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SPECIAL THEMED EDITION – CALL FOR PAPERS 
TOPIC:
ENLIGHTENING AFRICA – ENERGY FOR THE MINING AND  
METALLURGICAL INDUSTRIES

The SAIMM has pleasure in inviting papers for a special edition of the Journal, to be 
published during late 2022 or early 2023. Authors are invited to submit papers that would 
fit into the theme ‘Enlightening Africa – Energy for Future Mining and Metallurgical 
Industries’.  
For the foreseeable future, as the world moves towards a ‘just transition’, Southern Africa 
needs to use her abundant indigenous coal resources more efficiently, effectively, and 
cleanly, and to do so for all coal-fired power generation, metallurgical, and industrial 
purposes. In associated developments, coal may also be used for the production of advanced new materials that could 
lead to major new industries in this country. Crucial to all the above is the need to reduce emissions in all sectors that 
employ coal-fired or coal-sourced processes.  
In parallel and in the longer term, forms of non-carbon-based energy will be required to serve the needs of the growing 
mining, metallurgical, and industrial manufacturing sectors. This would require development of green energy in the 
form of hydrogen, solar, or wind power with battery storage capabilities. Key to this sector is the fact that renewable 
energy sources require the availability of backup power or battery storage of sufficient capacity to ensure continuity of 
service during times when such energy is unavailable.    
The transition from the current coal-dominated environment to a dominantly renewable and nuclear one is 
anticipated to take place during the course of this century. This is likely to be a long and complex process, but it offers 
opportunities for innovative and exciting mixes in a wide range of energy production processes.   
Of critical importance is the need to address the energy gap that may occur between one energy-dominated 
environment and the other in order to ensure continued, reliable, sustainable, and affordable power generation at all 
times during the course of this century. 
In this regard, papers covering the above scenarios are invited. The themes include, but are not limited to:  
  Coal/carbon-sourced energy, with examples of high-efficiency and low-emission utilization, the reduction, 

elimination, or utilization of CO2 and other greenhouse gases, and the development of new alternative uses for coal, 
including advanced high-value products.

  Hybrid energy sources in cases where coal and renewables (and even nuclear) play an integrated role in clean energy 
production (e.g. co-firing coal with biomass and waste, coal still finds application in battery storage). 

  Alternative energy sources, such topics to include, but are not limited to, hydrogen/LNG, advanced renewables 
(wind and solar), geothermal, nuclear, and any other innovative energy-generating solutions that may be in the 
offing.   

  Critical metals and REEs, considering their use and applications in emerging and new technologies including the 
importance of security of supply and their contribution to the nation’s economy.

  Projected times, techno-economic costs, availabilities, and environmental impacts of the energy sources above. 

Papers should be submitted to:
Kelly Matthee | Journal Coordinator | SAIMM
Email: kelly@saimm.co.za | Tel: +27 11 538-0238 | www.saimm.co.za
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Developing the South African  
PGM Industry

Journal

Comment

South Africa is truly blessed with platinum group metal (PGM) reserves with 
approximately 90% of the world reserves according to Merchant Research and Consulting. 
South Africa is a major supplier of the PGMs, namely Pt (74% of world supply), Pd (39%), 

Rh (82%), Ir (81%), and Ru (90%) in 2021, according to SFA Oxford. These figures are likely 
to increase depending on the situation in Russia, which is the world’s largest producer of 
palladium.

Unfortunately, the old Achilles Heel of the South African minerals industry also affects 
PGMs: the lack of beneficiation and value addition. PGMs are used in a surprisingly wide 
variety of industrial applications and therefore opportunities exist to better exploit our vast 
reserves for the benefit of the country.

By far the most widely known industrial application of PGMs (especially Pt, Pd, and Rh) is in auto-catalysts to 
reduce harmful emissions. However, with the expected decline in the use of internal combustion engines in the near 
future, there are some concerns for the future of PGMs as industrial materials. The silver lining is that the most likely 
replacements for internal combustion engines, namely electric vehicles, offer new potential opportunities for PGMs. 
Indeed, the much-hyped ‘hydrogen economy’ is seen as being of major importance to the PGM industry. PGMs are 
a key component of electrolysers in hydrogen production and catalysts in fuel cells. South Africa has identified the 
Hydrogen Economy as being crucial and the Department of Science and Innovation (DSI) recently launched the 
‘Hydrogen Society Roadmap for South Africa’. In this roadmap, the important role of PGMs is described in detail.

Apart from catalysts and hydrogen economy applications, PGMs are used in other industrial applications. In order 
to address the future needs of these applications in South Africa, the DSI has tasked Mintek to prepare a South African 
Platinum Group Metals Industry Roadmap (SAPGMIR). This forms part of the DSI’s Precious Materials Development 
Network of the Advanced Materials Initiative.

A survey by stakeholders in the PGM Industry identified the top six applications that should be focussed on for 
PGM beneficiation in South Africa, namely:

1.  Hydrogen Economy (fuel cells, hydrogen production)
2.  Catalysts (automotive and other)
3.  Batteries (battery storage, solar photovoltaics, lithium sulphur batteries and lithium ion batteries)
4.  Recycling (hydrometallurgical or pyrometallurgical processes)
5.  Additive manufacturing and powder metallurgy (industrial and jewellery)
6.   Medical/biomedical (cancer drugs, neuromodulation devices, pacemakers, diagnostic instruments, catheters, 

defibrillators, stents, surgical equipment, alloys).
The SAPGMIR is planned to be launched in the next few months and will ensure that the future of PGMs is not 

only determined by the hydrogen economy.
It is important that all stakeholders embrace these roadmaps to ensure beneficiation and value addition in the 

South African PGM industry. Government, mining companies, industry players, academia and science councils, and 
other initiatives such as the OR Tambo Special Economic Zone and The Platinum Incubator (TPI) all have crucial 
roles to play. Collaboration is the key for catalysing the future of PGMs in South Africa!

H. Möller 
Chief Engineer, Advanced Materials Division, Mintek
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Reflections on the ‘impossible’ 
and the ‘unthinkable’ President’s

Corner

During the early weeks of March 2022, the coldest location on the planet experienced 
an episode of exceptionally warm weather. Temperatures over the eastern Antarctic 
ice sheet soared by 10 to 32°C above normal. The warm spell smashed records and 

confounded scientists and observers. This unprecedented event upended expectations 
about the Antarctic climate system with climatologists using words like ‘impossible’ and 
‘unthinkable’ to describe the temperatures in tweets and interviews. While the heatwave 
temperatures are still well below zero, at –10°C, it is a massive temperature spike by 
Antarctic standards. Normally temperatures are expected to be about –50°C this time of 
year. The heatwave is also noteworthy for occurring in March, which marks the beginning 
of autumn in Antarctica. At this time of year, Antarctica is rapidly losing sunlight each 

day as it moves into winter. The unusually warm conditions were caused by an extreme 
atmospheric river (described as a narrow corridor of water vapour in the sky). The moisture diffused and spread over 
the continent, but it was trapped by a strong high-pressure system, described as ‘exceptionally intense’ (five standard 
deviations above normal). While these types of phenomena are not unusual, the extent and intensity of this specific 
event have not been observed before. 

It is difficult to attribute a single event to climate change, but unusual 
meteorological conditions certainly raise concerns as we increasingly 
see changing patterns and extreme events. On the opposite side of the 
planet, temperatures near the North Pole also peaked above normal, with 
temperatures close to the melting point of ice recorded during the same 
week as the heatwave in the Antarctic. And in Australia, unusually warm 
waters are stressing sensitive corals in the Great Barrier Reef leading to the 
fourth major bleaching event in the last seven years. 

The heatwave in Antarctica, the unusually hot weather in the Arctic, 
and the bleaching event in Australia were all reported on within two weeks 
in March, but they barely made the proverbial front pages. The world arena 
is currently complex and fraught with increasing possibilities for long-
term conflict over national rivalries, economic competition, the impact 
of unmitigated climate change, and cultural and ideological differences. 
There is no doubt that the possible futures before us are increasingly 
unpredictable. Unconventional solutions will be required to address global 
challenges as what we once believed to be a relatively predictable road 

ahead, now forks in new and uncertain directions. Economic, social, ecological, and political challenges have been 
shaking up international systems recently and our confidence in interpreting and understanding these complexities 
is understandably challenged. An outlier such as the spike in temperature in the Antarctic just adds to this sense of 
uncertainty. 

The Paris Agreement is an addition to the United Nations Framework Convention on Climate Change 
(UNFCCC), initially agreed to by all 195 countries present at the 2015 United Nations Climate Change Conference, 
which included the United States, then under the presidency of Barack Obama. The main aim of the Paris Agreement 
is to hold the increase in the global average temperature to below 2°C above pre-industrial levels, predominantly 
by reducing greenhouse gas emissions. The Agreement differs from the 1997 Kyoto Protocol in that no annexes 
are established to lessen the responsibility of developing nations. Rather, emissions targets for each nation were 
separately negotiated and are to be voluntarily adopted.  In a dramatic statement on 1 June 2017, President Donald 
Trump announced that the United States would withdraw from the Paris Agreement and the country formally exited 
the Agreement on 4 November 2020, the day after the presidential elections. Following his election, President-elect 
Joe Biden promised to re-join the Paris Agreement on his first day in office, and the United States formally re-joined 
the Agreement on 19 February 2021. For 107 days, during a time that one might say there has been an unprecedented 

‘Yesterday I was clever, so I wanted to change the world.  
Today, I am wise so I am changing myself.’ - Rumi



President’s Corner (Continued)

global agreement that climate change requires action, the United States had not been a signatory of the Paris 
Agreement. The country likely would have remained outside of the Paris Agreement if President Biden had not taken 
office. 

The brief exit of the United States from the Paris Agreement illustrates the fragility of international systems 
and agreements. It also illustrates that these types of international rules or treaties are not directly enforceable. 
Nation-states participate voluntarily and their participation is premised on their paradigms for economics, culture, or 
ideology. Increasingly, conventional approaches do not address the tasks at hand. Different paradigms are prioritized 
by different participants, which leads to wide divergence when it comes to the implementation of climate goals. We 
all view the world through the lenses that seem most accurate to us; we all also draw upon multiple lenses, arranging 
the elements to suit our view of the world depending on our priorities and personal circumstances.  

The United Nations released the new flagship climate change report this month (4 April 2022) which presents the 
findings of the Intergovernmental Panel on Climate Change (IPPC). The organization’s chief, Mr António Guterres, 
said at the launch: ‘This is not fiction or exaggeration. It is what science tells us will result from our current energy 
policies. We are on a pathway to global warming of more than double the 1.5°C limits’ which were was agreed in 
Paris in 2015. Mr Guterres added in a video message that unless action is taken soon, some major cities will be under 
water and the message forecast ’unprecedented heatwaves, terrifying storms, widespread water shortages and the 
extinction of a million species of plants and animals’. The newest IPCC report insists that to limit global warming 
to around 2°C, global greenhouse gas emissions would have to peak before 2025 and be reduced by at least 25% by 
2030. While it is valuable to have these insights published and discussed, there are important limitations to the data 
we use to assess the future. The scenarios assessed by the IPCC report can be thought of as visions of what could 
happen in the future. These models are not forecasts or predictions as it is impossible for the IPCC scenario database 
to perfectly assess all potential futures. One comment is that the database should be considered an ’ensemble of 
opportunity’ as it was not designed to be a single coherent collection of research. The database consists of a number 
of pathways that researchers from around the world were able to model to answer questions they considered relevant 
to their research focus. While this is valuable, it is easy to see that there may be multiple scenarios not yet assessed, 
that still make it possible to limit warming to 1.5°C. There is not a fundamental flaw in the scientific results per se, 
but we should also understand that the database is not complete. As a global community, we have not yet exhausted 
all the potential scenarios to avoid missing the target. 

Equally, scenarios created with these extremely complex and comprehensive models can only capture part of 
the realities. For example, local challenges, barriers, opportunities, food security, and social inequalities are not 
included in the global scenarios. Through science, we attempt to define models and scenarios we can use to evaluate 
and measure existing paradigms. There was a time when the scientific paradigm stated that Earth is the centre of 
the solar system or that all things were made up of a combination of earth, fire, air, and water. These paradigms 
failed eventually in the face of increasingly sophisticated knowledge and something new replaced them. Where 
paradigms are less precisely defined and the criteria for confirmation or rejection are less clear, the process of change 
is understandably similarly less well defined and easily confounding. Because of the complexities involved, and 
therefore the less precise nature of the IPCC database, many people doubt that we are at risk. Others will ignore 
the complexities and take a more alarmist view of the available data. There is no clear pathway or prediction, but 
we have enough data indicating that unless we change our ways, something will happen. We are still questioning the 
complexities of predicting the impact of human behaviour on the planet, and the inequalities amongst nations still 
define how countries behave or develop. The IPCC report also reflects on the major gap between climate pledges 
and reality. Nobody should be surprised by the lack of progress. Scientists warn that we are already perilously close 
to tipping points that could lead to cascading and irreversible climate effects. The socio-economic and geopolitical 
landscape is also close to tipping points at various hotspots around the world. While we are not sure which of the 
many futures will realize, we cannot ignore the negative impacts of human activities, whether on a global scale or just 
in our backyard. 

The future is coming, one way or another, and our ways of thinking, our philosophy, will need to be 
unconventionally wise to navigate the future paradigm. The word ‘philosophy’ literally translates as ‘love of wisdom’, 
from the Greek ‘philo’ and ‘sophia’ respectively. If we change, we can change the future, despite what feels like 
overwhelming problems and challenges. With caring and wisdom comes change. 

‘I wanted to change the world, but I have found that the only thing one can be sure of changing is oneself.’ - Author 
Aldous Huxley.

I.J. Geldenhuys 
President, SAIMM
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Remote sensing of the decant pond of 
tailings dams: Insights from a South 
African case study
by C. O’Donovan1, E. Adam2, and L.A. Torres-Cruz1

Synopsis
High-profile failures of tailings dams illustrate the significant safety challenge they pose. The decant 
pond of such facilities plays an important role in their mechanical stability. This study investigates the 
feasibility of using public multispectral data collected by the Sentinel-2 satellite mission to monitor the 
area of the decant pond. The Sentinel-2 mission has a revisit time of 5 days and the data used herein 
has a spatial resolution of 10 m/pixel. We considered two water-detection metrics: the normalized 
difference water index (NDWI) and the near-infrared (NIR) reflectance. Implementation of the method 
at a South African platinum tailings dam illustrates the capabilities and limitations. Public, sub-metre 
resolution true-colour imagery served as validation data. There is good agreement between pond area 
measurements based on Sentinel-2 and the validation imagery. These results suggest the feasibility of 
using Sentinel-2 data to supplement the monitoring of the decant pond.

Keywords
tailings dam, decant pond, remote sensing, Sentinel-2.

Introduction
Tailings are the fine-grained mine waste or residue material that remains after the constituents of value 
have been extracted from the ore. Tailings are typically transported hydraulically and discharged as 
slurries for permanent, or long-term, containment in tailings dams that are raised concurrently with 
filling (Blight, 2010). Although there are other types of tailings storage facilities (TSFs) such as in-pit 
disposal and dry stacking, tailings dams remain the most common (Franks et al., 2021). Tailings dam 
disasters over the last decade, such as the Mount Polley, Fundão, and Feijão dam failures, highlighted the 
potential dangers associated with similar facilities and have heightened public and regulatory scrutiny of 
these structures (Church of England, 2020; Roche et al., 2017). Accordingly, there is a need to continue 
developing methods and technologies that can contribute to safer tailings disposal practices. 

Reviews of past tailings dam incidents and failures show that the amount of water in tailings dams 
plays a critical role in the likelihood and consequences of failure (Blight, 2010; ICOLD, 2001; Roche et al., 
2017; Santamarina, Torres-Cruz, and Bachus, 2019). For instance, the proximity of the decant pond to the 
perimeter wall contributed to the failure of the Merriespruit tailings dam in South Africa in 1994 (Blight, 
2010). Additionally, although the Mount Polley tailings dam failure in Canada was caused by undetected 
weak foundation soils, the post-failure investigation noted that the significant volume of water in the 
facility enabled the large loss of solids that followed the failure (Morgenstern et al., 2015). Furthermore, 
large decant ponds also imply short beaches that may hinder solar desiccation processes that enhance the 
strength of the tailings (Blight, 2010; Santamarina, Torres-Cruz, and Bachus, 2019). As such, the timely 
monitoring of the pond area and an understanding of its historical behaviour can enhance the safety of 
tailings dams.

The use of satellite imagery to monitor the behaviour of tailings ponds has important precedents. For 
instance, analysis of multispectral imagery from the Landsat mission disclosed the position of the pond 
on the Merriespruit tailings dam prior to its failure and informed the investigation into the causes (Blight, 
2010). More recently, several investigations into tailings dam failures used true-colour satellite imagery 
to assess the pre-failure behaviour of the pond (Morgenstern, Vick, and van Zyl, 2015; Morgenstern et 
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al., 2016; Rana et al., 2021; Robertson et al., 2019). Additionally, 
multispectral satellite imagery is commonly used to monitor 
the surface area and associated volume of natural and artificial 
surface water bodies (Huang et al., 2018; Pekel et al., 2016). Given 
that tailings ponds typically have a significantly smaller area than 
conventional water reservoirs, the accuracy with which their 
areas can be measured using public multispectral satellite imagery 
requires careful consideration. However, there are no systematic 
investigations into the use of public multispectral satellite 
imagery to measure the surface area of tailings ponds. This study 
contributes to filling this gap in the literature.

We first describe the tailings dam on which pond area 
measurements were conducted. This is followed by the 
introduction of the normalized difference water index (NDWI) 
and the near-infrared (NIR) reflectance as indicators of surface 
water. We then present relevant aspects of the Sentinel-2 satellite 
mission, our chosen source of public satellite imagery. We also 
describe the data used to validate the pond area measurements 
based on the Sentinel-2 imagery. The results section presents 
measurements that informed initial estimates of the upper and 
lower bounds of the NIR and NDWI site-specific thresholds to 
identify surface water. Subsequently, we undertake a site-specific 
threshold selection process and present comparisons to the 
validation data. Our concluding remarks summarize the main 
findings.

Methods and data

Site
The site selected for this study is the Impala Platinum Dam 
4, located in the platinum mining district of the North-West 
Province in South Africa (Figure 1). The site is an upstream 
tailings facility and was selected for analysis because of the regular 
pond location and the availability of very high-resolution satellite 
imagery on Google Earth Pro. The site has a pond area typically 
in the region of 100 000 m2 to 200 000 m2 with a minimum 
pond dimension of more than 300 m. Preliminary inspection of 
Sentinel-2 imagery indicated that the geometrical characteristics 
of the pond were likely to enable reasonable measurements 
of its area. Figure 1 highlights some of the features of the site 
including a twin penstock decant system and pond training wall. 
The penstock towers are concrete structures used to decant 
supernatant water from the pond. The training wall is a C-shaped 
causeway intended to partially enclose the pond and control its 
location (Blight, 2010).

Sentinel-2 data
Sentinel-2 is an optical satellite mission consisting of two identical 
satellites on the same orbital path separated by a phase of 180 
degrees (ESA, 2015). The European Space Agency (ESA) manages 
the mission and the collected data is publicly accessible within a 
day of sensing. This characteristic, coupled with a relatively short 
revisit time of five days at the equator, makes Sentinel-2 a source 
of free data worth considering for the near-real-time monitoring 
of surface water on tailings dams.

The Sentinel-2 satellites capture data in 13 spectral bands 
(ESA, 2015), of which this study uses four: blue, green, red, and 
wide NIR (Figure 2). The blue, green, and red bands allowed the 
construction of true-colour images useful for preliminary visual 
inspection of the site. Additionally, we used the green and NIR 
bands to quantify the area of the pond as explained below. All four 
of these bands have a 10 m/pixel spatial resolution.

Analyses that involve data collected at different times are 
ideally performed with imagery corrected for atmospheric effects 
(Song et al., 2001). Accordingly, we used Sentinel-2 Level 2A data 
that is orthorectified and atmospherically corrected by the ESA 
(ESA, 2015). Level 2A data is also referred to as surface reflectance 
(SR) data. Sentinel-2 SR coverage of Southern Africa began in 
late 2018 and continues to present day. The Google Earth Engine 
platform provided access to the Sentinel-2 data and enabled its 
processing (Gorelick et al., 2017).

Clouds and cloud shadows interfere with the quality of the 
data sensed by optical satellites such as Sentinel-2. To aid in 
the identification of the best-quality data, Sentinel-2 image tiles 
include quality metadata that informs the occurrence of clouds 
within each image (ESA, 2015). By using this data, supplemented 
with visual inspections, we ensured that all images used in this 
study were free of clouds or cloud shadows over the site of 
interest.

