking into account factors such as demand growth, technology development, 
policy agreements for reducing greenhouse gas emissions, and changes in regional production capacity 
indicate that fossil fuels continue to be the dominant energy source worldwide (Feng et al., 2012; Mohr 
et al., 2015; Abas, Kalair, and Khan, 2015: Mardani et al., 2019; BP, 2019). 

Due to the expected growth rate in world energy consumption in the coming years, predicting future 
energy consumption as accurately as possible has theoretical and practical significance for economists 
as well as energy and environmental policy-makers. In this way, the energy consumption structure can 
be properly planned, the relationship between energy consumption and economic development can be 
coordinated, and mitigations against energy-related environmental problems can be established. Many 
prediction models have been proposed and implemented in energy consumption studies (Liu and Qin, 
2010; Yilmaz and Atak, 2010; Avami and Boroushaki, 2011; Feng et al., 2012; Aydin, 2015; Aydin, 
Jang, and Topal., 2016; Suganthi and Samuel, 2016; Ji, 2016; Ozturk, 2017; Shakouri and Yazdi, 2017; 
Rueda, 2019). Different techniques such as those based on time series and artificial intelligence have 
been used successfully. Although these modelling techniques are able to accurately describe long-term 
trends, they have some limitations such as requiring more observations and many assumptions that are 
difficult to test, and involving complicated computational equations as well as large errors. Simpler and 
less accurate modelling techniques could be advantageous, especially if the predicting module is just a 
part of a more complex planning tool (Bianco, Manca, and Nardini, 2009). 

In this study, regression techniques are preferred for building models to forecast the energy 
consumption of BRICS-T countries based on socio-economic indicators. The motivation for selecting the 
regression technique is: 
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 ➤   Almost all statistical software incorporates a regression 
toolbox, which facilitates model construction

 ➤   Since the dependent variable is expressed as a function of 
independent variables, the developed model is simpler and 
understandable

 ➤   Regression does not contain anything of a ‘black box’ 
nature that will not give any insight on the structure of the 
function being approximated when building a model, as in 
artificial intelligence applications

 ➤   Once the ultimate equation is found, it can be applied to 
any scenario or projection (Sen, Günay, and Tunç, 2019).  

Another important motivation for conducting the current 
study is the BRICS-T countries themselves, because: they have 
an important place in the global energy balance and the world 
economy. They include the world’s largest energy consumers 
(China, India, and the Russian Federation), and are responsible 
for about 40% of world total primary energy consumption. 
Furthermore; to the best of author’s knowledge, this will be the 
first attempt to model and forecast energy consumption of the 
BRICS-T countries using regression analysis.

BRICS-T countries
By the early 2000s, the economies of the BRIC countries, 
consisting of Brazil, the Russian Federation, the People’s 
Republic of China, and India, had become increasingly prosperous 
(Azevedo et al., 2018). The BRIC acronym was changed to BRICS 
in 2010 when South Africa officially became a member of the 
group (Nistor, 2015). Although these countries differ from one 
another in their culture, background, language, and structure, 
this group shares significant common characteristics such as fast-
growing economies, large populations, influential governments, 

and the willingness to embrace global markets. Thus, the BRICS 
countries have recently attracted a great deal of media and 
academic attention (Nistor, 2015; Zakarya et al., 2015; Azevedo, 
Sartori, and Campos, 2018). According to recent forecasts, 
BRICS countries will be economically more powerful than the 
major advanced countries of the world (the G7 and the European 
Union) by 2050 (Gusarova, 2019). Turkey, which is an emerging 
actor in the region, shows a similar trend to the countries in this 
group. Therefore, BRICS-T will be used in this study instead of 
the BRICS acronym. 

Based on 2018 data, the BRICS-T countries represented 
42.66% of the world’s population, 30.1% of the land area, and 
24.41% of the world’s economy with a combined gross domestic 
product of approximately US$21 trillion (Table I) (WBI, 2019). It 
can also be concluded from Table I that both India’s and China’s 
annual growth rates were well above the world average, while the 
Russian Federation’s and Turkey’s annual growth rates were very 
close to the world average – respectively 1.32 and 1.05 times less 
than the world growth rate of 2.97% in 2019. On the other hand, 
the annual growth rates of Brazil and South Africa were below 
the world average – 2.66 times and 3.76 times less respectively.   

Energy outlook of the BRICS-T countries  
Based on 2018 data, the BRICS-T countries hold 8.45% of the 
world’s proven oil reserves, 24.13% of the natural gas, and 
40.63% of the coal reserves (Figure 2). The major oil reserves 
are in the Russia Federation, with 70.49% of the BRICS-T 
reserves, followed by China with 17.15% and Brazil with 9.45% 
in 2018. Similar to the oil reserves, most of the natural gas 
reserves of the group are in the Russian Federation (83.42%) 
and in China (13.01%). Turkey and South Africa do not have oil 
or gas reserves. All countries in the group have coal reserves. 

Figure 1—World primary energy consumption, 2018 (BP, 2019)

   Table I

  Economic and demographic characteristics of the BRICS-T countries in 2017 (WBI, 2019)
   Country TP (million) GDP (billion US$) GDP per capita (US$) GDP annual growth rate (%) Land area (km2)

   Brazil 209.469 1.868,626 8920.76 1.12 8358140
   Russian Federation 144.478 1.657,554 11288.87 2.25 16376870
   India 1352.617 2.718,732 2009.98 6.81 2973190
   China 1392.730 13.608,152 9770.85 6.57 9388210
   South Africa 57.779 348.872 6374.03 0.79 1213090
   Turkey 82.319 771.350 9370.17 2.83 769630
   World 7594.270 85.909,727 11312.44 2.97 127343220
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The Russian Federation, China, and India have significant coal 
reserves, with 37.42%, 32.39%, and 23.65% shares respectively. 

In addition to fossil fuel resources, the BRICS-T countries 
have significant nuclear, hydroelectric, and renewable resources, 
with 35.33% of the world’s total. China holds the greatest 
potential of the bloc with 66.87% of the renewable, 60.72% 
of the hydroelectric, and 52.13% of the nuclear resources. 
In terms of nuclear and renewable resources, next come the 
Russian Federation and Brazil (BP, 2019; MME, 2019). Turkey 
has no nuclear resources, but studies have been initiated on 
the establishment of two nuclear power plants (Kok and Benli, 
2017).   

BRICS-T countries are increasingly facing higher energy 
demands due to their status as emerging and growing economies. 
On the basis of fossil-fuel-type energy resources, the Russian 
Federation is an energy exporter of all three types of fuel. It was 
the world leader in natural gas export via pipelines, exporting 
approximately 215 billion cubic metres of natural gas at the end 
of 2018. While the primary energy consumption of the world 
was 13.8 Gtoe by the end of 2018, the total primary energy 
consumption of BRICS-T countries in the same year was 5.4 Gtoe, 
or 39.13% of the world’s total primary energy consumption. In 
the same year, 85.45% of the primary energy requirement of the 
BRICS-T countries was met by fossil fuels, with coal responsible 

for almost half of this consumption (Figure 3). BRICS-T 
countries’ dependence on coal puts this group in a significant 
place in global coal consumption, constituting approximately 70% 
of the total in 2018. The main countries contributing to this were 
China with 50.55% and India with 11.99%. 

Modelling studies 
Data and methodology 
Kavaklioglu et al. (2009) and Kankal et al. (2011) stated that 
population growth increases the need for energy resources. 
Additionally, the size of the urban population directly affects 
the industry structure, employment, living conditions, and 
social public services in urban areas. Gross domestic product per 
capita is a measure of economic activity and living standards, 
and strongly affects energy consumption. Most existing energy 
modelling studies in the literature use the independent variables 
selected in the current study. Therefore, in the current study, total 
primary energy consumption (TPEC), total population (TP), urban 
population (UP), and gross domestic product per capita (GDPPC) 
were used as dependent and independent variables. 

The annual data for the BRICS-T countries for the period 
1965-2017, except for the Russian Federation, and are from 
British Petroleum (BP, 2019) and the World Bank Development 
Indicators (WBI, 2019). A different starting point is used for 

Figure 2—The share of the BRICS-T countries’ energy resources in the world total (Other: nuclear, hydroelectric and renewable) (BP, 2019)

Figure 3– Contribution of various fuels to the TPECs of the BRICS-T countries (BP, 2019)
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the Russian Federation (1990-2017) since the country was 
established in the 1990s after the dissolution of the Soviet Union. 
From the historical trend, it can be concluded that the data shows 
substantially linearity as one of the basic assumptions for the 
regression model suggested by Ostrom (1990). Nevertheless, 
all of the data was converted into natural logarithms prior to 
the empirical analysis, to stabilize the variance of a series. The 
annual energy consumption data was divided into two groups: 
the data for training the model (1965–2010) and the data for 
testing (2011–2017). The multiple regression toolbox of the 
SPSS Statistics v17.0 package was used to produce the prediction 
models. 

Model development 
The models developed to predict the total primary energy 
consumption of BRICS-T countries are presented in Equations 
[1] to [6]. The TPEC of each country is expressed as a linear 
function of more than one independent variable. The contribution 
rates for the independent variables in the regression models 
provide an evaluation of the order of priority among the 
variables in predicting the dependent variables (Karakurt, Aydin, 
and Aydiner, 2013; Aydin, Karakurt, and Aydiner, 2013a). 
Therefore, the contribution rates were calculated to define the 
most significant variables statistically affecting the TPEC. These 
contribution rates of the independent variables are presented 
in Table II. Table II reveals that the total population is the most 
significant independent variable for South Africa, India, and 
China, with contribution rates of 62.85%, 60.69%, and 41.28% 
respectively, while the urban population is the most significant 
independent variable for Brazil and Turkey (54.90% and 53%). 
The most significant independent variable for the Russian 
Federation is determined as the gross domestic product per capita 
(GDPPC), at 47.68%. 

[1]

 
                       [2]

[3]

[4]

[5]

[6]

where TPEC is the total primary energy consumption (Mtoe, in 
natural logarithm), TP is the total population (million, in natural 

logarithm), UP is the urban population (million, in natural 
logarithm) and GDPPC is the gross domestic product per capita 
(current US dollars, in natural logarithm).     

Verification of the proposed models 
The proposed regression models are generally verified by 
statistical approaches, including the coefficient of determination 
(R2), the F–test, t–test, and the actual versus predicted data plots 
(Karakurt, Aydin, and Aydiner, 2012; Aydin, Karakurt, and 
Aydiner, 2013b). The R2 value not only indicates the goodness 
of fit, but can also be interpreted as the amount of variation of 
the dependent variable explained by the regression equation; the 
F–test indicates the significance of the relationship between the 
independent and dependent variables, and the t–test the power 
of each of the individual coefficients of the model. Statistical 
results of the developed models are given in Table III. As seen, 
the R2 values of the developed models are higher than 0.95, 
indicating a strong relationship between the TP, UP, GDPPC, and 
TPEC. The tabulated F-value is much smaller than the calculated 
F-values for all models. Therefore, it can be concluded that all 
equations are significant at the 95% confidence level. Similar 
to the calculated F-values, the t-test results for the coefficients 
are higher than the tabulated t-values, except for the Russian 
Federation. The coefficients in the models are valid in their use 
in the final model. However, the TP and UP variables in the 
predictive model for the Russian Federation failed based on the 
t-test, although the model was verified in terms of the other 
criteria. The plots of the actual versus the predicted TPEC for 
the model case are shown in Figure 4. The values are close to 
each other, verifying that the proposed models can give accurate 
predictions. 

Performance measures of the proposed models 
The performance of the proposed models was measured using 
three criteria – the mean absolute percentage error (MAPE), the 
mean absolute deviation (MAD), and the root mean square error 
(RMSE). The MAPE is a percentage measure of the prediction 
accuracy, whereas the MAD and the MSE indicate the average 
magnitude of absolute forecast errors (Bianco, Scarpa, and 
Tagliafico, 2014). The accuracy of prediction is evaluated based 
on the estimation of error, thus the smaller the values of MAPE, 
RMSE, and MAD, the better the prediction. The mathematical 
expressions for performance criteria are given in Equations ([7], 
[8], and [9]:

[7]

[8]

[9]

   Table II

  Contribution of the independent variables to the dependent variable
   Variable                     Brazil                       Russia                        India                           China                        South Africa               Turkey 
 Beta  % Beta  % Beta  % Beta  % Beta  % Beta  %

   TP 1.64 38.32 0.57 26.39 1.93 60.69 0.71 41.28 1.59 62.85 0.28 28.00
   UP 2.35 54.90 0.56 25.93 1.09 34.28 0.34 19.77 0.77 30.43 0.53 53.00
   GDPPC 0.29 6.78 1.03 47.68 0.16 5.03 0.67 38.95 0.17 6.72 0.19 19.00
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   Table III

  Statistical results of the multiple regression models
  Country Independent variables Coefficient Standard error Standard error of est. tcalculated ttable Fcalculated Ftable R2

   Brazil Constant 2.799 1.019 0.0344 2.747 2.010 1094.111 3.211 0.98 
 TP (million) -4.292 1.166  -3.681     
 UP (million) 3.885 0.773  5.027     
 GDPPC (current US$)  0.208 0.043  4.846    

    Russian Federation Constant -11.553 3.869 0.0346 -2.985 2.086 6.878 3.493 0.95 
 TP (million) 3.417 2.515  1.358     
 UP (million) 3.121 1.722  1.815     
 GDPPC (current US$) 0.182 0.051  3.558    

   India Constant -8.187 0.935 0.0220 -8.753 2.010 2872.728 3.211 0.99 
 TP (million) 4.866 0.687  7.081     
 UP (million) -1.813 0.494  -3.670     
 GDPPC (current US$) 0.169 0.050  3.353    

   China Constant -7.535 0.617 0.0390 -12.213 2.010 1892.536 3.211 0.99 
 TP (million) 3.469 0.302  11.486    
 UP (million) -0.551 0.175  -3.144     
 GDPPC (current US$) 0.443 0.043  10.199    

   South Africa Constant -1.077 0.149 0.0202 -7.238 2.010 1336.865 3.211 0.99 
 TP (million) 2.393 0.296  8.078     
 UP (million) -0.901 0.204  -4.416     
 GDPPC (current US$) 0.113 0.032  3.551    

   Turkey Constant -1.485 0.821 0.0304 -1.808 2.010 1707.382 3.211 0.99 
 TP (million) 0.809 0.890  0.909     
 UP (million) 0.821 0.423  1.942     
 GDPPC (current US$) 0.155 0.047  3.274

Figure 4—Actual vs predicted total TPECs of the BRICS-T countries (Mtoe, in natural logarithms)
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where n is the total number of measurements, ei is the difference 
between actual and predicted values, and yi is the actual value. 

