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Journal Comment
Mining Business Optimization 2015

T

he SAIMM’s Technical Programme Committee (TPC)
identified the need for a conference on the topic of
mining business optimization based on repeated
references and discussions in the ranks of mining company
representatives. In March 2015 a two-day conference was
subsequently held at the premises of Mintek.
Keynote speakers Alan King of Anglo American and
Jeremy Gardiner of Investec addressed the gathering on
reducing variability in mining business processes and a
wider world view highlighting a positive perspective on
South Africa. Alan also ran a masterclass that made
process improvement theory extremely practical, with some
fun along the way. What else, with geologists, miners,
engineers, and metallurgists all in the same room!
Depending on who you speak to, the word
‘optimization’ is used in many different ways. The common
theme, though, is a desire to seek improvements impacting
the bottom line of the mining business. For the purposes of
the conference, a definition of ‘Pick the Best Option in the
Time Available’ was adopted to embrace not only different
approaches to optimization but also the implications of
typical time constraints for decision-making.
The delegates, although relatively few in number, put
the opportunity to good advantage, sharing practical
experiences and highlighting many tools and
methodologies along the way.
The presenters were well prepared with a good mix of
theory and practice eliciting questions, answers, and lively
conversations in the breaks between sessions. They came
from the ranks of mining technical services professionals,
industry consultants, and academia, each contributing
freely of their experiences on topics that are not at all as
well understood as we might like.
The two days provided time to cover the analytical
hierarchy from top to bottom, including what we are doing
(descriptive analytics), through what we could be doing
(predictive) to what we should be doing (prescriptive), as
well as topics across the core mining value chain and many
of its support processes.
Various presentations, highlighted in this copy of the
Journal, focused on specific commodities or mining
methods, and others more broadly on issues such as a
project prefeasibility study and examples of improvement
methodologies from the manufacturing industry.
In the gold mining context a paper by Clinton Birch
(School of Mining Engineering, University of the
Witwatersrand) addressed the impact of discount rates on
cut-off grades for narrow tabular gold deposits. His
relatively simple financial model linking ore flow, block
listing, and cash flow allows cut-off grade to be optimized
as another planning indicator rather than its conventional
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use as a hard determinant of mineable reserves.
Lumkwana Xingwana (Sibanye Gold) reported on a
survey-based investigation of ore loss and dilution for
mine to mill integration in deep gold mines. While the
purpose of the study was to understand impacts on mine
call factor and to improve the quality of ore mined and fed
to the mill, it highlighted the extreme variability associated
with estimating mine process inventory.
A platinum focus was provided by Pascale J. Petit
(independent consultant) tackling business optimization
for both mining projects and operations and placing
sustainability in the spotlight. Her methodology combines
strategic alignment and integration of optimized short- and
long-term targets.
The open pit world was represented by M.F. Breed and
D. van Heerden (Minxcon), who illustrated the need to
ensure strategic business alignment once the standard,
theoretical pit optimization process is completed. NPV alone
is not always the most appropriate KPI.
Steve Burks (MAC Consulting) tackled the broader
mining value chain. His approach to simultaneous mining
and mineral processing optimization and sustainability
evaluation aims to significantly increasing mining business
value by enabling better long-term planning decisions.
To illustrate how miners can learn from other
industries, J.O. Claassen (Department of Geology,
University of the Free State) tapped into several
manufacturing management and improvement
methodologies that can be of benefit to mining. He made
the point that successful mining business management and
improvement depends on management’s ability to
effectively deal with mining industry-specific requirements
and the integration of the geology-mining-plant system.
By the end of the two days it was obvious there are
many tools and techniques immediately applicable to
improving value in the mining business, as well as a small
but enthusiastic number of practitioners well versed in
their application. I trust the readers of this Journal will gain
useful insights and find practical opportunities to apply the
knowledge.

M. Woodhall
Organizing Committee Chairman
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t is fascinating to watch the social behaviour of large groups of creatures in the animal kingdom. The
patterns made by flocks of birds flying in formation across a sunset sky, and by schools of silvery fish
executing swift manoeuvres underwater, are spectacular to see. Some of this social behaviour has
economic effects too. The pollination of crops by bees has been estimated to add about $15 billion of value
annually in the USA. For example, the almond orchards of California (where a million acres of land are
devoted to the production of 1.8 million metric tons of almonds – about 60% of world production) are entirely
reliant on the pollination services of 1.4 million beehives that are brought in specially each year, as this
monoculture cannot provide sufficient pollen and nectar to sustain bees year-round. It is interesting that the
revenue from migratory pollination surpassed that from honey around 2007. The bee-keeping industry goes
largely unseen until we experience the occasional bee-sting.
Bees have been a favourite metaphor for human society at least since the Roman poet Virgil more than
2000 years ago. In South Africa, Eugene Marais was an early pioneer of the study of animal behaviour,
ethology, carrying out research on termites and baboons in the Waterberg mountains. His book ‘The Soul of
the White Ant’ (published in English in 1937, based on articles originally published in Afrikaans in Die
Burger and Die Huisgenoot in the 1920s) beautifully described his observations of termite behaviour and
showed the remarkable way in which the behaviour of individuals fulfilling a particular role contributes to the
overall functioning and survival of the collective termitary. Marais considered the colony as a single complex
organism. His ethological studies of the social structure of a troop of chacma baboons were also very
insightful.
Humans are also social creatures. Their patterns of interaction are even richer, with the added advantage
of language to provide more intricate forms of communication. Although there is much individualism in
human behaviour, there is also a significant element of cooperative conduct that contributes to the greater
functioning of society as a whole. I would like to focus on the type of behaviour where individuals contribute
to the good of others, or society as a whole, even when this comes at a cost to themselves. In today's
transactional world, where seemingly everything has a price, what motivates people to contribute their time
and energy for no monetary reward? Is voluntary service still alive today?
This altruistic behaviour is explained in many ways. The Biblical injunction ’it is more blessed to give than
to receive’ is believed by many. Others maintain that there is no such thing as pure altruism, and that people
meet various needs of their own by giving to others. This too has some validity. It is indeed rewarding to feel
that you have done a job well, or to be thanked for a contribution you have made. It is good and healthy to
feel appreciated, although it is possible to take this too far to the extent of a pathological need to feel
magnanimous, or to the point of satisfying a need to be needed. It is also possible for those who excessively
love structure and rules to desire positional power. However, I see the principal reason for volunteering is that
it makes the world a nicer place to live in. It is really enjoyable to participate in activities where you feel you
are doing something you are good at, or that you are contributing to something worthwhile.
Service clubs, such as Rotary, Round Table, or Lions exist as voluntary non-profit organizations to
provide networking and social events for members, but also primarily to provide charitable services to
orphanages, animal shelters, and many other needy and deserving causes, including working towards the
eradication of polio. The oldest of these organisations, the Rotary Club of Chicago, was formed in 1905 by an
attorney called Paul Harris. He wanted to create a professional club with the friendly feeling of the small
towns of his youth. The Rotary name came from the early practice of meetings rotating between members'
offices. Rotary now has 1.2 million members around the world, and has the motto ’Service above self’.
Another great example of a more recent volunteer-run (in two senses of the term) movement is the

Cooperative human social behaviour (continued)

parkrun phenomenon. A group of friends started running together on Saturday mornings in Bushy Park in
London. South African-born Paul Sinton-Hewitt (who used to second Bruce Fordyce in the Comrades
Marathon) set up a computerized record-keeping system for free 5 km runs like these, and founded what has
now become the internationally successful parkrun system (already active in twelve countries). Bruce Fordyce
started parkrun in South Africa in November 2011, with 26 people running at Delta Park in Johannesburg.
Just over four years later, there are now over 70 parkrun venues and more than 300 000 registered
participants around the country. Each of these runs is manned by a group of volunteers who take it in turns to
set up the course, time the runners, and make the results available online. There are numerous stories of how
this has changed people's lives for the better – inspiring them to become much healthier and spend time in the
outdoors with family and friends.
The development of open-source software is another good example of cooperative human social
behaviour. Some of the world's most important computer programs (for example, the Linux operating system,
the Apache web server, and various web browsers and e-mail systems) are developed by teams of people who
offer their time and expertise without any expectation of financial reward. In return, they expect others to
contribute freely too.
The lifeblood of a society such as the SAIMM is made up of a vast number of volunteers. Many of these
people go above and beyond the call of duty in the service of the community to which we belong. Of course,
there are challenges in managing and coordinating the efforts of people who are not paid for their work and
not subject to the usual disciplines of an employer-employee relationship, but the SAIMM system could not
function without the contributions of numerous volunteers. Council members meet every two months and
regularly offer their wisdom and direction to the affairs of the Institute. The majority of the SAIMM's work is
carried out by members of committees who put together the publications and events that provide the principal
reason for the SAIMM's existence. Whether your interest is in mining, metallurgy, or economics, there is a
place for you to get together with other like-minded individuals and put together a conference on a subject
that interests you. There is a great deal of effort that goes into writing and reviewing papers and giving
presentations that communicate ideas to the rest of the community, but the rewards are many. In addition to
the networking, peer recognition, and business opportunities, there is much intellectual stimulation to be had,
as well as opportunities for personal growth and development. There is also the camaraderie and friendship
that comes from being a part of a community. I would like to encourage you to get involved and volunteer
some of your skills and time – it really is worth it. To the active volunteers out there – your contributions are
greatly appreciated!
It has been said that ‘Volunteers are not paid – not because they are worthless, but because they are
priceless’

R.T. Jones
President, SAIMM
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Reflections on the life of Robbie Robinson
1/300/14&*4&/##234&/#2.0/.4 
Robbie Robinson was born on 6 November 1929 in Bloemfontein, brother to older sister Margaret
(Peggy), who passed away in December 2014, and surviving younger sister Barbara. He was the
product of an impoverished family struggling to survive – he was six when the breadwinner, his
father, died from war wounds and the family remained uncompensated. He attended Grey College
Bloemfontein (briefly) and then St Andrew’s College, Bloemfontein. In 1940/1941, the family
moved to Johannesburg and Robbie enrolled at St John’s College on a music scholarship. He
matriculated in 1945.
His first job, possibly as a volunteer, was between school and university. He taught maths and
science at Rosettenville Primary School.
In 1946, he obtained a bursary from the Municipality of Johannesburg to attend Wits, initially
for the first year in the faculty of science, and then he switched to Chemical Engineering for the
second year.
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After graduating (cum laude) and being awarded the Raikes Memorial Prize for the best student in 1950, Robbie joined the
Government Metallurgical Laboratory as a research officer. His research work was concerned with the extraction of uranium
from gold mining residues. The US Atomic Energy Commission commissioned a pilot plant on these promising results, which
removed engineers from the lab and left Robbie to work alone on ion exchange resins. The problem was degradation of the
resins, and this work led to Robbie registering for a higher degree. In 1953, a crisis at West Rand Consolidated Uranium
plant occurred, with the resins degrading. Robbie was eventually recognized as having worked on this problem, and his
solutions were successfully tested, solving the crisis. He was then left to type up and submit his thesis, which by then had
been converted to a PhD, but this was to be ‘top secret’ under the Atomic Energy Act. So although the thesis was submitted
to Wits, no copies were allowed in the Wits library, and all the work was lodged with the Atomic Energy Board. His PhD
thesis was entitled ‘The study of factors influencing the life cycle of synthetic anion exchange resins, with special reference to
uranium’. It was never released and remains under lock and key to this day.
A closely guarded family secret is that after all six copies of the thesis had been painstakingly typed, they were left for
final check on the laboratory bench. But that night a Johannesburg hailstorm blew out the windows of the lab, blew in the
rain, and washed the ink off the thesis. A most serious girlfriend and shorthand typist, not yet Mrs Robinson, was recruited
to retype this very secret work.
Robbie married Diane (neé Lois Diane Allen) on 9 November 1955.
After the PhD, Robbie worked with Anglo American as head of the Chemical Engineering Division of their Central
Metallurgical Laboratory. In 1959 he returned to the Government Metallurgical Laboratory (GML) as one of three specially
selected chemical engineers who were seconded from industry to design the first uranium refining pilot plant.
In 1961 he was appointed under contract as director of the Extraction Metallurgy Division of the Atomic Energy Board.
While Robbie held this onerous post, South Africa developed its ability to refine uranium to nuclear grade and to
manufacture nuclear grade uranium metal and compounds. Uranium plants in South Africa adopted new processes based on
solvent extraction and continuous ion exchange for the economic production of high-purity uranium. This work was included
in the development of the Rossing uranium mine in Namibia.
While involved in this research, Robbie had management responsibilities as well. He became Chief Executive Officer of
what is now Mintek, serving as Director of the GML from 1961–1966, and Director General of the National Institute for
Metallurgy (NIM) from 1966–1976. It was under his direction in 1966 that the current Mintek logo was designed, and he
also oversaw the move of NIM from Yale Road, Milner Park to the current Mintek campus in Randburg in 1976. The
recruitment of scientific staff was a serious difficulty in the 1960s and 1970s. Two initiatives were started during this period
that are indicative of Robbie’s wide interests, particularly the development of people. He initiated the university research
group scheme where the holders of scholarships from GML/ NIM formed research groups at universities. This not only
promoted research, but gave much-needed assistance to university departments. The longer term problem of scientific staff
shortage was addressed by the Phoenix Courses, in which selected teachers were made aware of the mining/metallurgical
industry through a series of lectures, demonstrations, and visits to operating plants. This was then hopefully passed on to
scholars.
In 1978 Robbie joined Sentrachem as Research Director. He helped Sentrachem to become one of the largest groups in
the international agricultural chemical industry, and assisted with the substitution of imported agricultural chemicals with
locally manufactured chemicals, which achieved self-sufficiency in the agricultural chemical industry by backwards
integration in the manufacture of raw materials.
He actively promoted the agrochemurgy concept as an exciting and challenging opportunity for the country, and
continued to advocate for scientists and other technical people to take the lead in developing these resources in South Africa.