Figure 1—(a) Sentinel-2 true-colour image of site, and (b) very high-resolution enlargement of area around pond

Figure 2—Sentinel-2 bands with 10 m/pixel resolution. Data source: ESA 
(2015)
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Validation data
Google Earth Pro provides access to true-colour historical satellite 
imagery with very high spatial resolution (sub-metre). These 
images provided a means to validate the pond area measurements 
based on the Sentinel-2 data. The area of the pond in these very 
high-resolution images was measured in Google Earth Pro by 
drawing a polygon around the pond of the tailings dam. Although 
the sub-metre resolution of these images is advantageous when 
estimating the pond area, the images have the disadvantage of 
not allowing access to the NIR band which, as discussed below, 
aids in water identification. This means that some uncertainty 
remains when assessing the area of the pond. Notwithstanding, 
the imagery enables useful and independent area measurements. 
Indeed, thorough geotechnical investigations into recent tailings 
dam failures have also used Google Earth Pro imagery to assess 
the historical behaviour of the pond (Morgenstern, Vick, and van 
Zyl, 2015; Morgenstern et al., 2016; Robertson et al., 2019).

As mentioned above, Sentinel-2 surface reflectance imagery 
for Southern Africa is available starting from the end of 2018. 
There are eight very high-resolution images available from that 
date to the time at which the data capture for the present study 
was conducted (August 2021). All eight of these images were 
captured by Maxar Technologies’ satellites. The earliest image 
was sensed on 17 February 2019 and the most recent one on 15 
February 2021 (Table I). These dates thus defined the time-frame 
of our study.

Water detection metrics
This study uses two metrics to identify the presence of surface 
water atop tailings dams. One is the normalized difference water 
index (NDWI) (McFeeters, 1996) used to identify water bodies 
and which is a function of the radiance measured in the green and 
NIR regions of the spectrum (Figure 2). The NDWI is calculated 
on a pixel-wise basis as follows:

[1]

At any given pixel, NDWI varies between –1 and 1, and exhibits 
a direct correlation to moisture.

The second water detection metric used was the near-infrared 
(NIR) reflectance, which is the ratio of the NIR radiation that 
a body receives to the NIR radiation that it emits. As such, 
NIR reflectance varies between 0 and 1, although the Google 
Earth Engine platform multiplies these values by 104. As water 
absorbs solar radiation in the NIR portion of the electromagnetic 

spectrum, whereas dry land and vegetation reflect it, NIR 
reflectance alone aids in differentiating water bodies from 
vegetation and bare land (Rundquist et al., 1987; White, 1978; Work 
and Gilmer, 1976). That is, low NIR reflectance is a characteristic 
of surface water bodies. The NDWI is a more commonly adopted 
metric than NIR reflectance for water detection purposes. 
However, recent investigations suggest that NIR reflectance 
provides better water edge contrast than the NDWI (Mondejar 
and Toggco, 2019).

Figure 3 shows NDWI and NIR values at the site, computed 
from Sentinel-2 images, and illustrates the potential of both 
metrics to detect water. In both images, the pond is discernible 
near the centre of the dam. Notwithstanding, a particularity of the 
interpretation is that there are no universally applicable NDWI 
and NIR water-detection thresholds. That is, there are no unique 
values of NDWI or NIR that unequivocally distinguish surface 
water from other types of land cover. Instead, it is necessary to 
establish site-specific water-detection thresholds as explained 
next.

Data processing approach
Initial processing of the data aimed at determining reasonable 
upper and lower bounds of NDWI and NIR thresholds to identify 
water. To this end, the NIR and NDWI values along a transect 
line that extended over both beach and pond were measured for 
12 images, one for each month of 2020. In this case, we used the 
transect line AA, shown in Figure 3. The purpose of covering 12 
months was to capture any potential seasonal variability in the 
data.

Figure 3—Sentinel-2 images of the site acquired on 2019/04/30: (a) NDWI 
and (b) NIR

   Table I

   Dates of validation and Sentinel-2 images

   Date of validation image               Dates of Sentinel-2 images 
 Before After

   2019/02/17 n/a* 2019/02/24
   2019/02/23 n/a* 2019/02/24
   2019/03/01                                    2019/03/01
   2019/05/01 2019/04/30 2019/05/05
   2019/06/20 2019/06/19 2019/06/24
   2020/03/16 2020/03/15 2020/03/20
   2020/04/30 2020/04/24 2020/05/04
   2021/02/15 n/a* 2021/02/18

*n/a = Not available due to cloud cover
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Sentinel-2 images were then used to conduct pond area 
measurements that could be compared to the pond areas 
measured on the very high-resolution validation images. This 
required the definition of a calculation boundary along the crest 
of the dam (Figure 3). The area of the pond was calculated as 
the combined area of the pixels within the calculation boundary 
that had NDWI values above, or NIR reflectance values below, 
tentative water-detection thresholds.

For every tentative threshold, we quantified the discrepancy 
between the area based on the validation image and the area based 
on the Sentinel-2 image by computing the area mismatch (AM) as:

[2]

where AV and AS2 are the pond areas calculated from the validation 
image and the Sentinel-2 image, respectively. Minimization of the 
absolute AM guided the identification of site-specific NDWI and 
NIR thresholds.

Comparisons between the validation and Sentinel-2 images 
required temporal proximity. Ideally, the images being compared 
should correspond to the same day. When this was not possible, 
we linearly interpolated the area at the date of the validation 
image using Sentinel-2 images sensed before and after the 
validation image. When the Sentinel-2 images immediately before 
and after the validation image were cloudy, the next closest image 
was considered. If cloudiness persisted, then no Sentinel-2 image 
was selected. On three occasions this resulted in a comparison 
between a validation image and a single Sentinel-2 image sensed 
on a different date. Table I presents the dates of all the Sentinel-2 
images that were compared to the validation images.

As a final step, we assessed the accuracy of the pond area 
estimates based on Sentinel-2 images by computing the pond 
areas using the site-specific thresholds and comparing them to the 
areas measured with the validation images.

Results
Upper and lower bound of NDWI and NIR thresholds
Figure 4 shows the 12 profiles of NDWI and NIR computed 
along transect AA (Figure 3). Inspection of true-colour images 
confirmed that the segment between the 500 and 900 m chainages 
predominantly corresponds to the pond. The NDWI and NIR 
response of the water is distinctly different from that of the 
tailings beach. Namely, NDWI peaks and NIR dips in response to 
water. The anomalous response of the August profile appears to be 
due to a low pond level and possible sandbanks observable in the 
true-colour image (not shown herein). Going forward, the August 
profile is ignored. However, we show it in Figure 4 to provide a 
more realistic range of possible responses.

Figure 4a suggests that conservative estimates of the lower 
and upper bound of the NDWI threshold are 0.05 and 0.4. That 
is, ignoring the anomalous August profile, 0.05 is close to the 
maximum NDWI value observed outside of the pond, and 0.4 
is close to the minimum NDWI value observed inside the pond. 
Similarly, Figure 4b suggests that conservative estimates of the 
lower and upper bound of the NIR threshold are 500 and 1000 
(0.05 and 0.1 for native reflectance data). 

Figure 4 shows that the profiles of both NDWI and NIR are 
steeper at the pond edge close to the 900 m chainage than at the 
edge close to the 500 m chainage. This is because the training wall 
imposes a quick change in pond depth near the 900 m chainage, 
whereas at the 500 m chainage, the gently sloping beach implies 
that pond depth changes more gradually.

NDWI and NIR water-detection thresholds
Figure 5 shows the polygons drawn around the pond on the very 
high-resolution imagery. Generally, the edge of the pond close to 
the training wall was more clearly distinguishable than the edge 
of the pond that bordered the beach. This is consistent with our 
earlier observation that the profiles in Figure 4 are steeper close to 
the 900 m chainage than close to the 500 m chainage.

Figure 4—Transects of line AA for (a) NDWI and (b) NIR

Figure 5—Very high-resolution validation images. Note: Date format is  
YY-MM-DD. Source: Google Earth Pro
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Figure 6 shows the variation in AM when considering a variety 
of tentative NDWI and NIR water-detection thresholds to process 
the Sentinel-2 data. The extent of the horizontal axes in Figure 6 
corresponds to the upper and lower bounds identified in Figure 
4. The graphs in Figure 6 present one curve for each of the eight 
validation images plus the mean line. The x-value at which each 
curve attains an AM of zero indicates the threshold that yielded 
the most accurate area estimate for any particular image. This 
optimum threshold varies from one image to another. Optimum 
NDWI thresholds varied from 0.03 to 0.25 and optimum NIR 
thresholds varied from 670 to 940. The x-value at which the mean 
line attains an AM of zero indicates the threshold best capable 
of yielding unbiased pond area estimates. That is, a threshold 
that compensates area overestimations in some images with area 
underestimations in others. This lack of bias is a desirable feature 
for the site-specific threshold. However, it is also important to 
consider the sensitivity of the AM to the chosen threshold. A 
low sensitivity of AM is also a desirable feature as it reduces 
the possibility of significant errors in pond area estimates.  For 
the NDWI mean line (Figure 6a), AM is less sensitive (flatter 
slope) to thresholds that are greater than the threshold that 
corresponds to an AM of zero. Conversely, for the NIR mean line 
(Figure 6b), AM is less sensitive to thresholds that are smaller 
than the threshold that corresponds to an AM of zero. In line 
with these considerations, the adopted site-specific NDWI and 
NIR thresholds were 0.11 and 870, respectively. In the absence of 
additional testing data, further refinement of the thresholds would 
not guarantee improved pond area predictive ability.

Overall accuracy
Figure 7 compares the pond areas estimated from the validation 
images to the areas estimated from the Sentinel-2 images using 
the adopted site-specific NDWI and NIR thresholds. There 
is reasonable agreement between the very high-resolution 

validation imagery and the Sentinel-2 imagery. All but one of the 
area estimates based on Sentinel-2 data fall within ±20% of the 
validation areas, with half of the Sentinel-2 based estimates being 
within ±10% of the target. This level of agreement is encouraging, 
considering that the Sentinel-2 data is freely available and that 
there were also uncertainties involved in assessing the pond 
area from the validation images (Figure 5). The NIR-based 
measurements are in slightly better agreement with the validation 
imagery than the NDWI-based measurements. However, the 
results suggest that both NIR and NDWI-based pond area 
measurements are potentially useful.

The vertical offset between the data points and the identity 
line (y=x) in Figure 7 indicates that area discrepancies can easily 
reach values of 20 000 m2. This potential discrepancy limits 
the minimum size of dams whose ponds can be monitored with 
Sentinel-2 data without exceeding reasonable errors. Fortunately, 
Sentinel-2 data is likely to be an appropriate monitoring tool at 
large tailings facilities with corresponding high consequences of 
failure. 

Figure 8 explores whether the temporal separation between 
the validation and Sentinel-2 images affected the absolute AM of 
the pond area estimates. When a validation image was compared 
to two Sentinel-2 images, the temporal separation computation 
used a weighted average. This accounted for the fact that the 
Sentinel-2 image closest to the validation image had a greater 
influence on the pond area estimate than the Sentinel-2 image  
that was more temporally distant. Figure 8 suggests that  
temporal separation contributed to the AMs observed in  
Figure 7. Comparisons involving temporal separations smaller 
than two days did not exceed absolute AMs of 20 000 m2. 

Figure 6—Variation of area mismatch for different thresholds of (a) NDWI 
and (b) NIR

Figure 7—Comparison of pond areas measured using validation and 
Sentinel-2 images

Figure 8—Effect of temporal separation on area mismatch



Remote sensing of the decant pond of tailings dams: Insights from a South African case study

172 APRIL 2022  VOLUME 122 The Journal of the Southern African Institute of Mining and Metallurgy

Concluding remarks
Monitoring the extent of the decant pond of tailings dams is a 
prime concern in the management of these structures. This study 
presented measurements of the pond area of a platinum tailings 
dam based on surface reflectance imagery from the Sentinel-2 
satellite programme. We used the Sentinel-2 data to extract two 
water-detection metrics: the normalized difference water index 
(NDWI) and the near-infrared (NIR) reflectance. Very high-
resolution imagery provided validation data used to select a site-
specific water-detection threshold for both NDWI and NIR. The 
area mismatch (AM) between the validation and the Sentinel-2 
imagery, as well as the sensitivity of the mismatch to the selected 
threshold, guided the selection of the site-specific thresholds: 0.11 
for NDWI and 870 for NIR.

Pond area measurements based on the site-specific thresholds 
where within ±20% of the validation data. Uncertainties involved 
in measuring the pond area in the very high-resolution validation 
imagery may have contributed to the errors. The temporal 
separation between the validation images and the Sentinel-2 
images also appears to contribute to the errors. The accuracy 
of the pond area measurements, coupled with the high revisit 
cadence of the Sentinel-2 satellites (five days at the equator), 
highlights the potential of using data from the Sentinel-2 mission 
to supplement the monitoring of the decant pond of tailings dams. 
Typical absolute area measurement errors of ±20 000 m2 impose 
limits on the minimum size of the dams whose ponds can be 
effectively monitored with Sentinel-2 data. Importantly, Sentinel-2 
data is likely to be useful in monitoring large facilities with 
corresponding high consequences of failure. We also note that 
while the measurement of the beach length of tailings dams falls 
beyond the scope of the current work, the potential of Sentinel-2 
images to assist with such measurements is also worth exploring.

The approach described herein can be implemented at other 
suitably sized facilities to determine site-specific NDWI and NIR 
water-detection thresholds. The safety record of tailings dams 
suggests that we must make use of all data at our disposal to 
conduct a robust monitoring of these structures.
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Improving the lead flotation recovery 
at Lakan lead-zinc processing plant 
using high-intensity conditioning
by K. Barani1, M. Godarzi1, and F. Moradpouri1

Synopsis
A sampling campaign carried out on the lead flotation circuit at Lakan lead-zinc processing plant 
demonstrated that the Pb recovery was only about 68-69%. Characterization of the Pb flotation tailing 
showed that 61.4% of the Pb is in the –37 µm size fraction, which is difficult to recover by flotation. Batch 
flotation experiments were carried out on a plant sample of the lead flotation feed and high-intensity 
conditioning (HIC) was used to improve flotation recovery. The results showed that increasing the 
collector conditioning time from 1 to 3 minutes significantly increases the Pb recovery from 42.5% to 
57.3%. Further increases in conditioning time to 5 to 7 minutes decreased the Pb recovery. With a collector 
conditioning time of more than 3 minutes, due to the surface cleaning effect, increasing collector and 
frother dosage improved the flotation selectivity and recovery, even at higher collector dosages. The 
Pb recovery increased from 69.1% to 79.8% with increasing impeller speed from 600 to 1250 r/min. HIC 
increases the flotation kinetics and greatly improves the flotation recovery and concentrate grade.

Keywords
flotation, lead-zinc ore, high-intensity conditioning, Lakan plant.

Introduction
Plant experience, as well as experimental work, has shown that fine particles (<10 μm) float more slowly 
and less selectively than particles in the intermediate size range (10–70 μm). A number of hypotheses 
have been advanced to explain the poor floatability of ultrafine particles. (Engel, Middlebtook, and 
Jameson, 1997; Aldrich et al., 1997; Bulatovic and Salter, 1989; Wang et al., 2020; Ulusoy and Kursun 2021): 

 ➤   The mass of fine particles decreases and consequently the probability of collision and 
adhesion is reduced m

 ➤   The increased surface area reduces the suspension stability, collector coating, and froth 
stabilization

 ➤   The decrease in particle size increases the surface energy, and accordingly the adsorption of 
collectors on the particles becomes non-specific

 ➤   The oxidation of fine particle increases
 ➤   Slime coatings occur on coarse particles.
Several alternative processes such as shear flocculation, carrier flotation, oil agglomeration, selective 

flocculation, and desliming have been suggested to overcome the problem of recovering fine mineral 
particles in froth flotation (Valderrama and Rubio, 1998; Chen et al., 1999a). In shear flocculation, the 
selective aggregation of hydrophobic particles occurs due to the high turbulence (Warren 1975). Many 
researchers have extended the concept of shear flocculation to the conditioning stage by increasing 
conditioning time or increasing impeller speed (Rubio, 1978; Bulatovic and Salter, 1989; Valderrama and 
Rubio, 1998).

High-intensity conditioning (HIC) is effective only if it is done in the presence of collectors and 
modifiers (Liu, Zhang, and Chen, 2021). After HIC, fine hydrophobic particles (–10 μm) become 
selectively agglomerated and readily floatable, the hydrophilic species are removed from the intermediate 
(–10+75 μm) and coarse (+75 μm) fractions (surface cleaning), and the hydrophobicity of particle 
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surfaces is improved. Also due to surface cleaning, collector 
adsorption onto the particle surfaces is improved so the flotation 
performance becomes more sensitive to collector and frother 
addition (Bulatovic and Salter, 1989; Chen et al., 1999a).

HIC has been investigated in laboratory and pilot plant 
test work to improve the flotation of fine particles from finely 
disseminated copper-zinc, copper-nickel, copper-lead-zinc-silver, 
and copper ores (Bulatovic and Salter, 1989). The results showed 
that HIC without additions of collector and frother has no positive 
effect on the flotation of ultrafine mineral slimes. By contrast, HIC 
with the addition of collector, frother, and suitable modifiers can 
significantly improve both recovery and selectivity of ultrafine 
sulphide slimes.

The hydrodynamic and chemical aspects of HIC prior to 
nickel rougher flotation were investigated by Engel, Middlebrook, 
and Jameson (1997). The Rushton mixing cell design was utilized 
with variations in impeller type and size. The results showed 
major improvements to the nickel grade-recovery occurred after 
HIC. It was shown that impeller speed has some influence on the 
subsequent flotation performance at any fixed value of power and 
work.

(Aldrich et al. (1997) investigated the effect of HIC on the 
batch flotation of sulphide ore. The results showed that HIC 
significantly increased grade-recovery compared with the baseline 
floats.

HIC and carrier flotation of fine gold particles were studied 
at the laboratory scale d by Valderrama and Rubio (1998). After 
pulp HIC a 24% increase in the recovery of gold, 50% increase in 
concentrate grade, and faster flotation rates (at least 3-4 times 
faster) were obtained. 

Chen et al. (1999a) studied the effect of HIC on the flotation 
of a nickel ore. HIC increased the flotation rate and recovery of 
pentlandite in the 8–75 μm particle size range. A large number 
of particles before and after HIC were examined using scanning 
electron microscopy (SEM), image analysis, and X-ray diffraction. 
It was found that hydrophilic gangue slimes were coated on both 
pentlandite and gangue mineral surfaces prior to HIC. After HIC, 

coated slimes were removed from the mineral particle surfaces, 
the amount of slime removal depending on agitation intensity and 
time. 

Wei, Mei-jiao, and Yue-hua (2009) investigated the influence 
of HIC on fine particle aggregation and flotation behaviour of 
sphalerite in a slurry saturated with CO2. The results showed that 
during HIC using air- or CO2-saturated water, xanthate acts as a 
frother, and HIC plays a synergistic role in promoting fine particle 
aggregation and hence flotation.

The removal of serpentine slime from pentlandite surfaces 
was investigated by Feng et al. (2018). The results illustrated that 
coarser slimes could be removed by HIC, while the fine slimes 
could be removed by adding hexametaphosphate reagent.

Feng et al. (2012) studied the effect of the chain length of 
xanthate on the flotation of nickel ore using different conditioning 
methods. The results showed that HIC could increase pentlandite 
flotation recovery significantly. Xanthates with different 
hydrocarbon chain lengths had a different effect on pentlandite 
flotation when different conditioning methods were used

It can be concluded from the literature that a significant 
improvement in the floatability and selectivity of slime particles 
can be obtained by HIC conditioning. In this research work, we 
investigated the application of HIC for increasing lead recovery 
in the lead flotation circuit at the Lakan lead and zinc processing 
plant. 

Materials and methods

Surveying and sampling
Lakan processing plant is located in the Markazi province of Iran. 
The main ore minerals are galena (PbS) and sphalerite (ZnS) along 
with small amounts of serosite (PbCO3), hemimorphite (ZnCO3), 
anglesite (PbSO4), and zensite (ZnO). The gangue minerals are 
pyrite (FeS2), calcite (CaCO3), dolomite (CaMg[CO3]2) and silica 
(SiO2). 

Figure 1 shows the process flow sheet of the Lakan plant. 
The dry solids feed rate to the plant is about 40 t/h. The run-of-

Figure 1—Lakan processing plant flow sheet
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mine ore (ROM) is crushed by jaw and cone crushers to 100% 
passing 10 mm (P100 10 mm). The crusher product is ground to 
a D80 of 150 μm by primary (open circuit) and secondary (closed 
circuit) ball mills. The ground product is fed to the Pb rougher 
flotation circuit (16 Denver mechanical cells with 1.4 m3 volume). 
At the Pb rougher flotation stage, the Pb is floated at a pH of 
7.7–7.8 and 40% solids with potassium ethyl xanthate (45 g/t) as 
galena collector, zinc sulphate (550 g/t) as sphalerite depressant, 
sodium silicate (150 g/t) as the gangue depressant, and MIBC (40 
g/t) as frother. The Pb concentrate from the rougher enters the 
multi-stage cleaner circuit (four Denver mechanical cells with 
a 1.4 m3 volume) for further upgrading. The tailings of the Pb 
rougher flotation stage proceeds to the Zn flotation circuit for zinc 
recovery. 