Among these criteria, MAPE is preferred over the others 
due to its advantages of scale-independence and interpretability 
(Hamzacebi and Karakurt, 2015; Aydin, Karakurt, and 
Hamzaçebi, 2015). The MAPE values for model evaluation are 
given in Table IV, and the results of performance measures for the 
proposed models in Table V. Based on Table V, it was determined 
that all models have high-accuracy prediction capability since 
their MAPE values are lower than 10%. Similarly, the MAD and 
RMSE values of the proposed models are very close to zero, 
indicating that the prediction performance of the models is quite 
high. 

Forecasting of TPECs of the BRICS-T countries 
Based on the projected data (UN, 2018; OECD, 2020), the TPECs 
of the BRICS-T countries are forecast for the next 5, 10, 15, 
and 20 years with the proposed models. Figure 5 illustrates the 
forecast TPECs, together with the past trends. From 2015 to 2040 
he TPECs of Brazil and the Russian Federation are projected to 
increase from 2.48 to 2.58 Mtoe (in natural logarithm) and from 
2.84 to 2.93 Mtoe (in natural logarithm) – increases of 80.6% 
and 63.6% respectively. The TPECs of India, China, South Africa, 
and Turkey are projected to more than double, increasing from 
2.84 to 3.09, 3.48 to 3.73, 2.11 to 2.26, and from 2.14 to 2.31 
Mtoe (in natural logarithms) respectively.   

Conclusions 
An outlook on energy consumption in the BRICS-T countries 
has been presented and predictive models proposed, based on 
selected socio-economic indicators using multiple regression 
analysis. The results can be summarized as follows:

 ➤  The results reveal that China, India, and the Russian 
Federation, which are the most populous members of 
the BRICS-T countries, were among the world’s top five 
energy consumers, accounting for 54,52% of world’s TPEC 
in 2018. The BRICS-T countries accounted for 39.13% of 
the world’s TPEC in that year. The vast majority of TPEC 
in BRICS-T countries is met by fossil fuels, with coal 
responsible for almost half of this consumption. 

 ➤  The modelling results demonstrate that the proposed 
models have highly accurate prediction capabilities for 

Figure 5—Forecast TPECs of the BRICS-T countries (Mtoe, in natural logarithms)

   Table IV

  Typical MAPE values for model evaluation (Lewis, 1982)
   MAPE  Evaluation

   MAPE ≤ 10% High accuracy prediction
   10% < MAPE ≤ 20% Good prediction
   20% < MAPE ≤ 50% Reasonable prediction
   MAPE > 50% Inaccurate prediction

   Table V

  Performance measures for the proposed models
   Country MAPE (%) MAD RMSE

   Brazil 1.31 0.03 0.04
   Russian Federation  1.82 0.05 0.05
   India 2.70 0.08 0.08
   China 0.25 0.01 0.01
   South Africa 1.30 0.03 0.03
   Turkey 0.93 0.02 0.03
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TPECs of the BRICS-T countries. Almost all proposed 
models successfully passed the verification tests and 
performance measurement criteria.  

 ➤  The most significant variable statistically affecting the 
energy consumption of South Africa, India, and China 
was determined to be the TP, while the UP was the most 
significant variable for Brazil and Turkey. The most 
significant variable for the Russian Federation was the 
GDPPC.

 ➤  The TPECs of Brazil and the Russian Federation are 
projected to increase by 80.6% and 63.6% respectively by 
2040, whereas the TPECs of India, China, South Africa, 
and Turkey are projected to more than double in the same 
period. 

Due to the dramatic increases in global energy consumption 
in recent years, it is believed that the information presented in 
this paper will be useful for both scientists in relevant areas and 
for energy and environmental policy-makers.  
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Development of a socio-economic 
strategic risk index as an aid for 
the feasibility assessment of mining 
projects and operations
A. Nieto1 and J.F. Medina2

Synopsis
The uncertainty caused by social conflicts reflects serious problems of governance, which can have severe 
economic consequences. Currently, mining companies worldwide tend to adopt reactive approaches 
towards social demands, which can easily evolve into social conflicts. The risk of social disruption could 
be minimized if companies take preventive actions, adopting sound social management policies. To do so, 
the social and environmental conditions of each particular operation need considerable evaluation and 
planning. Positive results would translate into secure investments and social peace, ultimately resulting 
in positive economic development in the region. Social conflicts in the mining industry have caused 
millions of dollars in losses due to production delays, redesign of projects, damage to equipment, and 
even the closing of operations. Additionally, prior to the development of any mining project, companies 
are responsible for obtaining approval from local communities (the social license to operate – SLTO). 
In order to secure a new SLTO, companies often use corporate social responsibility (CSR) strategies to 
deal with existing and potential social conflict situations. However, current CSR strategies are limited 
by the inability to quantify risk. There is therefore a need for a socio-economic risk index that considers 
quantifiable factors that can be used to effectively manage and mitigate social risk. In the present study, 
competition for the use of water, land, and labour were identified as the major causes of social conflict 
around mining operations. Competition can be subdivided by consumption of strategic resources and by 
the level of interaction between mining operations and local communities. Index value results have been 
analysed and compared using real case scenarios from eight gold mining operations around the world. 
This study is intended to present a new alternative to measure socio-economic risk in order to prevent 
feasibility and financial failure of future mining investments.

Keywords
socio-economic risk, social license to operate, resource competition, risk quantification.

Introduction
The economic and market conditions in the minerals and mining industry in the last two decades 
provoked the proliferation of social conflicts in mining districts (International Council on Mining 
and Metals, 2015). Social conflict in a business such as mining, which operates in rural areas, and 
sometimes even close to urban centres, where interaction with communities occurs constantly, has 
the potential to affect the economics of the operation. A survey of 19 junior gold mining companies 
concluded that two-thirds of the market capitalization could be attributed to an organization’s effective 
social policies, while only one-third was the result of the gold value underground (Daniel, 2014).  
Another economic consequence of social conflicts around mining projects is the loss of production due 
to delays. A report presented by Franks et al. (2014) indicates that a world-class mining organization 
with a project capital of US$3-6 billion suffered losses of approximately US$20 million per week in 
terms of NPV due to production delays related to social conflict. For instance, a Latin American mine 
faced a 9-month delay which cost US$100 million in stoppages. In another case, a community conflict 
resulted in a shutdown of the electricity supply lines, costing the company US$750 000 a day (OCMAL, 
2015).  

Social conflicts also have an effect at the macro-economic level. In one study, the Economic Peruvian 
Institute (IPE) estimated that US$21.5 billion in investment was lost since 2011 as a result of social or 
political conflicts. According to the IPE, these conflicts adversely impacted the revenues received by the 
government in corporate taxes and the GDP growth of the country (El Economista, 2015). 

It is clear that social unrest can cause significant losses to a mining operation. Therefore, and 
taking into account the fact that social conflicts are not a new issue for mining, several social strategies 

Affiliation:
1   Minerals Resources and 

Reserves, University of the 
Witwatersrand, Johannesburg. 
South Africa.

2   Business Development, 
Buenaventura Mining, Lima, 
Peru.

Correspondence to:
A. Nieto

Email:
antonio.nieto@gmail.com

Dates:
Received: 9 Apr. 2019
Revised: 31 Jan. 2020
Accepted: 7 Aug. 2020
Published: July 2020

How to cite:
A. Nieto and Medina, J.F. 
Development of a socio-economic 
strategic risk index as an aid 
for the feasibility assessment of 
mining projects and operations. 
The Southern African Institute of 
Mining and Metallurgy

DOI ID:
http://dx.doi.org/10.17159/2411-
9717/711/2020

ORCiD ID:  
A. Nieto 
https://orchid.org/0000-0003-
1695-6501

u

 ➤   



Development of a socio-economic strategic risk index as an aid for the feasibility assessment

▶ 434 JULY 2020 VOLUME 120 The Journal of the Southern African Institute of Mining and Metallurgy

have been implemented for the reduction of conflicts with 
local communities. The first one, the social license to operate 
(SLTO), was proposed in 1997 by Jim Cooney, then Director 
of International Public Affairs at Placer Dome. It was born as 
the result of the social conflicts experienced by the mining 
industry during the 1990s. The conflicts were primarily due to 
environmental incidents that diminished the reputation of mining 
companies (Smith and Richards, 2015). The SLTO includes the 
local communities affected by a mining project in the decision-
making process. 

According to Thomson and Boutilier (2011), there are three 
major criteria that a company must meet to achieve the highest 
level of social license: legitimacy, credibility, and trust. Legitimacy 
is the result of communication with communities to inform 
them about the status and history of the past projects developed 
by the company (Smith and Richards, 2015). In addition, to 
establish legitimacy, the participation of all the community 
members is required in planning and decision-making. Credibility 
is the quality of trustworthiness, and therefore depends on 
transparency and consistency in decision-making (Smith and 
Richards, 2015). Trust, the final criterion, is the degree to which 
local communities support the company’s actions. The SLTO is 
therefore seen as a tool used to reduce the corporate risk involved 
in mining projects (Thomson and Boutilier, 2011). 

Another approach used for the management of social conflicts 
that is widely implemented in mining is the corporate social 
responsibility (CSR) rating. CSR was born in the 1960s when 
the world began to ask about the role that corporations must 
play in society and the different levels of responsibility they 
should embrace. According to Davis (1975), social responsibility 
involves the protection and improvement of society’s interests to 
achieve harmony between business actions and social systems. 
CSR is a well-established planning tool for the management 
of stakeholders’ expectations regarding social responsibility 
of businesses and the execution of ’social investment’ plans 
(International Institute for Sustainable Development, 2007). 
It also takes into consideration the social, environmental, 
and health concerns of the stakeholders. However, even with 
the assistance provided by SLTO and CSR, social conflict still 
represents a major issue for mining operations. Thus, it can be 
deduced that SLTO and CSR strategies have not been effective 
solutions to conflicts with local communities. They are missing 
an important factor for more effective risk management: how to 
measure social risk (Bekefi and Epstein, 2006). 

Objective and approach
The complexity of social risk and its impact on mining operations 
worldwide depends primarily on the type of mine and the 
geographic location. As previously mentioned, the mining 
industry tends to interact with communities at both the urban 
and rural levels, and therefore the cost associated with this type 
of risk increases significantly. To counteract this problem, mining 
companies require a new approach to measure social risk in their 
technical and economic decisions. The social profile of every 
community for social risk analysis may include the mapping of 
current economic factors such as the unemployment rate, and key 
population variables to design plans that could reduce social risk. 
This kind of strategic risk planning is meant to secure mining 
investments and mine development. Since this challenge still 
remains for mining companies, the objective of this paper is to 
present a new approach to measure social risk.

There are two different ways to measure risk: qualitative and 
quantitative approaches (Bekefi and Epstein, 2006). Whereas 
a qualitative approach produces data in the form of descriptive 
formal text, the quantitative approach states data numerically 
(Garbarino. and Holland, 2009). This paper presents a new 
approach to measure social risk in mining operations that 
combines qualitative and quantitative factors based on clear, 
quantifiable, and traceable metrics.

The quantitative approach is based on four different resources 
that have been identified as strategic in the development of 
mining projects: water, land, energy, and labour. However, based 
on the International Council on Mining and Metals (ICMM) 
reports (International Council on Mining and Metals, 2012, 
2015), competition for all the mentioned resources, with the 
exception of energy, has been the major cause of social conflicts 
between mining companies and communities. 

A study of the social conflicts associated with the competition 
for the three conflict-related strategic resources reveals there are 
two major competitors that mining companies may encounter: 
local communities and local businesses. The social risk associated 
with a mine is therefore the result of competition for strategic 
resources between a mine and the two local parties. 