Reflections on the life of Robbie Robinson (continued)
Robbie retired in 1989 and formed AC Mining, Consulting and Services (Pty) Ltd. He was appointed as Research Adviser
to the Vice-Chancellor (Research) at Wits University and Honorary Professor of Chemical/Metallurgical Engineering. During
this time he assisted with the attempt by Wits to establish a research facility at Frankenwald.
His consulting work was with Anglo American Research Laboratories, Chemeffco (a water treatment company), Debex
(the research arm of De Beers), Boart, and JCI. Of particular interest to Robbie was the research on blasting systems and
selective blast mining in an attempt to reduce discrepancies in the mine call factor.
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In 1974, Robbie was the Chairman of the Organizing Committee of the First International Congress on Ferro-Alloys
(INFACON), and also established what is now the International Committee on Ferro-Alloys (ICFA) in a partnership between
Mintek, the SAIMM, and FAPA (Ferro-Alloy Producers' Association). The INFACON series of conferences continues to thrive,
and fourteen congresses have been held in twelve different countries. The next event, Infacon XV, is due to be held in South
Africa (for the fourth time) in 2018.
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Robbie joined the SAIMM in 1960 and became a member of the 50-year club in 2010. He served as President in 1975–1976.
His Presidential Address was entitled ‘The case for national research in mineral processing’. This was a fascinating piece of
work because he presented it as a moment in court. In his style as an orator, who can forget his rich, resonant voice and his
beautiful enunciation and diction! He asked those attending his Presidential Address to imagine that they were in a
courtroom and proceeded to argue both the cases for and against investment in research, with views on research for
research’s sake. He then went on to identify the needs and benefits of research in the Minerals Industry.
He was awarded an Honorary Life Fellowship of the Institute in 1980 and the Brigadier Stokes Memorial Award (the
SAIMM's highest award) in 1985.
In 1997, the SAIMM Journal was going the way of other publications of its kind, publishing high-quality research papers
that were read by the enlightened few. The Journal was not getting enough material to be published monthly. Robbie agreed
to serve as Editorial Consultant, which he did until 2000, when his sight and hearing deteriorated. He encouraged the
inclusion of more practical and descriptive papers in the Journal and started his ‘Journal Comments’, which provided
insightful comment on papers and a platform for many of his ideas. Today the Journal is one of the most read and respected
publications in the minerals industry, with a wide variety of papers from all corners of the Earth. The ‘Journal Comments’
continue with the goals that Robbie set, and are contributed by respected professionals from all disciplines in the mining and
minerals industry.
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This full career in the minerals and chemical industries developed into a number of well-thought-out topics. The greatest
tribute to, and the way to remember, Robbie would be to see these topics advanced. They formed the nucleus for a large
number of his SAIMM Journal Comments over the years.
Research played a large part in his life and was no doubt a great love of his. He commented on the need for real
innovative research and not just incremental improvements. He suggested the composition and selection of a research
portfolio which he likened to a share portfolio of an investment company, where invariably it is recommended that one
spreads the risk over a range of shares from high risk to low risk. He suggested that a ‘Research and Evaluation Team’ must
comprise far more than a group of creative ‘boffins’. It must include hard-headed pragmatists who can distinguish
competence from wishful thinking and with experience in feasibility and cost evaluations. These views probably came from
his practical experience of syndicated research when he was involved in the uranium Industry research and development
that led to new technology and the building of 17 plants between 1946 and 1952 This work involved researchers in the USA,
Canada, France, and the UK as well as South Africa. Robbie’s view was, ‘if a focused approach to uranium after the Second
World War could achieve such results in such a short time, could a similar local syndicated research project not help to solve
our problems of deep gold mining, which seems as if it will leave as much gold in the ground as has been mined to date?’
He was a proponent for the potential of the hydrogen age as a key factor in escalating the viability of the platinum
industry in South Africa. He proposed as an additional application for the platinum fuel cell, a ‘bipolar electrolysis cell’. This
is a three-compartment cell with the anodic and cathodic compartments separated from the central feed compartment by
anion-selective and cation-selective membranes respectively. The passage of an electric current separates a solution of an
inorganic metal salt into an alkali and acid with the evolution of hydrogen at the anode and oxygen at the cathode. These
two gases can be fed directly to a platinum fuel cell, which would generate most of the power required by the bipolar cell. It
would also produce pure water in stoichiometric amounts. This would represent a most cost-effective way of producing
alkalis and acids, with a host of applications in the electrodeposition of metals in hydrometallurgy , such as base and
precious metals, (including nickel and cobalt in the platinum plants). It would also apply to water treatment, particularly the
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Reflections on the life of Robbie Robinson (continued)
methods using mixed bed ion exchange resins. The acids and alkalis could be a low-cost means of regenerating the
impurity-loaded resins. It represents also a method for producing acids and alkalis in industrial chemistry.
Improved recovery was a constant theme, with discourses on such items as the Kell process and the mine call factor
(MCF). One possible reason for the MCF discrepancy is the loss of ultrafine gold particles carried away in the form of dust
along with the explosion gases. Recovery of this gold through selective blast mining (SBM) could potentially harvest ore
lying at depths below 5 km in the Witwatersrand conglomerates.
Mining clusters, particularly mining combined with agriculture, received a lot of his attention because this covered many
things close to his heart: people, job creation, research to achieve a better standard of living as an outcome of these
initiatives, and an improved environment with the reduction of acid mine drainage (AMD). All this would culminate in
prosperous and productive multidisciplinary communities.
These ideas start with the bipolar cell treatment of acid mine water using ion exchange to provide cleaner agriculturalgrade water and allows shared use of mine lands for farming purposes and Improved irrigation incorporating hydroponics
producing a range of crops from food to industrial raw materials. Research opportunities would include the investigation of
the deterioration of the anion exchange membranes, which may be solved through research collaboration with the
manufacturers of such membranes, as well as the recovery of metals such as cobalt from AMD.
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Robbie’s personal life was no less hyperactive.
He was a competent sportsman who played really good cricket and hockey through school and university and into his
20s. He was quite proud of a trophy he was awarded for taking all 10 wickets in a cricket match. It is said by a school friend
that he was ‘an aggressive fast bowler, swinging the ball both ways, cutting it off the pitch, getting lift – unplayable at times!’
He was also a good tennis player and league hockey player.
Music scholarship! This passion continued through his life, guitar playing and singing with friends and in the choir.
Performances of Gilbert and Sullivan.
He was, sometimes to the irritation of his wife, an avid DIY enthusiast and woodworker and a disciple of Heath
Robinson! He cut, sawed, and screwed together the contents for an entire household at their holiday house in the Eastern
Cape … all over a holiday season. He even made a plunge pool … a new innovation in that region. He was a boat fixer, car
fixer, plumber, and electrician … though not always successfully so.
Another passion of his was photography: cameras, studio equipment to darkrooms. Robbie did nothing in half measures
and he won a number of prizes and awards for his photography.
Robbie’s children remember growing up with their lives frequently punctuated by entertaining on a massive scale. Diane
would prepare and Robbie would arrive with or arrange for guests, politicians, overseas business people, and delegations to
join the family for lunches, dinners, singsongs, charades, even the memorable occasion of entertaining 20 Japanese
businessmen, who, newly arrived and without a word of English, were treated to a full Christmas Eve dinner in the middle of
a typical Highveld thunderstorm. According to Robbie’s son, Andrew, ‘This entertainment was by no means restricted to
business. Friends, neighbours, and their families were all part of a pattern of community activities that made growing up
very special.’
Overall it might be said that his aim in life was to foster curiosity and develop those around him. This he did with
abundance, both with his family and his career. He was a frequent and avid traveller.
It was difficult for him when his health deteriorated: his eyesight began to suffer from macular degeneration in about
1999, and then at the age of 70 he had a cochlear implant for deafness. Just prior to this he decided that he could not
continue as Editorial Consultant to the SAIMM Journal. The SAIMM thought they had lost him! But the implant did the trick
and he appeared at publications meetings and continued to contribute his insightful Journal Comments until a few months
ago. He was recently interviewed by Mining Weekly to express his views on the needs of the mining Industry.
Robbie passed away on 21 January 2016 after a battle with cancer and he is survived by his wife Diane, children Michael
in Melbourne, Andrew in Johannesburg, Chris in Sydney, and Jenny in Vancouver, and grandchildren Nicholas, Scott, and
Jeremy in Melbourne, Claire, Nicole and William in Sydney, and Laura and Katie in Johannesburg.
This obituary has been compiled with input from a number of individuals and family members. It emphasizes how
Robbie was part of a great family team and not just a mineral industry professional. We hope that Robbie ‘the person’ comes
across in this obituary. He deserves all that is said about him. Robbie's enthusiasm, dedication, and insight have been an
inspiration to many, and he will be sorely missed.
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Post-pit optimization strategic
alignment
by M.F. Breed* and D. van Heerden*

Successful development of projects or life-of-mine strategies requires an
understanding of the relative sensitivity of value drivers such as grade,
tonnage, energy costs, direct operational costs, and recoveries. For
example, the results could vary significantly depending on the grade
strategy, given a specific orebody amenable to open pitting.
Pit optimization is a very powerful tool widely used in the industry to
determine the pit shell with the most attractive value potential. Based on
the input parameters utilized, the pit optimization process determines the
stripping ratio, mineable reserves, and pit shape, and effectively calculates
a cut-off grade, assumed to be the optimal cut-off grade.
Once the initial pit optimization process is completed, the need may
arise to align the optimization results with the company strategy by
further optimizing other criteria, such as maximizing short-term cash flow.
This paper describes and discusses the selection of an alternative cutoff grade as a strategic intervention. It involves changing the cut-off
grade, effectively increasing the head grade to gain a strategic advantage
aligned with the company strategy, with a clear understanding of the
financial value impact. With this knowledge, it is clear that pit
optimization establishes the basis for future analysis and refinement.
./+#*
post-pit optimization, cut-off grade, optimal pit, ultimate pit, pit
optimization.

-0+/#)&01/It is common for companies to select the
optimal pit shell defining the mineral reserve
without much further consideration. However,
companies may consider various strategies to
optimize the long-term value of the project or
to optimize the short-term cash flow. Analysis
of the entire life-of-mine value estimation
process shows that the selection of a cut-off
grade and other parameters should be based
on careful analysis. Determining the optimal
cut-off grade of ore at a different period during
the life of mine to maximize the value is often
one of the most difficult challenges for a
company.
A cut-off grade is the lowest grade that
mining activities will target. As a result the
average mining grade, which drives the value
of a project, will always be higher than the cutoff grade applied.
According to Bascetin and Nieto (2007)
cut-off optimization is still not widely
practised. Cut-off grade optimization is an
effort to maximize the value of a project by
 

      

102/(01"1,01/The first objective of a life-of-mine plan is to
determine the maximum inventory of open-pit
mineable reserves. Typically each block in the
modelled resource will be assigned revenue
and cost values. The algorithms developed by
Lerchs-Grossman and others can then be used
to determine the economic boundaries to the
number of ore blocks that can optimally be
recovered from open pit mining methods.
Newman et al. (2010) describe solving the
final pit design, or the optimal pit shell, as a
balancing act between stripping ratio and the
cumulative value in the final pit limits. This
analysis requires the cut-off grade to be fixed.
Traditional open pit scheduling uses a resource
model, assuming a fixed cut-off to determine a
series of nested pits, in which a given price is
used to define one pit and increasing prices
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understanding the capacity constraints in the
mine, mill, and the market. At any point
during the life of mine, any or all of the
limitations on tonnage mined, tonnage milled,
and product sold may be constraining the
system. To ensure cut-off optimization is done
correctly, the capacity constraints must be
independent of the cut-off grade.
This is to ensure an informed decision is
made with regard to selecting an alternative
cut-off grade as a strategic intervention to
identify potential gain from the optimal pit
shell, for future analysis and refinement.
This future analysis and refinement to
achieve a strategic advantage could be based
on optimizing other measures, such as annual
cash flow, as defined in a company life-ofmine strategy.

Post-pit optimization strategic alignment
correspond to larger pits. These pits are used to select the
optimal pit. The typical design process is illustrated in
Figure 1.
There are two principal methods to determine the shape
of the optimal pit, namely the floating cone method (Laurich,
1990) and the method defined by Lerchs and Grossmann
(1965). This method provides an exact and computationally
tractable method for open pit optimization. Newman et al.
(2010) indicate that Lerchs and Grossmann use a maximumweight closure algorithm that exploits network structure to
produce an optimal solution. Many current commercially
available software packages utilize this algorithm for pit
optimization. The data for this paper was generated in one of
these software packages, CAE NPV Scheduler.
Typical pit optimization input parameters include, but are
not limited to, resource model, production rate, cut-off grade,
operating and capital cost estimation, slope angles, treatment
capacity, recoveries, and discount rate. The sensitivity of cutoff grade, taking cognisance of the other input parameters,
should be considered to make informed decisions about the
final parameters for the purpose of defining the life-of-mine
strategy.
Experience shows that pit optimizations usually end upon
selection of the ultimate pit, although there could be
significantly more feasible or better strategically aligned
options. Pit optimization only establishes the basis for future
analysis and refinement as part of a post-pit optimization
process.

involves a significant increase in cut-off grade, especially in
the earlier phases of the life of mine. This is typically
associated with short-term increases in stripping ratios. Hall
(2009) found that in many instances optimal plans are
relatively insensitive to major changes of the value drivers,
while sub-optimal plans have significantly higher financial
risk when exposed to volatile markets.
Increasing the cut-off grade is not the only tool available
to create a new optimal plan. Companies can also consider
selecting a different pit, producing at a different rate, and
developing stockpiling strategies.
It is clear that there are considerable benefits when
operating within the limits of an optimal strategic plan that is
continually driven by short-term strategic goals. The key to
these short-term strategic decisions is an understanding of
the longer term impact on the project value.
Unfortunately, experience has shown that decisions taken
on achieving a short-term strategic advantage are often
driven by operational managers trying to achieve production
targets without understanding the longer term impact on
overall project value. It is also true that some of these
decisions arise from corporate influence, or even an industry
that values only short-term performance while often failing to
identify or just ignoring the long-term effects (Hall, 2009).
The process described in Figure 1 should be adapted to
allow for post-pit optimization to achieve a strategic value
gain within the ultimate pit.

.%1-1-'2,2*0+,0.'
Optimal grade cut-off selection is the foundation of the lifeof-mine strategy, being the driving force behind revenue
generated. In addition to maximizing value, a life-of-mine
strategy could be focused on other measures. Experience has
shown that many strategic business decisions are based on
measures of optimizing several other key performance
indicators. These drivers of the strategy could include:
®
®
®
®
®

Annual cash flow
Life of mine
Operating risk
Technical, economic. and political risks
Product requirements (blending strategies).
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Clarity on the strategy and understanding of the
performance indicators are critical in order to complete a
successful optimization process. Guided by the strategy and,
importantly, understanding the value drivers, operational
managers and corporate executives can confidently make
decisions and select an ultimate pit. This pit shell will be used
as the final pit limits for the life-of-mine schedule and will be
the basis for a new optimal plan developed during a post-pit
optimization process.

/*0(102/(01"1,01/-2(+/&.**
Once the final pit limits, based on sensible input parameters,
have been selected, the iterative process to determine the
optimal life-of-mine strategy can begin. The key to the
process lies in understanding the fact that many of the
decisions from one step impact all subsequent stages and that
the entire process is a closed loop.
According to Hall (2009) a new optimal plan typically

L

110







 

!1')+.2 /*0(102/(01"1,01/-2(+/&.**
 

      

Post-pit optimization strategic alignment
Upon completion of a rigorous post-optimization process,
operating managers and corporate executives can again
confidently make decisions and select a life-of-mine option
that achieves the measures defined for each key performance
indicator, as defined in the company strategy. This decision
is made with a good understanding of the relationship
between short-term gain and long-term value. The decisions
could result in one of the following scenarios:
1. Selection of a sub-optimal (with regard to value) pit
shell with results closer aligned to the key
performance indicators defined in the strategy
2. Re-evaluation of the input parameters to complete a
new series of pit optimizations, to ensure that the
selected pit is the optimal pit in terms of value and is
also aligned to the key performance indicators.
It is important to understand that once this process is
completed, the opportunity exists to review the strategy and
initial ultimate pit selection. This could be updated or refined
to gain a further advantage closing the process loop on the
total pit optimization process.

,*.2*0)#
To demonstrate the effect of changes to the input parameters
during post-pit optimization, we will use a gold orebody as a
case study. We will analyse the changes in value within the
optimal pit limits of the pit optimization by updating post-pit
optimization input parameters. This paper focuses on careful
analysis of all the major value drivers to understand the
long-term value impact.


The economic pit limits define what can be economically
extracted from a given orebody. To identify ore blocks to be
mined the Lerchs and Grossmann (1965) algorithm is
applied, based on assumed production and processing costs
and commodity prices at current economic conditions.
At specific production rate and commodity price
assumptions, the optimization software generates a graph
indicating project value at specific progressive pit sizes.
Figure 3 illustrates a typical graph with the values and other
project indicators associated within the pits generated.
Typically, the optimal pit selected will be the pit with the
maximum value; however, the optimal pit for a specific
scenario may be the one that maximizes the other
performance indicators.
Figure 3 shows that all the pits can be economically
extracted if capital is ignored. With all the information
available, confident decisions can be made and sensitive
areas, for example where the life of mine significantly
reduces below Pit 12, can be avoided.
The optimization algorithm calculates a break-even cutoff grade without making provision for capital. This breakeven grade can be defined as an external cut-off – ‘A cut-off
applied during pit optimization, which controls whether a
block is permitted to generate revenue. Blocks below this cutoff value are treated as waste, and the block’s value is a
negative one corresponding to the waste mining cost.’ (Baird
and Satchwell, 1999).
 

      

According to Baird and Satchwell (1999) the operation
must be profitable to ensure a return on investment. One way
of achieving this is to apply a break-even cut-off grade. Any
credits will then be used to pay for the capital investment.
Should the entire margin be used to pay capital during the
payback period, the project might not yield an acceptable rate
of return. This will then require selection of an alternative
strategy to gain an advantage during the initial payback
phase of the project, or a capital optimization study.
Selection of the final pit limits can be based on many
measures. Typically the selection is done, but is not limited
to, maximizing the key performance indicators as defined in
the strategy.

.%1-1-'2,2*0+,0.'
The importance of a clearly defined strategy has already been
highlighted. Just as important is a clear understanding of the
value drivers, ensuring alignment to the key performance
indicators. Ultimately, defining a strategy for post-pit
optimization remains the determination of key performance
indicators such as annual cash flow, life of mine, operating
risk, technical, economic, and political risks, and product
requirements.
As part of defining a strategy it must be decided where
the focus of a post-pit optimization process will be. Post-pit
optimization can be applied at various points in the pit design
process, as illustrated in Figure 2.
The first opportunity for post-pit optimization is during
the selection of the ultimate pit. This process has a loop
where the selection of an economic pit should be aligned with
the global performance indicators, as defined in the strategy.
Figure 4 shows alternative pit options and the expected
changes on two typical performance indicators when
selecting an alternative pit.
The second opportunity arises once the economic pit has
been selected. The post-pit optimization process proposed in
Figure 2 can be followed to optimize the life-of-mine
extraction strategy of the resource contained within the
selected ultimate pit.
The theory and application of the optimization principles
remain the same for both the post-pit optimization
progressions.
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Post-pit optimization strategic alignment
With all the information available, operational managers
and corporate executives can confidently make decisions and
select an ultimate pit. If the strategy requires an ultimate pit
within 20% of the optimal pit value, the selection would be
limited to Pit 14 – Pit 29 (Figure 4).
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/*0(102/(01"1,01/In order to proceed with the case study it is necessary to
define terms for the various pit shells referred to in this
paper:
® Economic pit shell—defines what can be economically
extracted from a given orebody
® Optimal pit—typically the pit with the maximum value.
® Ultimate pit—selection of an alternative pit aligned
with the defined strategy
® Final pit limits—pit shell selected for the final open pit
mine design.