A sampling campaign was carried out on the Pb flotation 
circuit for a period of one month. The Pb flotation feed, the Pb 
final concentrate (the cleaner concentrate), and the Pb final 
tailings (Zn flotation circuit feed) were sampled and the particle 
size distributiosn and Pb grades determined. The average 
metallurgical performance of the Pb flotation circuit for a period 
of one month is shown in Table I. It will be observed that the 
Pb recovery was about 68.6%, with the remaining 31.4% passing 
through to the Zn flotation circuit. 

Figure 2 shows the particle size distribution of the feed, 
concentrate, and tailings of the Pb flotation circuit. It can be seen 
that the Pb concentrate has a much finer size distribution than 
the feed and tailings, with 67.2% of the particles smaller than 37 
μm compared with 43.1% and 37.1% for the Pb feed and tailings, 
respectively. This indicates that the Pb-bearing particles have 
undergone selective grinding in the comminution process.

Characterization of Pb flotation tailings
To identify the problems in the Pb flotation, it is important to 
determine the Pb and Zn distributions in the various size fractions 
of the Pb flotation tailings. A sample of the tailings was divided 
into six size fractions of +150, –150+105, –105+74, -74+53, –53 +37, 
and –37 μm and the mass and the Pb and Zn grades determined in 
each fraction. Polished sections were prepared from each fraction 
and examined using optical microscopy and backscattered 
electron imaging by energy-dispersive X-ray spectroscopy (EDS) 
using scanning electron microscopy (SEM).

Table II shows the Pb and Zn distributions in the Pb flotation 
tailings. As can be seen, 61.4% of the Pb is in the –37 μm fraction. 

The optical microscopy studies showed that the main minerals 
in the Pb flotation tailings are sphalerite (sp), galena (gn), and 
pyrite (py). In the +150 and –105 +150 μm fractions, metallic 
minerals, which include sphalerite (5.5-6.0%), pyrite (0.5-1.0%), 
and galena (approx. 0.5%), make up about 6–7% of the totals. 

Sphalerite is found as large free grains locked with galena, pyrite, 
and nonmetallic minerals. Small galena inclusions less than 40 μm 
can also be seen in sphalerite. In some cases, sphalerite less than 
in size 40 μm is observed in the large grains of galena. 

As the grain size becomes smaller in the –105+74, –74+53, 
–57+37, and –37 μm fractions, the volume percentage of sphalerite 
and pyrite increases and the liberation of these minerals increases 
to more than 95%. However, in the case of galena, in general the 
volume percentage decreases and no free galena was observed in 
the –57+37, and –37 μm fractions. In these fractions, galena mostly 
occurs as very fine micrometre-size inclusions in sphalerite and 
nonmetallic minerals. 

Galena particles constitute less than 0.1% of the –37 μm 
fraction, in contrast with the results in Table II, which show that 
61.34% of the Pb in the tailings is in this fraction. Therefore, due 
to the possibility of the galena particles being below the detection 
limit of the polarizing microscope, the polished sections were 
also studied using SEM, which has a much higher resolution. 
Figure 3 shows backscattered images from the polished sections. 
The minerals were identified in the surfaces of the sections by 
EDS analysis and the results compared to the standard mineral 
samples.

   Table I

    Metallurgical performance of the flotation circuit for a 
period of one month (average values)

   Flow Pb assay (%) Pb recovery (%)

   Feed 2.56 100
   Pb conc. 53.58 68.56
   Pb tails 0.83 31.44

Figure 2—Particle size distribution of feed, concentrate, and tailings of the 
Pb flotation circuit

   Table II

   Pb and Zn mass distributions in Pb flotation tailings

   Particle size Mass (%)                                               Pb                                                                                     Zn  
   range (µm)  Assay (%) Mass (%) Assay (%) Mass (%)

   +150 6.35 17.31 0.75 25.95 17.54
   –150+105 8.5 4.28 0.59 8.16 7.38
   –105+74 10.59 6.6 0.59 12.57 14.18
   –74+53 12.44 5.07 0.72 7.92 10.5
   –53+37 12.44 5.3 0.72 8.26 10.94
   –37 9.98 61.34 1.86 37.14 39.45
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Analysis of the SEM images showed that galena particles 
exist in all fractions. The free galena particles occur more in the 
coarse fractions, and with decreasing particle size, fine galena and 
sphalerite particles can be seen as inclusions in each other, which 
indicates the phenomenon of ‘galena disease’. The important 
point to note in the SEM images is the large amount of very fine, 
scattered galena particles (light grey phase) in the –37 μm fraction. 
Most of these particles are in the size range 5–10 μm. This is 
consistent with the results in Table II, which indicate about 61.3% 
of the Pb is in the –37 μm fraction. This is below the resolution of 
the optical microscope.

It can be concluded from the plant sampling campaign and 
characterization of the Pb flotation tailing that a large amount 
of lead is lost as slime and is difficult to recover. Therefore, any 
changes in the flotation process should be done with the aim of 
improving the slimes flotation.

Flotation experiments
The feed sample for the flotation experiments was collected 
during the plant sampling campaign. Table III shows the 
elemental analysis of the sample.  Flotation experiments were 
conducted with 2800 g dry solids of the flotation feed in a 2.5-litre 
conventional laboratory cell (Denver model) in tap water, at 
36% solids by weight. The pulp was added to the flotation cell 
and conditioned for 3 minutes. The pH was adjusted to 7.7–7.8 
by adding NaOH or H2SO4. Sodium silicate (0.15 g) as silicates 
depressant, zinc sulphate (0.55 g) as sphalerite depressant, and 
sodium sulphide (0.2 g) as pyrite depressant were added to the 
cell and the suspension was conditioned for 5 minutes. Then, 
ethyl xanthate potassium (various concentrations) was added as 
collector. The collector conditioning time and the impeller speed 
during the collector conditioning time were varied. Finally, methyl 
isobutyl carbinol (MIBC, various concentrations) was added as 

Figure 3—SEM images of polished sections

Sphalerite inclusions in the fraction of +150 μm Galena and sphalerite particles of in the fraction of  
-150 +105 μm

Sphalerite inclusions in galena in the fraction of -105 +74 μm Free galena particle in the fraction of -74 +53 μm

Sphalerite inclusions in galena in the fraction of -53 +37 μm Very small galena particles in size of 5 to 10 micron in 
fraction of -37 μm
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the frother. After 1 minute the impeller speed was set to 600 r/
min, the air was delivered to the cell, and froth products were 
collected for 6 minutes. The froth and tailings were collected, 
filtered, dried, analysed for Pb and Zn content, and the Pb and Zn 
recoveries calculated.

First, two flotation experiments were carried out according 
to the plant conditions (baseline experiments) with a collector 
dosage of 45 g/t, frother dosage of 20 g/t, and conditioning time 1 
minute. The flotation experiments with HIC were then performed 
and the effect of collector conditioning time, collector dosage, 
impeller speed,, and frother dosage were investigated. Finally, 
flotation kinetic experiments were conducted using the baseline 
experimental conditions and the optimum HIC conditions.

Each flotation experiment at each set of conditions was 
repeated three times and the average of the results reported. 

Results and discussion

Baseline experiments
Table III shows the results for the baseline flotation experiments. 
This test was repeated two times. The average Pb and Zn 
recoveries are 42.5% and 9.7%, respectively, compared with 68.6% 
in the industrial circuit 68.6% (Table I). It should be noted that 
the industrial flotation process includes rougher, scavenger, and 
cleaner stages, and the flotation time is much longer than for the 
the batch flotation experiment (which is only a rougher flotation). 

High-intensity conditioning (HIC) 

Effect of conditioning time
Figure 4 shows the effect of collector conditioning time on the 
Pb and Zn recoveries. The other flotation parameters were as for 
the baseline experiments. As can be seen, increasing the collector 
conditioning time from 1 to 3 minutes significantly increases the 
Pb recovery from 42.5% to 57.3% (about 15%). Further increases in 
the conditioning time from 3 to 5 and 7 minutes decrease the Pb 
recovery. Also, the Zn recovery to the lead concentrate increases 
from 9.7% to 16.3%. Excessively strong conditioning intensity 
could cause interparticle collisions or attrition, thereby destroying 
sthe reagent film and decreasing the concentrate recovery (Li 
et al., 2020; Quast, 2015). Longer conditioning times may cause 
the collector to detach from the galena particle surfaces, thereby 
reducing the Pb recovery.

At this stage, considering the fact that our goal is to achieve 
the highest Pb recovery, 3 minutes was considered the best 
conditioning time and was applied in the next steps. 

Effect of collector dosage
Figure 5 shows the effect of collector dosage for collector 
conditioning times of 1 and 3 minutes. At 1 minute conditioning 
time the Pb recovery increases from 42.5% to 46.5% with 

increasing collector dosage from 45 to 55 g/t. The Pb recovery 
decreases to 36.0 and 32.3% with further increase in collector 
dosage from 55 to 65 and 75 g/t. This could be explained by the 
interactions between the bubbles and solids. When the collector 
dosage increases, the solid surfaces become completely covered 
with an immobilized collector monolayer, and then the frother 
molecules cannot penetrate to the mineral surface. Consequently, 
bubble adhesion is suppressed, which weakens the attachment 
of particles to the air bubbles (Sis and Chander, 2003; Azizi, 
2014). Figure 5 also shows that at a collector conditioning time 
of 3 minutes, increasing the collector dosage from 45 to 65 and 
75 g/t increases the Pb recovery from 57.3% to 69.1 and 63.9%, 
respectively. The Zn recovery at both conditioning times shows 
a decreasing trend with increasing collector dosage. It can be 
concluded that at long collector conditioning times, due to the 
surface cleaning effect, collector adsorption onto the particle 
surfaces is improved, which leads to improved flotation and 
recovery even at higher collector dosages. 

Effect of impeller speed
HIC can be carried out by increasing either the collector 
conditioning time or the impeller speed. Figure 6 shows the 

   Table III

   Pb flotation results for the baseline experiments

   Test no.                                          Pb assay (%)                                      Zn assay (%)                                           Recovery (%) 
 Feed Conc. Feed Conc. Pb Zn

   1 2.5 16.38 8.72 12.05 36.32 8.3
   2 2.5 14.65 8.72 12.54 45.7 11.21
   Average 2.5 15.4 8.72 12.32 42.5 9.75

Figure 4—Effect of collector conditioning time on Pb and Zn recoveries 
(collector dosage 45 g/t, frother dosage 20 g/t, impeller speed 600 r/min)

Figure 5—Effect of collector dosage on Pb and Zn recoveries (conditioning 
time 1 minute and 3 minutes, frother dosage 20 g/t, impeller speed  
600 r/min) 
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effect of impeller speed on the Pb and Zn recoveries at a collector 
conditioning time of 3 minutes. It should be noted that the 
impeller speed was reduced to 600 r/min for all experiments 
before air was released to the flotation cell. As can be seen, 
increasing the impeller speed from 600 to 1250 r/min resulted in 
a Pb recovery increase from 69.1% to 79.8% and a decrease in Zn 
recovery to the Pb concentrate from 14.4 to 8.5%. Increasing the 
impeller speed causes better collector diffusion and increases 
collector adsorption on the particles. As the impeller speed 
increases, the amount of air that enters the cell and disperses in 
pulp increases. The air is released in the form of fine bubbles, 
resulting in an increase in the flotation rate for all particles. 

Effect of frother dosage
Figure 7 shows the effect of frother dosage at a collector 
conditioning time of 3 minutes, collector dosage of 65 g/t, and 
impeller speed of 1250 r/min. The Pb recovery increases from 
74.4 to 79.8% with increasing frother dosage from 20 to 40 g/t. 
Further increases in frother dosage have a negative effect on the 
Pb recovery. Also, the Zn recovery increases from 8.5 to 10.2% with 
increasing frother dosage, which is not desirable. Excessive frother 
dosage causes deformation of the bubbles, which has an adverse 
effect on flotation performance. 

Flotation kinetics
A collector dosage of 65 g/t, frother dosage of 40 g/t, collector 
conditioning time 3 minutes, and impeller speed 1250 r/min 
were selected as the optimum conditions for HIC. The flotation 
kinetics were evaluated from recovery times under the baseline 
experimental conditions  and the optimum HIC conditions. Six 
concentrate samples were collected after 0.5, 1.0, 1.5, 2.0, 2.5, and 
3.0 minutes, and the cumulative Pb recoveries calculated. Figure 8 
presents the cumulative Pb grade-recovery curves for the baseline 
experiments and optimum  HIC conditions. 

The flotation kinetics were modelled after Agar (1985) using 
Equation [1]:

R=Rmax [1-exp (-kt)]                                                                         [1]

where R is the cumulative recovery (%) at a given time t (min), 
Rmax is the maximum flotation recovery, and k is the first-order 
rate constant (min-1). Rmax and k are determined by fitting 
Equation [1] to the experimental data. The model parameters are 
estimated by least-squares regression. The kinetics curves and the 
fitted kinetics model parameters are presented in Figure 9. The 
results show significant improvement in the rate constant and the 
maximum recovery after HIC – so much so that with HIC the Pb 

recovery after 0.5 minutes (51.2%) is greater than the maximum 
recovery of baseline experiments that is achieved after 3 minutes 
(46%).

Conclusions
In the lead flotation circuit at the Lakan minerals processing plant, 
31.4% of the Pb is not recovered and reports to the Pb tailings. 
Also, 61.4% of the Pb in the tailing is in the –37 μm fraction. 
This indicates that a large amount of lead is lost as slime and is 
difficult to recover. The current study proved that high-intensity 
conditioning (HIC) by increasing either the collector conditioning 
time or the impeller speed improves the Pb flotation recovery. 
Also, with HIC, increasing the collector dosage and frother dosage 
has a greater impact on the Pb flotation recovery due to the 
surface cleaning effect. A collector dosage of 65 g/t, frother dosage 
of 40 g/t, collector conditioning time 3 minutes, and impeller 
speed of 1250 r/min are the optimum conditions for HIC. 

Figure 6—Effect of impeller speed on the Pb and Zn recoveries (3 minutes 
conditioning time, collector dosage 65 g/t, frother dosage 20 g/t) 

Figure 7—Effect of frother dosage on the Pb and Zn recoveriesy (collector 
dosage 65 g/t, impeller speed 1250 r/min)

Figure 8—Grade-recovery curves (collector dosage 65 g/t, frother dosage 
40 g/t, collector conditioning time 3 minutes, impeller speed 1250 r/min) 

Figure 9—Recovery kinetics curves (collector dosage 65 g/t, frother dosage 
40 g/t, collector conditioning time 3 minutes, impeller speed 1250 r/min)

Frother dosage (g/t)
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The flotation kinetics show that HIC causes a considerable 
improvement in the rate constant and a concentrate with a higher 
grade and recovery can be obtained.

However, these results were obtained on a laboratory scale; 
pilot or industrial scale tests will be required prior to the possible 
industrial implementation of HIC.

There are other ways to improve the flotation process, 
including reducing the production of fine particles by modifying 
the grinding and classification circuit or improving the 
hydrodynamic performance of the flotation cells. It is suggested 
that the impact of these factors be investigated in future research.
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The intensified search over the past decade for 
alternatives to fossil-fuels as stores of energy has 
led to an exponential growth in the demand for 
batteries and research into battery technologies. 
The largest application by far has been in 
transportation, followed by electrical distribution 
grids.
Of the raw materials required for battery 
manufacture, metals such as cobalt, manganese 
and vanadium are highly concentrated in southern 
Africa. The supply of lithium, on the other hand, is 
concentrated in Australia, Chile and Argentine. 
These activities have created both opportunities 
and challenges. Opportunities such as new value 
chains for the associated raw materials, with 
several production companies with battery-material 
metals in their plant feedstocks undertaking 

research towards producing battery-grade 
products.
And challenges such as the means for recycling 
these batteries once they reach the end of their 
(first) life.

The aim of this conference is to provide the 
opportunity for thought leaders in the global 
battery value chain to exchange ideas on recent 
developments in the fields of:
•    Materials and high-purity intermediates for 

battery  
components

•   Flow-battery electrolytes
•   Processes for the recycling of batteries
•   Market outlook and legislative implications
•   Related case studies.
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An integrated approach to panel 
width, fleet size, and change-out time 
optimization in room-and-pillar mines

by A. Anani1, W. Nyaaba2, and E. Córdova3

Synopsis
Optimization of panels, haulage fleet, and waiting area involves deterministic and low-fidelity methods 
and experiential knowledge. The process is challenging because coal recovery and operational capabilities 
must be considered in the solution. The approach in this manuscript comprises the development of an 
integrated stochastic simulation model of a coal room-and-pillar system that addresses these challenges. 
The decision variables evaluated are panel width, number of shuttle cars, and change-out time (COT). 
The results show that the mine should implement the shortest possible COT, decreasing the cycle time 
and thereby increasing productivity and continuous miner (CM) utilization. The highest productivity 
and CM utilization for a fleet size of three shuttle cars is found in the 15-entry panel width. For the 
evaluated fleet sizes, the 19-entry panel width is optimal for the four and five shuttle cars. Among the 
three variables studied, panel width and fleet size had the most significant effects (5% increase) on the 
CM productivity, cycle time, and utilization.

Keywords
Discrete event simulation. change-out time, panel width, room-and-pillar, fleet size, productivity.

Introduction 
Optimization of operations involves reduction of the uncertainty surrounding measurable field 
parameters, which are especially important for mine-planning purposes. Current mine planning tools 
adapt decision-making for sections of the mine (spatially limited) without considering interactions with 
other sectors. In addition, there are limitations in intersecting short-, medium-, and long-term planning 
within these tools, which further limits their applicability. As a result, the need for integrated tools that 
optimize the decision-making process for the changing parameters in all sections of a mine is pertinent 
(Upadhyay and Askari-Nasab, 2018). 

The complexity of most mining systems and computational limitations make creating an integrated 
tool close to impossible. For example, scheduling in continuous mining systems typically involves the 
definition of (i) the extraction sequence, (ii) the haulage equipment route given underground spatial 
restrictions, and (iii) the dumping operations which follow over time (Shishvan and Benndorf, 2019). 
Short-term planning should comply with strategic plans, meet the processing plant requirement 
for quality and quantity, and maximize the use of equipment. Maximizing equipment usage is an 
optimization problem involving other decision variables such as (i) travel distance/time, (ii) loading 
rate, (iii) availability, (iv) fleet size, (v) change-out time, (vi) panel dimensions, (vii) dumping schedules, 
and (viii) cutting sequence. Each of these factors has some effect on production. In room-and-pillar 
mining, shuttle cars and CMs depend heavily on one another. The travel time of the CM between cuts 
can account for 10% of the productive time, leaving shuttle cars idle during the transition period between 
cuts, therefore under-maximizing their utilization (Anani et al., 2019). In addition, the cut sequence 
and panel width significantly affect CM travel times (Mishra, Sugla, and Singha, 2013) as a sub-optimal 
sequence results in longer travel times. The interaction and sheer magnitude of parameters make the 
decision-making far from rudimentary.

The focus of this study comprises the integration of long-term planning – specifically panel 
dimension – with short-term scheduling by optimizing the CM cut sequence, panel width, waiting area 
design, and fleet size selection. The paper also presents the modelling techniques for a room-and-pillar 
production system with integrated cut sequence, haulage road network for different panel widths, and 
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an external auxiliary systems interface for operational decision-
making. A vital aspect of the model is its representation of variable 
panel widths based on cut sequence, haulage networks, distances, 
and cycle times. The authors built a discrete event simulation 
model of the room-and-pillar production system, evaluating these 
parameters and their effects on equipment utilization, cycle times, 
and production rate. This research 
 ➤   Presents the first multiple-objective stochastic 

optimization approach that determines the optimal 
panel width, fleet size, and change-out time for coal 
room-and-pillar operations

 ➤   Combines the long-term planning of panel and fleet 
selection with cut sequencing, panel productivity, and 
equipment utilization

 ➤   Contributes to eliminating the lack of integrated 
decision-making tools for underground coal operations. 

The succeeding sections cover the background, system 
description, input modelling, model construction, experimental 
analysis, and analysis of results. 

Background
In room-and-pillar mining, the change-out time (COT) is an 
important operational parameter. COT is defined as the time 
required to move a loaded car away from the cut face and replace 
it with an empty car (Hirschi, 2012). The intersection where empty 
and loaded cars cross paths is known as the change-out point 
(COP). The distance between the COP and the cut face is known 
as the change-out distance (COD). Arguably, this is not the most 
accurate measure of the COD as the cars travel from the back of 
the CM and not the cut face; the back of the CM is a moving point. 
The COD is measured based on mining geometry, and as such, the 
authors use the COT in this paper for convenience and accuracy. 
The total COT for a cut depends on (i) cut volume, (ii) number of 
shuttle cars, and (iii) shuttle car capacity (Hirschi, 2012). 

Given the travel restrictions of narrow haul roads, change-
out delays are inherent. A change-out delay starts when a loaded 
car leaves the CM and lasts until the next empty car arrives 
to be loaded. The CM operator cuts the coal and fills the pan 
during the delay, and no loading occurs. Although delays cannot 
be eliminated, they can be minimized by the proximity of the 
COP to the face, maximizing shuttle car capacity, reducing panel 
dimension, changing the routing strategy of the shuttle cars, or 
spotting at the COP (Hirschi, 2012). Studies have shown that 
the capacity of the haulage unit has the most impact (up to 50% 
increase in production), which is expected since the haulage unit 
size directly affects the overall productivity of the system and 
equipment utilization (Chugh, 2003; Hirschi et al., 2004). Other 
factors such as ventilation barriers (curtains), road conditions, 
haulage car speed, and completion of crosscuts can significantly 
impact the change-out delay (Segopolo, 2015). 