Competition for strategic resources is quantified using five 
parameters that measure the consumption of water, land, and 
labour. In addition, two parameters that measure the level of 
interaction between mines and local communities are included. 
The parameters are integrated in a mathematical expression or 
index that provides a final quantification of social risk. The value 
depends on the level of consumption and the probability of social 
conflicts associated with each strategic resource. Figure 1 shows 
the structure of the social risk index.

Competition is quantified by the necessity of access to 
these three resources by (1) the mining project, (2) community 
population, and (3) local businesses. The level of the interaction 
between the mine and local communities is quantified by (4) the 
geographical distance between them, and (5) the development 
stage of the mining operation. For all the five variables, a value 
between 1 and 10, and a weight (percentage) that represents the 
influence of each parameter in social risk, is assigned. Then, the 
use of a mathematical model provides final values (score) that 
helps reveal an estimated measurement of the social risks per 
strategic resource. Finally, the score obtained for each resource is 
adjusted according to the results of a previously developed survey 
that revealed the degree of importance of each resource compared 

Figure 1—The social risk index model
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to the others. The final value is then considered the social risk 
index. This new approach presented for measuring social risk in 
mining operations is based on a combination of the qualitative 
and quantitative research methodologies.

The index was validated through eight case studies of mining 
projects located in Argentina, Brazil, Bulgaria, Colombia, and 
Kyrgyzstan. The eight case studies were selected based on two 
parameters: the community-mine profile and whether or not 
they experienced social conflicts that prevented the development 
of the mine. The results suggest that, based on the information 
regarding competition for strategic resources and the interaction 
between actors, the index has the ability to identify levels of 
risk associated with social conflicts. In the particular case of 
gold mining, the four projects that experienced serious social 
conflicts were evaluated with a social risk index above 5, while 
the projects with scores below 5 did not experience major social 
conflicts. 

Social risk in mining operations
Mining is probably one of the most challenging industries as a 
result of the technical complexity involved in mining projects 
and the capital investment required. Firstly, opening a mine 
for production is a long process that can take between 5 and 
15 years, and up to US$500 million in investment (Hartman, 
1987). It requires permits from local and national governments 
to utilize natural resources such as water and land, and the 
approval to operate by local communities. In addition, mineral 
deposits are located in regions that may or may not have 
sufficient political and social stability to guarantee a healthy 
and normal development of the mining operation. Furthermore, 
mining is a commodity-based business. Therefore, the profits 
created by mining depend on international prices that fluctuate as 
a consequence of supply and demand, as well as economic and 
political conditions of the international markets.

Another risk factor in mining, which has risen significantly 
over the last two decades, is social risk (International Council 
on Mining and Metals, 2012). Social risk, from a business 
perspective, occurs when companies fail to gain the SLTO from 
communities located close to the mines. The negative response 
and rejection that communities display towards mining projects 
can create social conflicts that may escalate to demonstrations 
and property damage. In addition, social conflicts have the 
potential to cause a mine to lose productivity and opportunity, 
and damage a company’s reputation (International Council on 
Mining and Metals, 2012). This section explains the concept and 
components of the social risk associated with a mining operation.

Social risk and strategic risk 
Risk is typically defined as the effect of uncertainty on objectives, 
or as the combination of the probability and consequence of an 
event (or outcome). This leads to the following simple and widely 
used mathematical expression for risk:

Risk=Probability x Consequence
At the corporate level, risks usually fall into two categories: 

strategic and operational. Strategic risks affect the business 
operation in the long run. They measure the current business 
environment in order to prepare action plans to meet short- 
and long-term needs (Summers, 2000). For example, water 
scarcity is considered a strategic risk that mining companies 
are facing today. Issues regarding water access at a mine or 
mineral processing facility impact the production capacity. 

Operational risks, on the other hand, are typically preventable, 
and occur as a result of inadequate or failed systems, people, 
and external events. Health and safety hazards are examples of 
operational risks in mining. As a result of the direct impact on 
mineral production and business profitability, social risks must 
be approached as strategic risks. However, mining companies 
tend to consider social risks as operational, or minor, risks that 
can be mitigated through corporate social responsibility (CSR) 
strategies. Although CSR is a valid risk management tool, it does 
not provide companies with the inputs required to include social 
risk in strategic mining plans. 

Mining feasibility and social risk
Pre-feasibility and feasibility studies in mining are complex, 
extensive reports that study the possibility of developing 
the mineral deposit into a producing mine and are based on 
economic potential (mineral reserves) and scientific and technical 
conditions such as the infrastructure required to build the mine 
(Hartman, 1992). Pre-feasibility and feasibility studies are 
defined in the CRIRSCO template and the standards and codes of 
all the major mining countries. However, in many cases social 
risk is not included as a major topic; instead, feasibility reports 
present a brief description of the socio-economic conditions of 
the mining zone. Because of the non-consideration of social 
risks as a strategic risk when starting new mining projects, 
mining companies have been forced to cancel or abandon 
ongoing projects, resulting in massive capex losses (Davis and 
Franks, 2014). Thus, mining feasibility studies would benefit 
from incorporating quantifiable social risk into their evaluations 
to better understand investment and economic risk when 
considering a new mining operation. The following sections 
explain the main components of social risks.

Ernst and Young – Mining Report
Ernst and Young (EY) is considered a leader in assurance, 
tax, and advisory services. The company provides consulting 
services for the mining and metals industry, including financial 
evaluations, information on tax regulations, capital markets 
advisory, accounting support, sustainability strategies, valuation, 
and business models etc. In addition, EY prepares reports on 
business risks in the mining and metals industry. EY’s eighth 
annual report analyses and ranking the top strategic business 
risks for companies in the sector. The report is the result of 
discussions with leading mining companies and the analysis of 
the operating environment for the companies in the field. 

Although EY’s report presents a general and broad list 
of business risks, it helps to identify factors associated with 
the production mining cycle. Table I presents EY’s ranking for 
business risks in mining and metals 2015/2016. The factors in 
bold are associated with technical considerations of the mining 
process.

The reports presented above are used as a guide to identify 
major strategic risk factors experienced by mining companies as 
seen in Table II.

Mining and social risk
Social conflicts in mining can be explained as the result of 
the changes mining produces in the social, economic, and 
environmental systems of the communities located close to the 
mining projects. These changes and the associated social risks 
evolve through the different stages required for the development 
of a mine, typically starting with a low risk level during 
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prospecting and increasing significantly during exploration, as 
indicated by the dotted line in Figure 2. Typically, mining involves 
a sequence of five major stages: prospecting, exploration, 
development, mining/extraction, and closure/reclamation, as seen 
in Figure 2

Social conflicts and strategic resources
Social risks and conflicts in mining are the result of interaction 
between mines and communities at different levels and stages, 
as discussed in the previous section. Planning for the prevention 
of social conflicts is not an easy task, since community-mine 
interactions are complex and multidimensional on the social, 
economic, and cultural levels. This paper presents a general 
approach to study social conflicts that may be applied to different 
community-mine profiles.  The approach presented explains 
social conflicts as the result of the competition with communities, 
created by mining projects, for three strategic resources identified 
in Table II: water, land, and labour. 

There are three key strategic resources required for mineral 
production that has been identified in this study, which are also 
essential elements for the development of both communities 
and mines and which are always present during the five mining 
stages shown in Figure 2: (1) water, (2) land, and (3) labour. 
Water is used in the extraction phase and for mineral processing. 
Water is also essential for local communities for human 
consumption and farming. Land provides access and space 
for infrastructure and is the main access to the underground 
ore. Labour is strategic as well, since it is a crucial resource to 
operate the mine, and one that may face competition from local 
businesses.

Social risk of water use
Water is an essential resource for sustaining life, and access to 
it is considered a human right (United Nations, 2010). Water is 

used in all the stages of mineral production, and today, as a result 
of shortages, water is considered a major cost for mining (AMEC 
Earth & Environment UK Ltd, 2014). Water consumption in a 
mine depends on the metal content and type of mineral extracted. 
In gold mining it is typically used in the following activities: 

 ➤   Transportation of ore and waste in slurries and suspensions
 ➤   Separation of minerals through chemical processing (heap 

leaching)
 ➤   Physical separation of material, such as centrifugal 

separation 
 ➤   Cooling systems around power generation
 ➤   Dust control in mineral processing and around conveyors 

and roads. Dust control in underground mines is a major 
consumer of water, as is rock drilling

 ➤   Domestic consumption in camps and other facilities.

Although there are other industries that consume more water 
than mining, mining is usually associated with negative impacts 
and water pollution (International Finance Corporation, 2014). 
This is the result of a legacy of water-related environmental 
incidents. Water incidents in mining have occurred as a result 
of spills or the infiltration of polluted water into surface and 
underground water bodies. Pollution of water occurs as a result 
of the nature of the ore, the extraction, and the processing 
method used. Additionally, for the processing of minerals, mining 
uses chemical reagents such as cyanide and sulphuric acid, and 
water pollution may occur due to spillage of waste from mineral 
processing (Kihlstedt, 1972)). Usually, the use of water in mining 
generates a negative perception among local communities, which 
believe that mines will affect the quantity and quality of water 
(International Council on Mining and Metals, 2014), impacting 
local businesses such as agriculture. 

Social risk of land use
Access to land and the in-situ mineralization is a key factor 
in any mining operation for starting exploration activities, 
building infrastructure and facilities such as camps, offices, 
and the processing plant, for installing electricity and water 
infrastructure, building tailing facilities, and several other crucial 
aspects of a mining operation that require land ownership and 
mining rights to extract the ore from below the surface.

Land use and acquisition is another serious aspect that 
involves social risk. The main problems of this matter are the 
legal aspects associated with land distribution and ownership. In 
developing countries, rural land was redistributed among farmers 
through agrarian reforms that occurred during the 1960s and 
1970s for the purpose of promoting agriculture. However, the 

   Table I

  Strategic business risks in mining and metals (EY, 2015)
   1. Switch to growth  11. Balancing talent requirements 
   2. Productivity improvement  12. Infrastructure access 
   3. Capital access  13. Access to water 
   4. Resource nationalism  14. Threat of substitutes
   5. Social license to operate  15. Stranded assets
   6. Price and currency volatility 16. Pipeline shrinkage
   7. Capital projects  17. Fraud and corruption
   8. Access to energy  18. Sharing the benefits
   9. Cybersecurity 19. Climate change 
   10. Innovation 20. Geopolitical uncertainty

   Table II

  Strategic risk factors in mining
Risk factor

   Access to water Technical
   Acquisition and negotiation of  land Technical
   Access to energy Technical
   Access to medium-skill/unskilled labour Technical
   Access to infrastructure Technical
   Biodiversity Technical
   Goods and services (supply capacity of local communities) Technical
   Political stability of the mining region Strategic
   Mining laws and regulations of the region Strategic

Figure 2—Social risk profile over the mining project life-cycle
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lack of expertise of the new landlords provoked a crisis in the 
local production of food (e.g. Peru and Zambia). Another effect of 
these reforms is the ambiguity created in the ownership of land. 
In countries such as Peru, for instance, vast areas are abandoned 
due to migration of people to urban areas. The problem arises 
when mining companies discover a new potential area and start 
asking who owns the land, so that they might proceed with either 
the leasing or buying process (e.g. Papua New Guinea). The issue 
could be even worse if after a land-use agreement is reached, 
a third party claims to have rights on the properties already 
negotiated (Hilson, 2002). 

Even though mining usually occurs in uninhabitable and 
remote locations, sometimes the deposits lie close to or even 
beneath towns or cities. This requires the relocation of people, a 
complex process that severely impacts the economic and social 
identity of communities. 

Reclamation and mine closure are another issue associated 
with land management in mining. Concerns about the 
disturbance of the land after mining and its future use in farming 
and agricultural activities are common. Additionally, people often 
blame the mining operation for the low production capacity of 
their crops, stating that mining affects the soil of the surrounding 
properties

Social risk associated with labour
Communities always have high expectations about the economic 
benefits they might derive from mines. Employment at the mine 
is one of the major expectations. Therefore, mining companies 
generally try to employ as much local labour as possible. The 
failure of a company to provide locals with jobs is considered a 
factor for social risk (International Council on Mining and Metals, 
2014). On the other hand, if the demand for workers is too high, 
there might be competition for workers between local industries 
and mining. In addition, the fluctuations in the mining sector 
produced by market conditions have an impact on the availability 
and quality of labour. During the supercycles, when commodity 
prices are high, labour scarcity is a risk factor. On the contrary, 
low prices force the mining companies to implement a series of 

cost-cutting measures, usually associated with reductions in the 
workforce. These changes in labour requirements produce tension 
between mining companies and local communities.