Post-pit optimization within the ultimate pit will yield the
same optimal value as for the ultimate pit selection.
Optimizing the life-of-mine strategy could involve variations
on the internal cut-off grade and for production volumes
within the ultimate pit; the changes in value are illustrated
Figure 6.
The internal cut-off grade can be defined as ‘a cut-off
applied after pit optimization, to decide what to do with a
block that falls inside the optimized pit and must be mined as
either ore or waste’ (Baird and Satchwell, 1999). The
tonnage–grade curve representing the grade distribution
within the ultimate pit shell will guide the process as it gives
an initial indication of what changes can be expected to ore
volume when varying the ‘internal cut-off’ grade.
The next step in the post-pit optimization process is to
compare the optimal result with the company strategy by
completing interim financial valuations. Figure 7 illustrates
the possible variations of inputs to the optimal plan that
could be considered to align the results with the company
strategy. These changes may have a massive impact on the
overall project value, as the strategy moves away from the
optimal point. In addition the selected strategy may increase
the operating risk.

     
Post-pit optimization for the selection of the ultimate pit
involves an analysis of the data generated by the
optimization algorithm to make a decision on the ultimate pit
for the defined strategy. Figure 5 shows the optimal pit based
on the maximum value. To align the pit selection with the
strategy, we need to review the performance indicators. If the
strategy is to increase the annual cash flow, for example to
increase the rate of return, the pit selection will be a smaller
pit. If the strategy is to increase the life of mine, for example
to maximize the mineral reserves, a larger pit will be selected.
!1')+.2
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Post-pit optimization strategic alignment
Changes to the optimal pit production volume will always
move the project to a sub-optimal option. This may be
required in a market where commodity prices are constrained
and product cannot be sold; a reduction in production
volumes will then be required.
As the mining rate is increased, more material will be
available for treatment, while increasing the cut-off grade will
send higher grade material to the processing plant. The
revenue will increase as a result of the higher grade and will
more than pay for the increase in mining costs. As the
production rate continues to increase, a point will be reached
where the tonnage-grade relationship of the deposit will be
such that any revenue gains will be exceeded by the mining
costs, destroying value (Hall, 2009).
As discussed, developing a new optimal plan usually
involves changing cut-off grade, which is always associated
with production rate as a driver of the economic models. As
examples, we will demonstrate two things companies could
do to maximize life of mine and annual cash flow. At the
optimal production rate, variations on the cut-off grade and
the influence on the key performance drivers are illustrated
in Figure 8.
From the graph it is clear that if the cut-off grade is
decreased, there is a gain in life of mine. The important
trade-off in this case is whether the loss of value compared to
the increase in life of mine is acceptable for the company.
On the other hand, increasing the cut-off grade delivers
higher grade to the processing plant, effectively increasing
the annual cash flow. As expected, the continued increase in
cut-off grade affects the tonnage-grade relationship to the
extent that value is destroyed, resulting in a steep reduction
of value. Again, the importance of the sensitive relationship
between short-term gain and long-term value is highlighted
as a significant project risk. If the strategy remains to select a
cut-off grade scenario producing a value within 20% of the
optimal pit value, the cut-off grade value would be limited to
a maximum of 0.75 g/t
It is important to note that the analysis ignores the value
of sub-grade material. According to Baird and Satchwell
(1999), many company strategies plan to mine at an internal
grade cut-off above the external ‘break-even’ cut-off grade,
in order to assist the rate of return on investments. To
achieve this, sub-grade material is stockpiled for treatment at
some future date. However, for this to be feasible and
practical the following criteria should be met:
® There must be space available for stockpiling material,
and selective mining must be possible in the day-today operation of the project
® The stockpiled material must contain enough value to
pay for additional re-handling and downstream
processing costs.
A stockpiling strategy will influence the value line (NPV
variance %) in Figure 8 and should defer the downturn in
value at a higher internal grade cut-off.

 
Determining a realistic discount rate for a project is one of the
most difficult and important aspects of value analysis. The
case study established that operational and corporate
decisions on a discount rate, without due process, could lead
to the selection of a sub-optimal pit. This could make or
break a developing project. Figure 9 shows that at increased
discount rates the pits selected contain less ore tons.
Further analyses of the optimal pits selected at the
varying discount rates are illustrated in Figure 10. This
clearly indicates that less ore tons are contained in the pits
selected at higher discount rates. It is interesting to note, for
this case study, that the grade does not decrease as the pit
size increases. This is a function of much lower grades in the
shallow oxide material being mined in the small pits. As the
pit size increases the grade will increase as more of the
deeper higher grade sulphide material can be extracted. This
highlights the importance of understanding all the value
drivers when evaluating projects.
To further illustrate the sensitivity of discount rate we
analysed the four optimal pits generated at 0%, 5%, 10%,
and 15% discount rate. We selected each pit size and
discounted the cash flow generated at various rates.
Figure 11 illustrates the results and highlights the
significance and sensitivity of using discount rate to select an
ultimate pit. At 0% discount rate, the larger Pit 23 has the
maximum NPV, and at the highest rate investigated, the
smallest Pit 15 has the maximum NPV. It is important to
understand that although there is only a maximum of
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Pit optimization determines the pit shell with the most
attractive NPV. One of the factors that have a significant
effect on the pit optimization process is the discount rate. The
previous section describes the selection of optimal and
ultimate pit, all based on the outcome defined by the project
value.

Post-pit optimization strategic alignment
Determining a discount rate for pit optimization remains a
difficult decision. However, the decision should be based on
the key performance drivers defined in the strategy.
Knowledge of the drivers and results obtained at varying
discount rates, should assist in developing a strategically
aligned life-of-mine strategy.

/-&$)*1/-*
Traditional pit optimization provides an ‘optimal’ solution
based on a fixed set of input parameters. Post-pit
optimization is a process that requires analysis after the
initial pit optimization. It may result in an ultimate pit that
would be sub-optimal but which could be a better fit for the
strategic goals of the company.
The project risk significantly increases if there is not an
in-depth understanding of the effect changes to the
optimization input parameters have on the overall project
value. This includes operational and corporate decisions on a
discount rate regularly made without due process.
The typical practice of selecting a cut-off grade, which is
only one of the tools available to optimize a new plan, simply
to increase grade trying to drive short-term revenue of a
project, will often produce a sub-optimal life-of-mine
strategy. This exposes the sensitive relationship between
short-term gain and long-term value.
Understanding the changes and the economic drivers
behind them will significantly reduce the risk of executing a
sub-optimal life-of-mine plan. This effectively reduces the
risk of not achieving the strategic advantage that a post-pit
optimization process is intended to accomplish.

!1')+.2 1*&/)-02+,0.2,-,$*1*

!1')+.2 2,+1,-&.2102#1*&/)-02+,0.

8%variance in NPV, the size of pit selected could significantly
vary the mineral reserve. The difference in reserve ounces
between Pit 15 and Pit 23 is 16%.

       
Park and Matunhire (2011) stated that when evaluating
mining investment opportunities, the risks associated with
the mineral exploration and development should be
considered. These risks are classified as technical, economic,
and political risks. These risks are commonly accounted for
by changing the discount rate to compensate for the
variability of success.
During pit optimization, discount rate should not be
applied to mitigate technical, economic, and political risk. The
discount rate applied could be regarded as pure cost of
capital. It is the rate of return a company must generate to
compensate its investors. A risk-adjusted discount rate
should be applied in the subsequent cash flow analysis. This
rate can be calculated utilizing the capital asset pricing model
and the weighted average cost of capital.
It is extremely important to understand the application of
a discount rate in the software used for the pit optimization
process. For example, the software may select an ultimate pit
based on maximum cash flow, essentially a 0% discount rate.
If an alternative discount rate is applied the software might
not re-optimize, but just apply the adjusted discount rate to
the ultimate pit’s cash flow. The discount rate should be
applied over the life of mine, discounting the value of the ore
as the pit progresses, resulting in a smaller ultimate pit.
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Impact of discount rates on cut-off
grades for narrow tabular gold deposits
by C. Birch*

01'.2.
The purpose of this study was to establish the impact of discount rates on
cut-off grades for narrow tabular gold deposits as characterized by the
goldfields of the Witwatersrand Basin in South Africa. There are various
methods available for determining the cut-off grade, from simple breakeven calculations to sophisticated software packages that consider a
variety of inputs to optimize the cut-off grade. For this study a simple
financial model was created in Microsoft Excel® that links the ore flow,
block listing, and the cash flow. This allows the cut-off grade to be
optimized considering how the cost of capital and chosen discount rate
affect the cash flow.
The discounted cash flow (DCF) and resultant net present value (NPV)
are a widely used valuation method for production properties according to
the South African Code for the Reporting of Mineral Asset Valuation
(SAMVAL Code). The financial model in this study utilizes the Solver
function, as well as simple Microsoft Excel spreadsheet formulae to
optimize the NPV. Solver was chosen as it is a standard feature in Excel
and thus no additional software costs are incurred beyond the basic
Microsoft Office suite. For the purpose of this study, just narrow tabular
gold deposits of the Witwatersrand Basin were considered. An example of
a typical ore block listing, as well as the costing figures, was obtained from
an operating gold mine. The results obtained from the study financial
model were compared to the current cut-off grades obtained from the mine
using their proprietary optimizer program, and were found to be
comparable. The methodology utilized for this study thus appears valid.
The cut-off grade was optimized considering the cash flow, which
includes the variable mineral resource royalty tax, the variable gold
income tax, as well as the discount rate. By comparing the resultant NPVs
using discount rates of zero, 9%, and 12%, the impact of the discount rate
on cut-off grades, resultant life of mine, and average mining grades (AMG)
could be compared for the example ore block listing.
The South African Code for Reporting of Exploration Results, Mineral
Resources and Mineral Reserves (SAMREC Code) does not require
operations to state if a discount rate was considered in determining
mineable reserves. Mining companies approach the question of applying
discount rates in determining their cut-off grades, and thus mine planning
strategy, in different ways. Due to the negative impact that optimizing
purely on NPV has on the life of mine, some choose to optimize only on
profit. Other companies have reverted to utilizing pay limits as their
primary grade planning strategy. The calculated cut-off grade is then
considered to be another planning indicator rather than a hard
determination of mineable reserves.

calculation takes into account the estimated
price of the commodity, exchange rate, mine
recovery factor, the cost to mine and process
the ore, as well as the fixed costs for the mine.
In addition, mineral resource royalty tax as
well as income tax costs may be included. Cutoff grade is a planning tool and thus needs to
be established at the start of the annual
planning cycle. There is an element of
uncertainty in the establishment of the cut-off
grade, as the modifying factors used in the
establishment of the cut-off are estimations.
By using the planned extraction rate, expected
recovery factor, and production costs, the
variable to break-even then becomes the in
situ grade of the material being sold. As long
as the grade is higher than the break-even
grade in a particular block being mined, the
block will be mined profitably.
This paper explores the use of simple
Microsoft Excel® spreadsheets to optimize the
cut-off grade considering the discounted cash
flow (DCF) and resultant net present value
(NPV) for narrow tabular gold deposits. To be
able to calculate the NPV, a discount rate is
required. This is determined by considering
the weighted cost of capital (WACC) as well as
applicable risk adjustments. Various other
methods to achieve this are available in the
public domain and in proprietary software, but
are often complicated to follow and implement
on a mine without expert external help.
Various methods for calculating cut-off will be
considered. These are break-even-based cutoff, optimized for profit cut-off, and optimized
for NPV cut-off. The example presented in this
paper is a typical mature gold mine, and the

51/).
discount rates, cut-off grades, discounted cash flow (DCF), net present
value (NPV), optimization, Microsoft Excel, and Solver.

Mining companies calculate a cut-off grade to
determine which portion of the mineral deposit
can be mined economically. This cut-off grade
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Impact of discount rates on cut-off grades for narrow tabular gold deposits
information utilized includes the historical ore flow, block
listing, as well as the cost and metal price estimations. The
mine also provided their own cut-off grade results to be
compared with the financial model created for this study for
verification purposes.

,4"1++6*3(*,(34210.
Every orebody is unique and thus should be considered
individually for the determination of cut-off grades. The
block listing, as well as the resultant grade-tonnage curve,
should be the starting point of any cut-off grade
determination if the value optimization is to consider the full
extraction of the ore resource. The block model is a listing of
all the discrete blocks evaluated in the geological block
model. These include the Measured Resource, Indicated
Resource, and Inferred Resource (SAMREC, 2009), but for
this study only the available Measured and Indicated blocks
are considered.
The starting point for the Microsoft Excel evaluation
model created for this study was the block listing. This
block listing is created from the geological model and is a
list of all the potential mining areas, and their estimated
grades and volumes. Using this block listing, companies
declare their mineral resource and reserve in the public
domain. This is usually as part of the annual report, but also
at times when a Competent Person’s report is prepared as
required by shareholders and potential investors. The block
listing is often depicted in the form of a grade-tonnage curve
(Figure 1). From this figure, it is easy to determine the tons
above a certain cut-off, and the resultant average grade of all
those blocks above that cut-off grade. The SAMREC Code sets
out the minimum standards required for public reporting of
exploration results, mineral resources, and mineral reserves
in South Africa. Part of this Code deals with the conversion of
mineral resources to mineral reserves, with the potential for
economical extraction being part of these requirements. The
cut-off grade is thus fundamental to how investors view the
potential of an orebody to generate returns on their
investment (SAMREC, 2009).

The block listing shown in Figure 1 is for a typical mature
South African gold mine. This particular block listing and
resultant grade-tonnage curve were used for all the
discussions in this paper. The data is not intended to
represent any particular mine and is a number of years old.
The block listing is therefore not representative of the
mineral resource currently available on the source mine. This
is the typical output of the geological block model. The size of
the blocks in the block model should represent the smallest
block that can be selectively mined. The block listing in this
particular example was modelled using 2D modelling
techniques, which are generally considered adequate for
narrow tabular gold deposits.
For this study, a Microsoft Excel spreadsheet was created
to link the block listing to a simple cash flow calculation.
Additional spreadsheets were added into the program to
bring in average ore flow information (which impacts the
ratio of ore to waste tons milled) and output grade-tonnage
as well as grade-profit curves.
The block listing used for the creation of the cash flow
models was based on the Measured and Indicated blocks only
(based on geological confidence in the block model). No
initial capital was considered for the cash flow and thus an
internal rate of return (IRR) could not be obtained. The
orebody investigated in this study is that of a mature mine,
and the only capital is ongoing capital. This capital was
included in the working costs, as it is felt that ongoing capital
should be considered in the determination of the cut-off
grade. This is because the mining of a block should cover the
replacement costs. Owing to the uncertainty in the grade and
volume of the inferred blocks, cut-off calculations including
this material were considered to be unreliable.
The block listing used has 4158 Measured and Indicated
blocks. The block sizes range from 10 m2 to 12 000 m2. The
blocks were created manually and consider all known
structures with displacements greater than 2 m to be a barrier
– such structures are used to split blocks. Due to this
consideration, the majority of the geological losses are
already considered in creation of the blocks, and the blocks
can all be considered mineable for this study. The grade
distribution ranges from 0.1 g/t to 49 g/t. This grade is not
the channel grade, but the grade over the practical stoping
width. The channel width varies between 6 cm and 167 cm.
The minimum practical planned stoping width is 136 cm,
with the maximum being 192 cm. The grade dilution is not
constant because where the channel width is below the
practical minimum stoping width, the dilution can be
significantly higher than for areas where the channel width is
above this width.
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The cut-off grade calculation is essentially very simple. It
determines the grade required for a unit of ore to return a
profit. The break-even volume formula is well known in
financial textbooks and is essentially used to calculate how
many units need to be produced to cover the fixed costs, as
well as cover the unit variable cost for that amount of units
(Correia et al., 2013). For calculating the break-even grade, it
is essentially a volume break-even calculation where the
volume is known (usually limited due to shaft capacity, mill
capacity, or some other physical constraint), and the
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Unit total cost = (
i.e. UTC = (

Total fixed cost
) + Unit variable cost
Volume

TFC
) + UVC
X

Unit revenue = Grade × MRF × Price
i.e. UR = Grade × MRF × Price
Thus:

TFC
Grade × MRF × Price = (
) + UVC
X
(since unit revenue = unit total cost)
((TFC ) + UVC) )
X
Grade =
(Price × MRF))
As long as only mineral resources above the break-even
grade are mined, the profit from the orebody will be
maximized as it is not being diluted by mining material that
does not cover the cost of mining. Thus the break-even grade
becomes the cut-off grade. The average grade of the material
in the block listing above the cut-off grade becomes the
average mining grade. This grade can then become the target
grade for planning to ensure full extraction of the orebody
without depleting the highest grade areas prematurely.
Which costs are included in the cut-off calculation is
subject to much debate and often changes through the life of
the project. While a company is still recovering the initial
capital costs, a budget cut-off can be used. This will include
all the mining and development costs, as well as an
additional percentage to recover the initial capital costs,
considering the impact of time value of money. In the final
stages of the mine, development costs are minimal and
certain areas can be mined that were previously considered
below cut-off grade. This is called a marginal cut-off grade
(Lane, 1988).
For the case study, a gold price of R420 per gram was
used (US$1244 per ounce with R10.5 per US dollar). The
fixed costs for the mine are assumed to be R120 million per
year and the variable costs are R1273 per ton (based on
figures supplied by the mine and used in the 2014/2015
planning cycle for cut-off grade determination). The mining
cost was based on a hoisting/milling constraint of 67 300
t/month (806 000 t/a). The MRF used is 64.5% (based on
the weighted average of the two MCFs estimated for the two
reefs being mined, as well as the historical PCF). This cost
excludes mineral resource royalty tax and income tax. The
resultant break-even grade is calculated to be 5.25 g/t. The
resultant tons above 5.25 g/t are 9.5 Mt. The average mining
grade (AMG) is 8.4 g/t.
 