Crosscuts are used by haulage equipment to travel to and from 
the CM. Therefore, the completion of each crosscut creates a COP 
that is closer to the cut face, thereby reducing the CODs. The 
crosscut centres must be planned carefully as they establish the 
CODs. The completion of crosscuts in a panel ensures uniform 
advance, which minimizes CM travel distances between cuts. 
Therefore, it is recommended that cuts that deepen entries, rather 
than completing crosscuts, should be avoided. However, other 
studies have shown that the total time spent cutting by the CM, 
instead of travelling, can be increased by deepening the cut-out 
distance given geotechnical restrictions (Anani et al., 2019).  

Very few studies can be found that consider COD as an 
important parameter in room-and-pillar mining. However, COD 
is important because moving the COP back by one crosscut 
results in a production loss of 3.5% for a mine operating with cable 
haulage units (Segopolo, 2015). For these operations, haulage 
units and routes are limited since a car cannot cross the cable. 
This restriction results in long change-out delays and ‘wait-no-car’ 
delays. This research demonstrates the importance of optimizing 
the COT alongside other operating parameters. Other researchers 
indicate that even in the optimum production systems, 15–25% of 
the production time available is lost to change-out delays, thus 
indicating the importance of minimizing this delay (Anani et al., 
2019; Stefanko,1983; King and Suboleski,1991). 

A ‘wait-no-car’ delay occurs when no cars are available at the 
COP to be loaded (Segopolo, 2015). Most operations can eliminate 
this delay by maintaining enough shuttle cars in the system so 
that an empty car is always waiting at the COP. However, this does 
not always benefit the operation regarding equipment utilization 
(Anani, Awuah-Offei, and Hirschi, 2017). Other alternatives to 
minimize this delay include keeping the dump point close to the 
cut face to decrease haul distances, and optimizing mine planning 
in terms of entry spacing and the number of entries. The delay 
may be reduced by increasing the fleet size; however, this may 
result in congestion, long waiting times for haulage equipment, 
reduced utilization, and lower productivity (Anani, Awuah-Offei, 
and Hirschi, 2017). The ‘wait-no-car’ delay is modelled as part 
of the total COT in this study and is used to demonstrate the 
importance of fleet size selection in later sections of this paper.

Panel and barrier pillar design is an essential part of mine 
planning when adopting the room-and-pillar method. The shape 
and size of the panel depend on the support requirement of the 
overlying strata (Luo, 2015; Yu et al., 2017). The stability of the 
panel and the dimension of the pillars within it have received 
much attention over the years (Ghasemi, Ataei, and Shahriar, 
2014; Napa-García, Câmara, and Torres, 2019; Tzalamarias et 
al., 2019). Research specifically considers the surface impact 
of room-and pillar-mining, such as surface subsidence. Surface 
subsidence occurs due to the gradual deterioration and settlement 
of the overlying rock mass caused by stress redistribution (Salmi, 
Nazem, and Karakus, 2017). However, there are very few works 
in the literature and in practice that use an integrated approach 
to determine the optimal panel width and other operational 
parameters to maximize production, equipment utilization, safety, 
and reduce cost. The panel width significantly impacts the CM 
cycle time and, consequently, productivity, with large panels 
incurring longer travel times, especially if the cut sequence is not 
optimized (Anani and Awuah-Offei, 2017). On the other hand, 
the size of the panel determines the optimal fleet size. Excessive 
haulage equipment in a small panel can result in longer wait times 
even if it eliminates the ‘wait-no-car’ delay. Conversely, a larger 
panel may result in longer travel times when a smaller fleet size 
is used (Anani, Awuah-Offei, and Hirschi, 2017). Mine operators 
are usually reluctant to implement certain panel dimensions 
due to the impact on coal recovery. Then again, they do not have 
access to an integrated tool that allows them to evaluate the effect 
of panel width on cost, productivity, and resource utilization in 
relation to recovery.

Case study
Data collection and input modelling
Stochastic simulation has been extensively used to evaluate the 
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performance of complex systems in many applications (Dindarloo, 
Osanloo, and Frimpong 2015; Zeng, Baafi, and Walker, 2019). 
However, the modelling of overly complex systems can be very 
risky, especially when there is inadequate information about the 
system logic. An attempt to approximate the system logic and 
stochastic processes (through input modelling) can result in 
modelling risks (Zeng, Baafi, and Walker, 2019). Expert opinions 
are often used in mining to minimize this risk. 

The mining system evaluated is of an underground room-and-
pillar coal mine in Illinois, USA. The mine uses a super-section 
in which two CMs are deployed to mine a single panel. The coal 
is loaded with battery-operated shuttle cars, which haul the coal 
to a belt feeder. A time-and-motion study was performed at the 
mine for two days to collect the shuttle car cycle time data for 
the evaluated system. The shuttle cars did not have any internal 
data collection system to record the cycle time and payload data. 
Weekly summaries of the CM's unit production performance were 
obtained from the Joy Global Smart Service System and used 
as input data. The optimal production sequence of the CM for 
different panel widths is also incorporated as input data (Hirschi, 
2012). The CM sequence used was generated based on ventilation 
and geotechnical requirements, the interaction of the CM with 
the roofbolting crew, and the total distance to be travelled within 
each panel. The haulage unit routing strategies for the different 
panel widths were also evaluated. The distance between each cut 
face and the feeder breaker in each sequence is different. Based 
on the routing rules provided by the mine, the geometric distance 
between each cut and the feeder was calculated. The travel time is 
thus presented as a function of the speed and distance travelled by 
the shuttle cars. 

The total and accurate COT is used to account for the ‘wait-
no-car’ delay in the COD analyses. This COT is measured from 
the time loading stops to the moment an empty car arrives at the 
face. Figure 1 shows histogram plots of the input data after outlier 
screening. The COTs were evaluated for their magnitude and 
range (Figure 2). For the studied mine, the COD is at most two 

crosscuts away from the active face. Thus, the COT from the cut 
face to the COP is less than thirty seconds on average. However, 
as indicated previously, the ‘wait-no-car’ delay will be considered 
part of the COT and illustrated as the total change-out time in 
the box and whisker plot shown in Figure 2. The analysis of the 
optimal fleet size for the system is enabled by incorporating the 
‘wait-no-car’ delay.

Correlation testing 
Input modelling in stochastic simulation is the selection of a 
probability distribution to capture the uncertainty surrounding a 
variable in a system. Researchers make two inherent assumptions 
when selecting a probability distribution (Que, Anani, and Awuah-
Offei, 2016). The first assumption considers that a certain family 
of distributions, such as normal and Weibull distributions, can 
represent the uncertainty of a stochastic variable. In the second 
assumption, each observation of an input variable is independent 
of observations of other input variables and other observations of 
the same variable.

Historically, mining variables have been adequately 
represented by the existing library of probability distributions 
(such as the normal distribution). 

Figure 1—Histogram plot of input data

Figure 2—Change-out times statistics
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Correlation testing is used to test independence between two 
or more variables. The most common methods of correlation 
testing include Pearson, Spearman, and Kendall correlation 
coefficients. The Spearman correlation test is used in place of 
the Pearson and Kendall tests that assume normality, linearity, 
and ordinality to account for the input correlation between 
variables. The Spearman correlation test enables the evaluation of 
monotonic relationships, which is typical of mine parameters.

Since there is insufficient data for the payload, correlation 
testing is only done for the cycle time data. The independence 
testing uses Palisade @Risk software, which calculates the 
Spearman rank correlation coefficients. Table I shows the 
correlation coefficients between the input variables. From the 
results in Table I, there is no significant correlation (< 0.5) 
between the variables. The highest correlation coefficients are 
between the iotal COT at the CM with loading time and loaded 
travel time. It could be explained that higher loading times result 
in higher payloads, which inversely affects the shuttle car travel 
times. However, the correlation coefficient between the loading 
time and loaded travel time is only –0.198, and there is insufficient 
payload data to confirm this conclusion. Thus, the system's 
variables are modelled as independent of each other.

Goodness-of-fit tests such as the Anderson-Darling and 
Kolmogorov-Smirnov tests and plots such as the probability plots 
and density-histogram plots are standard methods for verifying 
how well a distribution captures the key properties of the input 
data. If the test can successfully find a theoretical distribution, 
the assumption is valid. Chi-squared goodness-of-fit tests and 
Kolmogorov-Smirnov tests are used (via Arena's Input Analyser) 
to fit theoretical distributions to the CM and shuttle cycle time 
(Tables II and III). These distributions are then used to describe 
stochastic processes in the Arena® simulation model (Arena, 
2010). The variables are modelled with univariate distributions 
since the correlation is weak.

System description and model construction
The objective is to construct a discrete event simulation model 
representative of the production system of a room-and-pillar coal 
mine. The simulation comprises the CM cutting sequence, loading 
process, shuttle car routing, material haulage, and dumping. A 
process-oriented simulation approach is adopted and simulated 
using the Arena Rockwell® software. The approach is based on 
viewing the simulation in terms of the experience of entities that 
flow through a system. 

Production across the entire panel width is evaluated with 
a depth of six crosscuts. The dimensions are selected based on 
the advancement of the production and auxiliary systems such 
as the conveyor belt. The conveyor belt feeder is moved forward 
three crosscuts after an advancement of six crosscuts. Thus, the 
shortest distance between the cut face and the belt feeder is three 
crosscuts. The mine adopts a traditional approach to extracting 
the panel by first extracting the centre 13 entries of the panel in a 
south to north direction and then mining the flanks of the panel 
perpendicular to the initial direction. The mine also implements a 
super-section approach in which a panel is mined with two CMs, 
each assigned a fleet of shuttle cars. 

The haulage units are battery-operated shuttle cars. The 
batteries are changed once a shift, usually in turn, to ensure 
continuity of the extraction process. The CM operator must 

   Table I

   Spearman correlation coefficient between input variables

 Loading time Dumping time Loaded travel Total CO time at CM Total CO time at feeder Empty travel

   Loading time 1.000
   Dumping time 0.015 1.000
   Loaded travel -0.198 -0.081 1.000
   Total CO time at CM -0.389 0.051 0.345 1.000
   Total CO time at feeder 0.024 -0.005 -0.009 0.006 1.000
   Empty travel -0.061 -0.055 0.238 0.165 -0.018 1.000

   Table II

   Input data for Shuttle car process parameters

   Process Distribution Expression P-value

   Payload (kg)  12 <0.001
   Feeder to CO time (s) (empty travel time) Gamma GAMM (2.82, 25.2) <0.001
   CO to feeder (s) (loaded travel time) Gamma GAMM (4.09, 15.1) <0.001
   CO to face (s) Gamma GAMM (2.69, 6.95) <0.001
   Face to CO Gamma GAMM (2.22, 4.71) <0.001
   Total CO time at CM Erlang ERLA (4.76, 6) <0.001
   Dumping time (s) Erlang ERLA (1.02, 20) <0.001
   Battery change (s) Triangular TRIA (5, 7, 10) <0.001

   Table III

   Input data for CM process parameters

   Process Distribution Expression P-value

   Loading time (s) Gamma GAMM (3.08, 13.6) <0.001
   Time between cuts (s) Gamma GAMM (0.528, 25.2) <0.001
   CM tram speed (m s−1) Triangular TRIA (30, 53.1, 63) <0.001
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follow a predefined cut sequence to extract the coal. The optimal 
predefined cut sequence used in this model was developed by 
Hirschi (2012). The modelling is under the assumption that the 
operator always follows the sequence. During the transition 
between cuts, all excavations are halted in this part of the panel to 
move the CM

During the time and motion study of the production system 
at the mine, the most common delay observed was the pick 
change time for the CM. The authors did not have enough failure 
information to include the delay in the modelling construct. The 
conveyor belt failure was another aspect observed during the shift 
study. Figure 3 shows a simple logic used to construct the model. 
Once the data analysis and input modelling are complete, the 
Arena® interface is used to model the production system. In each 
cycle, Arena® implements the Linear Congruential Generator 
(Equation [1]) and built-in functions to generate random variates 
from distributions representative of each variable, assuming the 
variables are independent and identically distributed.

[1]

xi-1  is the initial seed
a  is a multiplier
c  is an increment
m   is the modulus, all of which are chosen carefully to ensure 

truly random numbers (ui). 

The Arena® simulation construct requires defining entities 
(objects that flow through the model) passing through processes, 
capturing resources, and implementing time delays. The coal loads 
are modelled as entities with defined attributes, parameters, and 
system variables. The Create module in Arena® is used to create 
a fixed number of entities (see ‘Create Entities’ node in Figure 3). 
The entity (coal load), once loaded, is transported to the feeder 
and then goes through the dumping logic to leave the system. The 
entity is duplicated (by the ‘Duplicate Entity’ node) using Arena's 
Duplicate module prior to transporting it to the feeder to ensure 
that coal loads are always available at the active cut face. Note 
that the duplicate entity has the same attributes as the original 
entity. The duplicate entity is routed back to the cut face to be 
loaded. If the amount of coal at the active cut face is exhausted, 
the duplicate entity is routed to the next cut (see ‘Move to next 

cut?’ node in Figure 3); otherwise, it is determined if a battery 
change is required before it gets routed to a cut face. The CM and 
feeder breaker are modelled as resources for loading and dumping 
processes, respectively. Each of the cut faces in the defined CM 
sequence is modelled as a station with a defined network and 
network links used by the CM to travel from cut to cut and from 
a cut to the feeder breaker. The shuttle cars are modelled as 
transporters for transporting the entities. 

Three logics are implemented, including that of the CM on 
the left side of the panel, the CM on the right of the panel, and 
the feeder breaker logic to implement the production system 
along the entire panel width. For example, in the 13-entry panel 
width, the CM on the left cuts 116 cuts, and the CM on the right 
cuts 110 cuts across six crosscuts. All 226 cuts are defined as 
stations, and the distance between the cuts and the distance 
between each cut and feeder breaker is defined, resulting in 676 
network links between stations for the 13-entry panel alone. The 
process is repeated for all panel widths evaluated. The model also 
implements a single battery change logic during an 8-hour shift. 
The shuttle cars are batched together and routed to the next cut 
station using the distance between cuts and the CM's travelling 
speed to ensure no loading occurs during the transition between 
cuts. The transfer of entities in the model uses Arena's Route and 
Transport modules. The system is modelled using a terminating 
simulation approach.

The built-in Linear Congruential Generator functionality of 
the Arena Rockwell® simulation software is used for the random 
number generation and Monte Carlo simulations in this study. 
The problem is an optimization problem that can be expressed 
mathematically as follows:

[2]

where x, y, z are vectors of decision variables (i.e., panel width 
represented by the number of entries, fleet size, and change-out 
distance/time), b, c, d, e are vectors of known coefficients, and A 
and D are known matrices of coefficients in the inequalities 

The inequalities are constraints posed by the operation, such 
as the feasible panel dimensions, fleet size, and CODs, that can 

Figure 3—CM and haulage logic
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be evaluated given geotechnical, operational, and ventilation 
requirements. Given the complex nature of the production 
system, a numerical solution approach is ideal to avoid the need 
for oversimplifying assumptions. 

Verification and validation
The constructed model is verified and validated with animations 
and multiple output variables. For model verification, the 
authors used a white and black box modelling construct based 
on the shifts studied and performed face validity and parameter 
verification testing. The authors also compared the number of 
cuts visited in an 8-hour shift in the simulation with that studied 
in the real system. An animation of all the cuts in the sequence 
was made, including the feeder breaker, which is also modelled 
as a station. The animation permitted the verification that the 
entities follow the defined sequence. Other verification initiatives 
included animating the batch module in Arena® to ensure the 
transfer of the entire haulage unit from cut to cut.

For the model validation, the authors also recorded the 
tonnage (in short tons) produced in each cut to ensure that it was 
within a reasonable range. The model was also validated using 
expert opinion and a trace-driven approach based on output data 
collected from the studied shifts. Table IV shows the results of 
the validation experiments. The model is deemed valid for further 
experimental analysis.

Experimental analysis
The design and analysis of simulation experiments involves 
trying different input parameter values to understand the 
output variables' behaviour. A response surface plot is used for 
preliminary experimental analysis to evaluate the sensitivity of 
the output variables to the input parameters and define each 
parameter's experimental level (Hunt, 1980). Figure 4 shows a 

three-dimensional response surface of productivity as a function 
of different combinations of COT, panel width, and fleet size. The 
plots are constructed using MATLAB's statistical toolbox. The 
relationship between the panel width and fleet size is evaluated 
for a 0% change in COT (Figure 4a). Secondly, the relationship 
between the fleet size and COT is evaluated for the 13-entry panel 
width (Figure 4b). Finally, the relationship between the panel 
width and COT is evaluated for a fleet size of three (Figure 4c). 

From the plots, decreasing the fleet size beyond three and 
increasing it above five for the panel widths evaluated will not 
improve productivity (Figure 4a). It can also be noted that an 
optimal number of fleet sizes for each panel width exists (Figure 
4a). The plot shows that a further decrease in the COT will likely 
continuously increase productivity regardless of the fleet size 
and panel width used (see Figures 4b and 4c). However, due to 
equipment congestion, productivity may decrease with a further 
decrease in COT, as shown in Figure 4b. A further decrease 
in COT is also limited by the practicality of the CO distance 
employed by the operation.

Based on the results and expert opinion (mine's personnel), 
the following levels (Table V) of each experimental factor are 
chosen. Although reducing the COT to half its value may not 
be practical for the modelled system, the authors included such 

   Table IV

   Model validation results

   Parameter Actual Simulated Difference

   Duration of mining (hours) 6.33 6.83 8%
   Production (tons) 2 448 2 748 12%
   Number of haulage units loads 204 226 11%
   Half-width of duration (hours) - 0.012 -

Figure 4—Response surface plots showing the relationship between productivity. (a) COT and panel width; (b) panel width and fleet size; (c) COT and fleet size



An integrated approach to panel width, fleet size, and change-out time optimization

187The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 122 APRIL 2022

extreme points to iterate the effect of COT on production rate 
and equipment utilization (sensitivity analysis). Six experimental 
levels are used for the COT and panel width. The levels of the 
COT are represented as the percentage decrease in the sampled 
parameter value. The COT is varied from the original value (0% 
decrease) to a 50% decrease. This represents bringing the COP 
closer to the cut face in practice. The minimum and maximum 
panel widths evaluated are that of 13 entries and 23 entries, 
respectively. The full width of the panel is mined in six crosscut 
increments. The larger panels (with widths greater than 13 entries) 
are mined by first advancing the centre of the panel ahead of its 
flanks. 

The mine has experimented with different panel widths and 
mining sequences. Currently, the strategy of advancing the central 
13 entries before mining rooms on the flanks is the most common. 
Therefore, for the 15-entry panel, it first mines the centre 13 
entries (Figure 5a) and then mines the remaining two entries on 
the flanks of the panel perpendicular to the direction of advance 
(Figure 5b). For a panel width of 23 entries, the centre 13 entries 
are initially mined across six crosscuts, followed by the remaining 
ten entries on its flanks. The model is developed based on the 
existing geotechnical mine plan and requirement, so geotechnical 
factors (panel dimensions and pillar design) were not varied as 
experimental factors. The selected factors were validated with 
the mine's engineers to ensure geotechnical and ventilation 
compliance. Only three levels of the fleet size are included in the 
experiment. These levels were selected based on the surface plot, 
opinions of the mine's personnel, and the current fleet size used. 
Overall, 108 (6 × 6 × 3) experimental runs are performed.

Results and discussion 
Once the simulation experiment was completed, statistical 
analysis was performed to determine the optimal values of the 
decision variables given operational constraints. Around 108 
experimental scenarios were evaluated, and each scenario ran 
150 times. The number of replications is selected such that the 
half-width is less than 1% of the average value of the output 
variable. Figures 6–8 show the production (Figures 6a, 7a, and 8a), 
productivity (Figures 6b, 7b, and 8b), CM utilization (Figures 6c, 

   Table V

    Fractional factorial experimental design of the room-and-
pillar design and operational parameters

   Levels                                                  Factors 
 Change-out time Panel width Fleet size 
  (no. of entries)

   1 0 13 3
   2 10 15 4
   3 20 17 5
   4 30 19
   5 40 21
   6 50 23

Figure 5—Illustration of the method of extraction in large panels using super-sections. (a) Initial 13-entry centres mined and (b) last two entries on the flanks 
mined after the 13 entries
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7c, and 8c), and shuttle car cycle times (Figures 6d, 7d, and 8d) for 
each scenario analysed. In each figure, the number of shuttle cars 
is held constant while the panel width and COT are varied. 