Strategic resources and social conflicts
This section presents social conflicts in mining. The social 
conflicts identified in this paper are associated with strategic 
resources. The objective of this comparison is to evaluate how 
competition for strategic resources can explain social conflicts 

The report was prepared by the International Council on 
Mining and Metals (ICMM), a private organization composed 
of 22 mining companies and 34 national and regional mining 
associations created with the purpose of addressing sustainable 
development challenges experienced by the mining industry. 
The report is based on information from 11 publicly available 
sources, and was developed to identify the number of company-
community conflicts that occurred from 2002 to 2013. The 
research found ’a progressive increase in the number of reported 
incidents between 2002 and 2013. This occurred over a period 
of significant investment in the mining and metals sector’ 
(ICMM, 2015). As seen in Figure 3, the research identified 15 
causes of conflict, led primarily by environmental, economic, 
and public health and safety concerns. The ICMM report defines 
environmental conflict as the perception of negative impact on 
air quality, water pollution, noise, and government capacity 
to monitor and regulate. Economic conflict is defined as the 
perception of inequitable distribution of benefits across socio-
economic groups, and insufficient impact on local employment 
and business. Health and safety issues are associated with health 
and safety failures experienced by communities. The conflicts 
were found in 30 different countries. Figure 3 shows the conflict 
mapping presented in the ICMM’s research. 

Table III shows the correlation of social conflict versus the 
three main strategic risk resources: water, land, and labour, 
clearly indicating that social conflict is significantly influenced by 
competition for these resources. The 15 social conflicts mentioned 
in the table and their relationship with strategic resources are 
described below.

Figure 3—Most common conflicts in mining (ICMM, 2015)
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Social risk index and strategic resources
An index is defined as a composite of variables, or a method of 
measuring a concept using more than one data item. It is the 
result of an accumulation of scores from individual items that 
define the concept. Therefore, an index is a single value that 
captures the information from the variables and scores that 
describe the concept. It is typically expressed as:

Index= a1 X1+a2 X2+a3 X3+⋯+an Xn

The term ai is the weight of the Xi variables that describe the 
index or concept. The concept that this study aims to approach 
and measure is the social risk experienced by mining companies. 
As discussed in the previous section, social risk as defined in 
this paper is the result of the competition between mines and 
communities for three strategic resources: water, land, and 
labour. Competition for each strategic resource provokes social 
conflict. For instance, the consumption of water for mining is 
associated with health problems by communities. Therefore, there 
is a risk associated with each strategic resource. Applying the 
description above, the social risk index in mining can be defined 
as:

Social risk index = a1  x Social risk of water+a2 x Social 
risk of land+a3  x Social risk of labour

The social risks associated with water, land, and labour are in 
fact separate indices, since they are single values that depend on 
a set of parameters and each parameter has a different weight or 
incidence in the final score per risk. 

Parameters for the measurement of competition 
The parameters used to describe the social risks for water, 
land, and labour are measurements of two conditions typically 
associated with conflicts: the level of competition for the strategic 
resources and the level of the interaction between mines and 
communities. These are the parameters that measure the 
consumption of strategic resources. During mine-community 
interactions, there are three major competitors for strategic 
resources: local communities, local businesses, and the mine. 
This study makes the assumption that the following parameters 
provide an approximation for the water, land, and labour 
consumed by the three competitors.

 ➤   Population size (water and land consumption): This 
parameter represents the size of the population that will be 
directly affected by the mine. The water consumption rate 
of a community is directly associated with the number of 
people, since everybody needs water for living and daily 
activities. Similarly, the area of land use by communities 
is associated with the size of the population. Therefore, 
competition for land and water is related to the size of the 
population of the communities located close to the mines. 

 ➤   Percentage of population that depends economically on 
water/land: Today, mining occurs in remote rural regions 
where competition with other economic activities for 
natural resources such as land and water could create 
social conflicts. Therefore, people who depend economically 
on activities such as agriculture, for instance, are seen as 
competitors for strategic resources. Social conflicts with 
this group occur when they feel they are being unfairly 
treated, inadequately compensated, and the cost/benefit 
relationship produced by the mine is unbalanced for their 
business (Wagner, 2010). Another consequence of the 
opening of a mine is the migration of labour from local 
business to the mine. People prefer to work in mines, 
as they may have access to better salaries and benefits 
(Meridian Gold, 2006). This parameter is therefore 
included in the social risk of water, land, and labour, since 
there is direct competition between the local businesses 
and mines for the strategic resources. This parameter is 
typically measured as a percentage of the total population 
(e.g. the percentage of the population whose economic 
activity is agriculture). 

 ➤   Number of local people who can be employed at the mine: 
Although mining creates new jobs in local communities, 
a new mining operation in a local community could create 
tension among the population due to expectations of the 
community to have access to the economic benefits brought 
by the mine. The number of new employment positions 
for locals created by a mine was estimated as 60% of the 
total labour requirement. This factor represents the typical 
number for unskilled and semi-skilled workers required 
by a mine. Therefore, the number of locals who can work 

   Table III

  Social conflicts and strategic resources (ICMM, 2015) 
  Social conflict  Strategic resources  Causes for conflict 
 Water Land Labor

   Artisanal and small scale mining  x x Competition for land and territory
   Consultation
   Corporate power
   Corruption
   Economic x x x Competition for resources to make profit, inequitable distribution of benefits
   Environmental x x  Pollution of resources
   Health and safety x   Pollution of resources
   Indigenous issues x x x Competition for land and territory
   Labor   x Access to employment
   Land issues  x  Access to land for farming and other activities
   Resettlement  x  Unfair resettlement
   Security issues
   Social cohesion x x x Distribution of social order through migration
   Use of force
   Use of revenues  x x Conflict between different groups over distribution of revenues
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at the mine is calculated as the ratio of unemployment to 
unskilled or semi-skilled workers required in the mine. 
This parameter is used in the computation of the social risk 
associated with labour.

 ➤   Water used for mining: According to the ICMM report, 
water is the number one reason for social conflicts in 
mining. Additionally, the World Bank Group’s Compliance 
Advisor Ombudsman (CAO), an agency that responds to 
complaints from project-affected communities, finds that 
68% of mining-related complaints include water issues 
(International Finance Corporation, 2014). This parameter 
only takes into account water consumed for mining and 
mineral processing and does not account for the discharge 
of water from the mining process. This parameter is usually 
measured as the number of tons of ore processed per day 
per cubic metre of water consumed. Therefore, the water 
consumption of a mine provides an idea of the size of the 
operation.

 ➤   Land used for mining: Land is another strategic resource 
that involves social risk. Mining uses land in all five stages 
of the life-cycle and this requires close interaction with 
local communities. Land used for mining is defined for this 
study as the extent of land used for exploration and mining 
activities.

Social risk depends as well on the level of the interactions 
between mines and communities. As was discussed, social risks 
depend on the stage of the operation. In addition, the distance 
between these two actors is assumed as a risk factor.

 ➤   Mining stage: Conflicts are associated with the current 
operational stage of the mine. As seen in Figure 2, after 
the prospecting stage, social risk increases significantly as 
the project moves into exploration and eventually into the 
development, production, and closure stages.

 ➤   Distance between communities and the mine: In this 
project, the distance between communities and mines is 
considered a factor that influences the occurrence of social 
conflicts between the actors. Therefore, larger distances 
imply lower risk than short distances. This assumption was 
made based on the case studies analysed in the following 
section  

Social risk associated with water use
The calculation of the social risk associated with water is based 
on the following expression  

 Social risk for water=w1 x Water used for 
mining+w2 x Mining stage+ w3  x People who depend 
economically on water +w4 x Distance+ w5 x Population
The weights for each parameter were estimated based on 

how well they can explain the occurrence of social conflicts. 
Therefore, the use of water for mining has the highest weight 
(0.4) since this is the major factor for social conflicts (it is 
perceived by communities with negative impacts on health and 
the environment). The mining stage is also assigned with a 
weighting factor since is major factor as explained previously. 
Social conflicts typically occur during the feasibility and pre-
feasibility stages, as these involve permitting and social 
consultation. This implies that the mining stage may be seen as a 
measure for the interaction between mines and communities. For 
instance, if a mine has been in production without interruption 
for more than five years, it may be surmised that communication 
between mine and community is in a healthy condition.  

Therefore, the mining stage provides valuable information about 
the occurrence of social conflicts, and was given a weight of 
0.3. In addition, water and the mining stage are the two most 
significant parameters, since there is evidence from the literature 
that these two are major reasons for social conflicts (Davis and 
Franks, 2014). The number of people whose economic activity 
depends on water was weighted 0.15. This is lower than the 
weight for the mining stage, since this represents the risk from 
a specific group in the community, whereas the social risk of the 
mining stage and water involves the entire population. However, 
this parameter explains the social conflicts that may occur due 
to competition for strategic resources with the local industries, 
which in some cases involve more than 60% of the total 
population. The weight for the distance between communities 
and mines is 0.1. This parameter provides information on the 
level of interaction between communities and the mine which, 
to some extent, may explain conflicts. Therefore, social conflicts 
are most likely to occur when the interaction is high, or when 
the distance between the actors is short. However, this parameter 
requires more information in order to define a social conflict. 
Finally, population size was assigned a weight of 0.05. Although 
this is an important parameter, the information provided by the 
size of the population needs to be considered together with other 
relevant factors, such as the water used by the mine, in order to 
explain the occurrence of social conflict.

Hence, the final equation used to calculate the social risk 
associated with water is:

 Social risk of water= (0.4) x Water used for 
mining+(0.3) x Mining stage+ (0.15) x People who 
depend economically on water +(0.1) x Distance+ 
(0.05) x Population

Social risk associated with land use
The calculation of the social risk associated with land is based on 
the following equation:  

 Social risk for land=l1 x Land used for mining+l2 x Mining 
stage+ l3  x People who depend economically on land 
+l4 x Distance+ l5 x Population
The weights for each parameter were estimated using the 

same logic as used for water. In fact the values assigned to the 
mining stage and distance are the same for both land and water. 
The use of land for mining is a major issue (weight 0.3), since 
it implies socioeconomic changes provoked by relocation and 
migration of people. The population size (0.1) and the population 
who economically depend on land (0.2) are more representative 
factors for the social risk of land than that of water. This is 
explained by the fact that land is a resource owned by people or 
communities. Therefore, they are more involved in the issues or 
conflicts associated with land. 

   Table IV

  Weights used to calculate the social risk of water
   Parameter          Weight

   1. Water used for mining w1 0.4
   2. Mining progress stage w2 0.3
   3. % of population that depends economically on water w3 0.15
   4. Distance between communities and the mine w4 0.1
   5. Population size w5 0.05
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Hence, the final equation used to calculate the social risk 
associated with land is:

 Social risk of land use=(0.3) x  Land used for 
mining+(0.3) x Mining stage+ (0.2) x People who depend 
economically on land +(0.1) x Distance+ (0.1) x Population

Social risk associated with labour 
The calculation of the social risk associated with labour is based 
on the following expression  

 Social risk for labour=y1 x Unemployment /unskilled, 
mid-skilled people required+y2 x Mining stage+ y3 x % 
of population that depends economically on S.R 
+y4 x Distance+ y5 x Population
The parameter for unemployment / unskilled/mid-skilled 

people required by the mine has the highest weight, since this 
represents the number of local people who can be employed 
at the mine. This is critical, since employment is one of the 
most common demands from local communities. The mining 
stage is also an important cause for conflict, since availability 
of employment depends on this parameter. The migration 
of labour to the mines may cause disagreements with local 
businesses, since the new economic conditions created by mines 
are associated with inflation of the prices of labour, goods, 
and services (Davis and Franks, 2014). The weight for this 
parameter is 0.15.  As stated above, mines are often developed 
in remote areas where there are no local industries. Industries 
are drawn to areas of economic activity such as mines. Distance 
and size of the population are the parameter with the lowest 
weights. Although they are important since, to some extent, they 
represent expectations of employment (large communities imply 
a large demand for employment), they do not provide enough 
information for the definition of a social conflict. 

Hence, the final equation used to calculate the social risk 
associated with water is:

 Social risk of water = (0.4) x water used for mining +  
(0.3) x mining stage + (0.15) x people who depend 
economically on water + (0.1) x distance + (0.05) x    
population

Risk parameter ranking
To compute the value for the social risk associated with water, 
land, and labour, the score of each parameter is ranked from 
1 to 10. Therefore, the final value for the social risk of each 
strategic resource is also between 1 and 10. The rankings allow 
for the comparison of parameters among different mines. For 
instance, if mine X consumes more than 50 000 m3 of water per 
day, and mine Y only 5000 m 3/d, the ranking for mine X will 
be higher than that for mine Y. In addition, the ranking system 
used assigns high ranks to high levels of social risk. Therefore, 
if a parameter is ranked 10, this parameter is highly associated 
with risk. On the other hand, if the rank was 1, there is hardly 
any social risk involved with the parameter. In order to have a 
wide range of values to represent and rank several mining and 
community profiles, eight case studies were selected based on 
the mine size and mine-community distance. The information 
provided (per parameter) is organized in intervals. Then a rank 
(between 1 and 10) is assigned to each interval. The intervals 
were calculated using the mean of the values (per parameter) 
which was allotted the median rank of 5. The range of the data-
set was calculated and the ranks were distributed appropriately. 
This ranking system can be used for all types of mines and 
commodities. However, water is the only parameter that changes, 
since the amount of water required by a mine depends on the 
size and the commodity extracted (Yamana Gold, 2008). As 
mentioned before, the case studies are gold mines, so the ranks 
provided for water consumption are for gold mining. The ranking 
system based on the eight case studies is presented in Tables VII 
and VIII.