      

This break-even grade calculation is very simplistic. It
just considers direct and indirect mining costs. The MCF is
utilized, but no consideration is given to the additional waste
tons that are milled (expected dilutions like gullies, historical
discrepancies, and waste development hoisted as reef). It is
then possible to depict a grade-profit curve. Where the profit
peaks, the grade at this point is the cut-off grade. This
relationship is shown in Figure 2.
If the ratio of the additional waste tons that are milled to
the face grade is brought into the break-even calculation,
along with mineral resource royalty tax costs, a more realistic
cut-off value is obtained. To determine these, the same
parameters used in the financial model were considered.
These are a R420 per gram gold price, mining costs
determined by mineral resource royalty tax rate, a MRF of
64.5%, and 85% of the material being mined coming from
the stope faces. The following cut-offs were obtained:
® No mineral resource royalty tax: 6.17 g/t
® Historical mineral resource royalty tax rate used in cost
(4%): 6.54 g/t
® Maximum refined mineral resource royalty tax used in
cost (5%): 6.63 g/t.


Some companies use optimizer programs that utilize the
block listing, as well as the basic inputs, to calculate the cutoff grade. The grade-tonnage curve is then automatically
generated – indicating how much material is available above
the cut-off grade for reporting purposes. The average mining
grade can also be obtained. This is the average grade of the
material above the cut-off grade, and becomes the planning
grade for the financial model.
In the simplest form, all that is required is the block list
information with gold grades in either grams per ton or
centimetre-grams per ton (cmgt), the channel width, stoping
width, and area of the blocks. From the area and specific
gravity, the tons can be determined for each block. The gold
content (in grams) can be calculated using the grade for the
block and the tonnage. The mining costs can be estimated
considering the fixed and variable costs for the mine at the
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unknown is the in situ grade of the commodity. The other
parameters required are total fixed cost and unit variable
cost. From these the total unit cost can be obtained (typically
expressed in rands per ton). The other factor required for the
cut-off calculation is the mine recovery factor (MRF), which
is the shaft call factor (SCF) multiplied by the plant call factor
(PCF). The commodity price in rands per gram is obtained
from the commodity price in US dollars (usually quoted per
troy ounce for gold) and the exchange rate. This can be
expressed as follows:

Impact of discount rates on cut-off grades for narrow tabular gold deposits
expected production rate, and the resultant profit for each
block can be determined. Factors from the historical ore flow
are included in the calculation, and these include expected
dilutions like gullies, historical discrepancies, and planned
waste development hoisted as reef. A consideration for
mineral resource royalty tax may also be incorporated (either
at the estimated rate or at the maximum rate) as it is
considered a cost. Income tax is excluded from the calculation
as it is subject to tax shields and gold tax is paid on a sliding
scale based on profitability. This is difficult to determine
without considering the financial model.
The optimizer sorts the blocks according to grade, and
seeks to maximize the profit using a cumulative function.
The grade for the block that corresponds to the maximum
cumulative profit is then considered the cut-off grade. Only
the blocks above this grade are mined. The AMG is
determined and this grade is then used in the financial
planning. This is, however, basically an extension of the
break-even calculation. The cut-offs obtained using this
method are identical if there is no consideration given for
mineral resource royalties tax. They are also very similar to
those obtained just using the break-even calculation if a cost
is used that includes different rates of mineral resource
royalties tax. There has been no consideration of time value
of money, cost of capital, discount rates, or net present value
(NPV) in this type of profit optimization calculation.

  
The discounted cash flow (DCF) valuation method is
commonly used to value mineral exploration projects as well
as operating mines where there is significant knowledge of
the orebody. This requires a detailed mine design with
expected tonnages and grades, as well as good estimations
for costs and recoveries (i.e. at feasibility study level or for
producing mines). The mine’s cost of capital is used as the
discounting rate of the cash inflows and outflows, and the
sum of these discounted cash flows is the NPV for the mine.
A positive NPV is usually required for the mine to be
considered viable when regarding the declaration of mineral
reserves according to the SAMREC Code. The time period for
each discounting period is normally a year, with inflows and
outflows for the year being added and then discounted by the
full year’s discount rate (year-end convention).
Microsoft Excel has an NPV function where the discount
rate as well as the cash flow is considered. The check for this
function is to discount each amount in the cash flow by the
appropriate year, and then sum these resultant discounted
amounts.

     
To do a discounted cash flow, a discount rate is required.
This discount rate is essentially the cost of capital and it is
usually calculated by the weighted average cost of capital
(WACC). This essentially considers all the sources of capital
required for a project (equity and debt), the portion of the
total each source makes, and its cost. The various sources are
then weighted by their proportion and an average is
calculated. A risk factor can be added to the WACC to account
for uncertainties in the plan and ensure a positive NPV, even
if the plan is not achieved.
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The cost of debt is easily understood. It is the interest rate
that banks charge borrowers. The cost of equity is harder to
quantify. Investors in the mining business need to exceed the
return on their capital that they could get by just depositing
the money in the bank with no risk. Spreading the
investment across many investment opportunities is a way of
reducing risks, but the returns are likely to be lower than
investing in a single company. The capital asset pricing
model (CAPM) is a way to determine the return on the
investment that an investor is likely to require to ensure
continued investment. It is calculated considering the riskfree rate (usually based on government bonds), a fully
diversified rate (usually the rate of return on the whole stock
market or the sector of the stock market in which the mining
company operates), and the beta (a measure of volatility of
the share compared to the whole stock market or sector of the
stock market). Volatility in share prices is perceived as
indicating risk.
Discount rates can be in nominal (include the effects of
inflation and escalation) or real (based on current financial
conditions) terms. Due to the uncertainties regarding future
costs as well as metal prices, many investment evaluations
for mining projects are developed in real terms.
According to Smith et al. (2007), real discount rates of
9–12% for mining projects are appropriate for South African
mining projects. This is equivalent to 14.5–17.6 % at a 5%
annual inflation rate for WACC in nominal terms (Smith
et al., 2007).

 
Two methods were considered for cut-off grade optimization
to maximize the NPV. They both utilize the Solver function
built into Microsoft Excel. This function is activated in the
Add-Ins in the File menu. Once activated, a link to the dialog
box appears in the Data menu (Meissner and Nguyen, 2014).
The variable for the Solver function is the cut-off grade, and
the Solver function is set up to optimize the cut-off grade to
maximize the resultant NPV from the cash flow. The financial
model was limited to a maximum of 20 years. Due to the
discounting, income after 20 years has very little impact on
the overall NPV.
The cash flow model considers the total face tonnage
available as well as the AMG for the blocks above cut-off.
The total planned milled tonnage is considered a fixed
amount determined considering the constraints on the shaft.
The other assumption is that the mix of mining areas will be
the AMG, and thus the mined grade for the financial model is
this grade. The ratio of tonnage from stope faces compared
to all the tonnage milled is determined from a simple ore
flow. This ore flow considers face tonnage, gully dilutions,
and other sources of dilution, historical discrepancies, and
how much development waste will be hoisted and milled with
the ore. The ore flow also uses the historical SCF and PRF to
calculate the planned MRF for use in the financial model.
Revenue is derived from the recovered gold, the planned gold
price, and the expected exchange rates.
This financial model considers mineral resource royalty
tax as well as income tax (gold tax formula) in determining
the cash flow. These tax rates both consider the profitability
ratio of the operation in their calculations of how much tax is
payable. The mineral resource royalty tax rate is applied to
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The cut-off grade at zero per cent was calculated to be 6.59
g/t and the resultant AMG is 9.60 g/t. There are 6.3 Mt
available above this cut-off grade. This gives a life of mine of
8 years, and the NPV is R2.4 billion.
To determine the impact of the discount rate, the financial
model was run using 9% and 12% to represent an
appropriate range for real discount rates for South African
mines (Smith et al., 2007). The cut-off grade at 9% was
calculated to be 7.04 g/t and the resultant AMG is 9.95 g/t.
There are 5.5 Mt available above this cut-off grade. This
gives a life of mine of 7 years and the NPV is R1 690 million.
The cut-off grade at 12% was calculated to be 7.57 g/t and
the resultant AMG is 10.38 g/t. There are 4.7 Mt available
above this cut-off grade. This gives a life of mine of 6 years
and the NPV is R1.5 billion.
When reviewing these numbers, it was determined that
there was significant ore still above the break-even cut-off
grade left on the mine when this model had effectively
depleted all the ore above the NPV-optimized cut-off. It was
considered unlikely that the mine would close at this point. A
method was then determined to balance the benefits of
extracting the high-grade ore early while not leaving
economic ore underground. A method of recalculating the
cut-off each year based on the remaining ore was created.
The block listing was modified where the ore extracted
each year was depleted out of the block listing, and a revised
cut-off and resultant AMG recalculated for each year based
on this revised block listing. This approach mimics the
concept that a revised cut-off is calculated at the start of the
planning process based on the available resources at that
point, as well as the revised expected economic and technical
information at that point. This balances reporting and mine
planning purposes; this method is considered to give a more
realistic view, and yet allow the time value of money to
dictate earlier extraction of the higher grade portions.
Using this method, the financial model has the AMG
dropping from the value determined for the NPV-optimized
 

      

plan to below the cut-off determined when there is no
discount rate applied. This method diminishes the NPV for
the 9% discount rate model to R1.6 billion (8% decrease), but
the life of mine increases to 9 years. For the 12% discount
rate model, the NPV decreases to R1.2 billion (24% decrease).
The life of mine, however, increases to 8 years. The total tons
mined increases from 5.5 Mt to 7.26 Mt for the 9% model,
and from 4.7 to 6.46 Mt for the 12% model, improvements of
15% and 34% respectively. This approach, however, results
in lower NPVs for both the 9% and 12% discount rate than
planning without considering the discount rate and applying
it afterwards to the cash flow model.

,4"1++62$'3*46106/5.5/!56.4345$504.6
Investors have become far more circumspect as to putting
their money into mineral projects following scandals like BreX (Cawood, 2004). This has led to the introduction of various
reporting codes, which are essentially to protect investors and
hold the professionals responsible for the figures they release
to the public domain. Compliance with these codes is
considered a prerequisite for public listing on various
international stock markets like Toronto (TSX), Australia
(ASX), and the Johannesburg Securities Exchange (JSE).
Codes, as opposed to laws, allow for professional judgment,
and a good guide as to what is acceptable is what a
‘reasonable person’ would do. To ensure compliance with this
principle, mineral resource practitioners try following bestpractice principles as far as practically possible, because this
makes justifying the decisions easier to professional peers if
called upon to do so.
There are several classification schemes worldwide,
including:
® Canadian CIM classification (NI 43-101)
® Australasian Joint Ore Reserves Committee Code (JORC
Code)
® South African Code for the Reporting of Mineral
Resources and Mineral Reserves (SAMREC Code).

2-,/56%5(34210.#2'6545506'(1/342106%5.,(4.6205/3(
%5.1,/*5.630)6205/3(6%5.5/!5.6 %6 
VOLUME 116







119

L

the total revenue from mineral sales, while the gold tax rate
is applied to the taxable income determined considering
operating costs and capital tax shields. The financial model
has provision to consider initial capital and tax shields, but
as the example is a mature mine, this does not influence the
cut-off grade. These two taxations are difficult to consider for
individual blocks in the block listing as they both have
sliding scales determined by profitability. If these are
considered in the cost for the individual blocks, and then
again accounted for in the cash flow, they result in a double
deduction for their costs.
The NPV is calculated by applying the selected discount
rate to obtain the discounted cash flow (DCF) and adding
these together. The model then runs through a series of cutoff grades, with the resultant AMG and available tons being
determined for each cut-off. Solver then selects the cut-off
grade that results in the highest NPV. To check the financial
model as well as the cut-off grade optimization, a zero
discount rate was used. The resultant cut-off grade matched
the grade obtained using the optimization for profit method
when considering the historical mineral resource royalty tax
rate used in cost determination (4.0%).

Impact of discount rates on cut-off grades for narrow tabular gold deposits
For this paper, the SAMREC Code has been used for
illustration purposes, but the other codes share the same
definitions and broadly follow the same requirements for
compliance. Figure 3 shows the relationship between mineral
occurrences, Inferred, Indicated, and Measured resources, as
well as the modifying factors required to convert Resources
into Reserves.
To comply with the SAMREC Code regarding the
declaration of resources and reserves, various aspects need to
be recorded and documented in a series of tables. Table I is
an extract from SAMREC Code Table 5.7, which deals with
economic criteria when regarding Exploration Results,
Mineral Resources, and Mineral Reserves.
As can be seen in the table, the SAMREC Code has no
specific requirement to disclose the WACC, and thus what
would be considered an appropriate discount rate for the
mining company. Different companies have different WACCs
due to how they structure their debt/equity (debt is generally
considered cheaper than equity), as well as how risky they
consider the project. There is, however, a requirement to
’State, describe and justify all economic criteria that have
been used for the study’, including those used to determine
cut-off grades. In Mineral Reserves (ii, iii, and v), it
furthermore states that applicable taxes and royalty
allowances should also be considered in how the cut-off
grade is calculated.
Cut-off grades are used for two primary purposes: to
declare a Mineral Reserve from a Mineral Resource, and for
mine planning. There should be no conflict arising between
these two objectives. Companies will always try and increase
the amount of Mineral Reserve they declare, because
investors place value on this. By having a lower cut-off
grade, the Mineral Reserve will automatically increase as
more of the Mineral Resource will be above this grade, and
thus become part of the Mineral Reserve. Using a cut-off
grade that just considers overall profit or break-even ignores

the currently accepted measure of financial value which is the
NPV. The cost of capital should also be considered in
determining the cut-off grade. The time value of money and
focusing on NPV rather than just overall profit means that the
higher grade portions of the orebody should be mined first.
Using this resultant higher grade cut-off grade only,
however, leads to a lower overall extraction of the orebody,
and economic portions above the break-even grade are
effectively abandoned. When valuing an orebody using the
DCF method, the SAMVAL Code requires a full disclosure of
the WACC as well as how the discount rate being applied was
obtained (SAMVAL, 2009).
Table II shows the overall measured and indicated
resource for the mine analysed for this study. Table III shows
the summary of Mineral Reserves (Proven and Probable) that
would result by applying the different cut-off grade strategies
discussed.
For this summary, the various methods for calculating the
cut-off grade have been tabulated indicating the cut-off
grade, total tons milled (including dilutions and planned
waste), life of reserve, resultant AMG, recovery grade
(including PRF), recovered ounces, and the profit or NPV. For
the methods where the profit was calculated, this was
discounted using either 9% or 12% to allow direct
comparison with the methods that were optimized at these
two rates. All the methods utilized the same final cash flow

Table II

Total Measured and Indicated Resource (cut-off
0 g/t)
Classification

Mt

Measured and Indicated

14.0

Grade (g/t) Content (million ounces)
3.71

1.67

Table I

SAMREC Code Table 5.7. Economic criteria for Exploration Results, Resources, and Reserves (SAMREC, 2009)
Exploration Results (A)

Mineral Resources (B)

Mineral Reserves(C)

(i) Not usually reported.
If mentioned, however, factors
significant to project economics
should be current and based on
generally accepted industry practice
and experience. Assumptions should
be clearly defined.

(i) In reporting, a Mineral Resource should
meet the minimum requirement of
‘reasonable prospects for eventual
economic extraction’
(ii) State and define the reasonable and realistic
assumptions/parameters (albeit preliminary, e.g.
cut-off grade, cut-off screen size, product price or
other criteria) used to assess eventual likelihood
of economic extraction.
(iii) These assumptions and factors should be
reasonably developed and based on generally
accepted industry practice and experience.
If appropriate, state the level of study.