The trends in Figures 6–8 are similar for each output 
variable. As expected, decreasing COT increases production and 
productivity significantly (Figures 6a-b, 7a-b, and 8a-b). This is 
because the overall cycle time is reduced, which is demonstrated 
by the cycle time plots (Figures 6c, 7c, and 8c). Figure 6 shows 
the results of mining the different panel widths with three shuttle 
cars and variable COTs on the output variables. It is clear from 
the results that the 15-entry panel width is optimal for each level 
of the COTs. The increase in CM utilization is more prominent 
as the COT decreases (Figure 6d), revealing a decrease in CM 
wait times. The results in Figure 6 suggest that the high cycle 
times and low productivity (8.4 minutes and 514.80 tons per hour, 
respectively) in the 13-entry panel may be caused by long shuttle 
car waiting times (Figures 6b and 6c). In contrast, productivity 
in larger panels such as the 21-entry and 23-entry (513.09 tons 
per hour and 510 tons per hour) panels is lower than that of the 
13-entry panel due to longer travel distances (Figure 6b). This fact 
is illustrated further by the high cycle time and low CM utilization 
shown in Figures 6c-d. 

In Figures 7 and 8, a similar trend is seen, with the 19-entry 
panel width yielding the highest productivity among all the 
panel widths. The longer travel distance in a larger panel width 
reduces with an increase in fleet size, thereby increasing the CM 
utilization (Figures 7d and 8d). For four and five shuttle cars, the 
productivity and CM utilization in larger panels surpass that in 
smaller panels, contrary to a fleet size of three (Figures 6, 7, and 
8). It can be noted from Figures 6, 7, and 8 that the change in COT 
does not affect the choice of optimal panel width based on the 
output variables. Therefore, for a fleet size of three shuttle cars, 
a panel width of 15 entries yields the highest productivity (Figure 
6b). Although this may be true for the mine studied, the changes 
in COTs are a matter of seconds (14 seconds on average for a 50% 
decrease). The COTs in the magnitude of minutes may have a 
more severe impact.

Further analysis was performed to evaluate the relationship 
between panel width and fleet size for different changes in COT 
(Figure 9). The results in Figure 9 show a significant difference in 
the output variables for a 0%, 30%, and 50% decrease in COT. The 
difference in cycle time among variable fleet sizes decreases with 
a further reduction in COT. There is a significant difference (up 
to 5%) in the output variables when the number of cars increases 

Figure 6—Impact of COT and panel width on (a) production, (b) productivity, (c) cycle time, and (d) CM utilization for a fleet size of three shuttle cars

Figure 7—Impact of COT and panel width on (a) production, (b) productivity, (c) cycle time, and (d) CM utilization for a fleet size of four shuttle cars
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from three to four; however, there is hardly any difference (up 
to 0.6%) with an increase from four to five cars. The cycle time 
plot (Figure 9) shows a more distinct trend with varying COTs. 
Although cycle time decreases with decreasing COT as expected, 
the difference in cycle time for varying fleet sizes becomes more 
pronounced (compare 0% with 30%) as COTs change.

A Bonferroni (one-way ANOVA) test was performed to 
establish the statistical significance of the productivity variable 
(assuming normality) for all fleet sizes in the 13-entry panel. The 
null hypothesis was rejected because not all means are equal at a 
0.05 significant level. Given the slight difference between the four 
and five shuttle car results, a t-test was also performed to compare 
the productivity variable. The mean productivity values for the 
four and five fleet sizes are equal at 0.05 significant level. Although 

this is true for a 0% decrease in COT, a very slight difference can 
be noted when the COT is decreased further by 30% and 50%. 

The mine should also review the proposed changes with the 
geotechnical team to make sure these changes would not interfere 
with or cause an increase of any subsidence that might have been 
analysed before the optimization. While room-and-pillar mining 
is a supported mining method (supported by the inner pillars of 
rock left inside the footprint), subsidence originates in areas of 
higher extraction (Hunt, 1979). Modern room-and-pillar mines 
are designed to leave enough pillars to support the overburden 
and prevent subsidence. However, there is still the possibility of 
subsidence if a high-extraction retreat method is used, a method 
that tries to recover the coal in the pillars that were left behind 
(Hunt, 1980), thus decreasing the effective area of the pillars 

Figure 8—Impact of COT and panel width on (a) production, (b) productivity, (c) cycle time, and (d) CM utilization for a fleet size of five shuttle cars

Figure 9—Output variables for 0%, 30%, and 50% decrease in COT
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supporting the overburden and protecting the surface from 
subsidence. Ultimately the implementation of a higher retreat 
mining option could lead to the pillars being compressed at a 
faster rate than the pillar recovery operation (Zingano and Weiss, 
2018), making the retreat impractical, with the possibility of pillars 
bursting, transfer of load to adjacent pillars, and leading to the 
collapse of an area of the mine, impacting subsidence by leaving a 
large area of the mining panel without any pillar support. 

Conclusions 
This study developed a discrete event simulation model of a room-
and-pillar production system to determine the optimal values of 
panel width, fleet size, and change-out time (COT) that maximize 
productivity and CM utilization. The input data modelled is 
based on time and motion studies performed at an underground 
room-and-pillar coal mine in Illinois, USA. The input modelling 
included a degree of randomness defined via univariate probability 
distributions and correlation testing. The production system is 
modelled using the Arena Rockwell® simulation environment. 
The model is validated using a trace-driven approach based on 
the output data collected from the studied mine. The validated 
model is then used to perform simulation experiments of the 
system. Three experimental factors are considered: panel width, 
COT, and haulage equipment fleet size. Six experimental levels 
are considered in the case of the panel width and COT. The effect 
of COT on the output variables are evaluated using a percentage 
decrease in the observed value. 

The results showed that the mine should implement the 
smallest possible COT (a function of change-out distance) as 
it decreases the overall cycle time, and consequently increases 
productivity and CM utilization. It is also observed that the 
highest productivity and CM utilization is achieved in the 15-entry 
panel width for a fleet size of three shuttle cars. On the other 
hand, the optimal panel width for fleet sizes of four and five 
shuttle cars is the 19-entry panel width. Among the three factors 
studied, panel width and fleet size had the most significant (up 
to 5%) effect on productivity, cycle time, and utilization. The 
changes in COT in seconds had a noticeable impact on the output 
variables; however, this impact might be more pronounced in 
operations with long change-out distances and times. The authors 
recommend that the mine increases its fleet size from three to 
four and uses a 19-entry panel width for coal production subject to 
the optimal CM cut sequence and haulage distances implemented 
in the model. Based on this recommendation, the mine will 
increase its productivity by at least 5% even with no changes in 
COT.

This research successfully presents the first multiple-
objective stochastic optimization approach that determines the 
optimal panel width, fleet size, and COT for coal room-and-pillar 
operations. The model can be adapted to similar operations and 
used to answer questions about their production systems. The 
model also combines the long-term planning of panel width 
and fleet selection with cut sequencing, panel productivity, and 
equipment utilization.
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Real-time material tracking: Testing 
the suitability of microdot technology 
for ore tracking
by M.N.M. Cudjoe1 and F.T. Cawood2

Synopsis
The ability to conduct real-time material tracking in mines has been a long-standing challenge. 
Technological innovations such as radio frequency identification technology (RFID) have over the years 
contributed to the effective tracking of material flow and reporting of metal content. This paper outlines 
the laboratory procedures and results from testing the suitability of microdot technology as a viable 
technique for real-time material tracking in mining. The paper clarifies the reasons for conducting the 
test and presents the material safety data sheet (MSDS) from a South African and Canadian perspective. 
Microdots from three aerosol systems were immersed in water, heated to 100°C, and crushed into 
coarse and fine material. These tests were used to ascertain if the technology could withstand mining 
conditions. A strength, weakness, opportunity, and threat (SWOT) analysis was used to evaluate and 
compare microdot technology with RFID. It was shown that microdot technology has some potential 
to track ore parcels because data integrity was retained after exposure to post-blast mining conditions. 
However, more improvement is required to digitally detect microdots before the technology can be 
implemented at scale in the mining industry.

Keywords
microdot, technology, radio frequency identification technology, ore tracking, material safety data sheet, 
core samples, fine samples.

Introduction
Real-time material tracking in production and metallurgical processes remains a challenge. Several 
technologies, including RFID tags, have been developed over the years to address this problem. This 
paper outlines the laboratory procedures and results from testing the suitability of microdot technology 
as a viable technique for real-time material tracking using 10 000, 5 000, and 3 000 microdot aerosol 
systems. The material safety data sheet is outlined from a South African and a Canadian perspective. 
Microdots from these aerosol systems were subjected to typical underground conditions including 
immersion in water, heating to 100°C, and crushing samples from the Bushveld Complex into coarse and 
fine material.  A strength, weakness, opportunity, and threat (SWOT) analysis of microdot technology 
relative to radio frequency identification (RFID) technology was also developed to decide if microdot 
technology is suitable for material tracking. 

The basis for conducting the tests
Microdots are transparent polyester discs less than 1 mm in diameter. According to Veridot (2016), 
the discs contain marked lines of text with a unique identification code. The technology is mainly 
used for asset tracking and identification, including marking and tracking vehicle parts using a unique 
numbering or identification system. The unique codes are visible using a magnifying lens or an electronic 
microscope. If microdot technology is determined to be viable for ore tracking, the following may be 
possible.  
 ➤   Tracking material loss: Integrating microdots with a mine-to-mill optimization process, which 

will contribute to solving ore loss and routing problems. Material loss and incorrect routing 
arise when ore flows through ore systems such as orepasses, skips, belts, ore trucks, and 
hoppers. When the ore reaches the surface, it is stockpiled at different locations or sent to the 
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mill for processing. Discrepancies in terms of quality 
and quantity estimates arise when reconciling processed 
and stockpiled ores (actual) with the planned. 

 ➤   Improved ore accounting and reconciliation: Ore 
accounting involves the measurement and tracking of 
materials through the value chain from source to the 
production plant, whereas reconciliation compares 
production estimates from the mine with estimates 
from the processing plant (JKMRC, 2008). An effective 
tracking system will enable better accounting and 
reconciliation processes. The F1, F2, and F3 system is 
being practiced by industry and was proposed by Parker 
(2006). 

 ➤   Managing blending and dilution activities: When the 
unique microdot identity is linked with the attributes 
of the ore, it will enable the processing department to 
better understand the properties of the material being 
delivered by the mill in real time and ultimately improve 
the management of blending and dilution activities.

RFID technology 
Ore tracking was traditionally made possible with manual 
innovations, including metal balls, washers, and wooden blocks. 
More recently, RFID technology has been applied to asset tracking 
in the mining industry. The technology is also used for safety 
proximity detection systems to alert miners of moving and static 
equipment within their area of operation. Tracking explosive 
initiators (for security purposes) and tracking ore and waste 
parcels in both surface and underground mines are examples 
of typical uses. Pilot projects have taken place in South Africa, 
Australia, and South America (Nozowa et al., 2009). In the South 
African context, the technology is known as the Oretrak system. 

The use of RFID technology to track ore parcels throughout 
the mining process (Figure 1) was demonstrated by JKMRC 
(2008). In this process, the ore is tagged at the source with 
markers representing volumes of ore or waste and which are later 
detected when flowing through the system. The tags may not be 
detected when material goes to the waste dump. Tagged material 
that is sent to a long-term stockpile can be detected later on, when 
it is processed.

Material safety data sheet (MSDS)
The MSDS is defined by the Canadian Centre for Occupational 
Health and Safety (CCOHS) as a document containing 

information on the potential hazards of a chemical product 
and the procedures to be adopted for working safely with such 
products (CCOHS, 2017). 

From a South African perspective, the MSDS is based on the 
South African Hazardous Chemical Substance Regulations of 
1995. Section 9A of the Act discusses the handling of hazardous 
chemical substances. The Act requires that every person 
involved in manufacturing, importing, selling, or suppling any 
hazardous chemical substance shall provide the recipient of that 
substance with an MSDS as per the guidelines of the International 
Organization for Standardization (ISO) 1 1014 or ANSIZ400.1.1993. 
The categories of information required on an MSDS from a 
Canadian and South African perspective are outlined in Table I.

The South African regulation requires extra information, 
namely ecological, disposal, transportation, regulatory and other 
information. 

MSDS of the Veridot system
The microdot technology developed in South Africa, known as the 
Veridot system, has been used in the mining industry to identify 
copper cathode and aluminium ingots during transportation at 
mines (Peterson, 2015). 

Holomatrix (Pty) Ltd developed the Veridot MSDS and 
provides additional information such as that pertaining to 
fire-fighting and accidental release measures. Although the 
product information is available, the MSDS further instructs that 
recipients have the sole responsibility to take due precautions 
regarding the use of the product. 

Testing the suitability of microdots for ore tracking
Figure 2 outlines the procedures for testing the microdot 
technology as a possible real-time ore tracking solution. The four 
stages in this approach are the determination of the distribution of 
the microdots over an area, immersion of samples with microdots 
in water for 24 hours, heating at 100°C, and crushing into coarse 
and fine samples. This approach was chosen to simulate mining 
conditions as far as possible.  

The microdot aerosol systems [10 000 (A), 5 000 (B), and 3 
000 (C)] are depicted in Figure 3 and observed after every stage of 
the test.  

Estimation of the number of microdots over a given area
To estimate the number of microdots that are likely be in a given 
area, microdots were sprayed on a white sheet of paper with 

Figure 1—Tracking ore parcels from source to destination (adapted from JKMRC, 2008)
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(Cudjoe, 2020)

   Table I

   MSDS from South African and Canadian perspective

   No.  MSDS based on CCOHS MSDS based on South Africa Hazardous Chemical Regulation,  
 1995, under Occupational Health and Safety act 1993

   1 Product information: which includes the product name, manufacturer Product and company identification 
 and suppliers’ names, and addresses as well as emergency phone numbers
   2 Hazardous ingredients Composition of ingredients
   3 Physical data Hazard identification
   4 Fire or explosion hazard data First-aid measures
   5 Reactivity data: information on the chemical Handling and storage 
 instability of a product and the substances it may react with
   6 Toxicological properties: health effects Exposure control/personal protection
   7 Preventive measures Physical and chemical properties
   8 First-aid measures Stability and reactivity
   9 Preparation information in terms of who is responsible for Toxicological information 
 the preparation and date of preparation of the MSDS
   10  Ecological information
   11  Disposal considerations
   12  Transport information
   13  Regulatory information
   14  Other information

1 Although the Microdot technology can survive explosive temperatures up to a maximum of 1200°C, laboratory limitations allowed the test to be conducted to a maximum of 100 °C. 
Further work is needed  to test the effect of heat above 100 °C, dust and wet surface on microdots. 

Figure 2—Procedure for testing microdots (Cudjoe, 2020)
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dimensions 2.5 cm × 2.5 cm. All three aerosol systems (10 000, 5 
000, and 3 000)2 were used. Table II gives an estimation of the 
average number of microdots within the 2.5 cm2 area and Table III 
estimates the number of microdots on a sample area. 

From Table III it can be estimated that six microdots fell 
within the 2.5 cm2 area, whereas an average of 303 microdots was 
estimated on the sample area. 

Stage 1 - Basic measurements of samples and structure of 
Microdots
Samples of anorthosite rock from the Bushveld Complex were 
obtained and labelled as indicated in Figure 4:
 ➤   Samples A1, B1, C13

 ➤   Samples A2, B2, C24 
 ➤   Samples A3, B3, C35. 

Sample mass, diameter, and length were recorded. The results 
appear in Table IV. 

2Number of microdots in the aerosol can. 
3Coated with 10 000 microdots.
4Coated with 5 000 microdots.
5Coated with 3 000 microdots.

Figure 3—Veridot aerosol (10 000, 5 000, and 3 000) systems and their codes (Cudjoe, 2020) 

   Table III

   Estimate of microdots around each sample 

   Area around specimen (cm2)  Average number of microdots  Square area in cm2  No. of microdots around sample

   315.31 6 6.25 303.0
   316.01 6 6.25 303.4
   315.31 6 6.25 303.0
   315.31 6 6.25 303.0
   315.31 6 6.25 303.0
   316.01 6 6.25 303.4
   315.31 6 6.25 303.0
   315.31 6 6.25 303.0
   315.31 6 6.25 303.0

(Cudjoe, 2020)

   Table II

   Distribution of microdots on 2.5 cm x 2.5 cm area 

Microdots distribution  
   Square area = 2.5cm x 2.5cm   Square area in cm2 = 6.25

   Sheet Box 1 Box 2 Box 3 Average  Average of sheets 1 and 2
   1 7 9 4 6.7 7 5.5
   2 5 4 4 4.3 4

Source: (Cudjoe, 2020)

Figure 4—Anorthosite rock samples from the Bushveld Complex (Cudjoe, 
2020)
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To understand the structure of the microdots, thin section 
cores were made at the School of Geoscience at the University of 
the Witwatersrand (Cudjoe, 2020) and sprayed with 10 000, 
5 000, and 3 000 microdots aerosol systems. These microdots 
were viewed under an electronic microscope (Olympus 93X4L).  

Microdots are hexagonal shaped discs ranging from 0.3 mm 
to 1 mm in diameter (Figure 5). Examination of the codes in 
Figure 5 and their respective barcodes (Figure 3) shows that the 

microdots are from 10 000, 5 000, and 3000 microdot aerosol 
systems. The visibility of microdots on core samples (prior to 
immersion in water, heating, and crushing) using 10 000, 5 000, 
and 3 000 microdot aerosol systems was determined. The results 
are presented in Table V.

From the results in Table V, microdots are generally visible by 
the naked eye although the unique codes could not be determined. 
The microdots distribution was classified as follows:

   Table IV

   Basic measurements of samples 

   Sample  Mass 1 (g)  Mass 2 (g)  Mass 3 (g)  Average mass (g)  Diameter (cm)  Length (cm)

   A1 986 986 986 985.9 4.7 20
   A2 992 992 992 991.9 4.8 20
   A3 986 986 986 985.6 4.7 20
   B1 1000 1001 1001 1000.5 4.7 20
   B2 999 999 999 999.0 4.7 20
   B3 994 994 993 993.6 4.8 20
   C1 998 998 998 997.8 4.7 20
   C2 995 995 995 994.6 4.7 20
   C3 934 934 934 934.4 4.7 20

(Cudjoe, 2020)

Figure 5—Microdot shape and codes (Cudjoe, 2020)

(Cudjoe, 2020)

   Table V

   Microdots visibility on core samples 

   Core sample  Code  Visibility Comment on microdots distribution

   A1 
10 000 microdots= ZAVDTATHVX

 Yes Very Good - microdots are distributed on the sample
   B1  Yes Very Good
   C1  Yes Poor - Few microdots seen on the sample
   A2 

5 000 microdots = ZAVDT97N7AN3
 Yes Very good

   B2  Yes Poor
   C2  Yes Good
   A3 

3 000 microdots = ZAVDANVULC
 Yes Very good

   B3  Yes Very good
   C3  Yes Good
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 ➤  Very good – Microdots are present and evenly distributed 
around sample

 ➤  Good – Microdots are present but concentrated on one 
side of the sample

 ➤ Poor – Microdots are present but not clearly visible. 

Stage 2 – Samples immersed in water  
Samples were immersed in water for 24 hours. The results are 
shown in Table VI. 

From Table VI it can be perceived that water has no influence 
on the visibility of microdots since they were still visible on all the 
samples when observed under the microscope.  

Samples were placed in an oven and heated to a maximum 
of 100°C6 and then allowed to cool to room temperature. 
Observations made in this stage are depicted in Table VII.  

The results in Table VII confirm that the data integrity of 
microdots is not affected by water and heat. This is shown in the 
images in Figures 6, 7, and 8.  

Stage 4 – Crushing samples to coarse and fine sizes  
This stage involves crushing samples into coarse and fine sizes 
using the Rocklab crushing machine7. Microdots were visible with 
the naked eye and the codes were readable under a microscope 
after crushing to coarse sizes. Figure 9 depicts the visibility of 

microdots on coarse crushed samples. The results of the visibility 
check conducted on samples are depicted in Table VIII. 

Table VIII shows that crushing has no impact on the microdot 
visibility. Coarse particles were further crushed into smaller sizes 
(<1 mm to >3.35 mm)8. Samples were further screened to classify 
them in sizes >3.35 mm, 2–3.35 mm, within 1 mm and 2 mm, and 
less than 1 mm as depicted in Figure 10.  

The visibility of microdots on fine samples is shown in  
Table IX. 

SWOT analysis of microdots in relation to RF tags 
A SWOT study was undertaken to evaluate the effectiveness of 
microdots as a viable tracking solution in comparison to current 
tracking technologies in South Africa’s mining industry. 