From Table VII, the water consumption of populations greater 
than 100 000 is greater than 45 000 m3 /d, and distances 

   Table V

   Weights used to calculate the social risk of land
   Parameter              Weight

   Land used for mining l1 0.3
   Mining stage l2 0.3
   Population that depend economically on land l3 0.2
   Distance between communities and the mine l4 0.1
   Population size l5 0.1

   Table VI

  Weights used to calculate the social risk of labour
   Parameter               Weight

   Unemployment / unskilled, mid-skilled people required y1 0.5
   Mining stage y2 0.2
   % of population that depends economically on S.R y3 0.15
    Distance between communities and the mine y4 0.1
    Population size y5 0.05

   Table VII

  Ranking system for parameters
   Population rank                                      Use of water (m3/day)                                           Mining stage                                 Distance (km) 
   Risk Interval Risk Interval Risk Interval Risk Interval

   10 >100 001  10 >45 001 10 Feasibility 10 <3
   9 90 001-100 000  9 40 001-45 000 9 Prefeasibility 9 4-5
   8 80 001-90 000  8 35 001-40 000 8 Exploration 8 6-7
   7 70 001-80 000  7 30 001-35 000 7 Prospecting 7 8-9
   6 60,001-70,000  6 25 001-30 000 6 Development 6 10-11
   5 50 001-60 000  5 20 001-25 000 5 >1 year 5 12-13
   4 40 001-50 000  4 15 001-20 000 4 >5 years 4 15-14 
   3 30 001-40 000  3 10 001-15 000 3 >10 years 3 16-17 
   2 20 001-30 000  2 5001-10 000 2 >15 years 2 18-19 
   1 <20 000  1 <5000 1 >20 years 1 >20 
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between mines and communities less than 3 km represent high 
levels of social risk. Similarly, feasibility is the most risky mining 
stage. 

Table VIII indicates that if a mine uses more than 100 000 ha 
of land, employs 5% or less of the local unemployed population, 
and the population that depends economically on water is greater 
than 45 000, a high social risk should be associated with these 
parameters. This methodology for ranking can be improved if 
information from more mines is included. 

Social risk index calculation 
With the weights and ranks for each parameter, the social 
risk associated with water, land, and labour can be calculated. 
Therefore, the only parameters that have not been calculated are 
the weights a1, a2, and a3 for the estimation of the social risk 
index. They represent the strength and influence of each of the 
three components in the final index. To calculate the weights, 
a survey to measure the importance of each strategic resource 
was developed. The survey was sent electronically to 50 mining 
professionals located in Peru, Colombia, and the USA. A total of 
38 positive responses were collected. In 45% of the responses, 
water was the most important resource, 35% said land, and for 
20% of the mining professionals, the major issue was labour. 
Therefore, to compute a final score for a mine, the weighted 
average of the risk associated with all the strategic resources is 
calculated. The result is a value between 1 and 10 that represents 
the social risk index associated with the mine. The final formula 
for the social risk index is:

 Social risk index= 0.45 x Social risk of water+0.35 x  
Social risk of land+0.20 x Social risk of labour

Applied cases, social risk index calculation in gold mining
Eight gold mines were selected to estimate the social risk index. 
The eight mines are located in Argentina, Brazil, Bulgaria, 
Colombia, and Kyrgyzstan. Gold was the commodity chosen for 
this analysis, since gold mining is commonly associated with 
social conflicts due to the high market price of gold and the 
potential environmental impact of the processing methods used 
for gold, which are based on chemicals such as cyanide and 
sulphuric acid. These factors can cause pressure when interacting 
with local communities. The eight case studies were selected 
based on three parameters: the size of the mine, community-
mine interaction, and social conflicts experienced. Half of the 
mines have experienced social conflicts, and today they are under 

evaluation or re-engineering. The other four mines are operating 
or under construction. The results are mapped in a matrix-based 
chart, in which each component of the social risk is evaluated 
between 1 and 10. The final score for the social risk index is 
plotted using a matrix chart as shown in Figure 4. 

Case 1. Krumovgrad Project –Bulgaria 
This is an open pit gold project located in southern Bulgaria, 320 
km from the capital Sofia, and operated by Balkan Mineral and 
Mining (BBM), a subsidiary of the Canadian company Dundee 
Precious Metals Inc. (DPM). Exploration in the region began 
in 1990s by GeoEngineering of Assenovgrad, and Geology 
& Geophysics of Sofia, a local exploration firm. Through an 
extensive drilling and trenching programme, the company 
identified the presence of gold soil geochemical anomalies in the 
early-to-mid 1990s. In 2000, BBM was awarded an exploration 
license for 113 km2, and further exploration work was conducted 
to define mineralized zones. In 2002 the first mineral resource 
estimates for the deposit were published and were followed by 
an update in 2004 that estimated Measured Mineral Resources of 
more than 230 000 gold ounces (oz Au). According to a NI 43-
101 report the Krumovgrad project has Proved Mineral Reserves 
of 500 000 oz Au. To extract the gold, an open pit mine has been 
proposed with a capacity to produce 85 700 oz  Au and 38 700 
oz Ag per year by crushing, grinding, and flotation. The open 
pit mine proposed is 3 km from the municipality of Krumovgrad, 
which comprises the town of Krumovgrad and 79 small villages. 
Small-scale tobacco farming, livestock grazing, and vegetable 
production are traditional activities in the region (Begum 
Ozkaynak, 2012). 

   Table VIII

  Ranking system for parameters
   Land for mining (ha)                                      Unskilled labour/unemployment rate                                 Population who depend economically on agriculture 
   Risk Interval Rank Interval Risk Interval

   10 >100 001  10 <5 10 >45 001
   9 90 001–100 000  9 8–6-6 9 40 001–45 000
   8 80 001–90 000  8 11–9 8 35 001–40 000
   7 70 001–80 000  7 14–12 7 30 001–35 000
   6 60,001–70,000  6 17–15 6 25 001–30 000
   5 50 001–60 000  5 20–18 5 20 001–25 000
   4 40 001–50 000  4 23–21 4 15 001–20 000
   3 30 001–40 000  3 26–24 3 10 001–15 000
   2 20 001–30 000  2 29–27 2 5 001–10 000 
   1 <20 000  1 <30 1 <5000

Figure 4—Matrix chart for the social risk index
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Technical aspects
During the exploration programme (2000–2005), more than 
70 000 m were sampled by conventional diamond drilling 
and channel sampling. The total Proved and Probable Mineral 
Reserves are estimated to be 781 000 oz Au, and 450 000 oz 
Ag, at an average grade of 3.36 g/t Au (Balkan Mineral and 
Mining EAD, 2011). Based on the exploration and technical 
feasibility results, DPM proposed to mine the ore and waste by 
conventional open pit methods. Ore will be processed 24 hours 
per day, 7 days a week by crushing and grinding, followed by 
froth flotation to produce gold concentrate. The process plant 
has a capacity of 3100 t/d. Metallurgical recoveries for gold and 
silver are estimated at 85% and 70% respectively. Tailings from 
the process will be thickened and disposed in a storage facility. 
Water consumption rates are not included in either the NI 43-101 
or environmental impact assessment reports. Fresh water will be 
supplied from boreholes. Additionally, a water storage facility 
was proposed to manage heavy rainfall and recycle 98% of the 
mine water (AMEC Earth & Environmeent UK Ltd, 2014). The 
life of mine (LOM) is calculated at between 7 and 9 years and 
the mine will employ approximately 230 people. The area for 
exploration is approximately 11 300 ha. 

Socio-economic aspects
The area of influence (AoI) of Krumovgrad comprises the town 
of Krumovgrad and 79 small villages with a total population of 
approximately 18 233 (Denkstatt, 2014). The age distribution in 
the AoI is as follows: people under working age (14%), people of 
working age (17–59 years), and people over working age (33%). 
Eighteen per cent of the people over working age are retired. 
People in the AoI are slightly younger than in the other regions of 
Bulgaria. Just over half (51%) of the population is male and 49% 
female. Unemployment is one of the socio-economic problems 
faced by the young population. According to a survey, 32% of 
the 18–29 age group is unemployed. The lack of employment 
opportunities is one of the major reasons for youth migration in 
the AoI.

Krumovgrad municipality comprises 48.8% forest area, 
47.8% agricultural lands, 2.2% towns, villages, and hamlets, and 
1.2% surface water bodies (AMEC Earth & Environmeent UK Ltd, 
2014). Most (88%) of the arable land is used and cultivated by 
households. The main economic activities are local agriculture, 
beekeeping, and pastoralism. These activities depend on the 
Kromovitsa River, which flows in the vicinity of the Krumovgrad 
town. Crop cultivation is dominated by tobacco. The skill sets 
of the residents of the AoI are  mainly agricultural (32%) 
(Denkstatt, 2014).

Conflict
Problems began in 2005 after DPM announced the proposed use 
of cyanide technology for gold processing at Krumovgrad. Local 
initiatives began anti-cyanide campaigns against BBM, who in 
2010 decided to change the gold recovery process. Today, the 
concerns of communities are based on the pollution of water 
resources: ‘according to interviews with several farmers extensive 
drilling during the exploration phase has dried up local wells or 
muddied the water’ (Denkstatt, 2014). The climate of the region 
and the dependence of agricultural activities on the Kromovitsa 
River are factors that put social pressure on the mining project. 
Another reason for local concerns is the location proposed for the 
tailings and waste facilities, which will be about 150 metres from 
the river and will require displacement of 300 households. The 

close location of the mine to Krumovgrad town and the potential 
effects of the operation on agriculture and other traditional 
activities represent one of the most important social risks. 

Social risk analysis
Table X shows the values for the social risk index and its 
components, calculated based on the parameters from Table IX. 
The overall score for the mine was 5.56. From the components, 
the social risk associated with labour has the highest value. 
This is explained by the high rank (value 3%, rank 10) of 
the number of unemployed people who can work at the mine, 
which represents 50% of the social risk of labour. Therefore, the 
unemployment rate (32%), coupled with the low number of locals 
who can work at a mine (considering 3% access to employment 
with suitable skills) are factors that explain the social risk 
experienced by the mine (see Table X). Furthermore, the high 
number of people over 60 years old could be considered a factor 
for conflict, since this population feels that they will be excluded 
from the benefits the mine would bring to the community. The 
values for the social risks associated with land and water are led 
by the mining stage of the project and the distance between mine 
and community. 

Figure 5—Social risk index – Krumovgrad

   Table X

  Social risk index and components – Krumovgrad
   Social risk for the strategic resources                      Risk

   Social risk for water                         4.8
   Social risk for land                         4.9
   Social risk for labor                         8.4
   Social risk index                         5.5

   Table IX

  Social risk parameters – Krumovgrad
   Parameter Value Units Rank1

   Population size 18 233  2
   Population who depends on agriculture 32 % 2
   Water used for mining 1 050 m3/d 1
   Land used for mining 11 300 ha 1
   Access to employment at the time 3 % 10
   Mining stage Feasibility  10
   Distance between communities and the mine 3.0 Km 10

1Value of 10 represents the highest social risk, while 1 is associated with low social risk. 
This applies for all the 8 case studies
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Case 2. Esquel (Suyai) Project – Argentina
In 2002, Mineral El Desquite SA (MED), a subsidiary of the 
Canadian mining company Meridian Gold, acquired Brancote 
Holdings plc, the owner and operator of the Esquel gold 
project. This project is located in the Sierra de Esquel, Chubut 
in Argentinean Patagonia. The project is about 7 km from the 
town of Esquel, which has a population of approximately 30 
000 inhabitants. In the same year of the project’s acquisition, 
Meridian Gold presented an environmental impact assessment 
(EIA) with plans for developing an open pit mine that would 
produce 300 000 gold ounces a year. The processing method 
proposed was cyanide leaching. The EIA was rejected by the 
Argentinian government as a result of public demonstrations 
against the project and the use of cyanide for mineral processing 
(Wagner, 2010). 

In 2003 ‘Meridian paused its development efforts following 
a non-binding referendum wherein the majority of the citizens 
of the town of Esquel voted not to support the development of 
the open pit mine’ (Meridian Gold, 2006). In 2007, Yamana Gold 
merged with Meridian Gold, and the Esquel project was renamed 
Suyai and redesigned as an underground mine. Today the project 
remains on hold. 

Technical aspects
Currently, there is no technical literature on the initial open pit 
project. The information presented here was found in technical 
statements of Meridian Gold. The initial open pit mine was 
designed to produce 300 000 gold ounces a year at 15 g /t 
(Yamana Gold, 2008). Based on Mineral  Reserves, the lifespan 
of the mine was calculated at between eight and nine years. The 
processing method proposed was cyanide leaching. The expected 
milling capacity was estimated at 30 000 t/d. The contiguous 
areas that form the project comprise 141 000 ha. The mine was 
expected to create 300 direct and 1200 indirect jobs (Fundacion 
Patagonia Tercer Milenio, 2008).