(i) For Mineral Reserves, parameters should be detailed with
engineering completed to a pre-feasibility study engineering
completed to a pre-feasibility study level as defined in the
SAMREC code.
(ii) State, describe and justify all economic criteria that have been
used for the study such as capital and operating costs, exchange
rates, revenue / price curves, royalties, cut-off grades, reserve
pay limits.
(iii) Summary description of method used to estimate the
commodity price profiles used for cut-off grade calculation,
economic analysis and project valuation, including applicable
taxes, inflation indices and exchange rates.
(iv) Demonstrate that the product price assumptions are
reasonable and supportable. Justify assumptions made
concerning production cost and value of product. Consider
transportation, treatment, penalties, exchange rates, marketing
and other costs.
(v) Allowances should be made for royalties’ payable, both to
government and private.
(vi) Resource/Reserve sensitivity – detailed description of method
used and results obtained.
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Impact of discount rates on cut-off grades for narrow tabular gold deposits
Table III

Proven and Probable Reserves calculated using different methods
Description

Cut-off
grade (g/t)

Basic break-even
Break-even, No royalty
Break-even, 3% royalty
Break-even, 5% royalty
NPV-optimized, 0% discount
NPV-optimized, 9% discount
NPV optimized, 12% discount
NPV -optimized, variable cut-off 9%
NPV optimized, variable cut-off 12%

5.25
6.17
6.54
6.63
6.56
7.04
7.57
5.68-7.61
4.20-7.61

Tons milled Life of
(millions) reserve
9.69
7.26
6.45
6.45
6.45
5.50
4.84
7.26
6.45

12
9
8
8
8
7
6
9
8

model to determine the final profit/NPV. This cash flow
included the expected PRF, dilutions and planned waste,
mineral resource royalty tax, and income tax based on the
gold tax formula. All cash flow models utilized the same
commodity price, exchange rate, fixed cost, variable cost, and
production rate.
As can be observed, the NPV optimized at 0% resulted in
the highest profit. However, when the actual cost of capital
and the timing of the extraction are considered, this type of
cut-off grade determination results in an overall lower NPV.
When optimization purely on NPV occurs, the focus is on the
highest grade portion of the orebody initially. This results in
a shorter life of mine and lower overall orebody utilization.
With this type of approach, the model indicates the orebody
is depleted when significant resources still remain
underground that could be economically extracted.
The models where the cut-off grade and resultant AMG
were recalculated each year (as the orebody was depleted
with the approach to maximize the NPV of the remaining ore)
were not satisfactory. The life of mine remained the same or
higher than when optimizing with the view of maximum
profit (0% model with NPV at zero), but the AMG quickly
drops as the higher grade portions are depleted initially.
While the mine remains profitable for a longer period, the
NPV is severely diminished compared to the models where
the NPV at 9% and 12% are the prime focus.
The impact of the varying the discount rate on the cut-off
grade and NPV is displayed in Figure 4.
The relationship between cut-off grade and the discount
rate is not a smooth curve, but has distinctive step changes.
This is a function of the model used and the particular block
listing. Different orebody block listings will display this
relationship in different forms, depending on the number of
blocks and where the peak for optimization occurs for each
run of the optimization model as it is selecting a specific
block value. The relationship between the discount rate and
NPV can be approximated with a smooth polynomial polyline
and is a function of the amount of ore mined, the life of mine,
as well as the degree of discounting of the resultant cash
flow.

AMG
(g/t)

Rec. grade
(g/t)

8.39
9.26
9.56
9.63
9.57
9.95
10.38
8.79-10.41
7.77- 10.41

4.41
4.80
5.03
4.94
5.03
5.37
5.45
4.77
4.58

Rec. ounces Profit 0%
(millions)
(millions)
1.37
1.12
1.04
1.03
1.04
0.95
0.85
1.12
0.95

NPV @ 9% NPV @ 12%
(millions)
(millions)

R2 034
R2 316
R2 386
R2 262
R2 394
-

R1 258
R1 564
R1 651
R1 598
R1 659
R1 690
R1 557
-

R1 098
R1 395
R1 482
R1 442
R1 489
R1 548
R1 181

maximize NPV. The current trend is to focus on value, and
not just overall profit. This has resulted on companies
optimizing regarding the DCF and resultant NPV as the
primary measure of value. The investors are, however, not
the only stakeholders in a mining business. Due
consideration should be given to employees, the community
in which a mine operates, as well as the State. Thje
overriding concern of these would be for a long life of mine
as well as maximum exploitation of the orebody.
Cut-off grades can be determined in a number of ways.
These range from simple break-even calculations to very
complex models considering multiple facets of the mining
business, including the effects of variations in the mining
environment (Smith et al., 2007). In this study, however, the
orebody, ore flow, as well as the cash flow, are the prime
focus areas of consideration in determining optimal cut-off
grade. A simple Microsoft Excel cut-off grade modelling tool
has been developed that links the block listing, ore flow, and
cash flow, and uses the Solver optimization tool. The impact
of both the mineral resource royalty tax, as well as the
income tax, is considered in determining the optimal cut-off
grade. The SAMREC Code requires the cost of taxation to be
included in the economic analysis in determining what the
economically extractable portion of the mineral resource is.

10*(,.210.

 

      

2-,/56%5(34210.#2'6545506)2.*1,046/345630)6*,4"1++6-/3)56,.20 "1'42$25)6$1)5(
VOLUME 116







121

L

The cost of capital and the concept of time value of money
have a significant impact on cut-off grades if modelled to

Impact of discount rates on cut-off grades for narrow tabular gold deposits
The concept of variation has been ignored as it adds a
whole level of complexity, requiring tools like Monte Carlo
simulation to address. As these tools are not part of the basic
Microsoft Excel package, they are considered beyond the
scope of this paper. The orebody considered in this study is a
mature South African gold deposit, and it is assumed that all
the initial capital included in the tax shield has been depleted.
As a result of there being no negative cash flow in the initial
years (capital payback), no IRR could be determined for the
various model options. Ongoing capital costs are included in
the working costs for simplicity of determining the breakeven cut-off grades. When using the NPV-optimized
methods, splitting the ongoing capital from the working costs
could have benefits in how the taxation is calculated. This
would differ for each mining company, according to how they
consider their capital structure.
It has been shown that determining cut-off grades with a
method that does not take the cost of capital and discount
rate into the calculation results in lower NPVs when a
discount rate is later applied. It has also been shown that
optimizing on NPV alone results in partial extraction of
economic ore, and thus lower mineral reserve value.
Investors place value on the mineral reserve statement, and
lower quantities of economic ore could negatively impact a
mining company’s investment potential.

be upgraded to Indicated or Measured mineral resources, and
potentially become part of the Mineral Reserve. Considering
this, the published Mineral Reserve can never be considered
the final amount of ore that will be mined until just prior to
mine closure.
Optimizing the cut-off grade with the view of maximizing
profit (0% NPV) gives the best balance regarding life of mine,
overall tons, and profit. Optimizing using the NPV as the key
driver reduces life of mine significantly, for a small benefit in
the NPV at both 9% and 12% (2% and 4% respectively). The
SAMREC Code does not require a specific statement to be
made regarding the cost of capital and subsequent discount
rate. The impact of applying the discount rate into the cash
flow model on the total declarable reserve ounces is
significant if using the NPV as the optimizer driver. This
impact was found to be 9% and 19% for the 9% and 12%
discount rates respectively.
Using cut-off grades as a primary planning tool is very
simplistic. It assumes that the production levels will be
maintained at the optimal level. The grade distribution in the
orebody is not considered, nor what ore is available for
immediate extraction. The resultant ore flow used in
generating the cash flow (and the resultant DCF to calculate
NPV and IRR) assumes the AMG will be maintained
constantly.

%5*1$$50)34210.
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Lane (1988) considered how to optimize extraction in the
early years of a project to ensure early capital payback, and
still get high total ore extraction. He determined different
methods to calculate the cut-off grade at different points in a
mine’s value cycle. He proposed using a budget cut-off in the
early years where the cost of capital is added onto the profit,
then an optimal cut-off grade through the bulk of the project
life. When the available ore dropped to the point that the mill
was not running at its maximum capacity, Lane proposed
calculating a marginal cut-off grade to extract the ore that
had been left previously. In determining the marginal cut-off
grade, he proposed removing development costs as well as
milling costs, as this ore would have been accessed earlier in
the mine’s life, and the mill is the most economical when
running at its maximum capacity. The spare capacity in the
mill could be filled, with no additional milling costs, with ore
above the marginal cut-off grade. This would contribute
economically, as controlling the total unit cost is critical in
ensuring the cut-off grade is valid (Lane, 1988). In the
example presented as part of this study, the marginal cut-off
grade concept has not been applied, but there would be
significant material above this grade. Using a variable cut-off
grade strategy as proposed in this study would replace the
need to determine a budget cut-off, as this is automatically
determined in the model.
Block listings are dynamic. This cut-off grade has been
determined at a point in time to direct mine planning
primarily for the following 12 months, and guide longer term
planning. It also reflects the remaining ore available on the
mine, as well as the geological confidence in the orebody at
that point in time. As the mine continues to develop and
conduct further exploration, Inferred mineral resources will
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Business optimization for platinum
mining projects and operations
by P.J. Petit*

-#% $
The complex planning required to achieve any planned production yields
multiple and dissociated responses over the life of project (LOP). The
customary decision-making process negates the possibilities of developing
optimized and integral solutions from operating levels up to business and
strategic levels. This results in an inefficient project or overall underperformance of the operation.
In the project setting, disconnected trade-offs and improved
performance studies become inadequate, because they are site-specific and
use only a few comparative parameters. They are often based on a small
data-set.
Decisions taken to achieve overall objectives require the correct
determination and dissemination of key performance indicators (KPIs).
The KPIs indicate efficiency in operation, whereby the marginal rate of
technical substitution corresponds to the rate of production. It is the
necessary condition for optimization. Performance realization for sustainability follows optimization modelling, the latter often being presented
with financial results such as business net present value (NPV). It
considers techno-financial constraints and provides a strategic and aligned
outlook of KPI decisions for an enhanced and integrated outcome.
This paper explains a mining case study that is rendered efficient, and
through business optimization (BO) short-term and sustainable targets are
reached. Business optimization increases the NPV by 14.7%. This is
achieved by challenging conventional decision-making associated with
maximizing business value by including environmental externalities
within the LOP.
+(%&
business optimization, key performance indicators, valuation
methodologies, multiple-criteria decision-making (MCDM), analytical
hierarchical process (AHP), environmental externalities.

decreased throughput due to damage to
conveyors and transfer chutes, or poor skip
utilization. Ultimately, milling costs increase
substantially.
The inclusion of the long-term effects on
indirect stakeholders and mercurial policies
have also been overlooked in performance
studies. The quantification of social and
environmental risks/benefits for all
stakeholders at the end of the life of project
(LOP) have been influencing the way in which
decisions are made. Life-cycle activities
(cradle-to-grave), beyond the boundaries of
the operation, can no longer be omitted. When
these are disregarded, the project undergoes
multiple iterations leading to semi-optimal
operation.
Hence, there is an increased focus on
performance realization for sustainability, and
cash flows are starting to incorporate the
economics pertaining to the external
environment. These costs are labelled external
because they are not directly accounted for in
production output rates.
Therefore, to understand and encompass
the real value of a project or operation, reselecting KPIs (originally identified in a base
case) to support the overall performance of the
operation has become a necessity.
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Mine operators and engineers are compelled to
review the way they look at projects due to
changing mining conditions, legislative issues,
rising electricity costs, and the constrained
supply of skills in South Africa.
Pre-feasibility studies and valuation
methodologies to assess such impacts are
becoming increasingly important. For example,
in a hard-rock mining operation, cost control is
applied by reducing blasting. However, this
increases the overall cost of the operation,
because poorly fragmented ore increases
material handling demands. There is a
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Business optimization (BO) adopts methodologies to select the best alternatives to
simultaneously increase the benefits and
reduce the risks. It is conducted across the
mining value chain activities of a depleting

Business optimization for platinum mining projects and operations
resource. BO also aims to improve the financial outcomes of
the business and to ensure long-term gains for all
stakeholders.
In the literature, BO has focused primarily on mining and
processing solutions. Without the impact that engineering
activities can provide, improvements have been relative, and
bottlenecks, mostly technical constraints, have been mostly
viewed in terms of a capital injection, instead of an
alternative engineering solution, with the potential for
additional or unforeseen benefits at minimal cost.
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An increased concern for decreasing and deteriorating natural
resources has resulted in the environment being valued as an
asset. This asset, external to the direct project outcomes,
includes the atmosphere, water sources, and land. It is
‘operationalized’ through explicit changes in its environmental status.
In this case study, environment externalities arise when
activities or events of the mining producer have external
(indirect) unintended beneficial or negative effects on other
producers and/or consumers. Environmental externalities
include:
® Residuals such as reject products, waste rock,
discharge water, and air pollution
® Intangibles such as irreversible changes and environmental damage
® Incommensurables, including the effects of an
activity/event that are, with some effort, assigned
monetary value.
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A basic evaluation matrix (BEM) can be used to optimize a
base case and to cater for external objectives. Due to time
constraints, the tendency is generally to revert to
‘engineering judgement’ or previous experience, biased
towards satisfying the perceived dominant parameter at that
point in time. This approach has several shortcomings.
® It is based on trade-off studies that are site-specific
® Primary cost-related drivers are used, which are based
on a small data-set
® Power and water studies omit ancillary usage and
reticulation possibilities.
No single parameter can be viewed in isolation, due to the
direct or indirect relationships that exist between parameters,
as shown in Figure 1. The collection of data from other
operations also has the capacity to provide insight into, or
validate, parameters to potentially render them
certain/controllable.
Certainty depends on the information base and its
quantification, which can facilitate decision-making.
Controllable parameters allow decisions to be easily
enumerated, unlike parameters susceptible to externalities.
An increase in uncertainty across parameters, with fluctuations between the extremes of control, makes decisionmaking complex and results in multiple outcomes
(scenarios).
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The parameters in Figure 1 were assigned realistic and
numeric ratings for the base case. This revealed inefficiencies
and resulted in the implementation of alternative engineering
solutions. The exercise was repeated to render the base case
efficient.
Subsequently, applying the principles of financial
mechanics modelling, a comprehensive techno-financial
model (TFM) was built. The TFM incorporates activity-based
costing with some costing based on first-principles costing
methodology. Sensitivities, scenarios, and realistic risk
profiles were applied to simultaneously determine the impact
of both technical and cost drivers, and their throughput effect
at business level. This method has the potential to yield
unexpected KPIs.
KPIs that became prominent were power savings, the
capacity and the quality of the water source (the supply), the
water consumption rates and reticulation routes, and the
influence of environmental taxes. These KPIs led a re-based
reference for design enhancement and operating initiatives
that could potentially lead to optimization.
The revised base case was then optimized to yield a
solution that was holistic (with consideration of externalities)
at operating, business, and strategic levels. With BO,
engineering (non-mining) solutions were integrated to
ensure that non-process infrastructure, supporting services,
and all throughput processes were considered.
Environmental, social, and other legislative aspects were
encompassed in this iterative exercise such that each iteration
took into account the strengths, weaknesses, opportunities,
and threats (SWOT) of the solutions generated.
Replacement cases, alternatives, and options were
introduced and subject to decision-making techniques. The
results were transferred to a business optimization matrix
(BOM) of the project or operation.
The remainder of this paper illustrates the BO approach
and the multiple-criteria decision-making process in a typical
project.
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The team, tasked with a greenfield platinum project with a
life of project (LOP) of 13 years, wishes to optimize its
underground mining methodology to firstly reduce power and
secondly, to lower its impact on an open water source.
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Electricity consumption is to be kept to a minimum, due
not only to rising electricity prices, but also to constraints on
allocation. In the case of water, the open source is utilized not
only by the mine, but also by the local community for
domestic consumption. Due to the semi-arid climate in the
area, the volume of the open water source is anticipated to
diminish significantly over the LOP. Consequently, the
nitrate-nitrogen concentration of the water supply and the
nitrate load generated by the mine are to be considered.
The base case (Case 1) established on the reserve layout
was generated by:
® Use of a traditional hard-rock tabular mining method,
namely hand-held electric drilling with hydropower
support, the latter as was practised at Bokoni and
Twickenham platinum mines
® Omitting any consideration for environmental
externalities by initially maintaining the open water
source at constant volume, with no seasonal fluctuations. The life-cycle monthly water extraction was also
kept constant In this instance; however, this allowed
the initial condition for inflow and outflow characteristics of nitrate concentration and nitrate amounts to be
set.
® Neglecting de-nitrification
® Disregarding the impending carbon tax
® Omitting the impact of the underground engineering
footprint.