   Table VII

   Results of microdots visibility after heating samples at 100°C 

   Sample  Code  Visibility  Comment

     
   A1 ZAVDTATHVX Yes There was no influence of heat on microdots.  Microdots still stick to 
   the surface of samples. microdots were visible with the
   A2 ZAVDT97AN3 Yes naked eye after heating and codes were visible using the microscope.
   A3 ZAVDANVULC Yes
     
   B1 ZAVDTATHVX Yes The heat did not have any influence on microdots;   
   the microdots still stick to the sample surface;
   B2 ZAVDT97AN3 Yes microdots were readable under the microscope.
   B3 ZAVDANVU Yes

Cudjoe (2020)

   Table VI

   Results after immersing samples in water for 24 hours 

   Sample  Code  Visibility  Comment

     
   A1 ZAVDTATHVX (10 000) Yes Water has no influence on microdots distribution on sample 
   the microdots stick to sample; microdots were visible under
   A2 ZAVDT97AN3 (5 000) Yes the microscope; codes were still readable
   A3 ZAVDANVULC (3 000) Yes
     
   B1 ZAVDTATHVX Yes Water did not affect microdots distribution; microdots stick to  
   the surface of the sample; microdots are visible under microscope;
   B2 ZAVDT97AN3 Yes codes are still readable.
   B3 ZAVDANVULC Yes

Cudjoe (2020)

6Maximum blasting temperature ranges from 1270°C for tin and tungsten powders to 
2520°C for aluminium, magnesium, and titanium powders (Cashdoller and Zlochower, 
1990). Microdots would therefore not be able to withstand explosives that generate 
heat exceeding 1200°C. 
7 Coarse sizes range from 2 cm to 3 cm, and fine sizes ranges from 3.35 mm to less 
than 1 mm.

8Coarse sizes range from 2 cm to 3 cm, and fine sizes ranges from 3.35 mm to less 
than 1 mm.
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   Table VIII

   Results of microdot visibility check on coarse samples

   Sample  Code  Visibility  Comment

     
   A1 ZAVDTATHVX Yes Microdots are still visible under the microscope; codes 
   ate still readable; visibility was slightly impaired by
   A2 ZAVDT97AN3 Yes dust; microdots still stick to samples.

   A3 ZAVDANVULC Yes

Cudjoe (2020)

Figure 7—Microdot (5 000) visibility after subjection to water and heat (Cudjoe, 2020) 

Figure 6—Microdot (10 000) _visibility after subjection to water and heat (Cudjoe, 2020) 

Figure 8—Microdot (3 000) visibility after subjection to water and heat (Cudjoe, 2020)
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Table X is a SWOT diagram of the microdot technology in 
comparison to RF tags.  Although there are a number of strengths 
identified (data integrity is retained after subjection to heat, 
water, and crushing), the potential hazard due to the propellant 
of the aerosol system (being flammable) makes it inappropriate 
in the coal industry. This is because the coal industry is faced 
with frequent spontaneous combustion issues. The technology 
is also inappropriate for an underground mine because of mine 
ventilation issues.  

Conclusion
This paper describes laboratory testing conducted to determine 
the potential of microdot technology for real-time tracking 
using core and broken ore samples from the Bushveld Complex. 
The MSDS was discussed based on the Canadian Centre for 

   Table IX

   Visibility of microdots in fine samples 

                                                                                              Sample A1 sprayed with 10 000 microdots  
   Size distribution   Mass (g)   Visibility  Comments

   3.35 67.600 67.600 67.600 Yes Four microdots were seen on four different broken particles;  
     Codes on the microdots couldn’t be read due to dust cover.
   2 195.500 196.900 197.000 Yes Three microdots were seen on samples and codes were readable
   1 120.700 120.700 119.006 No The particles are small and hence difficult to identify 
   <1 150.006 150.009 151.003 No microdots through a microscope  

Sample sprayed with 5 000 microdots

   3.35 86.000 85.600 85.700 Yes Four microdots were seen on four different particles. Codes on  
     microdots were readable under a microscope
   2 205.300 205.000 205.300 Yes Five microdots were identified on four different particles.  
     Codes were also readable under a microscope
   1 109.700 110.500 110.500 No Microdots could not be seen under microscope
   <1 156.200 158.200 158.300 No

Sample sprayed with 3 000 microdots

   3.35 101.100 101.700 99.700 Yes Three microdots were seen on three different particles.  
     The codes were readable under the microscope
   2 201.700 201.300 203.900 Yes Two microdots were seen on two different particles.  
     Codes were also readable.
   1 96.600 96.900 96.100 No Due to the tiny nature of particles, it was difficult to see microdots 
   555<1 132.900 133.300 133.600 No on any of the particles. No microdot was visible under the microscope.

(Cudjoe, 2020)

Figure 9—Microdots on coarse samples (Cudjoe, 2020)

Figure 10—Screened samples into various fine sizes (Cudjoe, 2020)
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Occupational Health and Safety and the South African Hazardous 
Chemical Substance Regulations, 1995. Although these regulations 
impose similar conditions, the former has more requirements, 
namely ecological, disposal, transportation, regulatory, and other 
requirements. 

Basic measurements (mass, diameter, and length) were 
conducted on core samples of anorthosite rock samples from 
the Bushveld Complex. The structure of the microdots was 
determined as well. 

Further laboratory tests were carried out to determine the 
visibility of microdots on samples using 10 000, 5 000, and  
3 000 microdot aerosol systems. Microdots were generally visible 
irrespective of the aerosol system that was used. Immersion of 
samples in water for 24 hours had no influence on the visibility 
of microdots. Samples were heated to a maximum of 100°C and 
allowed to cool to room temperature. Heat had no effect on 
the data integrity of the microdots. The final stage of test work 
involved the crushing of samples into coarse (2–3 cm) and fine 
(1.0–3.35 cm) sizes. The microdots were visible, and the codes 
were readable under the microscope.  

A SWOT study was undertaken to evaluate microdots as a 
viable tracking solution against the RF tags currently used in the 
mining industry. A positive strength identified in the microdots 
technology is its ability to retain data integrity after subjection to 
heat, water, and crushing. However, the aerosol system renders it 
inappropriate for use in the coal industry because of spontaneous 
combustion risks. Due to ventilation issues, the technology may 
also not be suitable for underground mines. However, microdot 
technology could still have some potential for real-time material 
tracking if the microdots can be digitally tracked along with parts 
of the ore flow. 
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   Table X

   SWOT diagram of microdot technology in comparison to past and present tracking technologies (Cudjoe, 2020)

   Strengths Weaknesses

   • Data integrity is retained after exposure to undergoing conditions     •   The microdot aerosol system propellant is flammable.
 such as water immersion, heating to 100°C, and crushing.    •   The visibility of code is affected by dust.
   • Microdots stick to the surface of the core or broken rock.    •   Microdots do not transmit signals to a reader and hence detection 
   • The health and safety impacts of using the microdot aerosol system can     is done manually and not digitally. 
 be minimized by the effective use of personal protective equipment (PPE).
   • Microdots’ unique codes can be linked to ore attributes in a single database  
 to enable the management of ore flow properties. 

   Opportunities Threats

   Further opportunities to improve the technology include:
   • How to enable real-time digital tracking of microdots and  •   Due to the flammable nature of the propellant in the aerosol system,  
 their respective codes   it cannot be used in the coal industry or in other mines where there
   • How to combine the technology in the ore flow process stream,   are methane concentrations. 
 which is usually a complex one •   Due to the presence of dust in mines, it would be difficult
   • How to use the technology to ensure easy identification of mixed    to identify the codes of microdots.   
 ore sources and their locations
   • How to use the technology to prevent misrouting challenges
   • How to use the technology to minimize risks and identify  
  potential hazards in real time.
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Preliminary assessment of coal 
blend quality combining gamma-
ray spectrometry and magnetic 
susceptibility: A case study of the 
Sabinas Basin, Mexico
by J.A. Batista-Rodríguez1 and F.J. López-Saucedo1

Synopsis
A new methodology is proposed for the preliminary assessment of coal blend quality, which combines 
gamma-ray spectrometry and magnetic susceptibility measurements. This methodology does not replace 
the conventional methods of assessing coal quality, but can help to control the quality of the coal blending 
process, as well as reduce the amount of proximate analysis required and the determinations of calorific 
value and total sulphur. The methodology includes five steps. First, both geophysical measurements are 
made with handheld equipment. The samples with magnetic susceptibility ≤ 1 × 10-3 SI are then separated. 
From  these samples, those with total gamma intensity ≤ 20 nGy/h are separated. These samples have a 
higher calorific value and lower ash and moisture content. To separate the samples of better quality 
and with lower total sulphur content, in step four the samples with total gamma intensity > 20 nGy/h 
are separated from those with magnetic susceptibility ≤ 1 × 10-3 SI. This last group includes samples 
that will cause less total sulphur-related environmental pollution. In the final step, the quality of both 
radioactive sample groups is corroborated from the calorific value measurement and ash, moisture, and 
total sulphur contents in at least 10% of all coal blend samples from both groups. In this study, more than 
1000 samples were analysed with this new methodology, and the results are remarkably similar to the 
ASTM classification of the Sabinas Basin coals.

Keywords
coal blend quality, gamma-ray spectrometry, magnetic susceptibility, Sabinas Basin.

Introduction
According to the Energy Information Administration (EIA, 2019), coal is an essential resource for the 
development of humanity, mainly as regards its use in electricity generation. The EIA (2019) indicates 
that the consumption of electrical energy will increase substantially in the coming years. This implies 
increased coal consumption and consequently a greater need to check the quality of the coal used for 
this purpose (Taole, Falcon, and Bada, 2015), in order to achieve higher efficiency in the process and to 
mitigate environmental pollution (North, Engelbrecht, and Oboirien, 2015; Jingchao, Kotani, and Saijo, 
2019). Reducing the impact of coal burning implies reducing environmental pollution (Munawer, 2018), 
and therefore, decreasing the impact on the lungs, immune system, heart, reproductive system, brain, and 
DNA (Gasparotto and Da Boit Martinello, 2020). Increased coal consumption leads to the use of different 
coals, some of which are low-quality coal. Different coals may be blended to obtain a product with the 
minimum required quality. Blending is widely used in the coal industry to provide the best quality coals 
for a power plant so as to reduce energy production costs (Li et al., 2019). 

Although Mexico is not among the chief coal-producing countries (EIA, 2010) this resource 
is intensively mined in the Sabinas Basin of northeastern Mexico and is mainly used in electricity 
generation (Corona-Esquivel et al., 2006). Generally, coal blends are used, spalling the coal in this basin 
ranges in rank from lignite to sub-bituminous with different quality characteristics (Corona-Esquivel 
et al., 2006). Coal blends are prepared to ensure the optimal efficiency of combustion and reduce the 
emission of pollutants to the environment (Yörükoğlu, 2017). The quality of coal is ascertained by 
proximate analysis to determine the ash and moisture contents, and also from the calorific value and 
total sulphur content (Speight, 2005). Performing these analyses on a large volume of samples is time-
consuming and requires various types of laboratory equipment, making it an expensive process (Acikkar 
and Sivrikaya, 2018). 
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In other regions of the world, some of these coal quality 
parameters have been estimated using geophysical logs, such as 
density, gamma-ray, and resistivity (Kayal and Das, 1981; Borsaru 
et al., 1985; Yusefi and Ramazi, 2019). The physical properties of 
geological materials depend on their mineralogy, texture, and 
structure (Schön, 2011). Therefore, geophysical measurements 
can be related to the properties of the samples determined in the 
laboratory (e.g., ash content, humidity, sulphur, calorific value). 

Gamma-ray spectrometry (GS) and magnetic susceptibility (k) 
characterize the mineralogical composition, texture, and structure 
of the geological materials (Clark, 1997; Bábek et al., 2010; 
Parzentny and Róg, 2019). Both these geophysical techniques can 
be performed with portable equipment, resulting in a relatively 
fast and inexpensive procedure (Hladil et al., 2006; Bábek et al., 
2010; Habib et al., 2018; Hassan et al., 2018; Martin et al., 2018; 
Lam et al., 2020). Magnetic susceptibility is a physical property 
directly related to the concentration, distribution, and grain size 
of magnetic minerals (Carmichael, 1989). In coal, these minerals 
are mainly oxides, sulphides, clays, and carbonates (Speight, 2005; 
Thomas, 2013). 

From the GS measurements, the natural gamma radioactivity 
of geological materials is obtained. Radioactivity is expressed in 
terms of the content of potassium (K) in per cent, and uranium 
(U) and thorium (Th) in ppm. Such content is related to the 
mineralogical composition (Schön, 2011). Particularly in coal, the 
natural gamma radioactivity is related to its organic and mineral 
matter. Specifically, uranium may be associated with organic 
matter (Duan et al., 2018; Parzentny and Róg, 2019). Furthermore, 
uranium as well as Th and K, may be associated with minerals 
such as clays, monazite, zircon, rare earths, and phosphates 
(Swaine, 1990; Dai and Finkelman, 2017; Parzentny and Róg, 2019). 

From measurements of k with portable equipment (e.g., 
KT-10 and SM-30), the magnetic mineralogy of soils has been 
characterized, and with it, contamination with heavy metal 
(Martin et al., 2018). Similarly, chemical processes in tailings, such 
as pyrite oxidation, have been studied (Lam et al., 2020). Also, in-
situ gamma-ray spectrometry measurements have been performed 
to determine the concentration of radionuclides in soil (Habib et 
al., 2018; Hassan et al., 2018). Such measurements showed a strong 
correlation with laboratory measurements (Hassan et al., 2018). 
The gamma-ray spectrometry measurements in some soils around 
coal-based power plants show high radioactivity, which is related 
mainly to illite, kaolinite, monazite, rutile, and zircon (Habib et al., 
2018). Combining in-situ measurements of magnetic susceptibility 
and gamma-ray readings, some carbonate, and carbonate-
siliciclastic sequences have been characterized (Bábek et al., 2010), 
and limestones impurities studied (Hladil et al., 2006).

In the specific case of coal, the data obtained by combining 
both geophysical techniques (k and GS) is related to the 
mineralogy and organic matter (Speight, 2005; Thomas, 2013; 
Habib et al., 2018; Parzentny and Róg, 2019). Therefore, such 
geophysical data is also related to the ash content, sulphur, 
calorific value, and moisture content. These last parameters are 
essential to assess the quality of the coal (Speight, 2005; Thomas, 
2013).

In this paper we propose combining gamma-ray spectrometry 
and magnetic susceptibility as unconventional methods for the 
preliminary assessment of the quality of coal blends for electricity 
generation. To accomplish this objective, coal blend samples 
from the Sabinas Basin in Mexico are analysed. Both geophysical 
measurements are compared with proximate analysis, calorific 

value, and total sulphur. The geophysical data will provide 
information about the organic and mineral matter in the coal, and 
the possible carriers of magnetization and radioactivity. 

Geological setting
The Sabinas Basin is located in northeastern Mexico (Figure 1) and 
has a sedimentary filling of evaporitic, carbonate, and siliciclastic 
rocks, deposited from the Middle Jurassic to the present day 
(González-Sánchez et al., 2007). Within the stratigraphic 
sequence, the Olmos Formation is the main carrier of the coal 
beds mined in the region (Corona-Esquivel et al., 2006). This 
formation has a Middle Maastrichtian age and is mainly composed 
of sandstone (Padilla y Sánchez, 1986). The basin is subdivided 
into eight sub-basins (Rivera-Martínez and Alcocer-Valdés, 2003). 
According to MICARE (1982), the coal in the Sabinas Basin 
contains an average of 36.0% fixed carbon, 27.0% volatile matter, 
37.0% ash, and 1.0% sulphur.  

In the preparation of the coal blends from the Sabinas Basin, 
coals from either the same sub-basin or different sub-basins are 
used. Hence, coal blends with characteristics and qualities that 
differ from in-situ coal are obtained. It is therefore necessary to 
assess the quality of the coal blends to be used in the generation 
of electricity. 

Materials and methods
Analysis of the coal blend samples from the Sabinas Basin was 
carried out in several stages (Figure 2). In the first stage, 1004 coal 
blend samples were studied by proximate analysis, calorific value, 
and total sulphur determination. In the second stage, geophysical 
measurements (k and GS) were performed. Finally, the coal blend 
samples were classified based on the geophysical measurements. 
The coal blends were empirically prepared by the coal producers, 
and the coals used were obtained from both open pit mines and 
underground operations.  

Proximate analysis, calorific value, and total sulphur 
The proximate analyses and determinations of the calorific value 
and total sulphur of the coal blends were performed in the coal 
laboratory at the Higher Engineering School of the Autonomous 
University of Coahuila (Mexico). To perform these analyses, the 
samples were crushed, homogenized, and sieved to < 250 mm. A 
mass of 2 kg was obtained for each sample analysed. Moisture 

Figure 1—Location of the Sabinas Basin
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(M) and ash content were determined from the proximate 
analyses using the standards of ASTM D5142-09 (2009). Analyses 
of calorific value (CV) and total sulphur (S) were carried out 
according to the standards of ASTM D5865-10a (2010) and ASTM 
D4239-10e1 (2010), respectively. These analyses were carried out 
on a dry, mineral-matter-free basis.

GS and k measurements
For the GS and k measurements, samples of about 2 kg were 
placed on a wood base with a height of 1 m. At least two 
measurements of GS and five of k were taken on each of the 
1004 samples, resulting in a total of 2008 measurements of GS 
and 7715 of k (Figure 3). Magnetic susceptibility measurements 
were taken using a KT-10 Plus magnetic susceptibility meter 
manufactured by Terraplus Inc. This device was placed directly 
on a flat surface of the sample. Natural gamma radioactivity was 
measured by gamma-ray spectrometry using a portable NaI(Tl) 
g-ray spectrometer (RS-125) manufactured by Radiation Solution 
Inc. Measurements were taken with a count time of 120 seconds 
with the instrument placed directly on the sample surface. Both 
instruments (KT-10 and RS-125) had been factory-calibrated using 
specially designed test pads.  

The spectrometer measures an effective thickness of 
approximately 25 cm with a radius of 1 m (IAEA, 2003). 
Total gamma radiation (Igt in nGy/h) measurements and the 
concentrations of K (%), U (ppm), and Th (ppm) are made using 
the spectrometer. Potassium concentrations are obtained from 
the peak of 40K, while uranium concentrations are estimated 
from the 238U and 235U peaks, and thorium concentrations from 
peaks of the 232Th series. For this reason, the term ‘equivalent’ 
or its abbreviation ‘e’ is used to indicate uranium and thorium 
concentrations (eU and eTh, respectively).

Processing and interpretation
Processing and interpretation were carried out in several stages 
(Figure 2), using statistics of central tendency and dispersion, 
such as arithmetic mean and standard deviation. Relationships 
between the measured data were also determined using a 
correlation analysis using the correlation coefficients (R2) and 
an associated level of significance (r) of 0.05. In the first stage, 

the coal type to which each coal blend sample belonged was 
determined. To this end, proximate analysis, calorific value, and 
total sulphur were used. In the second stage, the characteristics 
of radioactivity and magnetism of every coal type were obtained. 
This also included determining the relationships between coal 
parameters, gamma radioactivity, and magnetic susceptibility. 
In the third stage, the samples of every coal type were classified 
using a combination of GS and k. This classification was made 
to obtain a preliminary assessment of the quality of the blends. 
This assessment included organic and inorganic matter, expressed 
through GS. Specifically, regarding the inorganic matter, this 
geophysical measurement was related to detrital material. The 
assessment also included magnetic mineral content through the k 
data. The GS and k averages of each coal blend sample were used 
in this classification.

Using total gamma radiation values, specifically 20 nGy/h 
(Muñoz-González, 2015), every coal blend type was classified 
into one of two groups (first group: Igt ≤ 20 nGy/h and second 
group: Igt > 20 nGy/h). Muñoz-González (2015) indicates that an 
Igt greater than 20 nGy/h is typical of samples with the highest 
ash content. Values lower than 20 nGy/h are related to coals with 
higher organic matter. Research in other regions of the world has 
also shown a direct relationship between radioactivity and ash 
content (Kayal and Das, 1981; Borsaru et al., 1985; Khalil, Islam, 
and Akon, 2011; Yusefi and Ramazi, 2019).

The two groups established by Igt in each coal type were 
subclassified using k values. into two magnetic groups (first group 
k ≤ 1 x 10-3 SI; second group k > 1 x 10-3 SI). The limit of 1 x 10-3 

Figure 2—Schematic flow diagram of the data acquisition, processing, and interpretation procedure. The box with a thick black line indicates the best-quality 
groups

Figure 3—Geophysical measurements. (a) Gamma-ray spectrometry, (b) 
magnetic susceptibility
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SI was selected considering that the coal blend is a sedimentary 
material that can have a low or a high Fe content (Thomas, 2013). 
According to Clark (1997), a sedimentary rock with high iron 
content has k > 1 × 10-3 SI. Thus, the first group included coal 
samples with low magnetism, whereas the second group included 
samples with high magnetism. Subsequently, each of the groups 
was described and compared with the others, and then the groups 
with the best-quality coal blend samples were selected.  

Results and discussion

Classification and analysis of coal blends from Sabinas Basin 
using proximate analysis, calorific value and total sulphur
In the 1004 coal blend samples studied the CV ranges between 
1.342 and 17.393 MJ/kg, with an arithmetic mean of 12.36 MJ/kg 
and a standard deviation of 2.442 MJ/kg (Table I). The range and 
standard deviation indicate variable quality across the samples 
(Speight, 2005; Thomas, 2013). According to ASTM D388-05 
(2005), the coal blend samples can be classified as lignite A and B 
(Figure 4a). Eighty-six per cent of the samples analysed have a CV 
less than or equal to 14.653 MJ/kg and can be classified as lignite 
B. The remaining 14% have a CV greater than 14.653 MJ/kg and 
can be classified as lignite A. The reported CVs indicate that these 
coal blends can be used efficiently in electricity generation (Oney, 
2020).