Socio-economic aspects
The information included in this section was taken from the 
national census in 2001 (the year before the anti-mining 
demonstration in Esquel). In 2001, the total population of Esquel 
was 28466, 49% males and 51% females, with  49% of the 
population between 1 and 19 years old. Approximately 15%  
of the population is engaged in agriculture (Moran, 2003),  
97.7% has access to water, 83.3% to sewerage, and 87% to 
energy. According to the census, 23.8% of the households are 
considered vulnerable. According to Fundacion Patagonia Tercer 
Milenio, 43% of people in Esquel live without health services and 
with insufficient income (Fundacion Patagonia Tercer Milenio, 
2008). The unemployment rate is approximately 38% (Fundacion 
Patagonia Tercer Milenio, 2008). The illiteracy rate in Esquel in 
2001 was approximately 3.1%

Conflict
The conflict began with failure to communicate the potential 
environmental and socio-economic effects of the initial open 
pit mine. For instance, the risks associated with cyanide were 
not explained, and the initial EIA presented had technical 
inconsistencies that provoked public concerns and damaged the 
company’s reputation (Morgan, 2003). The antipathy in Esquel 
against Meridian grew, and the province is now recognized as an 
anti-mining province.

Social risk analysis
Table XII shows the values for the social risk index and its 
components, calculated based on the parameters from Table XI. 
The overall score for the mine was 6.21. From the components, 
the social risk associated with labour has the highest value. This 
is explained by the high rank of unemployment (10). Similarly, 
the social risk for land is high as a result of the rank for land use 
(10). Other factors that put pressure on the project are the close 
distance and the mining stage. Water is the component with the 
lowest value for social risk, the result of the low consumption 
rate of water by the mine. In summary, the social risk analysis 
shows that land and labour are major components of risk. 
Furthermore, since the mine is in the feasibility stage, it is 
expected to have high social risk. 

Case 3. Angostura project (Colombia)
High-grade gold veins in the project area, located in the northeast 
of the Santander province in Colombia, have been exploited 
since precolonial times. Greystar Resources, a Canadian junior 
company, began exploration in 1994, but ceased operations in 
1999 due to political conflicts and safety concerns in Colombia. 
Exploration recommenced in 2003, and in 2008 a preliminary 

   Table XI

  Social risk parameters – Suyai
   Parameter Value Units Rank1

   Population size 28 466.00  2
   Population who depends on agriculture 15 % 1
   Milling capacity 30 000.00 t/d 3
   Ore grade 15 g/t 10
   Local employees required 300  4
   Water used for mining 10 500 m3/d 3
   Land used for mining 141 000.00 ha 10
   Unemployment 38 % 8
   Access to employment rate 3%  10
   Mining stage Feasibility  10
   Distance between communities and the mine 7 Km 8

   Table XII

  Social risk index and its components – Suyai
   Social risk for the strategic resources Risk

   Social risk for water 4.95
   Social risk for land 6.9
   Social risk for labour 7.85
   Social risk index 6.21

Figure 6—Social risk index and its components – Suyai
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economic assessment for an open pit mine was completed (Golder 
Associates, 2012). In 2011, after environmentalpermissions had 
been lodged, Ingeominas (the national agency that regulates 
mining activities in Colombia) did not approve the EIA, 
arguing that the open pit mine location endangered a fragile 
ecosystem that is vital for the water cycle. The Angostura project 
provoked the mobilization of local organizations and people in 
Bucaramanga, the largest city in the vicinity (67 km distant). 
This is the most notorious anti-mining case in Colombia. In 
2011, Greystar Resources changed its name to Eco Oro Minerals 
Corp. and initiated an assessment to change the initial open pit 
project to an underground high-grade operation. Despite the 
re-engineering and the new feasibility study, the project remains 
halted.

Technical aspects
The pre-feasibility study for the open pit mine was completed 
in 2009 and considered two possible processing routes: cyanide 
heap leaching for low-sulphur material and grinding and 
flotation for high-sulphur ore. Mineral resources were calculated 
at 7.7 million ounces Au at 1.1 g/t and 34.5 million ounces Ag 
(Ejolt, 2013). Approximately 50 000 ha of land were used for 
exploration. The project would move 70 000 t of ore a day, which 
guaranteed the operation of the mine for approximately 15 years. 

Socio-economic aspects
The population affected by the Angostura project is 
approximately 77 000, including the towns of Angostura, La 
Baja, Centro Cerrillos, Santa Ursula, Pantanos, and California. 
California is the closest town, located 13 km from the project. 
The major economic activities (approximately 65%) in the region 
are agriculture, livestock grazing, fishing, and small-scale gold 
and silver mining (Agencia Atenea, 2013). The distribution of 
the population is 54% females and 46% males. The population is 
young, with 33% under the age of 18, and 17% between  25 and 
34 years. Just under half (48%) of the population has completed 
primary school, and 36 % high school. Four per cent do not have 
access to any kind of health service. The unemployment rate in 
the region is estimated to be 10% (Agencia Atenea, 2013). 

Conflict
This massive gold deposit is located 67 km from the city of 
Bucaramanga (503 000 inhabitants). The elevation of the region 
is between 2400 and 3500 masl. A critical condition for the 
Angostura project is its close location to a fragile alpine tundra 
ecosystem (called paramos) that provides water to over 2.2 
million people (Ejolt, 2013). The local economies of California 
and Vetas, the closest municipalities to the project, are based 
primarily on agricultural activities, followed by small-scale 
mining. Locals argued that the open pit mine would affect the 
availability of land for small-scale operations. In Bucaramanga, 
communities and local organizations conducted social protests 
against the Angostura project, and mobilized more than 30 
000 people in 2011. The main concern in this case was the 
potential impact of the initial open pit mine and possible cyanide 
release into the ecosystem, with damage to its water production 
capability. 

Social risk analysis
Table XIV shows the values for the social risk index and its 
components, calculated based on the parameters from Table 

XIII. The overall score for the mine was 7.39. The social risk 
in Angostura is led by labour. This is explained by the high 
percentage of the population that depends on agriculture, and the 
low employment rate anticipated by the mine, due to competition 
for labour resources. The high values for the social risk of water 
and labour are the result of the large population, and the large 
number of people who depend on agriculture. 

Case 4. La Colosa Project (Colombia)
La Colosa is a massive world-class deposit discovered in 2006, 
located 14 km west of the municipality of Cajamarca (population 
19 546) in the Tolima province in central-west Colombia. 
The project is being developed by the South African company 
AngloGold Ashanti (AGA). La Colosa is currently at pre-
feasibility stage, with technical evaluations focused on mineral 
resources extension and mining method selection. According 
to the mineral deposit geometry and the initial information on 
mineral resources provided by AGA, mining will be through 
conventional open pit methods. The province of Tolima is known 
as the ‘agricultural belt’ of Colombia. Rice, coffee, fruits, plantain, 
yucca, and beans are the main products from this region (Ejolt, 
2015). Livestock grazing for milk and meat production is another 
major economic activity. Approximately 50% of the population 
depends on agriculture (National Committee on Statistics, 2010).

   Table XIII

  Social risk parameters – Angostura
   Parameter Value Units Rank

   Population size 77 000  7
   Population who depends on agriculture 65 % 10
   Milling capacity 70 000 t/d 7
   Local employees required 254  4
   Water used for mining 24 500 m3/d 5
   Land used for mining 50 000 ha 4
   Unemployment 10 % 3
   Access to employment 3%  10
   Mining stage Prefeasibility  9
   Distance between communities and the mine 13 Km 4

   Table XIV

  Social risk index and its components – Angostura
   Social risk for the strategic resources Risk

   Social risk for water 6.95
   Social risk for land 7
   Social risk for labour 9.05
   Social risk index 7.39

Figure 7—Social risk index – Angostura
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Technical aspects
This is a large gold deposit with Inferred Mineral Resources 
of 26.8 million ounces Au (AngloGold Ashanti, 2012). The 
initial mining scenario proposed an open pit mine with annual 
gold production of 1million ounces. The estimated annual 
production rate is 70 Mt of ore (approximately 190 kt/d). 
Based on this production profile, the mine life was calculated 
to be 25 years. The total area in which the company has been 
working is approximately 60 000 ha. Water consumption will be 
approximately 0.5 m3/s or 15.5 m3 per gold ounce.

Socio-economic aspects
The area of influence of the project includes Cajamarca town 
and five villages – Diamante Cristales, La Paloma, La Luisa, Los 
Alpes, and La Bolívar y Altamira, with a total regional population 
of 22 500 (Mendoza, 2014). In the AoI 52% of the people are 
women, while 48% are male, 44% of the sample younger than 
18 years, 50% between 18 and 60 years, and 6% are older than 
60 years. Water is accessible to 88.04% of the population, while 
access to sewerage and electricity  are 90.52% and 97.96% 
respectively. A total of 5.48% of the population are illiterate, 
and 65% have not completed high school. The percentage of the 
children between 7 to 11 years and between 12 and 18 years who 
do not attend school is 7.2% and 16.17% respectively. The main 
reason for not going to school is the cost of education, followed 
by the location of schools. In the AoI, 15% of the population is 
unemployed.

Conflict
The size of the gold deposit itself represents an opportunity for 
conflict. Pollution risks, resource intensity (land, water), and 
socio-political interest are higher than in smaller operations. 
In addition, the economic activities of Cajamarca (located 15 
minutes away from La Colosa) are based on agriculture (23.32%) 
and livestock grazing (29.85%). This region is considered an 
important agricultural zone for the entire country, producing 
coffee, beans, corn, tomatoes, blackberries, oranges etc. In 
addition to its remarkable agricultural output, the region 
produces milk and meat from livestock grazing (Mendoza, 
2014). These economic conditions and the potential open pit /
cyanide leaching project make the use of water a major concern 
for all stakeholders. Rice and coffee producers, farmers, and the 
University of Tolima have expressed strong opposition to the 
project, claiming that the company was not transparent during 
the exploration stage, and that pollution from the mine will 
adversely affect the traditional economic activities in the region 
(Mendoza, 2014). 

Social risk analysis
Table XVI shows the values for the social risk index and its 
components, based on the parameters from Table XV. The overall 
score for the mine was 6.29. Of the three components, the social 
risk associated with water has the highest value. The size of 
the projected mine, with its potential capacity to process 190 kt 
daily at a grade of 2.86 g/t, is the major reason for conflict (rank 
10). The risk associated with land is explained by the land area 
used by the project (rank 5), and the current stage of the project 
(10). The risk associated with labour has the lowest score, since 
unemployment in the region is low (rank 2), and the mine has 
the capacity to employ at least 15% of the unemployed people. 
The social risk profile for La Colosa suggests that there is an 
imbalance between the mine and community size. The social risk 

of water, which is directly associated with the mine size, is high, 
while the risk for labour is relatively low.

Case 5. Paracatu Mine (Brazil) 
Portuguese Bandeirantes (adventurers) arrived in the Paracatu 
region of central Brazil in the mid-eighteenth century after the 
discovery of alluvial gold deposits. This migration led to the 
founding of the town of Paracatu. Small-scale and artisanal 
miners continued working in the region in the 1900s. In 1970, 
more aggressive exploration took place. In 1985, a feasibility 
study proposed an open pit mine operation. Production began in 
1987 at 3884 ounces per annum and reached 497940 ounces in 
2013 (Sims, 2014). 

Technical factors
Several companies have operated the mine. The current operator, 
Kinross Gold, acquired the property between 2003 and 2004 from 
Rio Tinto and Echo Bay. The mine produces 55 Mt of ore annually 
that feeds two processing plants (grinding/flotation and carbon 
in leach for treating oxide and sulphide ores respectively. The 
mill capacity is 170 000 t /d (Sims, 2014). Two tailings facilities 
receive the waste material.  According to the NI-43101 report, the 
mine has 10.4 million ounces in Mineral Reserves and a life of 
mine of 19 years (Sims, 2014). 

   Table XV

  Parameters for social risk parameters – La Colosa
   Parameter Value Units Rank

   Population size 19 546  5
   Population who depends on agriculture 50 % 3
   Milling capacity 190 000.00 t/d 10
   Local employees required 476  5
   Water used for mining 66 500 m3/d 10
   Land used for mining 60 000.00 ha 5
   Unemployment 8 % 3
   Access to employment 30%  1
   Mining stage Prefeasibility  9
   Distance between communities and the mine 14 Km 4

   Table XVI

  Social risk index and its components – La Colosa
   Social risk for the strategic resources Risk

   Social risk for water 7.8
   Social risk for land 5.7
   Social risk for labour 3.4
   Social risk index 6.19

Figure 8—Social risk index – La Colosa
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Socio-economic factors
The mine is 1 km from the city of Paracatu (Good River), located 
in northwestern Brazil in the famous mining state of Minas 
Gerais, with a population of approximately 85 000 (D’Oliveira, 
2010). According to the 2001 census, 45% of the population was 
under 19 years and the male to female ratio was 1.02. Sixteen 
per cent of the population is currently attending elementary 
school and 5% is attending high school. The unemployment rate 
in Paracatu is approximately 15%. This is a tropical savanna 
area that supports farming and livestock grazing. The main 
products are soybeans, corn rice, and coffee. Kinross employs 
3400 people (4% of the total population). The mine accounts for 
8% of the total GDP of Paracatu, while industrial and agriculture 
activities make up 18.6%. Service companies represent the largest 
economic sector with 49.8% of Paracatu’s GDP. Ninety-eight per 
cent of the population has access to water, and 70% access to 
sewerage.