' '%($&)$)(&(&)%'&$ $
Subsequent to the establishment of the base case, the mining
design was changed from a half-level approach to block
mining. A typical underground decline layout consists of a
decline cluster feeding sub-levels of geometric consistency.
The mine re-planning resulted in a decline cluster feeding a
scheduled series of blocks, thus promoting access to higher
grades of ore earlier on in the LOP. The lower value blocks
are bypassed, and accessed later in the LOP. Although this
was a substantial task for mine planning and scheduling, this
considerably reduced the mining footprint and development
costs. However, other challenges remained.
The production drilling equipment in the base case (Case
1) was no longer viable in terms of real-time changes for the
LOP. (The electrical equipment was assessed on a lease
agreement for the LOP). Alternative recognized and tested
drilling methods were proposed, as follows:

analytical hierarchical process (AHP) was applied to select
the mining technology. The AHP expresses the relative
values of a set of criteria of different parametric units, within
a matrix, to rank or eliminate cases by
® Listing of systematic and unsystematic criteria
® Rating each criterion out of 10 in an inverse square
matrix
® Including all project and production personnel.
The pertinent outcome, shown in Figure 2, was derived
by using a set of pairwise comparisons configured in the
BEM. These comparisons were used to obtain the weights of
importance (ranking) for the drilling technology decision, and
the relative performance measures of the alternatives, known
as relative values (RVs), in terms of each individual decision
parameter.
In Figure 2, the core of the graph represents 0% or lowest
ranking, and the greater the distance from the centre, the
better the score, and thus the more preferable the solution as
represented by the higher percentage.
In the AHP results, the penetration rate was the dominant
parameter for the LOP. The penetration rate is sensitive
across drilling methods, and it affects parameters such as
energy delivery to the rock face; water consumption; capital
expenditure; safety, health, and environment (SHE); and
technology phase change and its implementation. The abovementioned parameters can be controlled, but they are affected
by other parameters, namely projected production
performance, electricity cost, and legislation, the latter of
which cannot be controlled.
Variable penetration rates experienced at existing
operations are adverse to the production objectives for the
LOP. Due to the variability of the rock conditions, and the
option to access the UG2 Reef at a later stage, consistency in
the penetration rates to achieve the production cycle was
imperative.
Electricity consumption also showed a significant
variability, based on the variability of drilling time per hole at
the stoping face, while operating costs were of lesser value in

® Alternative case (Case 2): hydropower drilling with
hydropower support, with an open-circuit system,
powerpacks in the crosscut and high-pressure pipe
reticulation in the stope. The drills are driven by the
water, which is then discarded and pumped out of the
stopes, as performed at Northam Platinum,
Twickenham, Dwarsrivier, Karee, and Amandelbult
mines
® Alternative case (Case 3): electric drilling with localized
compressed air support – new alternative.
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A multiple-criteria decision-making process known as the
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the AHP results. Electricity consumption was identified in
view of the relation between energy consumption and
greenhouse gas (GHG) emissions and the proposed carbon
tax anticipated for introduction in July 2016.
Implementation complexity and specialist maintenance
across the re-planned mining layout rendered the base case
drilling methodology unviable for the LOP under consideration in the project, as shown in Figure 2.
Legislative and SHE aspects pertaining to noise, oil, and
dust generation were all satisfied in each case.
Low water consumption was a prerequisite in the
selection of the base case and for the alternative cases.
Subsequently, it formed part of electricity consumption since
water requires energy to reach the mining blocks and water
reticulation affects implementation. It was noted that low
water consumption at the mine contributes to community
benefits, and indirectly to creating a micro-economic zone for
community-generated income in the vicinity of the project.
The AHP results for stoping indicated that the preferred
option was hydropower drilling with hydropower support
(Case 2), mainly because of consistent penetration rates
experienced at existing operations and test results across rock
conditions. Reduced labour requirements with better
penetration rates were an operating cost consideration.
Subsequently, this permits for the up-skilling of rock drill
operators (RDOs) and engineering crews.
In addition, since the mine plan has been de-constrained
from half-levels to mining blocks, the modular configuration
of the hydropower solution eases relocation of equipment. A
closed-circuit water reticulation system is also possible when
remote blocks are drilled far from the decline cluster.
Hydropower drilling with hydropower support was also
deemed advantageous for short-term planning in the event of
unforeseen events (geotechnical), and for long-term planning
if mining of the UG2 Reef is later considered.
Electric drilling with localized compressed air support
(Case 3) was discarded from a technical perspective. Multiple
compressors stationed at simultaneously mined blocks
aggregated to higher electricity consumption and
maintenance requirements than a surface compressor
unit/station. Independent supply of air from surface to refuge
chambers in the mining blocks was also a technical and cost
constraint. The extent of compressed air delivery to the
remotely mined blocks will still be subject to pipe leakages.
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Strategic project planning, based solely on the perceived
primary parameter, namely capital, did not offer the most
advantageous solution. Although the NPV confirms the
technical decision in Table I, namely Case 2, if the capex and
opex were the only parameters considered for the decision,
Case 2 would not have been selected. Hence, viewing these
financial parameters collectively yielded a counterintuitive
outcome, and contradicted the selection of the original KPIs.
The business NPV and the peak funding requirements also
confirm the techno-financial decision.
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The selection of the stoping method cannot be confined to
within the boundaries of the operation. In this project, an
increased concern for decreasing raw water availability and
deterioration of water quality has led to water being
‘operationalized’.
Environmental externalities arise when activities of
producers, or consumers, have external (indirect) unintended
beneficial or negative effects on other producers or/and
consumers. Negative inter-temporal externalities occur when
exhaustible resources are depleted. Therefore, the movement
of water was ‘operationalized’ from source to sink.
In this case study, the open water source is subject to
water pollution, irreversible changes, and environmental
damage. The mine discharges minewater with a nitrate
content into a simultaneous water source and sink. All
consumers of this polluted water incur rising costs of treating
water for consumption, and within the operation, increasing
production costs and secondary operating costs occur, such
as health claims, and other private- and social-related costs.
Prior to costing denitrification solutions, the project team
took measurements of the pre-project nitrate concentration.
The pre-project capacity of the open water source was
approximately 28 000 M. The laboratory results indicated
elevated nitrate concentrations at 35.0 g/M. The SANS
nitrate concentration allowance for the project as per SANS
Class 1 is 10.0 g/M
The natural increase in nitrate concentration in the open
water source at the end of LOP, for a reduced water source
volume is projected at 39.4 g/M. Over and above this
realization, the mine planned to discharge 4 M of water per
month with a nitrate concentration of 75.0 g/M.

Table I

Financial valuation results of stoping selection (real terms)
Platinum operation 94 kt/month, 13 years LOP
Direct operating cost (excl. contractor labour)
Contractor mining labour
Direct operating cost rate
Direct capital cost (excl. contingency)
NPV post-tax @ 10% discount
Internal rate of return (total project)
Business NPV
Peak funding requirement
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ZAR million
ZAR million
ZAR/tROM
ZAR million
ZAR million
percent
ZAR/tROM
ZAR million
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Base Case

Case 2

Case 3

856
11.51
764.87
949
7 530
10.67%
469.33
87

993
8.87
609.67
1.837
8 533
11.24%
531.82
78

626
11.53
751.76
852
7 644
10.73%
476.44
83
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Regulatory mechanisms are enforceable on the mining
company. Penalties are implementable if the nitrate concentration/threshold in this common-property resource reaches
38.0 g/M during the LOP. The pollution charge is a function
of the concentrations of pollutants above this prescribed limit.
Hence, measures to reduce the reliance on the open water
resource and reduce the nitrate load in the discharge waste
water were imperative. The impact on the overall project
capital estimate was also to be limited.
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A water balance of the open water source over the LOP was
developed, and included on-site water recycling activities and
recirculation flows. In the majority of projects, the water
balance usually focuses on internal water movement and
storage capacities, but excludes the impacts on the external
supply (the open water source).
Once the comprehensive water balance was completed,
the water pollution in the BAU base scenario (do-nothing
scenario) was generated by initially maintaining the open
water source at constant volume (no fluctuations). This
allowed the initial condition for inflow and outflow characteristics of nitrate concentration and nitrate amounts to be set.
The capacity of the open water source was then fluctuated
monthly over the LOP. An assumption was made that water
was mixed uniformly over a fluctuating open water source
volume. Thereafter, a climatic change (successive series of
dry seasons) was inserted in the last six years of the LOP.
The LOP water extraction was kept constant at 36 M/month.
With these conditions, the monthly nitrate concentration
of the open water source, volume inflows (replenishment),
and outflows (depletion) were calculated over the LOP by
using transcendental calculations (non-algebraic functions).
In this project, the pollution was generated from a
stationary/point source, the underground mine.
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The completion of the BAU base case provided the
opportunity to generate water- and energy efficient

possibilities. The mining activity, water consumption, and
discharge by the operation have direct and indirect
consequences on project capitalization. The incentive existed
to abate the release of pollution by introducing cost-effective
denitrification technologies.
Several denitrification processes were investigated. Based
on the design criteria of the project, reverse osmosis (RO)
was deemed the most suitable to treat high-nitrate water for
the LOP and to ensure compliance with regulatory nitrate
concentration levels. Additional benefits include effective
desalination with comparatively moderate operating costs.
Denitrification allows for containment, recycling, and
recirculation of water on-site, and therefore the successive
reduction of demand from the open water source. This
eliminated cost penalties incurred due to accidental discharge
of untreated water into the open water source.
Initial capital requirements were also curtailed because
piping and pumping requirements from the open water source
were scaled down, and continuous recirculation of water
within the operation reduced the size of the water storage
facilities (smaller footprint). Hence, the financial capital
prerequisite was controlled because it will be easier to
rehabilitate a smaller volume of water during the course of
the operation, resulting in faster closure.
Actively mitigating the risk of the projected nitrate
concentration in the open water source controlled the effect
on natural capital, social capital, on-site capital requirements,
and financial capital prerequisites.
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The nitrate treatment using RO was calculated for three
scenarios as follows:
® Scenario 1—treatment of the water inflow into the open
water source only (water volume discharged by mine)
® Scenario 2—treatment of water outflow from the open
water source (water volume withdrawn by mine)
® Scenario 3—continuous treatment of water outflow
from the open water source (continuous water volume
withdrawn by mine).
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The short- and long-term effects of the water treatment
scenarios were calculated based on the monthly rates of
depletion, dispersion/concentration/dilution, and replenishment, as well as the treatment investment costs per unit
volume over the LOP.
The change in the nitrate concentration in the open water
source for the BAU base case and the three treatment
scenarios is shown in Figure 3. The effect of climate change
in the last six years is shown by the decreased volumes.
In the BAU base case, the initial nitrate concentration
in the open water source was 35.0 g/M. It increased to
39.4 g/M by the end of LOP as a result of the reduced dam
volume (see previous section entitled Effect of the mining
operation on a natural resource for further details). Thus, the
smaller open water source volume towards the end of LOP
has a significant impact on the water quality.
In Scenario 1, the nitrate concentration in the treated
inflow (water discharged from mine) is 37.7 g/M with the
implementation of a two-unit 5000 /h RO plant at the start of
the project. The RO plant processes water from the operation
until the project is self-contained.
The limitations of the ten-unit 5000 /h reverse osmosis
plant installed at the start of the LOP in Scenario 2 constrain
the nitrate removal to a 36.0 M/month throughput.
Consequently, the process results in an open water source
concentration of 38.8 g/M at the end of LOP. It is noted that
this is above the regulatory limit of 38.0 g/M. Hence, this
scenario is unsuitable.
In Scenario 3, the ten-unit 5000 /h RO plant is installed
at the start of the LOP. Another three ten-unit 5000 /h RO
plants were phased-in every three years. This improved the
result from Scenario 2, but it was insufficient to meet the
imposed regulatory limit. At the end of LOP, the open water
source concentration is 38.2 g/M.
The increasing fluctuation of the nitrate concentration as
the project progresses shows the sensitivity to the volume of
the open water source. It is noted that prior to the reduced
open water source volume (prior to the climatic change), the
nitrate concentrations in Scenarios 1 and 3 meet, or were
within reach of, the regulatory value of 38.0 g/M. The
sudden reduction in the open water source capacity indicates
the sensitivity of nitrate-moderating capacity of the open
water source to its volume. This is an uncontrolled factor in
this case study.
Consequently, the Scenario 1 solution was selected.
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An analysis of all emission sources in this project was
conducted. The carbon tax was calculated by aggregating the
electricity consumption of the mining and engineering

equipment used for the production cycle. An emission
conversion factor was applied to determine the carbon
equivalents.
The South African government has proposed a carbon tax
of R120 per ton CO2e on Scope 1 emissions. 1 kg of CO2 is
emitted for every kilowatt-hour of energy produced and
consumed in South Africa. The tax will come into effect on 1
July 2016, and increase by 10% a year. It is anticipated that
60% of emissions will be tax-exempt for certain industries,
and this threshold will apply in the first 5-year phase. The
effective carbon tax ranges from R24.00 in 2016 to R35.14
per ton CO2e from 2020 onwards. Table II quantifies the effect
of the carbon tax estimation on the NPV for each scenario.
Interestingly, although Scenario 1 was selected based on
the denitrification assessment, should Scenario 3 have been
selected, a rebate would occur in the form of carbon offsets.
This could be quantified in a trade-off study when clarity is
obtained on the state of carbon trading and the South African
carbon market. The capital investment and the penalty of
exceeding the regulatory limit of 38.0 g/M by 0.2 g/M versus
the carbon rebate potential will be valued in the future.
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Subsequent to the denitrification assessment, the
underground mining and engineering water consumption and
storage were considered as follows:
® Option 1—series of cascade dams per mining block
established in the base case
® Option 2—open-ended feed from surface to a pressure
break dam at the first production block. Fewer cascade
dams, but with increased capacity, supplying multiple
blocks are developed and pressure reducing stations
(PRSs) are installed during block development,
depending on the block mining scheduled and water
requirements.
In the techno-financial analysis, Option 2 was selected.
This option allowed for a smaller operating footprint and a
greater flexibility for water storage. Piping and pump
requirements could be minimized through salvage and reuse.
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The compounded decisions made for this project, using the
BAU base case as a reference, yielded results that incorporate
technical and financial considerations on parameters that
affect the open water source. In Table III, the BAU base case

Table II

Carbon tax estimation for each scenario
Platinum operation 94 kt/month, 13 years LOP
Carbon tax effect on NPV
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Base Case

Scenario 1

Scenario 2

Scenario 3

-

2.76

2.40

(3.65)
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Table III

Financial valuation results of business optimization approach and the multiple-criteria decision-making process
(real terms)
Platinum operation 94 kt/month, 13 years LOP

Base Case

Scenario 1

Scenario 2

Scenario 3
993 236

Direc.25t operating cost with RO

ZAR '000

993 194

993 195

993 210

Operating cost rate of RO

ZAR/tROM

7.41

7.41

7.41

7.41

Direct capital cost of RO

ZAR million

-

1 929

1 933

1 945

NPV post-tax @ 10% discount

ZAR million

8 532.85

8 532.59

8 529.79

8 524.68

percent

11.24%

11.23%

11.10%

11.10%

Carbon tax effect on NPV

ZAR million

-

2.76

2.40

(3.65)

NPV post-tax @ 10% discount (incl. PRS and cascade dams)

ZAR million

8 532.85

8 641.45

8 638.65

8633.53

ZAR/tROM

531.82

538.59

538.42

538.10

Business NPV

with the selected mining technology is shown in the third
column. The results, based on the three RO nitrate treatment
scenarios, are progressed with the inclusion of the effect of
the carbon tax, and then the selected underground water
delivery storage and distribution system (Option 2).
The marginal cost of operating the RO plant was neutral,
as compared to the BAU base case, hence proving that it is
also a cost-effective solution across the scenarios. The
operating costs included reagents, power, and maintenance.
Small changes in nitrate concentration affect the relative
treatment costs of delivering water for operations and denitrification. It tipped the financial case in favour of Scenario 1
and highlighted the importance of reducing the dependence
of the open water source with the associated incoming water
nitrate concentration (key driver).
Furthermore, this positive financial outcome offered the
potential to improve and capitalize water storage and distribution for the block mining layout. This is a function of the
higher risk profile when access to the open water source is
restricted due to drought conditions, and it is also to be
considered if the UG2 Reef is mined in the future.
The business NPV is marginally better for Scenario 1 than
the other scenarios. Although the difference is moderate
subsequent to the mining technology selection, the inclusion
of the denitrification, carbon taxation, and the underground
water delivery, storage, and distribution system are based on
the effect the mining operation has on the open water source,
and the requirement for the mining company to limit its
impact on the deterioration of the open water source and to
promote sustainability. This was achieved by re-selecting the
KPIs to include environmental externalities and to support
the overall performance of the operation over the LOP.
The context of such decisions was critical to the outcome
of the BO process and project value contribution, as shown in
Figure 4. An increase in NPV of 14.7% for successive and
consolidated business enhancement was achieved for this
case study.
It is not suggested that the solutions provided for this
case study are applicable to variety of projects. However, it is
likely that the results of the decision-making and valuation
processes that took into account environmental externalities
will be different from a process that is solely focused on
project or operating cash flow comparisons.
 