The samples studied have a moisture content between 0.23 
and 34 wt%, with an arithmetic mean of 5.4 wt%. Furthermore, 
these samples have an ash content between 8.7 and 84 wt% 
(arithmetic mean 35 wt%), as well as a sulphur content between 
0.02 and 6.5 wt% (arithmetic mean 1.5 wt%) (Table I). The low 
arithmetic mean and narrow standard deviation (3.1 wt%) of the 
moisture content indicate low moisture in most of the studied 
samples. Specifically, 56% of these samples have a moisture 
content below 5 wt%, 43% are between 5 and 20 wt%, and only 1% 
have a moisture content above 20 wt% (Figure 4b). Samples with 
a moisture content close to 34 wt% are located in the medium 
range of the coals, that is, from 5 to 70 wt% according to Rasheed 
et al. (2015). Such high moisture contents can reduce the CV and 

therefore constrain efficiency during the coal-burning process 
(Thomas, 1992).

The variation in ash content and its standard deviation (10 
wt%; Table I) indicate great variability in the relationship between 
the organic matter and the mineral matter of the samples (Acikkar 
and Sivrikaya, 2018). An ash content close to 8.7 wt% (lower 
limit) should be related to samples of higher quality (Rasheed et 
al., 2015). Only 1% of the samples have an ash content below 10 
wt% (Figure 4c). These samples are low in mineral matter, such 
as siliciclastic and authigenic minerals (Acikkar and Sivrikaya, 
2018). According to Finkelman, Dai, and French (2019) and Liu et 
al. (2020), authigenic minerals predominate in coal with low ash 
content (8–10%). Ninety-five per cent of the analysed samples 
have an ash content greater than 20 wt%. These samples,  
and particularly those with an ash content close to 84 wt% 
(upper limit) must contain a low amount of organic matter 
and, therefore, a high content of mineral matter, mainly detrital 
minerals (Finkelman, Dai, and French, (2019);  Liu et al., 2020). 
Such high ash contents adversely influence the quality of the coal 
and the efficiency of the combustion process (Thomas 1992), 
which can have a negative impact on the environment (Noble and 
Luttrell, 2015). 

The variation in sulphur content indicates that some coal 
samples may contain up to 6.5 wt% total sulfphur (Table I), near 
to the sulphur content reported (10 wt%) in coals from other 
regions of the world (Benko et al., 2007; Ruan et al., 2018). Coal 

   Table I

    Descriptive statistics of the proximate analysis, calorific 
value, and total sulphur of Sabinas Basin coal blend samples. 
M: moisture. As: ash. S: total sulphur. CV: calorific value. SD: 
standard deviation

 M (wt%) As (wt%) S (wt%) CV (MJ/kg)

   Minimum 0.23 8.7 0.02 1.342
   Maximum 34 84 6.5 17.393
   Mean ± SD 5.4 ± 3.1 35 ± 10 1.5 ± 0.8 12.36 ± 2.442

Figure 4—Histograms of Sabinas Basin coal blend samples. (a) Calorific value, (b) moisture, (c) ash, (d) total sulphur. I: Lignite B, II: Lignite A. Class intervals 
for CV were taken from ASTM D388-05 (2005). Within or above the vertical bars are the percentages of the total number of samples in each group
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with a total sulphur content of more than 3 wt% is termed high-
sulphur coal (Zhang, Peng, and Zou, 2013). Six per cent of the 
analysed samples have this characteristic (Figure 4d). Such high 
sulphur contents can present considerable environmental risks 
and pose significant problems in coal utilization (Marinov et al., 
2005). When coal is burned, Si-Al, Fe, SO2, Ca, Na, and Mg are 
obtained, potentially polluting the atmosphere through acid rain 
(Benko et al., 2007). Twenty-two per cent of the samples have 
a sulphur content below 1 wt%, while 72% are between 1 and 3 
wt% (Figure 4d). These last two ranges indicate low and medium 
sulphur content, respectively. Samples from both ranges have 
good characteristics for combustion (Kierczak and Chudy, 2014).  

Table II indicates that samples classified as lignite A have 
lower moisture and ash contents, as well as a higher total sulphur 
content than the lignite B samples. Regarding, lignite A, 70% of 
the samples have a moisture content lower than 5 wt%. compared 
with 52% for lignite B. Furthermore, for lignite B, 47% of the 
samples have a moisture content between 5 and 20 wt% (Figure 
4b). For lignite A, only 71% of the samples exceed 20 wt% ash 
content, unlike lignite B, in which 99.5% of the samples contain 
mire than 20 wt% ash (Figure 4c). Eighty-one per cent of lignite 
A samples have a sulphur content greater than 1 wt%, compared 
with 71% for lignite B (Figure 4d). 

The characteristics described indicate that lignite A may be 
more suitable for electricity generation (Speight, 2005) and have 
a lesser environmental impact in terms of ash generated during 
combustion (Yörükoğlu, 2017; Jingchao, Kotani, and Saijo, 2019). 
However, these samples would generate more sulphur-related 
pollution. The standard deviations of the four parameters indicate 
that lignite B is more heterogeneous in its CV and ash and sulphur 
contents (Table II). This characteristic suggests greater variability 
in the energy efficiency and environmental impact of lignite B 
compared to lignite A.

Radioactive and magnetic characteristics of coal blends  
(lignites A and B)
Given that the samples are made up of mixtures of different coal 
types from the Sabinas Basin, great variations can be expected in 
both geophysical measurements. 

Gamma-ray spectrometry (GS) of lignite B
The Igt and K, eU, and eTh data show great variation in lignite 
B (Table III), suggesting large differences in the compositions 
of these samples. These differences depend on the relationship 
between organic matter and mineral matter, as well as on the 
mineral content. The detrital minerals in coal may include clays, 
silicates, sulphates, carbonates, oxides, and hydroxides of iron, 
may appear (Thomas, 2013). XRD analysis of the samples showed 
that kaolinite, halloysite, calcite, quartz, pyrite, and goethite are 
present (Figure 5). Generally, the considerable content of detrital 
material can result in high Igt values (Khalil, Islam, and Akon, 
2011).  

Magnetic susceptibility (k) of lignite B
In the coal samples classified as lignite B, the k values vary from 
0.004 to 21.4 x 10-3 SI, with a mean of 0.2 x 10-3 SI and standard 
deviation of 0.7 x 10-3 SI (Table III). These statistical results show 
that this coal type exhibits highly varied magnetic properties, 
ranging from slightly paramagnetic to very ferromagnetic. The 
magnetism must be linked to the detrital and authigenic minerals. 
The X-ray diffraction analysis (Figure 5) suggests the presence of 
clays (kaolinite and halloysite), Fe sulphsides (pyrite) andoxides 
(goethite), carbonates (calcite), and quartz in both groups of 
minerals. Also, ferromagnetic minerals, such as magnetite, 
ilmenite, titanomagnetite, and pyrrhotite may be present 
(Thomas, 2013). Fe sulphides, particularly pyrite, can oxidize to 
form oxides such as magnetite (Hladil et al., 2006).

   Table II
    Descriptive statistics for proximate analysis, calorific value, and total sulphur of Sabinas Basin coal blends. M: moisture, As: ash, 

S: total sulphur. CV: calorific value. M,  As, and S in wt%, CV in MJ/kg. The number of samples in each group is indicated within 
parentheses

  Lignite A (139)   Lignite B (865) 
 Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD

   M 1.12 33.9 4.34 ± 3.19 0.23 31.6 5.57 ± 3.14
   As 11.2 48.4 21.8 ± 5.64 8.7 84.3 36.8 ± 9.6
   S 0.68 5.61 1.64 ± 0.72 0.16 6.47 1.53 ± 0.79
  CV 14.65 17.39 15.47 ± 0.69 1.34 14.65 11.86 ± 2.2

   Table III

    Descriptive statistics for k and GS of Sabinas Basin coal blend samples. k  × 10-3 SI, Igt in nGy/h, K in %, eU and eTh in ppm.  
The number of samples in each group is indicated within parentheses 

  Lignite A (139)   Lignite B (865) 
  1089 measurements of k and 280 of GS   6618 measurements of k and 1731 of GS

 Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD

   k 0.01 0.66 0.1 ± 0.08 0.004 21.4 0.2 ± 0.7
   Igt 3.5 52 21 ± 5 3 54 22 ± 5
   K 0 0.8 0.2 ± 0.1 0 3.5 0.24 ± 0.17
   eU 0.1 5.3 1.7 ± 0.7 0 5.5 1.8 ± 0.75
   eTh 0 14.9 3.3 ± 1.48 0 13.9 3.6 ± 1.5
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Relationship of coal parameters with gamma radioactivity and 
magnetic susceptibility of lignite B
In the lignite B coal samples, total gamma intensity is mainly 
related to eTh (R2 = 0.70) and eU (R2 = 0.59). Therefore, the 
natural gamma radioactivity is related to both mineral and organic 
matter (Parzentny and Róg, 2019). The eTh is related to mineral 
matter (Dai and Finkelman, 2017), whereas U may be related 
to both matter types and can occur in minerals such as zircon, 
rare earths, and phosphates (Hower, Dai, and Eskenazy, 2016). 
Since coals with rank from lignite to sub-bituminous were used 
to prepare the blends, the occurrence of U in minerals must be 
linked to high-ranking coals (Swaine, 1990). The CV shows a 
high negative correlation with ash content (R2 = –0.86) and is to 
a certain degree negatively correlated with moisture (R2 = -0.33). 
This relationship indicates that the variations in the CV are related 
to the ash and moisture content. An increase in the CV in these 
samples is subject to decreases in the content of both parameters. 
Moisture is to a certain degree correlated with ashs (R2 = 0.21), 
indicating that the former is mainly related to the mineral matter. 
The k shows a certain degree of positive correlation with ash (R2 
= 0.25) and also a negative correlation with CV (R2 = -0.25). This 
suggests that there are magnetic minerals in the ash fraction, and 
therefore an increase in the ash content is accompanied by an 
increase in k and a decrease in the CV. 

Gamma-ray spectrometry of lignite A 
The coal samples classified as lignite A have lower levels of 
radioactivity than the lignite B samples. In the lignite A samples, 
the Igt as well as the K, eU, and eTh content are also varied, but 
less so than in lignite B (compare the standard deviations in Table 
III). This difference indicates greater radioactive homogeneity in 
lignite A. The radioactive characteristics of lignite A are related to 
the lower ash content and higher CV (Table II). Both parameters 
indicate a lower quantity of inorganic matter and, therefore, a 
higher quality in these samples. These samples contain fewer 
U- and Th-bearing minerals such as monazite and therefore emit 
less radioactive pollution to the environment when combusted 
(Hower, Dai, and Eskenazy, 2016; Parzentny and Róg, 2019).

Magnetic susceptibility of lignite A
The lignite A samples have lower k values than lignite B (Table 
III). In lignite A, k varies from 0.01 to 0.66 x 10-3 SI, with an 
arithmetic mean of 0.1 x 10-3 SI and standard deviation of 0.08 x 
10-3 SI (Table III). These statistics also indicate that the lignite A 
samples are magnetically less heterogeneous than the lignite B 
samples. The magnetism of the lignite A sample is mainly linked 
to paramagnetic minerals such as clays, sulphides, carbonates, and 
iron silicates (Thomas, 2013).

Relationship of coal parameters with gamma radioactivity and 
magnetic susceptibility of lignite A
In the lignite A samples, some of the relationships between 
the measured data are similar to those evident in the lignite B 
samples. The radioactivity of lignite A is also related to both 
mineral and organic matter (Parzentny and Róg, 2019) because 
the Igt is mainly linked with eTh (R2 = 0.60) and eU (R2 = 
0.51). Furthermore, in lignite A the CV shows strong a negative 
correlation with the ash content (R2 = -0.73), indicating that 
the increase in the CV is due to a decrease in the ash content. 
Similarly, the moisture content is to a certain degree correlated 
with the ash content (R2 = 0.37), indicating a relationship between 
moisture and coal mineral matter. k is to a certain degree 
correlated with the K content (R2 = 0.30). This relationship 
suggests that the low k of the lignite A samples is to a certain 
extent due to paramagnetic minerals (Bábek et al., 2010) such as 
clays and micas (Thomas, 2013).

Classification of the coal blends according to the GS and k 
values 

The variations in the proximate analysis parameters, CV, and 
total sulphur may indicate differences in the GS and k values, and 
therefore in the quality of the analysed coal samples. Samples with 
particularly high k values appear to contain iron-rich minerals 
such as oxides, sulphides, silicates, and carbonates (Speight, 
2005; Thomas, 2013). These samples probably have considerable 
inorganic matter content. Organic-matter-rich samples may have 

Figure 5—Minerals identified in two coal samples of the Sabinas Basin by X-ray diffraction. (a) Clay minerals, calcite, pyrite, and quartz, (b) calcite, goethite, 
and quartz
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high U-related radioactivity (Duan et al., 2018). Also, samples 
with a high clastic material content (siliciclastic) may have high 
radioactivity levels (Khalil, Islam, and Akon, 2011). We propose 
classifying the coal blend samples studied in terms of their k and 
GS values.

Classification of coal blends using GS 
Using natural gamma radioactivity, the coal types of the studied 
blends (lignites A and B) can be classified into two groups (groups 
1 and 2 in lignite B; groups 3 and 4 in lignite A). The first group  
in each lignite type comprises coal blend samples with Igt ≤ 20 
nGy/h, and the second group, coal blends with Igt > 20 nGy/h 
(Figure 6). The first group of each coal type is considered to 
include the least radioactive and the highest quality coal blend 
samples relative to the second group. The first group of each coal 
type may have a high content of organic matter, assuming that in 
these samples radioactivity is mainly related to detrital material 
(Khalil, Islam, and Akon, 2011). Seventy-three per cent of the 
lignite B samples are located in radioactive group 2 (Figure 6), 
that is, in the lowest-quality group according to the radioactivity 
values. As regards lignite A, 54% of the samples belong to 
radioactive group 4.   

Analysis of lignite B radioactive groups (group 1 and 2) 
The descriptive statistical results for each radioactive group of 
lignite B are shown in Table IV. Group 1 is less magnetic and 
radioactive than group 2. Also, group 1 has lower ash and moisture 
contents and a higher S content. This group is more homogeneous 
in its k and radioactivity, as well as in its ash content and CV. 
These characteristics suggest a lower content of detrital material 
and Fe-rich minerals in the group 1 coal blend samples. 

In lignite B group 1, radioactivity is related to eTh (R2 = 0.63), 
eU (R2 = 0.36) and K (R2 = 0.33), and K also tends to correlate with 
eTh (R2 = 0.26). In group 2, radioactivity is related only to eTh 
(R2 = 0.67) and eU (R2 = 0.52). These relationships in both groups 
suggest that the radioactivity of the samples is related to both 
organic and mineral matter, mainly detrital minerals (Pehlivanli 
et al., 2014). The correlation between K and eTh reflects the 
concentration of siliciclastic components in the samples (Bábek 
et al. 2010). In both groups, the CV has a negative correlation with 
k (group 3: R2 = -0.23; group 4: R2 = -0.26), the moisture content 
(group 3: R2 = -0.30; group 4: R2 = -0.34), and the ash content 
(group 3: R2 = -0.85; group 4: R2 = -0.85). These relationships are 
expected for coal samples because increases in ash, moisture, and 

Fe-rich mineral matter (Bolortuya et al., 2013) cause a decrease in 
the CV. In group 2, the ash content is positively related to k (R2 = 
0.27) and moisture content (R2 = 0.22), confirming the previous 
approach. 

Analysis of lignite A radioactive groups (groups 3 and 4)
The radioactive groups 3 and 4 of lignite A have similar 
characteristics to groups 1 and 2 of lignite B (Tables IV and 
V). Lignite A group 3 has lower magnetic susceptibility and 
radioactivity than group 1, as well as a higher CV and sulphur 
content and a lower moisture and ash content. Therefore, group 3 
includes the highest quality coal blend samples within lignite A.

In the group 3 coal blend samples, radioactivity is related to 
eTh (R2 = 0.45), K (R2 = 0.28), and eU (R2 = 0.23). eTh is positively 
related to K (R2 = 0.36) and negatively related to eU (R2 = -0.33). 
The CV has an expected negative relationship with ash (R2 = 
-0.80) and moisture content (R2 = -0.31). Both parameters are 
also positively related to each other (R2 = 0.30). Furthermore, the 
CV has a possible positive correlation with eU (R2 = 0.20). These 
relationships indicate radioactivity linked to organic and mineral 
matter. Organic matter may provide the highest U content, 
whereas clay minerals can provide the Th and K content.

In group 4, the lignite A samples have radioactivity related 
to eTh (R2 = 0.55) and eU (R2 = 0.51). The latter element tends 
to be negatively related to eTh and K (R2 = -0.23 and R2 = -0.26, 
respectively). This relationship indicates that radioactivity is 
also linked to the organic and mineral matter of the samples. 
Additionally, U is related to organic matter (Duan et al., 2018). 

Figure 6—Coal blends of the Sabinas Basin grouped by radioactivity. 
Groups 1 and 3: Igt ≤ 20 nGy/h and groups 2 and 4: Igt > 20 nGy/h. The 
figures inside the vertical bars are the percentages of the total number of 
samples in each group

   Table IV

    Descriptive statistics of the lignite B radioactive groups. Group 1: Igt ≤ 20 nGy/h; group 2: Igt > 20 nGy/h. M, ash, and S in wt%. CV in 
MJ/kg. k × 10-3 SI. Igt in nGy/h. K in %. eU and eTh in ppm. The amount of sample in each group is indicated in parentheses

  Group 1 (238)   Group 2 (627) 
 Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD

   k 0.01 1.9 0.12 ± 0.2 0.01 17.6 0.21 ± 0.84
   Igt 3.9 20 17 ± 3.4 20 50 24 ± 4
   K 0 1.35 0.21 ± 0.14 0 1.9 0.25 ± 0.14
   eU 0.2 3.35 1.39 ± 0.5 0.05 4.9 1.95 ± 0.64
   eTh 0.15 5.1 2.86 ± 0.98 0.9 12 3.94 ± 1.4
   M 0.23 24 5.3 ± 2.7 1 31.6 5.6 ± 3.2
   Ash 17.8 74 34.8 ± 7.7 8.7 84 37 ± 10
   S 0.38 5.5 1.58 ± 0.86 0.16 6.47 1.51 ± 0.76
   CV 2.62 14.64 12.3 ± 1.85 1.34 14.65 11.7 ± 2.33
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Furthermore, the CV has an expected negative relationship with 
the ash content (R2 = -0.68). Ash is also positively related to the 
moisture content (R2 = 0.39). The negative relationship between 
eTh and eU in both groups suggests a different origin of the two 
radioactive elements. The Th probably has a detrital origin and the 
U an organic origin (Dai and Finkelman, 2017).  

Classification of coal blends using k 
Each radioactive group is divided into two magnetic groups: a first 
magnetic group with k ≤ 1 × 10-3 SI values and a second with k > 1 
× 10-3 SI values. All coal blend samples for lignite A type have k ≤ 
1 × 10-3 SI, and therefore radioactive groups 3 and 4 are included 
within the first magnetic group (Table VI). 

In lignite B, radioactive groups 1 and 2 are both divided into 
two magnetic groups. Radioactive group 1 is divided into magnetic 
groups 5 and 6, and radioactive group 2 into magnetic groups 

7 and 8 (Figure 7). Magnetic groups 5 and 7 include 98% of the 
samples in each of the radioactive groups (group 1 and 2). This 
classification shows that most of the analysed coal blends have 
low levels of magnetic mineral content. Both magnetic groups 
include the highest-quality lignite B samples. Within radioactive 
group 1, magnetic group 5 has higher CV and lower ash and 
sulphur content than magnetic group 6 (Table VI). Also, the CV 
and as content have less variability in group 5. In radioactive 
group 2, magnetic group 7 also has a higher CV and lower ash and 
sulphur content than magnetic group 8. The CV and ash content 
are also lower in group 7.  