Social risk analysis
Table XVIII shows the values for the social risk index and its 
components, calculated based on the parameters from Table 
XVII. The overall score for the mine was 4.93. Of the three 
components, the social risk of water has the highest value. The 
amount of water consumed per day (rank 10), and the size of 

the community (rank 9) are the main drivers for social risk at 
Paracatu. The low score for the index is the result of the mining 
stage effect. Since the mine has been operating for more than 
20 years, the conflicts and different interests of the mine and 
communities in terms of labour and land demands have already 
been addressed. At Paracatu, water is the most important social 
risk factor, since even though the land and labour risks are low, 
water pushes the index close to 5. Another conclusion from this 
case study is that mines are expected to experience social risk 
for water until closure, or even beyond closure when the mine 
no longer has an active team present in the area, while the risks 
for land and labour may tend to be lower after several years of 
operation.

Case 6. Kumtor Mine (Kyrgyzstan)
Kumtor is one of the largest open pit gold mines in the world. The 
mine is located in northeastern Kyrgyzstan (former USSR) at an 
elevation of 4400 m and approximately 80 km from the Issyk Kul 
lake, the tenth largest lake in the world. In 2014, gold production 
was 567 693 ounces. Exploration by an expedition of the state 
geological department began in 1978. In 1990, after extensive 
trenching, diamond drilling, and underground development, 
an initial reserve estimation was issued by the USSR (Centerra 
Gold Inc., 2015). In 1992, after the USSR broke up, the Kyrgyz 
Republic was formed, and Centerra Gold began working on the 
deposit. After several years of assessment, a final feasibility 
study was completed in 1995. In 1996, project construction 
concluded, and production began in 1997.

Technical aspects
The mine uses conventional open pit mining methods, and moves 
around 318 kt/d. The nominal plant capacity is approximately 15 
900 t/d at 4.00 g/t  Au. Processing consists of crushing, grinding, 
pyrite flotation, and two-stage regrinding of flotation concentrate. 
Two carbon-in-leach circuits extract the gold, and final gold 
recovery is by electrowinning and refining. Based on current 
Mineral Reserves (6.1 million ounces Au), mining activities at 
Kumtor will extend until 2023.

Socio-economic aspects
The Issyk-Kul province in Kyrgyzstan had a population of around 
450 000 in 2009 (Nippon Koei, 2009). The project is located in 
the Tong and Jeti Oguz districts, which have a total population 
estimated at 131 000 (National Committee on statistics 2010). 
Around 40% of the population is below working age, 50% 
are working age, and 10% are retired. Agriculture is the main 

   Table XVII

  Parameters of social risk – Paracatu
   Parameter Value Units Rank

   Population size 85 000  9
   Population who depends on agriculture 18.6 % 5
   Milling capacity 170 000 t/d 10
   Local employees required 2040  10
   Water used for mining 88 803 m3/d 10
   Land used for mining 12 037 ha 1
   Unemployment 20 % 2
   Access to employment 15 % 1
   Mining stage >20  1
   Distance between communities and the mine 2 Km 10

   Table XVIII

  Social risk components – Paracatu
   Social risk for the strategic resources Risk

   Social risk for water 6.5
   Social risk for land 3.5
   Social risk for labour 3.9
   Social risk index 4.93

Figure 9—Social risk in Paracatu

   Table XIX

  Parameter of social risk – Kumtor
   Parameter Value Units Rank

   Population size 131 000  10
   Population who depends on agriculture 20 % 6
   Milling capacity 15 900 t/d 2
   Ore grade 4 g/ton of Au 4
   Local employees required 2160  5
   Water used for mining 5 565 m3/d 2
   Land used for mining 26 000 ha 2
   Unemployment 40 % 8
   Access to employment 5 % 9
   Mining stage >20  1
   Distance between communities and the mine 80 Km 1



Development of a socio-economic strategic risk index as an aid for the feasibility assessment

447 ◀The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 120 JULY 2020

activity, employing more than 50% of the working population 

(Nippon Koei, Ram Engineering, 2009). Unemployment is high, 
at approximately 40%. Access to health and school facilities are 
similar to other Kyrgyz regions, but rural areas have additional 
limitations. The Kumtor mine is the largest private sector 
employer in the country, with 2500 full-time employees, 97% 
of whom are Kyrgyz nationals. The company supports collective 
bargaining with unions. The mine accounted for 24% of the 
country’s industrial output and 7.7% of the GDP in 2013. 

Social risk analysis
Table XX shows the values for the social risk index and its 
components, calculated based on the parameters from Table 
XIX. The overall score for the mine was 3.13. Of the three 
components, the social risk of labour has the highest value. The 
size of the population (rank 10) and the unemployment rate 
(rank 8) account for the high social risk of labour. Water and 
land are not major issues, since they are not consumed at high 
rates (both ranked at 2), and the mine is located far from the 
communities. Kumtor is the mine with the lowest social risk in 
the case studies, the result of a low water consumption rate, the 
location of the mine, and the age of the operation. 

Case 7. Gramalote (Colombia)
Gramalote is located near the town of Providencia in the 
province of Antioquia in central-west Colombia. The project 
area has a long history of artisanal gold mining. Hydraulic 
techniques were used by the first miners in the region in the 
1900s. Metallica Resources conducted preliminary exploration 
work in 1995. Between 1996 and 2000, three other companies 
(Gridiron Exploration Ltd, Placer Dome, and Penõles) conducted 
evaluations at Gramalote. Exploration work was halted as 
a result of political risk and violence in Colombia. In 2003, 
AngloGold began exploration at Gramalote, spending more 
than US$4.3 million. In 2007 and 2008, B2Gold entered into an 
agreement that gave the company management responsibility for 
exploration on the project. Pre-feasibility and feasibility reports 
from 2011 and 2012 demonstrated positive economic results 

(Gustavson Associates, 2012). In 2015, B2Gold was granted an 
environmental license to operate. The area of influence comprises 
a town and 14 villages. The main economic activities are 
agriculture, livestock grazing, and small-scale mining (AngloGold 
Ashanti, Integral, 2015).    

Technical aspects
The project is currently held as a joint venture between AGA 
(51%) and B2Gold (49%). It is operated by Gramalote (Colombia) 
Ltda. The Gramalote area comprises 17 concessions (35 321.74 
ha). The exploration campaign completed 132 diamond drill-
holes for 44 196 m in 2011. According to the preliminary 
economic assessment report prepared by B2Gold in 2014, 
Gramalote has Mineral Resources (Measured, Indicated, and 
Inferred) for approximately 4.7 million ounces Au. The life of the 
mine is estimated at 14 years. The project has three mineralized 
zones that are envisioned to be mined by conventional open pit 
methods. The ore will be treated in a gravity and flotation process 
at a milling rate of 46 kt/d. The annual production is estimated 
to be 350 kt for 450 000 gold ounces (Gustavson Associates, 
2014). According to the EIA, the construction of Gramalote will 
create 3500 direct and 7000 indirect jobs. Once in operation, 700 
direct jobs will be created. 

Socio-economic aspects
The population in the area of influence was estimated to be 
55 208 (AngloGold Ashanti, 2015). The distance between the 
communities and the mine is approximately 12 km. People 15 
years or younger and 64 years old or more together account 
for 35.6% of the total population. Students represent 22.5% 
of the population. Approximately three-quarters (73.3%) 
of the population are employed, while 2.3% are looking for 
employment. Child labour is one of the social problems in this 
region. Education levels in the region are low – more than 82% 
of the population has less than nine years of education. Health 
services are available to 7.1% of the population, and 80% have 

   Table XX

  Social risk and components – Kumtor
   Social risk for the strategic resources Risk

   Social risk for water 2.6
   Social risk for land 3.2
   Social risk for labour 4.2
   Social risk index 3.13

Figure 10—Social risk – Kumtor

   Table XXII

  Parameter for social risk – Gramalote
   Parameter Value Units Rank

   Population size 55 208  5
   Population who depends on agriculture 56.8 % 7
   Milling capacity 49 000 t/d 5
   Local employees required 205  4
   Water used for mining 17 150 m3/d 4
   Land used for mining 26 000 ha 2
   Unemployment 3 % 1
   Access to employment 27 % 2
   Mining stage Development  6
   Distance between communities and the mine 12 Km 5

   Table XXI

  Social risk components – Gramalote
   Social risk for the strategic resources Risk

   Social risk for water 5.2
   Social risk for land 4.8
   Social risk for labour 4
   Social risk index 4.82
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access to water. Only 35% of the population has access. Only 35% 
of the population has access to sewerage services. Agriculture 
(23.8%), mining (23.1%), livestock grazing (33%), and trade of 
goods and services (10.9%) are the main economic activities in 
the region (AngloGold Ashanti, Integral, 2015). 

Social risk analysis
Table XXII shows the values for the social risk index and its 
components, calculated based on the parameters from Table XXI . 
The overall score for the mine was 4.82. Of the three components 
of the index, the social risk of water has the highest value. The 
size of the population that depends on agriculture (rank 7) is one 
of the major parameters provoking risk conditions in both land 
and water.  The lowest risk is associated with labour, the result of 
the low unemployment rate in the area of influence. Gramalote is 
now under development, a high-risk mining stage.  

Case 8. Santa Rosa Gold Project (Red Eagle Mining – 
Colombia)
The project is located 20 km southeast of the town of Santa Rosa 
de Osos in the municipality of the same name in the province of 
Antioquia, northwest Colombia. The mining potential in the Santa 
Rosa area was recognized around 1600. Gold was produced 
in the 18th century from upland placers and from high-grade 
oxide ores in the 1940s (Lycopodium Minerals Canada, 2014). 
Artisanal mining continues today. In July 2010, Read Eagle began 
the first modern exploration campaign. Between September 2011 
and May 2013, the company completed 45 609 m of drilling. 
In October 2013, the company announced positive results from 
a preliminary economic assessment. After the environmental 
impact assessment submission, Red Eagle was granted 
permission to start construction in August 2014. In terms of 
social context, 18 villages are located in the vicinity of the project. 
The area of influence is estimated to be 6 000 ha.  

Technical aspects
The Santa Rosa gold project comprises a total area of 33 000 ha. 
After the exploration campaign, Red Eagle estimated Proven and 
Probable Mineral Reserves of 405 million gold ounces. The life of 
mine was estimated at 7 years (50 600 ounces Au  per annum). 
An underground operation is planned (Lycopodium Minerals 
Canada, 2014), using mechanized shrinkage with delayed fill 
(MSDF). The processing plant was designed for an initial milling 
capacity of 1000 t/d, with provision for future expansion to 2000 
t/d. The flow sheet includes grinding and flotation followed by 
concentrate regrinding. There will be four operation crews to 
cover back-to-back 12-hour shifts. 

Socio-economic aspects
The population in the area of influence is 1077, of which 
56% are female and 46% are male. Thirty-six per cent of the 
population has access to water supply, 3% to sewerage, 97% 
to electricity, 74% to gas, and 31% to sanitation and collection 
services (Lycopodium Minerals Canada, 2014). In 2012, the 
unemployment rate in Santa Rosa was approximately 20% 
(Santa Rosa de Osos Municipality, 2012). The major economic 
activities in the region (approximately 77%) are dairy farming, 
forestry, poultry farming, production of tomatoes or tamarillos, 
and pig farming (DANE, 2006). According to the feasibility study 
report, the project has the capacity to create 150 direct jobs and 
approximately 500 indirect jobs. 

Social risk analysis
Table XXIV shows the values for the social risk index and its 
components, calculated based on the parameters from Table 
XXIII. The score of the social risk index was 4.05. The social 
risk associated with labour is the highest component of the 
index. This is explained by the high number of people involved 
in agriculture and the unemployment rate in Santa Rosa. All 
the parameters but the ore grade and mining stage were ranked 

Figure 11—Social risk – Gramalote

   Table XXIII

  Parameter for social risk – Santa Rosa
   Parameter Value Units Rank

   Population size 30 000  2
   Population who depends on agriculture 77 % 5
   Milling capacity 2 000 t/d 1
   Local employees required 390  4
   Water used for mining 700 m3/d 1
   Land used for mining 33 000 ha 3
   Unemployment 20 % 4
   Access to employment 7 % 8
   Mining stage Development  6
   Distance between communities and the mine 20 Km 1

   Table XXIV

  Social risk and components – Santa Rosa
   Social risk for the strategic resources Risk

   Social risk for water 3.15
   Social risk for land 4
   Social risk for labour 6.15
   Social risk index 4.05

Figure 12—Social risk index – Santa Rosa
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below 5. In comparison to the other projects, Santa Rosa is 
the smallest mine in terms of production, which implies less 
consumption of strategic resources. The case of Santa Rosa 
shows that, even when the mining operation is small and located 
far from the communities, social risk might be high as a result of 
the population size and unemployment.

Conclusions
Community relations are very important in the development of 
mining operations. However, it is extremely difficult to quantify 
the level of acceptance by a community towards a mining 
company.

The initial results from this study demonstrate a positive 
identification of those projects involved in severe social 
conflicts. Social conflict typically occurs during the feasibility 
or pre-feasibility phase, as these stages involve permitting and 
social consultation. It is therefore important that consultation 
takes place in the prospecting and exploration phases. As 
a consequence of social conflicts with local communities, 
mining companies have lost millions of dollars in investment 
opportunities and production. Additionally, social conflict 
damages company reputation, which could in turn adversely 
affect the company’s market value. The prevention and 
management of potential social conflict that may occur as a result 
of interactions between mining operations and communities 
should be considered a top priority for any mining company. 