      

') ()#(%# !)"#'$"
In BO, the aim is to apply the best technical solutions to
ensure that the production performance forecast prior to
execution is achieved, and that no technical constraints
influence the economic effect of the capital expenditure. This
is because the financial and manufactured capitals are not the
only capital aspects of the project or operation.
Within the Six Capitals framework, other capital items
were actively addressed. The natural capital, namely the open
water source, was stress-tested in terms of water volume and
nitrate concentration. The reduced underground footprint was
a result of block mining and an optimized underground water
delivery, storage, and distribution system. It contributed to
reducing the impact on the natural capital by creating a
positive control, which in turn impacts on the social and
relationship capital.
The implementation of a hydropower-based drilling
method and the RO plant allowed for skills development and
training, and cross-disciplinary opportunities for sustainable
performance through product and equipment improvement.
Thus intellectual and human capitals were satisfied.
The integrated opportunities from the Six Capitals
framework improved the sustainable development (SD)
performance.
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This paper examined the effects of the need to incorporate BO
for projects and operations, in view of growing concerns
pertaining to the environment and climate change, and
micro-economic factors such as labour and skills shortages.
BO should be done in a systematic, integrated, and
rigorous manner, as early as possible in the project life cycle
to:
® Identify SWOTs and initiatives to enhance SHEQ and
CSI
® Analyse cases, scenarios, and options against a
reference (BAU base case)
® Rank and prioritize by measuring effectiveness
® Implement an action plan though decision-making
® Obtain support for the decisions made.
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BO is accomplished with committed implementation of the
strategies that can be controlled and evaluated against
relevant KPIs.
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A simultaneous mining and mineral
processing optimization and
sustainability evaluation prepared
during a platinum project prefeasibility
study
by S.F. Burks*

This paper develops themes explained at two SAIMM platinum conferences.
Optimization techniques can be used to significantly increase the value of
mining businesses by enabling better long-term planning decisions. Open
pit and underground mine design, mine scheduling, cut-off grade and
blending, stockpiling, and the linking of these to flexible elements of the
metallurgical recovery processes are all evaluated together. Transport or
sale of intermediate products and the requirements of the product metal
markets can also be considered. Experience shows that net present value
(NPV) can be increased significantly, usually even before the expenditure of
significant amounts of project capital. Recent studies of NPV have aimed to
simultaneously evaluate the impact of the optimized financial solution on
the non-financial features of a project or operation.
The case study presented comprised a commercially orientated review
of the prefeasibility study designs and cost estimates of a platinum group
metal (PGM) project in South Africa, followed by value chain optimization
and sustainability studies of the project carried out simultaneously to
identify potential value uplifts to be gained and guide the owners’ team
going forward into the feasibility study phase. Some of the major aspects of
the project that were found to have significant potential to add value
included enhancement of the business model by the application of activitybased costing and theory of constraints, focus on the highest net value
portions of the orebody in the early years of production, enhanced and
optimized scheduling of the underground mining operation, application of
dynamic grind and percentage mass recovery from ore to flotation
concentrate (also known as percentage mass pull) to optimize revenue,
application of elevated cut-off grades early in the life of mine, matching of
the mining and processing capacity, expansion of the operation subject to
capital availability, and installation of downstream processing facilities
subject to regional third-party capacities.
The investigation of non-financial project features focused on
demonstrating that a financially optimized solution could also have a
number of other benefits. These are mentioned briefly in the paper, which
aims to present the status of the project at an early stage of its
development.
:&!86+4
sustainable health and safety, productivity, efficiency, project delivery,
mechanization, optimization, tunnelling technology, rock cutting and
boring.

9768+307;89
Many software packages exist to optimize
various parts of a mining business in isolation.
However, it is rare for companies to optimize
all parts of their operation or portfolio
simultaneously. In the past ten years some
optimization specialists have focused on
expanding the boundaries of integrated
optimization, concentrating on issues faced by
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Enterprise optimization, a term coined by
Whittle Consulting, can help to solve the
production schedule challenges of mining and
processing operations with multiple pits,
mining faces, and underground mines,
multiple metal or mineral products, stockpiling
and blending opportunities, and alternative
processing options. The combination of these
features creates significant long-term planning
and analytical problems and opportunities that
often exceed the capabilities of commercially
available mining optimization software.

* MAC Consulting.
© The Southern African Institute of Mining and
Metallurgy, 2016. ISSN 2225-6253. This paper
was first presented at the, Mining Business
Optimization Conference 2015, 11–12 March
2015, Mintek, Randburg.
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large and complex mining and processing
operations. Burks and Whittle (2010)
introduced these techniques at the 4th
International Platinum Conference. Using
advanced techniques, an integrated geological,
mining, processing, transport, and product
model can be constructed. This is manipulated
mathematically to optimize the values of those
variables that are considered negotiable.
Utilizing this procedure, it is possible to
develop long-term plans that maximize the
value of large geological and technical plant
asset portfolios. Significant improvements in
net present value (NPV) of the business have
been demonstrated in many cases.
This methodology is very suitable for
application to the PGM (platinum group metal)
and related sectors of the mining industry.
Whittle Consulting (an Australian company),
assisted by its regional associates, recently
completed an optimization study of a platinum
project in South Africa (Burks et al., 2014,
2015). In this paper, the author discusses
some of the optimization techniques and
mechanisms applied, and briefly refers to some
of the main conclusions and recommendations.

A PGM mining and mineral processing optimization and sustainability study
Simultaneous optimization aims to address all steps in
the value chain and all assets in the enterprise portfolio
together, and does this while also considering all time periods
of the planned operation, as discussed by Burks (2012). This
is a crucial additional complexity that differentiates mining
from other businesses. An orebody is a depleting resource;
when we decide what to mine and process in one period, we
constrain the available options for all future periods.
Figure 1 illustrates this point. There is little or nothing
that any enterprise can do to improve the resource in the
ground or the international market for the products, but all
the other steps illustrated in the figure can potentially be
optimized.
Enterprise optimization concentrates on optimizing the
NPV of businesses. NPV is the sum of discounted cash flows,
normally calculated or forecast annually. It reflects the time
value of money and is considered to be a metric for planning
and measuring the performance of any business that will be
understood and appreciated by executive management,
shareholders and other investors, and all stakeholders.
Philosophically, many mining businesses struggle to
identify clear and consistent objectives. For example,
maximizing metal production, maximizing life of mine,
minimizing costs, maximizing resource recovery from the
ground, maximizing metal recovery from ore mined, and
maximizing utilization of equipment are all often cited as
being key objectives for operations. However, it is difficult to
rank these against each other, and some of them conflict.
Enterprise optimization therefore focuses on a single
objective: to maximize the economic value of the business.
From a sustainable development perspective, the
economic value represents the addition of financial capital to
a project. The overall evaluation in this case included
potential enhancements of the social, human and
environmental capitals of the project, but this paper describes
in detail only the work done to investigate possible increases
in financial capital.

221;057;89<8.<827;/;'57;89<26;90;21:4<78<5<2157;93/
268:07<
This optimization study provided diverse challenges in
several links of the production value chain. This real case
study is used to illustrate the flexible nature of the
optimization mechanisms and techniques applied.
Unfortunately, since the analysis of the results identified
operational strategies that could affect the valuation of the
operation, the identity of the project as well as specific results
could not be provided in this paper, which focuses on
describing the approach and mechanisms tested and on the
broad trends of the results.
In this study, the optimization work included the whole of
the value chain between the resource in the ground and the
sale of final metal products.

:.;9;7;89<8.<7,:<268:07<59+<;74<0366:97<475734
The project is being developed on the northern limb of South
Africa’s Bushveld Complex. With the support of many
partners and stakeholders, including local empowerment
beneficiaries in the locality of the planned mine, employees,
local South African entrepreneurs, and third-party investors,
the owner’s team is committed to building a safe, large-scale,
mechanized underground platinum group and base metals
mine.
The recently completed prefeasibility study (PFS) covered
the first phase of development that would include the
underground mine, a flotation concentrator, and other
associated infrastructure to support initial concentrate
production by 2019 (Anon, 2013, 2014). As Phase 1 is being
developed and commissioned there will be opportunities to
define the timing and scope of subsequent expansion phases.
Key features of the PFS included:
® Development of Phase 1 of a large, mechanized
underground mine with associated processing plant
and surface infrastructure
® Planned initial annual production rate of 433 000
ounces of 3PE+Au (platinum, palladium, rhodium, and
gold) plus 19 million pounds of nickel and 12 million
pounds of copper per year
® Estimated pre-production capital requirement of
approximately US$1.2 billion, including US$114
million in contingencies, at a ZAR:USD exchange rate
of 11 to 1
® The project would rank at the bottom of the cash cost
curve at an estimated US$322 per ounce of 3PE+Au net
of byproducts
® After-tax NPV of US$972 million at an 8% discount
rate
® After-tax internal rate of return (IRR) of 13%.
The optimization study used the PFS parameters,
preliminary designs, and results as a starting point. It
commenced with a strategic assessment consisting principally
of a two-day workshop attended by delegates drawn from all
corporate and project disciplines likely to have any influence
on the financial viability of the project. Optimization
principles were discussed and explained, the current business
plan of the project was presented, and the personnel who
would be responsible later for providing information were
identified.
The main items identified for further investigation in the
subsequent enterprise optimization study by Whittle
Consulting and a related sustainability (SUSOP) study
delivered in parallel by JKTech included activity-based
costing; theory of constraints; underground mine zone
shapes, sizes, and sequence rules; mine scheduling; cut-off
value policy; selective stockpiling; ore blending; grindthroughput-recovery variability in the metallurgical
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A PGM mining and mineral processing optimization and sustainability study
processing plant; dynamic concentrate mass pull; capital and
period cost optimization; enhancement of the optimization
model by consideration of the non-financial capitals
(manufactured, social, human, and natural capital); and
sensitivity to various external factors such as metal prices.

:406;27;89<8.<7,:<827;/;'57;89<!86<08/21:7:+<;9
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The approach described is typical of many other similar
optimization studies, except that in this case much more
emphasis was placed on the optimization of mining zone
shapes and cut-off grades and subsequent scheduling from
the underground mine. The steps that were followed, mainly
sequentially but sometimes in parallel, are outlined below:
® Resource model, operational, test work, and study
information was collected from each project team
department and incorporated into a single data input or
business model to be used to prepare the input files for
the proprietary Prober optimization software. In
addition, the underground mine zone definition and
annual mining schedules from the PFS report were also
transferred, to be used for the initial stages of the
optimization
® An activity-based cost (ABC) model was set up
matching the overall PFS operating costs at the defined
plant capacity but with some variance in the split
between variable and fixed costs (usually fixed only for
one annual period, and therefore referred to by Whittle
Consulting as ’period’ costs). Theory of constraints
was applied to this ABC model by allocating all period
and sustaining capital costs for the entire operation to
the overall bottleneck in the system. For the scenario
studied in the PFS this happened to be the power
available for milling. In the optimization, the effect of
this allocation is to make the processing of higher
value (usually higher grade) ore though milling more
preferential in the early years of the schedule before
the annual discount rate significantly reduces the
annual discounted cash flow
® A base case optimization was then prepared using
proprietary software. This was compared with the
project’s current production and financial plan. Several
of the input parameters were corrected in an iterative

process until the optimization results corresponded
well with the PFS expectations of operational and
financial performance. The NPV of all other cases
generated was compared to this base case. The results
were presented using a consistent format including
summary tables, dashboards, and waterfall charts to
ensure that the owner’s team could easily compare new
results with earlier cases
® The next stage of work tested the mining and
milling/flotation optimization mechanisms. The ore
mining zone start dates and ramp-up schedules were
reviewed and a few alternatives were proposed to
enable a theoretical schedule with increased early
annual cash flows to be generated. This will need to be
tested for achievability by the mining consultants in
the next phase of the project. Early optimization runs
applied fixed processing parameters, with milling to a
p80 of 74 m (p80 is the term used to determine the
grind size achieved during milling and is defined as the
screen size in micrometres that 80% of the mill product
would pass through) and 4% mass pull to final
flotation concentrate. After this, variable grind versus
recovery and concentrate mass pull versus recovery
relationships based on test work or typical PGM
industry experience were applied to determine the
impact of allowing flexibility in the processing plant
operation
® An exercise to review and re-optimize the cut-off grade
policy in each mining zone was now undertaken. For
each zone, several alternative cut-off grade policies
were applied to develop a series of zone variations for
the ore and waste blocks falling within each zone as
defined in the PFS. The shape and size of these
alternative zones was reduced as the cut-off grade
increased, as illustrated for mining zone 14 in Figure 2
® The new zone shapes were used to develop updated
mining and processing schedules in Whittle
Consulting’s Prober optimization software package,
comparable to the best of the previous set of runs
based on the PFS base case, but with cash flows
brought forward. Initially runs were done at constant
cut-offs, with the ore from the re-optimized versions of
the first 17 mining zones being those developed from
the Indicated Resource category. Manual selections of
different combinations of cut-off were then tested, and
finally the entire database was imported into Whittle’s
proprietary Prober C software to apply a novel
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A PGM mining and mineral processing optimization and sustainability study
‘Evolutionary Solver’ technique. This complex
procedure enables the optimization software to learn
and refine based on past results where options are
presented as alternative scenarios (such as
underground mine schedules based on different zone
shape and cut-off grade combinations). In this case the
optimum sequence yielding maximum NPV from the
initial 17 mining zones proved to be a combination of
the alternatives shown in Figure 2 for zone 14
® Several different combinations of size and start date of
shafts and concentrator modules were then tested
using the PFS mining zones as well as the optimized
set of new zone shapes. The cases testing multiple
shafts and processing modules with potential
expansions of ore processed were enhanced firstly by
adding additional ore zones from the Inferred portion
of the resource, and then by adding dedicated smelting
and base metal refining facilities to be constructed on
or close to the project site
® Sensitivities to changes in the metal prices were
prepared next. Unlike conventional sensitivity analyses
that tend to leave the physical production data
unchanged and simply adjust the financials, new
optimization runs were prepared for each set of revised
commercial parameters in order to test the influence of
these on the optimized mining and processing
schedules
® Several optimization runs were prepared making use of
modified input parameters such as social costs, water
and electricity consumption, and project permitting
delays. These ‘non-financial’ capital issues were
addressed in the parallel SUSOP study and the
optimization model was then used to quantify their
likely impact on financial capital.
This concluded the main part of the optimization study,
in which over 150 Prober runs were completed over a sevenmonth period. The output of each run consisted of over 50
data tables and 70 charts illustrating trends in the key
operating parameters as well as providing an overall financial
analysis of the effect of changes in the input settings.

In December 2014 and January 2015 some supplementary
optimization work was done to test the following:
® The effect of expected delays in the initial mining and
processing of ore
® The impact of new flotation recovery data
® The influence of improved capital and operating cost
estimates for downstream processing facilities
® The influence, on both NPV and peak funding
requirements, of deferring development and
commissioning of some of the shafts and concentrator
modules by several years.

351;757;(:<+:406;27;89<8.<76:9+4<8#4:6(:+<;9<5<7&2;051
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Due to the sensitivity of the revised financial forecasts
generated in this type of analysis, it is not possible at this
stage to present the identity of the project or the full results
of the final optimization runs that have been selected as a
guide for the feasibility study team working on the next
phase of project development. The charts and explanatory
notes that follow are therefore intentionally not identified
explicitly in terms of the input parameters that were applied
to generate them, and they do not all refer to the same
optimization run. Also, they have been amended by removing
most of the production, grade, and monetary figures. These
charts illustrate key trends in major production metrics that
were observed in all completed optimization runs.
Figure 3 illustrates how the model was set up to enable
the optimizer to schedule waste development, ore
development, and ore extraction from production stopes in
each zone, with built-in lags from initial waste development
to the other phases of mining. This summary table was
produced for each optimization run. It facilitated a very rapid
visual check in each case to ensure that zone sequence rules
in respect of the physical location of zones in relation to the
shafts and the ability of the mining teams to access specific
zones were being followed. The number of zones being
mined in any year and the progression from waste
development into ore mining could also be followed, enabling
the amount of mining equipment and labour as well as the

*;-36:<)&2;051<8(:6511</;9;9-<4:3:90:<#&<&:56<.86<:50,<'89:<

L

134







 

 

      

A PGM mining and mineral processing optimization and sustainability study
ventilation requirements to be inferred. Mechanisms of this
type are important in any strategic optimization exercise to
ensure that the solution being offered is likely to be
practicable as the design and development of a project
progresses.
Figure 4 is a plan view of the mining zones in relation to
the planned shaft locations. This provides some context for
the need to provide zone sequencing rules in the scheduling
process. Clearly, some zones have to be mined before others
in order to open up new areas and provide access to outer
zones.
Figure 5 is an extract from the PFS report. The third
column shows the stratigraphy of the reef in this specific
orebody, with the T1, T2, Upper, and T2 Lower rock types
being of interest.