In magnetic groups 5 and 7, radioactivity (Igt) is mainly 
related to eTh (R2 = 0.64 and R2 = 0.67, respectively) and eU (R2 = 
0.36 and R2 = 0.52, respectively). In group 5, radioactivity is also 
related to K (R2 = 0.34). This latter element shows a tendency 
to positively correlate with eTh (R2 = 0.27). In group 7, K tends 

   Table V

    Descriptive statistics of the lignite A radioactive groups. Group 3: Igt ≤ 20 nGy/h; group 4: Igt > 20 nGy/h. M, ash, and S in wt%. CV in 
MJ/kg. k × 10-3 SI. Igt in nGy/h. K in %. eU and eTh in ppm. The amount of sample in each group is indicated in parentheses 

  Group 3 (64)   Group 4 (75) 
 Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD

   k 0.01 0.38 0.09 ± 0.06 0.01 0.3 0.11 ± 0.06
   Igt 4.8 20 17 ± 3.2 20.1 47 23.6 ± 4.27
   K 0 0.55 0.18 ± 0.1 0 0.7 0.24 ± 0.12
   eU 0.55 3.2 1.54 ± 0.53 0.25 3.85 1.96 ± 0.65
   eTh 0.2 5.55 2.78 ± 1.08 1.25 11.5 3.7 ± 1.25
   M 1.13 11.6 3.89 ± 1.89 1.12 33.9 4.7 ± 3.9
   Ash 11.6 36.5 20.8 ± 5.1 11.2 48.4 22.5 ± 5.9
   S 0.68 5.61 1.82 ± 0.85 0.75 3.37 1.49 ± 0.56
   CV 14.69 17.39 15.59 ± 0.73 14.65 17.23 15.37 ± 0.63

   Table VI

    Descriptive statistics of the magnetic groups of lignite B samples. Groups 5 and 7: k ≤ 1 × 10-3 SI; groups 6 and 8: k > 1 × 10-3 SI. M, ash 
and S in wt%. CV in MJ/kg. Igt in nGy/h. K in %. eU and eTh in ppm. The amount of sample in each group is indicated in parentheses

Radioactive group 1 
  Magnetic group 5 (234)  Magnetic group 6 (4) 
 Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD

   Igt 3.9 20 17 ± 3.4 15.6 17.9 16.7 ± 1
   K 0 1.35 0.21 ± 0.14 0.1 0.4 0.2 ± 0.13
   eU 0.2 3.35 1.39 ± 0.5 0.85 1.95 1.35 ± 0.46
   eTh 0.15 5.1 2.86 ± 1 2.15 3.4 2.7 ± 0.5
   M 0.23 24 5.3 ± 2.7 2.87 4 3.3 ± 0.5
   Ash 20 74 34.7 ± 7.2 17.8 62 39 ± 23
   S 0.38 5.5 1.58 ± 0.87 1.34 1.97 1.74 ± 0.29
   CV 2.62 14.64 12.35 ± 1.72 4.2 14.53 9.43 ± 5.37

Radioactive group 2 
  Magnetic group 7 (612)  Magnetic group 8 (15)

   Igt 20.05 49.5 23.8 ± 4.2 20.3 31.3 24 ± 3.16
   K 0 1.9 0.25 ± 0.14 0.1 0.45 0.24 ± 0.09
   eU 0.05 4.9 1.95 ± 0.64 0.9 2.25 1.78 ± 0.4
   eTh 0.9 12 3.93 ± 1.41 2.5 6.8 4.48 ± 1.23
   M 1.0 26.4 5.6 ± 3.1 1.72 31.6 7.52 ± 7.51 
   Ash 8.7 79.9 37 ± 9.2 31.2 84.3 61.4 ± 14.2
   S 0.16 6.47 1.51 ± 0.76 0.67 3.08 1.57 ± 0.54
   CV 1.38 14.65 11.82 ± 2.14 1.34 13.56 6.68 ± 3.9
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to correlate positively with eU (R2 = -0.26). These relationships 
in both magnetic groups indicate a link between radioactivity 
and both the organic and inorganic matter of the samples. The 
siliciclastic component of the samples provides the Th and K 
content. The U content must be provided by the organic matter 
and the siliciclastic material. In both groups, the CV shows 
expected negative relationships with the ash content (R2 = -0.84 
in group 5; R2 = -0.85 in group 7) and the moisture content (R2 
= -0.34 in group 5; R2 = -0.35 in group 7). In the most radioactive 
group (group 7), the moisture content is positively related to the 
ash content (R2 = 0.23), and therefore to the inorganic material in 
the samples.

Quality of coal blend groups
Analysis of radioactive groups 1 and 2 indicates that the first 
group is of higher quality according to its ash content and CV, 
as well as in terms of its radioactivity and magnetism. However, 
this group has the highest sulphur content, so combustion may 
have a greater negative impact on the environment. The statistical 
analysis shows that only 4% of the samples in this group have an S 
content greater than 3 wt%, hence the impact on the environment 
will be low (Marinov et al., 2005; Zhang, Peng, and Zou, 2013). The 
increase in S content in higher quality lignite B samples (i.e., those 
with higher CV) suggests that sulphur is mainly linked to organic 
matter (Olivella et al., 2002; Duan et al., 2018). Sulphur may be 
provided by pyrite of an organic origin. 

In the lignite A samples, analysis of radioactive groups 3 and 
4 indicates that group 3 contains the highest quality coal blend 
samples. Comparing these radioactive groups in both types of 
lignites (Tables IV and V), it is inferred that group 3 (lignite A) has 
lower k and K, eTh, moisture, and ash content, as well as higher U 
and S and a higher CV than group 1 (lignite B). These differences 
indicate that group 3 includes the highest quality samples, 
although with higher sulphur contents. A total of 4.7% of the 
group 3 samples have an S content greater than 3 wt%. In lignite B, 
only 4% of the group 1 samples exceed this S content. Therefore, 
the group 3 samples may pollute the environment more but 
generate less ash (Munawer, 2018), implying less risk of pollution 
and work in handling the ash. Group 4 (lignite A) also has lower k, 
radioactivity, and ash and moisture content than group 2 (lignite 
B). These characteristics and the higher CV indicate that group 
4 has a higher quality than group 2. The lignite A group also 
has a lower sulphur content, suggesting a lower impact on the 
environment when the coal is combusted.

The characteristics of the lignite B magnetic groups indicate 
that the first magnetic groups within each radioactive group 
(groups 5 and 7 with k ≤ 1 × 10-3 SI) are composed of the highest 
quality coal blend samples. Group 5 belongs to radioactive group 
1 and is not only less radioactive than group 7, but also has higher 
a CV and sulphur content, and lower ash and moisture contents 
(Table VI). Furthermore, group 5 presents less variability in the 
CV and higher variability in sulphur content. Based on these 
characteristics, the group 5 coal blend samples are considered to 
be of higher quality than group 7 in terms of their suitability for 
energy generation. However, the higher sulphur content of group 
5 can cause more environmental pollution during combustion. 
Group 7 has a very similar sulphur content to that of lignite A 
group 4. Therefore, the samples of both groups appear to present 
similar environmental behaviour regarding the sulphur content.

Out of the eight analysed groups, four can be regarded 
as containing the best-quality coal blend samples for energy 
generation: the two groups of lignite A (radioactive groups 3 and 
4), and the magnetic groups 5 and 7 of lignite B. Group 3 has the 
highest quality, followed by group 4, group 5, and finally group 7. 
The group 3 coal blend samples can be identified as lignite type A 
coal with Igt values ≤ 20 nGy/h. These samples have the highest 
CV and sulphur content, as well as the lowest ash and moisture 
content. The group 4 samples can be identified as lignite-type A 
coal with Igt values > 20 nGy/h. The samples of this last group 
and group 7 are characterized by the lowest sulphur content. The 
samples in group 5 can be identified as lignite type B coal with Igt 
≤ 20 nGy/h and k ≤ 1 × 10-3 SI. Group 7 includes lignite type B coal 
samples, identified by Igt > 20 nGy/h and k ≤ 1 × 10-3 SI.

Regarding the possible environmental pollution produced by 
the sulphur content of the coal, groups 4 and 7 are considered 
to have the best quality, followed by group 5, and finally group 3. 
Therefore, this analysis suggests obtaining coal blends that are 
included in these four groups, but preferably in groups 4 and 7, 
which would have high energy efficiency and cause minimum 
environmental pollution. 

Proposal for preliminary selection of  the best quality coal 
blends combining GS and k data
Based on this analysis and following the schematic flow diagram 
shown in Figure 2, a new methodology is proposed for preliminary 
selection of the best quality coal blends using only GS and k 
data. This methodology consists of five steps, proposed from the 
analysis of coal blend samples from the Sabinas Basin (Figure 8). 

Figure 7—Magnetic groups of lignite B coal blends grouped according to k. Groups 5 and 7: k ≤ 1 × 10-3 SI; groups 6 and 8: k > 1 × 10-3 SI. Within or above the verti-
cal bars are the percentages of the total number of samples in each group
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In the first step, GS and k measurements are made on 
coal blend samples using a handheld susceptibility meter and 
a spectrometer. The characteristics of the samples and the 
laboratory conditions described in the methodology section of 
this paper must be followed. In the second step, samples with k 
values ≤ 1 × 10-3 SI are grouped (magnetic groups). This second 
step allowed a group with coal blend samples classified as lignite 
type A (groups 3 and 4) or lignite type B (groups 5 and 7) to be 
identified in the Sabinas Basin. In the third step, the magnetic 
group is classified using an Igt value ≤ 20 nGy/h, and a new group 
is obtained which will be made up of only lignite A samples 
(group 3) and the best quality samples of lignite B (group 5) of the 
Sabinas Basin. Previous analyses indicate that the samples in this 
new group have the highest CVs and the lowest ash and moisture 
contents. In this basin, the samples classified as lignite A have CVs 
highest than 14, and ash and moisture contents less than 37 and  
12 wt%, respectively. The lignite B samples have CVs greater  
than 2.5 and ash and moisture contents less than 74 and  
24 wt%, respectively. In the fourth step, the last group is obtained, 
comprising the samples that not only have the described quality, 
but also the lowest sulphur content. The samples of this last group 
will have high energy efficiency, and the combustion process 
will cause less environmental pollution related to sulphur. To 
identify this last group, an Igt value > 20 nGy/h is applied to the 
sample group obtained in step two. This last group will be made 
up of lignite type A (group 4) and lignite type B samples (group 
7) in such a basin. The lignite A samples have CVs higher than 14, 
andash, moisture, and sulphurS contents less than 49, 34, and 4 
wt%, respectively. The lignite samples B have CVs greater than 
1.38, andash, moisture, and sulphur contents less than 80, 27, and 

7 wt%, respectively. To apply this methodology, the quality of both 
radioactive groups will be analysed (fifth step). This verifying is 
carried out by measuring CV, ash, moisture, and sulphur content 
in at least 10% of the total coal blend samples from both groups. 
The 10% is validated through the Student t-test (alpha= 0.5) 
in a control sample (see Table VII). For this verification, the 
samples must be classified as lignite A or B according to the CV. 
Subsequently, the CV and the ash, moisture, and sulpur contents 
are compared with the ranges previously established for the two 
radioactive groups. We suggest that the values from these four 
parameters should be within the ranges obtained in the Sabinas 
Basin.

Given that GS and k measurements with portable equipment 
are fast and cheap to make, with the help of this methodology 
it is possible to control the coal blending process. This can 
considerably reduce the amount of proximate analysis required 
and the determination of CV and total sulphur, but would not 
replace conventional methods that determine these parameters. 
Therefore, applying this methodology will have an economic 
impact because it will reduce the time and cost required 
for preliminary assessment of the quality of coal samples. 
Accordingly, it will have a significant impact on the conservation 
of the environment because it will allow sample groups that 
generate less ash and atmospheric pollution related to sulphur to 
be selected.

Conclusions
A new methodology is proposed for the preliminary assessment 
of the quality of coal blend samples´ by combining gamma-ray 
spectrometry and magnetic susceptibility measurements using 

Figure 8—Schematic flow diagram illustrating the new methodology proposed for preliminary assessment of coal blend quality, combining gamma-ray spec-
trometry and magnetic susceptibility

   Table VII

   T-test results for validating the quality control sample size of the two radioactive groups

Radioactive group 1 (Igt ≤ 20 nGy/h) 
                                           Test control                                           Test experimental 
   Proximate  analysis Mean Variance Degrees of freedom t statistical t critical Mean Variance

   CV 5466 775.28 30 0.897 2.042 5591 925.6
   Ash 29.97 9.15 30 1.141 2.042 31.84 9.22
   M 4.60 1.91 30 1.190 2.042 5.01 2.62
   S 1.53 0.79 30 0.705 2.042 1.64 0.87

Radioactive group 2 (Igt > 20 nGy/h) 
                                              Test control                                                                                 Test experimental
   CV 5273 762 71 -0.816 1.993 5200 1070
   Ash 35.09 10.06 71 0.757 1.993 35.99 10.81
   M 5.41 2.65 71 0.533 1.993 5.57 3.38
   S 1.44 0.67 71 0.862 1.993 1.51 0.74
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handheld equipment. Coal blend samples from the Sabinas Basin 
in Mexico were studied following the proposed method. From the 
radiometric and magnetic susceptibility data, sample groups with 
different quality ranges related toash, moisture, and total sulphur 
contents and CV values were obtained. These groups may have 
different combustion qualities during electricity generation, and a 
different environmental impact. Magnetic susceptibility values ≤ 1 
× 10-3 SI and total gamma intensity ≤ 20 nGy/h group better-quality 
coal blend samples characterized by the highest CVs and lowest 
ash and moisture contents. Also, magnetic susceptibility values 
≤ 1 × 10-3 SI with total gamma intensity > 20 nGy/h group good-
quality coal blend samples characterized by a low sulphur content. 
The samples from this group will generate less sulphur-related 
environmental pollution. This methodology does not replace the 
conventional methods of assessing coal quality but can help with 
quality control in the coal blending process. It can also contribute 
to reducing the volume of laboratory analysis. 
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Tel: 011 538-0238 
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za

13–16 June 2022 — EXPONOR Chile 2022 International 
Exhibition of  Technologies and Innovations for the 
Mining and Energy Industry 
Chile 
Website: https://www.aia.cl/ 
Website: https://www.exponor.cl/ 

14–16 June 2022 — Water | Managing for the Future  
Online Conference 
Vancouver, BC, Canada 
Website: https://www.mineconferences.com 
Website: http://www.saimm.co.za

20–23 June 2022 — International Exhibition of 
Technologies and Innovations for the Mining and  
Energy Industry 
Chile 
Website: https://www.aia.cl/

21–24 June 2022 — Mine to Mill Reconciliation: 
Fundamentals and tools for productivity improvement 
Online Short Course 
Contact: Camielah Jardine 
Tel: 011 538-0238  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

30 June 2022 — Introduction to The SAMREC and 
SAMVAL Codes Online Course 
Contact: Gugu Charlie 
Tel: 011 538-0238 
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za 

21–23 August 2022 — International Mineral Processing 
Congress Asia-Pacific 2022 (IMPC) 
Melbourne, Brisbane + online 
Website: https://impc2022.com/

21–25 August 2022 — XXXI International Mineral  
Processing Congress 2022 
Melbourne, Australia + Online 
Website: www.impc2022.com

24–25 August 2022 — Battery Materials Conference 2022 
Misty Hills Conference Centre, Muldersdrift, 
Johannesburg, South Africa 
Contact: Gugu Charlie 
Tel: 011 538-0238  
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za

8–14 September 2022 — 32nd Society of Mining Professors 
Annual Meeting and Conference 2022 (SOMP) 
Windhoek Country Club & Resort, Windhoek, Namibia 
Contact: Camielah Jardine 
Tel: 011 538-0238  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

15–20 September 2022 — Sustainable Development in 
the Minerals Industry 2022 10th Internationl Hybrid 
Conference (SDIMI) ´Making economies great through 
sustainable mineral development´ 
Windhoek Country Club & Resort, Windhoek, Namibia 
Contact: Gugu Charlie 
Tel: 011 538-0238  
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za

28–29 September 2022 — Thermodynamic from Nanoscale 
to Operational Scale (THANOS) International Hybrid 
Conference 2022 on Enhanced use of Thermodynamic 
Data in Pyrometallurgy Teaching and Research 
Mintek, Randburg, South Africa 
Contact: Camielah Jardine 
Tel: 011 538-0238  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

4–6 October 2022 — 18th MINEX Russia Mining and 
Exploration Forum  
Moscow 
Website: https://2021.minexrussia.com/en/contact-forum-
organisers/

12–13 October 2022 — Mine-Impacted Water Hybrid 
Conference 2022 ´Impacting the Circular Economy´ 
Mintek Randburg, South Africa 
Contact: Camielah Jardine 
Tel: 011 538-0238  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

2–4 November 2022 — PGM The 8th International  
Conference 2022 
Sun City, Rustenburg, South Africa 
Contact: Camielah Jardine 
Tel: 011 538-0238  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

13–17 November 2022 — Copper 2022 
Santiago, Chile 
Website: https://copper2022.cl/

28 November –1 December 2022 — South African 
Geophysical Association’s 17th Biennial Conference & 
Exhibition 2022 
Sun City, South Africa 
Website: https://sagaconference.co.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
Allied Furnace Consultants 
AMEC Foster Wheeler
AMIRA International Africa (Pty) Ltd
ANDRITZ Delkor (Pty) Ltd
Anglo Operations Proprietary Limited
Anglogold Ashanti Ltd
Arcus Gibb (Pty) Ltd
ASPASA
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
Castle Lead Works
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing  
SA Pty Ltd
CSIR Natural Resources and the  
Environment (NRE)
Data Mine SA
Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
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
Gravitas Minerals (Pty) Ltd
Hall Core Drilling (Pty) Ltd
Hatch (Pty) Ltd
Herrenknecht AG
HPE Hydro Power Equipment (Pty) Ltd 
Huawei Technologies Africa (Pty) Ltd
Immersive Technologies 
IMS Engineering (Pty) Ltd
Ingwenya Mineral Processing (Pty) Ltd
Ivanhoe Mines SA
Joy Global Inc.(Africa)
Kudumane Manganese Resources
Leica Geosystems (Pty) Ltd
Loesche South Africa (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
Mining Projections Concepts 
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
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
Rams Mining Technologies
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
SISA Inspection (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
Traka Africa (Pty) Ltd 
Ukwazi Mining Solutions (Pty) Ltd
Umgeni Water
Webber Wentzel
Weir Minerals Africa
Welding Alloys South Africa
Worley 
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BACKGROUND
Due to the global increase in urbanization, pressure is being placed on governments and 
the public sector to provide expanded services such as safe and reliable public transport, 
electricity, gas, water and sewage facilities. 
This results in further development of road, rail and metro infrastructure. However, the 
availability of space for this necessary infrastructure in the urban environment is becoming a 
major challenge. In order to keep up with this increasing demand, Civil Contractors are having 
to resort to tunnelling more than ever before and, in order to deliver these services timeously, 
tunnel boring and mechanized underground excavation and support installation is proving to 
be cost effective. 
Furthermore, the fast, efficient and safe abstraction of raw mineral reserves is of strategic 
importance for leading mining companies. The South African mining sector needs to 
mechanize at a faster pace in order to remain globally competitive. 

Tunnel boring  
in civil engineering  
and mining

SANCOT  
SYMPOSIUM 2022
8-9 NOVEMBER 2022 
THE VINEYARD HOTEL, NEWLANDS,  
CAPE TOWN, SOUTH AFRICA

THEME
This conference is in response to the Civil and Mining industry being under immense pressure 
to deliver projects fast, efficiently and as safely as possible. Tunnel boring and mechanized 
underground excavation and support installation is proving to be an invaluable and cost 
effective tool in the execution of a project. Technology exists for mechanized excavation 
where tunnels can be excavated from as small as 300 mm to in excess of 18 metres in order to 
access ore bodies, build road or railway tunnels, mining access and excavations, facilitate the 
installation of utilities, construct storage caverns for gas and oil, etc. 

Gugu Charlie  
Conference Co-ordinator
E-mail: gugu@saimm.co.za

FOR FURTHER INFORMATION CONTACT:
Tel: +27 11 538-0238
Web: www.saimm.co.za



With a keen focus on environmental sustainability and a commitment to ongoing research, Exxaro’s FerroAlloys operation has 
fast grown into one of the leading suppliers of ferrosilicon in the world.
A subsidiary of Exxaro Resources, one of the largest and foremost black-owned South Africa-based diversified resources 
companies, Exxaro FerroAlloys has over the last two decades, developed two ground-breaking processing technologies aimed 
at improving beneficiation processes. 
Through this research, Exxaro has been able to increase the recovery of mineral products from low grade stockpiles, resources 
and waste dumps to overcome global mining challenges such as depleting reserves and resource quality issues.
Busi Bane, Head of Production at Exxaro FerroAlloys explains, “In line with our operational principle of efficiency and innovation, 
we believe that through constant scientific exploration and discovery we can enhance our product to the highest quality yet 
maintain a net positive impact on the environment.”  
Exxaro FerroAlloys supplies top quality ferrosilicon which is atomised using nitrogen gas and specifically tailored in various 
particle size distributions. The product can also be tailored for most application requirements and specific blends can be created 
for an ore body.
The ferrosilicon product has superior qualities with respect to sphericity, homogeneity, degradation resistance, specific gravity, 
corrosion resistance and magnetism.
The production process guarantees that each ferrosilicon particle is consistently spherical, solid and dense to ensure superior 
performance as a dense medium compared to conventional atomisation methods using water and steam. The superior physical 
properties result in enhanced beneficiation yields.
Bane concludes, “As with all Exxaro products, we are confident of quality and production capability which we benchmark against 
global standards. Our team also possesses extensive experience and knowledge in mineral processing and technical support 
is available to all our customers. Such is our attention to detail that we make sure all packaging used is safe, water resistant, 
durable, stackable and biodegradable.” 

The company is ISO 9001, 
ISO 14001 and ISO 45001 
certified and adheres to 
strict control measures to 
ensure compliance with 
all quality, environmental, 
health and safety standards.

Exxaro a leader in 
ferrosilicon supply 
in the SA market

https://www.exxaro.com
+27 12 307 8519 / +27 12 307 3489

https://www.exxaro.com/