A summary of the social risk index evaluation from the eight 
case studies is shown in Table XXV. The mines with scores above 
five experienced major social conflicts that translated into either 
the suspension or abandonment of the project. The social risk 
associated with labour presents the highest mean value among 
all the mines. This is explained by the high unemployment rates 
in local communities, and the sizes of the populations working 
in activities associated with the use of strategic resources 
(agriculture). 

After the calculation of the social risk index and its three 
components in all eight case studies, it is concluded that the 
mining projects that were halted or that were unable to gain the 
permission to operate from the communities had a social risk 
index above five. Thus, an index value of five is used as the 
cut-off threshold to mark the point at which the social risk of a 
mining project represents a significant risk. In the particular case 
of gold mining, a value higher than five resulted either in the 
abandonment or suspension of the project. 

Socio-economic risk in mining can occur as a result of 
competition between local communities and companies for 
three key strategic resources: water, land, and labour. These are 
typically the strategic resources required for the development of 

a mining project and, of course, they are also required for the 
development of any community. Initially in this study, energy 
resources, besides water, land, and labour, were considered as a 
competition factor. However, no relationship was found between 
energy and social conflict. This study finds that water is the 
most critical strategic resource, due to its daily use in living and 
economic activities. In most cases, this is the strategic resource 
that best explains the occurrence of social conflicts. Additionally, 
according to this study, water is also considered by the mining 
industry to be the most valuable resource, followed by land 
and labour. The results suggest that, based on the information 
concerning competition for strategic resources and the interaction 
between actors, the index identifies the potential for social 
conflict.

The social risk index developed in this paper can assist the 
mining industry with a tool for the assessment of possible conflict 
risk scenarios. The index could be used as a risk analysis tool 
that can provide information about what specific components or 
strategic resources must be prioritized in order to reduce social 
risk, and hence as a guide to develop strategies to assist with 
social risk management.

Factors of lower impact, not included in the project but which 
could be considered for future studies, are:
 ➤   Social-political profile of the country
 ➤   Environmental vulnerability of the mining site and its 

surroundings
 ➤   Mining tradition of the region 
 ➤   Mining regulations of the country
 ➤   Mining rights and superficial land use ownership.
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NATIONAL & INTERNATIONAL  
ACTIVITIES

2021 
7–10 March 2021 — 8th Sulphur and Sulphuric Acid  
Conference 2021 
The Vineyard Hotel, Newlands, Cape Town, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za
18–22 April 2021 — IMPC2020 
XXX International Mineral Processing Congress  
Cape Town, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za
9–11 June 2021 — Diamonds – Source To Use —  
2021 Conference  
‘Innovation And Technology’ 
The Birchwood Hotel & OR Tambo Conference Centre,  
Johannesburg 
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 
Incorporating 
The 10th Southern African Base Metals Conference 
Avani Victoria Falls Resort, Livingstone, Zambia 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za 
18–20 August 20201 — 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  
Minerals Industry4.0 Conference 
‘The next digital transformation in mining’ 
Misty Hills Conference Centre, Muldersdrift,  
Johannesburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za 
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Owing to the current COVID-19 pandemic our 
2020 conferences have been postponed until 
further notice. We will confirm new dates in due 
course.

https://www.ksb.com/ksb-za/
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Company affiliates
The following organizations have been admitted to the Institute as Company Affiliates

3M South Africa (Pty) Limited

AECOM SA (Pty) Ltd

AEL Mining Services Limited

African Pegmatite (Pty) Ltd

Air Liquide (Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

AMEC Foster Wheeler

AMIRA International Africa (Pty) Ltd

An Delkor(Pty) Ltd

Anglo Operations Proprietary Limited

Anglogold Ashanti Ltd

Arcus Gibb (Pty) Ltd

ASPASA

Atlas Copco Holdings South Africa  
(Pty) Limited

Aurecon South Africa (Pty) Ltd

Aveng Engineering

Aveng Mining Shafts and Underground

Axiom Chemlab Supplies (Pty) Ltd

Axis House Pty Ltd

Bafokeng Rasimone Platinum Mine

Barloworld Equipment -Mining

BASF Holdings SA (Pty) Ltd

BCL Limited

Becker Mining (Pty) Ltd

BedRock Mining Support (Pty) Ltd

BHP Billiton Energy Coal SA Ltd

Blue Cube Systems (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

Council for Geoscience Library

CRONIMET Mining Processing SA  
(Pty) Ltd

CSIR Natural Resources and the  
Environment (NRE)

Data Mine SA

Digby Wells and Associates

DRA Mineral Projects (Pty) Ltd

DTP Mining - Bouygues Construction

Duraset

Elbroc Mining Products (Pty) Ltd

eThekwini Municipality

Ex Mente Technologies (Pty) Ltd

Expectra 2004 (Pty) Ltd

Exxaro Coal (Pty) Ltd

Exxaro Resources Limited

Filtaquip (Pty) Ltd

FLSmidth Minerals (Pty) Ltd

Fluor Daniel SA ( Pty) Ltd

Franki Africa (Pty) Ltd-JHB

Fraser Alexander (Pty) Ltd

G H H Mining Machines (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Glencore

Hall Core Drilling (Pty) Ltd

Hatch (Pty) Ltd

Herrenknecht AG

HPE Hydro Power Equipment (Pty) Ltd 

Immersive Technologies 

IMS Engineering (Pty) Ltd

Ingwenya Mineral Processing (Pty) Ltd

Ivanhoe Mines SA

Joy Global Inc.(Africa)

Kudumane Manganese Resources

Leco Africa (Pty) Limited

Leica Geosystems (Pty) Ltd

Longyear South Africa (Pty) Ltd

Lull Storm Trading (Pty) Ltd

Maccaferri SA (Pty) Ltd

Magnetech (Pty) Ltd

Magotteaux (Pty) Ltd

Malvern Panalytical (Pty) Ltd

Maptek (Pty) Ltd

Maxam Dantex (Pty) Ltd

MBE Minerals SA Pty Ltd

MCC Contracts (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

MDM Technical Africa (Pty) Ltd

Metalock Engineering RSA (Pty)Ltd

Metorex Limited

Metso Minerals (South Africa) Pty Ltd

Micromine Africa (Pty) Ltd

MineARC South Africa (Pty) Ltd

Minerals Council of South Africa

Minerals Operations Executive (Pty) Ltd

MineRP Holding (Pty) Ltd

Mintek

MIP Process Technologies (Pty) Limited

MLB Investment CC

Modular Mining Systems Africa  
(Pty) Ltd

MSA Group (Pty) Ltd

Multotec (Pty) Ltd

Murray and Roberts Cementation

Nalco Africa (Pty) Ltd

Namakwa Sands(Pty) Ltd

Ncamiso Trading (Pty) Ltd

New Concept Mining (Pty) Limited

Northam Platinum Ltd - Zondereinde

Opermin Operational Excellence

Optron (Pty) Ltd

Paterson  & Cooke Consulting  
Engineers (Pty) Ltd

Perkinelmer

Polysius a Division of Thyssenkrupp 
Industrial Sol

Precious Metals Refiners

Ramika Projects (Pty) Ltd

Rand Refinery Limited

Redpath Mining (South Africa) (Pty) Ltd

Rocbolt Technologies

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

Sandvik Mining and Construction 
RSA(Pty) Ltd 

SANIRE

Schauenburg (Pty) Ltd

Sebilo Resources (Pty) Ltd

SENET (Pty) Ltd

Senmin International (Pty) Ltd

Smec South Africa

Sound Mining Solution (Pty) Ltd

SRK Consulting SA (Pty) Ltd

Time Mining and Processing (Pty) Ltd

Timrite Pty Ltd

Tomra (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

Umgeni Water

Webber Wentzel

Weir Minerals Africa

Welding Alloys South Africa

Worley 



Resilient futures 
for mineral processing
We would like to invite you to attend the  
XXX International Mineral Processing Congress in Cape 
Town, South Africa from 18 to 22 April 2021. 

IMPC 2020 will be hosted by the Southern African 
Institute of Mining and Metallurgy (SAIMM).

18 - 22 APRIL 2021    CAPE TOWN    SOUTH AFRICA

  MEDIA SPONSOR

  EVENT SPONSORS

The Organizing Committee of the XXX International Mineral Processing Congress, scheduled to be held in Cape 
Town from 18 to 22 April 2021, have decided to cancel this conference as a face-to-face event due to the ongoing 
Covid-19 pandemic. IMPC 2020 was postponed by 6 months from the original dates of 18 to 22 October 2020 due 
to this pandemic. However, based on the current global situation, the Organizing Committee are of the view that 
Covid-19 will affect international conferences for the duration of 2021. The Organizing Committee would also not 
wish to expose delegates to any potential health risks. It is not possible to postpone IMPC 2020 any further as this 
impacts on IMPC 2022 to be held in Melbourne.
 
The International Mineral Processing Council, in discussion with the IMPC 2020 Organizing Committee, has 
made the following decisions to mitigate the effect of this cancellation. Firstly, the XXXIII International Mineral 
Processing Congress (IMPC 2026) has been awarded to Cape Town and will run similarly to the way IMPC 
2020 was originally planned. Secondly, IMPC 2020 will be officially recognized as the XXX International Mineral 
Processing Congress in the series which began in London in 1952. Papers that have successfully gone through 
the peer review process will be published in a set of formal IMPC Congress Proceedings. This will ensure that the 
authors of the over 500 papers submitted to IMPC 2020 will have their research recognized in an official set of 
IMPC 2020 Congress Proceedings.

The Organizing Committee of IMPC 2020 will be in contact with authors, sponsors and plenaries in the near 
future. We are extremely grateful to all those who have supported IMPC 2020 to date and sincerely regret the 
cancellation of this conference.
 
We look forward to seeing you at the XXXIII International Mineral Processing Congress (IMPC 2026) in Cape Town, 
South Africa.
 
 
Yours Faithfully
 
Professor David Deglon
Chair: Organizing Committee IMPC 2020



ABOUT THE ONLINE CONFERENCE 
The University of the Witwatersrand through the DSI/NRF SARChI 
research chair in Hydrometallurgy and Sustainable Development in 
collaboration with Mintek and the Southern African Institute of Mining 
and Metallurgy (SAIMM) will be hosting a conference on mine-impacted 
water including acid mine drainage (AMD).  With a theme of “From 
research to implementation: considering mine-impacted water as a 
resource”, the conference which will run over a period of three weeks in 
the month of November this year, will provide excellent opportunities 
for industry, researchers and other stakeholders from across the globe 
to share unbiased expertise and advocacy with respect to the legacy and 
sustainable solutions related to mining and mine-impacted water. The 
conference, with its extensive program will also offer notable keynote 
speakers, student sessions and panel discussions, all with the purpose 
of giving a unique view into novel solutions and industry progression on 
the issue of mine-impacted water.

KEY BENEFITS OF ATTENDING  
THE CONFERENCE
• High quality presentations
• Networking and knowledge transfer 
• Local and international participation
• Comprehensive insight from stakeholders such as academia, 

industry and the government 
• Free conference registration
• Virtual conference; attend from the comfort of your location

CONFERENCE TOPICS
Presentations related, but not limited to the following mine-impacted 
water related topics are invited:
• Sustainable and innovative mine-impacted water treatment 

technologies
• Waste to resource
• Prediction and mitigation
• Case studies
• Mine closure practices 
• Legislation and policy drivers for sustainability 
• Novel and emerging strategies for sustainable management of 

mine-impacted water

STUDENTS SESSION
The conference will include a student session where postgraduate 
students working on mine-impacted water related projects will be 
given an opportunity to present their research projects. Students are 
requested to indicate during the submission that their abstract is for 
the student session. The best student presentation will be offered an 
award.

Camielah Jardine,  
Head of Conferencing

FOR FURTHER INFORMATION, CONTACT:

MINE-IMPACTED WATER 
FROM WASTE TO RESOURCE

FREE ONLINE CONFERENCE 

PANEL DISCUSSIONS 
Participants will be invited to take part in any of the panel 
discussions listed below during the dedicated panel 
discussion sessions. Note that there is no limit to the 
number of discussion sessions one can attend.
• Sustainability drivers – outlook for industry 

government and academia
• Role of the 4th IR and potential of the 5th IR as future 

solutions to mining and mine-impacted water 
• Prevention and remediation of mine-impacted water

THE UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG, MINTEK  
AND THE SOUTHERN AFRICAN INSTITUTE OF MINING AND METALLURGY  
ARE HOSTING A CONFERENCE ON:

FROM RESEARCH TO IMPLEMENTATION:  
CONSIDERING MINE-IMPACTED WATER AS A RESOURCE

The conference will be spread over 3 weeks  
in November 2020, with 2 sessions per week  
and 3-4 presentations per session. 

WEEK 1 – 10 and 12 November 2020

WEEK 2 – 17 and 19 November 2020

WEEK 3 – 24 and 26 November 2020

CONFERENCE SCHEDULE

ECSA and SACNASP CPD Points  
will be allocated per session attended

E-mail: camielah@saimm.co.za
Web: www.saimm.co.za

CONFERENCE

SAIMM ONLINE

Register Online at www.saimm.co.za