Figure 6 illustrates some features of the mining schedules
of a typical optimization run. The first three charts are to the
same scale and show respectively the tons of ore mined
annually by stratigraphic rock type, the total tons of rock
mined by method (vertical and lateral waste development, ore
development, ore mining by one of three different methods
planned), and the tons of ore mined by zone. The final chart
in the bottom right-hand corner of Figure 6 shows the
average platinum grade mined each year for each rock type.
This particular run was used to establish the base case prior
to optimization, and it can be seen that the logical sequencing
of zones in the PFS based on their location meant that peak
ore grade, usually closely correlated with net value, could
only be achieved by about year 15 of the mining schedule.
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One implication of the optimization process was that the
metal grades mined in the early years of the schedule were
increased. This was a consequence of a combination of the
zone selection, mining schedule, cut-off grade, and
stockpiling optimization mechanisms being applied. The net
result was a benefit in early cash flow and NPV.
The PFS, and therefore also the base case for the
optimization study, specified a main production shaft with a
considerable excess of rock hoisting capacity compared to the
ore treatment design capacity of the metallurgical plant. In
this scenario, milling is the production bottleneck.
A comprehensive set of metallurgical test data was made
available at the beginning of the optimization study, and this
included milling and flotation test work providing
information on the specific power consumption and metal
recoveries possible at different grind sizes. As would be
expected, metallurgical recoveries peaked at a mill product
classification of about 80% passing 74 m. However, the
drop in recovery at 106 and 150 m was relatively little,
whereas the specific power consumption for these coarser
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grinds dropped off sharply. This introduced the opportunity
to specify the system bottleneck as mill power available and
allow the optimizer to select the optimum grind size each year
to achieve maximum life-of-mine NPV.
Figure 7 shows the result from one Prober run. The
annual power consumption (left-hand graph) always reached
the red line, which indicates the maximum power limit. In
other words, the bottleneck was limiting production, as
should be the case. On the right-hand side, it can be seen
that the optimization process selected a coarse grind for some
of the ore in the first fifteen years of the schedule, allowing
the recovery to drop while processing significantly more than
the design target of 4 Mt/a of ore. In later years, as the head
grade to the plant decreased it was necessary to increase
recovery as much as possible to maintain a minimum
concentrate grade to smelting, and this caused the optimizer
to revert to a finer grind. Sufficient additional capital was
added in runs with this mechanism to ensure that the
downstream flotation circuit could process the additional
material.
 

      

A PGM mining and mineral processing optimization and sustainability study
It should be noted that towards the end of the
optimization study most of the runs considered an alternative
scenario with shaft and plant capacity matched much more
closely. In these cases the shaft became the bottleneck and
the optimizations therefore always selected a grind size that
would maximize metallurgical recovery.
In any flotation process, metal recovery can be improved
by increasing the mass pull from ore to concentrate. The PFS
specified a fixed mass pull throughout the life of mine, but
also referred to a minimum 3PE+Au grade that would be
acceptable to toll smelters without incurring penalty charges.
The optimization model was set up to increase cash flow by
operating flotation at higher mass pulls while specifying that
the minimum 3PE+Au grade would always be achieved.
Figure 8 illustrates the variability that occurred in many runs
when this mechanism was applied. It can be seen that in one
year the optimization even incurred a penalty charge for low
concentrate grade.
Figure 9 presents a comparison of cumulative
undiscounted cash flow between the base case (blue) and
one of the expansion cases studied (red). It was evident that
it should be possible to fund at least a portion of any
expansion from operating cash flow. However, the extent to
which this would be possible would depend on the timing
and size of the expansion as well as on metal prices and
operational performance of the initial project after
commissioning.

resulting in the location of the most profitable ore being
identified
® Applying a novel massive iteration process to test all
possible combinations of net value applied to each
mining zone, resulting in an optimized model for
scheduling purposes, with distinct cut-off values
defined for each zone
® Bringing forward revenue and cash flow using
enhanced scheduling, cut-off grade, and stockpiling
optimization techniques to the defined mining zones,
subject to the technical limitations on mining defined in
the PFS
® Application of dynamic grind to increase processing
rates and dynamic mass pull to flotation concentrate to
increase recovery where possible, both resulting in
increased early cash flow.

890134;894<8.<7,:<827;/;'57;89<473+&<
The study base case used the mining and processing plans
already developed during the prefeasibility study. The
potential NPV of the project could be influenced positively by:
® Applying theory of constraints to evaluate the orebody
zones in terms of net value per bottleneck unit,
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A PGM mining and mineral processing optimization and sustainability study
Natural capital initiatives were identified with potential to
reduce electricity and water usage per unit of metal produced
in concentrate and also to introduce mining and backfilling
practices to increase utilization of the resource in each zone
over the life of mine. None of the non-financial ‘capitals’
(natural, manufactured, social, and human) were found to
have a significant influence on NPV in this case.
The optimization study also considered different sizes
and configurations of mining and processing operations.
Some of the preliminary conclusions reached were:
® NPV of the project could potentially be increased by
making more effective use of the mining infrastructure
already planned for the project during the PFS. The
development shaft could be converted to production to
supplement the main shaft. By matching the ore
processing capacity of the metallurgical plant to the
total shaft hoisting capacity an optimized overall
solution could be generated
® The peak funding requirements for the project could be
reduced by commissioning an initial small-scale
operation as early as possible, then constructing and
operating expansions a few years later

® The possibility of building a dedicated smelter and base
metal refinery was considered and investigations
commenced. This should ultimately increase the
amount of net cash generated by the operation, but
would require significant additional capital
expenditure.
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Application of manufacturing
management and improvement
methodologies in the southern African
mining industry
by J.O. Claassen*

!10&+2+
A study conducted at 22 operating mines in the southern African region
indicated that each mine employs about five management and
improvement methods with roots in the manufacturing industry. All
respondents reported the implementation of cost-saving initiatives,
whereas 80% of the mines are affected by restructuring. TQM, Six Sigma,
BPM, and TOC were found to be the most prevalent manufacturing
management and improvement methods used. A mechanistic vs systemic
evaluation of the suitability of these methods to bring about positive
change in the industry suggested that complex, ever-changing mining
systems are better served by a systemic flow-based approach, which is
embedded in methods such as TOC, JIT, TPS, and Lean Production. These
methods, however, lack industry presence, possibly because they do not
effectively deal with the unique challenges associated with the mining
environment. It is argued that successful mining business management
and improvement depends on management’s ability to deal effectively
with mining industry-specific requirements, the integration of the geologymining-plant system, and the implementation of systemic flow-based
principles in all aspects of mining.
3!0,(+
mining improvement, continuous improvement, business improvement,
manufacturing methodologies, mechanistic, systemic.
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The study aims to explore the use of
manufacturing management and improvement
methodologies in the southern African mining
industry. Considering the unique challenges
associated with mining operations, attention is
given to the applicability of the most
commonly used manufacturing methodologies
in the tactical, operational, and strategic
environments. The article endeavours to
stimulate more research and debate in an
unexplored field of study.

(MRTM) programme, a Masters degree
programme presented through the Geology
Department of the University of the Free State
(UFS), was consulted regarding the application
of systemic flow-based principles at some of
the mining operations evaluated.
Inputs were received from small- to largescale operators in the precious metal (Pt, Au),
ferrous metals (Fe, Mn, Cr), base metals
(Pb/Zn, Cu), coal, and diamond industries,
operating mainly in southern Africa.

'$% (!& $
Strike actions in the industry, lower prices
driven by lower demand from China, and
increasing costs, among other reasons (PWC,
2014), have focused the attention of most
mining operators on means to end and turn
around the downward performance spiral
experienced in recent years. In fact, the mining
industry is expected to bring about a step
change in performance through bold actions,
new ways of thinking, and implementing
innovative management methods and
technologies (Mining Weekly, 2014).
Some mining operators and consulting
firms in the mining industry are now again
turning to management and improvement
methods developed in and for the
manufacturing sector in an attempt to
resuscitate the industry. A case in point is a
global mining operator with extensive interests
in southern Africa that intends to adopt
principles from manufacturing methodologies
such as Lean Production and Six Sigma in
order to establish a business environment that
‘delivers continuous improvement (CI) on
budget’ (Anglo American, 2014). It is
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The study was conducted in two parts. Firstly,
a questionnaire was circulated to 50
operational mines to establish how widely
manufacturing methods are applied in the
industry, which element(s) of the profit
equation currently receives the most attention,
and which methods are favoured. In the
second part of the study, the database of the
Mineral Resource Throughput Management

Application of manufacturing management and improvement methodologies
noteworthy that this operator already employs an extensive
CI programme based on other manufacturing methodologies
at all its operations. This announcement probably supports
the notion in mining that the industry is still looking for a
cost-effective, fit-for-use mining management and
improvement method that effectively addresses the unique
challenges associated with the mining environment.

!& &'&$( &% &&'(%&(!'!'(#'(#'#% !'
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Imagine a pharmaceutical producer adopting an approach of
‘you supply the best raw materials/inputs you can and we
will make the best medicine we can’. Through ongoing
research into the management of the total manufacturing
value chain, there is a lot that mining can learn from the
manufacturing industry, but key differences between these
two environments should be recognized and adjustments
should be made where necessary. A systemic view of the
mining value chain (Claassen, 2015), which emphasizes a
focus on all dependencies in the system, on flow through the
system, and the management of variability to achieve a stable
and predictable environment, highlights the following key
differences between mining and manufacturing.

  
Stringent raw material specifications are enforced in
manufacturing in order to limit variability throughout the
value chain and, more importantly, to produce a final product
within budget and specification, as alluded to earlier. Offspecification raw material is simply rejected in manufacturing
or ‘diluted’ (blended with on-spec material) to a level where
its impact on overall system performance is within acceptable
limits. Everything about the raw material is known and its
behaviour through the value chain can be predicted, i.e.
processes can be set up within narrow operating limits to
optimally process the materials/parts. This greatly enhances
operational stability, predictability in financial performance,
and the company’s ability to implement its business strategy.
In mining, the ore and associated host rock quality as
well as the ore to waste ratio in the plant feed can vary
considerably over time due to variable ore (intergrowth,
texture, mineral associations, etc.) and orebody morphology
(seam dip, faults, roof and floor conditions, etc.). In most
cases all the raw material is also processed (from drilling and
blasting to beneficiation). In general, limited information on
the ore and orebody exists (limited exploration data on ore
and orebody morphology) and the behaviour of the everchanging ore/waste package in downstream processing is
generally difficult to predict. Mining operators therefore often
find it difficult to set up processing equipment correctly and
to maintain optimal equipment/processing set-points. In
addition, the effects of key processing performance drivers
such as ore and waste hardness, intergrowth, grain-size
distribution (ore morphological factors), etc. cannot be
blended away, i.e. a mixture of hard and soft ore does not
yield a medium hard ore and a blend of coarsely and finely
intergrown ores does not produce medium intergrown ore. If
hard and soft rock are treated simultaneously in a
comminution circuit, the hard rock is typically under-ground
and the soft rock over-ground, which has an adverse impact
on downstream extraction performance. Variable raw material
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quality results in the production of lower product volumes
(sacrificing ore and product extraction for the sake of quality)
and/or poorer product quality due to misplacement, which in
turn directly impacts the profitability of an operation. This
adversely affects an operation’s ability to accurately predict
its financial performance and to implement its business
strategy.
It could be argued that raw material variability in mining
creates a complex network of geo-processing (geologymining-metallurgy) dependencies, which in turn impact the
overall business performance. Treatment of variable raw
material qualities in mining differentiates the industry from
manufacturing. It is also noteworthy that the ripple effect of
this variability runs through the entire mining value chain if
not properly addressed. This argument also suggests that
without a proper understanding of the impact of geoprocessing variables on run-of-mine, concentrate, and
product quality, any business improvement and management
approach may not yield the expected outcome.

 
Compared to manufacturing processes, most mining
operations suffer from a lack of process control (Peace et al.,
1998). In manufacturing nearly all inputs, processes, and
outputs are rigorously monitored and controlled. In mining,
an attempt is made to achieve as high as possible level of
control. It should be noted that most of the ore morphological
factors (specifically physical characteristics of ore and waste)
mentioned earlier cannot be detected with online instruments,
and the focus is therefore mainly on grade (chemical
composition), which assists the operator to some extent, i.e.
plant feed quality/grade in many cases does not accurately
predict optimal process/equipment set-points and
performance as alluded to in Table I.
Combining the impacts of variable raw material quality
and quantity (ever-changing geological environment), the
difficulty associated with measuring ore treatment parameters
(Table I), variable equipment performance (whole production
line is not static), variable human performance (limited
automation), variable mining conditions (conditions around
production line continuously evolving), variable market
dynamics, and an ever-changing legislative environment on
mining performance, it is not hard to understand why
complex, ever-changing mining environments are more
difficult to manage and improve than simple, stable
environments found in most manufacturing processes.
Complex, ever-changing environments experienced in most
mining operations probably require a unique management
and improvement approach to ensure optimal performance in
a sustainable manner, as will be discussed later.

    
High levels of operational stability and predictability
generally experienced in the manufacturing environment
allow the implementation of strategic and operational plans
with a relatively low level of risk, i.e. operations follow the
plan. In mining, where operators need to deal with highly
variable geological and processing conditions, this approach
can introduce more variability into the system, as a result of
a misalignment between plans and what the geo-processing
environment allows, where geology is a given and processing
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Table I

Summary of important raw material variables mostly not detected with online instruments in some ore treatment
processes
Separation process

Raw material parameter not measured and controlled

Geological driver

Comminution

Hardness, grindability

Ore and waste mineralogical composition/ associations,
Ore and waste texture
Weathering effects
Ore and waste porosity
Intergrowth
Grain size distribution
Element/mineral deportment

Screening

Particle shape
Particle size distribution

Depositional environment
Ore and waste texture
Ore and waste composition

Dense medium separation

Density
Density distribution
Particle shape

Ore and waste mineralogical composition/ associations
Ore and waste texture
Weathering effects
Ore and waste porosity
Depositional environment

Flotation

Particle size and size distribution
Mineral liberation size
Mineral surface chemistry
Particle porosity
Competing species

Ore and waste mineralogical composition/ associations,
Ore and waste texture
Weathering effects
Intergrowth

   
In manufacturing, value is added to the raw materials/parts
by processing and/or combining them with other raw
materials/parts up to the final product. From a mineral
resource management perspective, mining operations aim to
minimize losses/value attrition from the moment the ore is
first handled at the face to the final product, as illustrated in
Figure 1, i.e. to capture as much value (Priem, 2007) as
possible from the orebody for the effort, time, and money
invested.
A drive to limit value attrition throughout the mining
value chain as shown in Figure 1 inevitably focuses attention
again on the geology-mining-plant interrelationship and the
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need to understand its dynamics better. This in turn implies
that the chosen management and improvement model(s)
should enable mining operators to establish all geoprocessing relationships and effectively manage them.
However, the chosen approach should also be able to
establish a balance between value capture (supply side) and
value generation (demand side) through the development of
niche/alternative products and customers where possible
(Johannessen and Olsen, 2010).

    
Figure 2 attempts to compare at a high level typical
manufacturing (motor vehicle) and mining (simple case for
opencast mining and ore to metal production) value chains if
the product development and reserve definition stages are
excluded, respectively.
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methods are fairly fixed once implemented. It can therefore
be argued that the plan should be subordinated to the value
generation potential of the geo-processing environment. This
may also imply that the chosen mining business
improvement and management approach should enable the
establishment of a stable and predictable operational
environment in order to successfully implement the strategic
and operational plans, i.e. a stable geology-mining-plant
primary value chain and supporting functions is a
prerequisite for the successful implementation of a strategic
plan in the mining environment.

Application of manufacturing management and improvement methodologies
It should be evident from Figure 2 that more
dependencies and interdependencies exist in the mining
value chain. One can then conclude that if a more complex
network of dependencies and interdependencies is combined
with other mining value chain characteristics mentioned
earlier (variable raw material quality, dynamic mining value
chain sensitive towards mining conditions, less
automation/limited process control, and an ever-changing
legislative environment), then a different approach towards
managing mining systems compared to manufacturing chains
may be required.

3*$.12+/2*4#+4+!+/3-2*4#23
Before the applicability of the above-mentioned management
methods in the mining sector is evaluated, it is essential to
recognize that people generally adopt either a mechanistic or
a systemic/organic approach towards managing their
environments, as indicated by Burns and Stalker (1961). The
authors describe organizational designs for simple, stable
environments as mechanistic and designs suitable for
complex, changing environments as organic/systemic in
nature. They argue that these designs and views support
management’s will to gain power, domination, and control
over the natural environment and labour. Furthermore, the
designs and views can be seen as products of two different
approaches (mindsets and behaviour) to enterprises
operating in a continuum between simple, stable
environments and complex, changing environments. Burns
and Stalker (1961) indicated that simple, stable
environments are easier to control and performance is more
predictable than for complex, changing environments. The
latter require a more flexible (less rigid structures and
management practices) approach, the deployment of
resources where needed most (opposite of centralized
services), fit-for-use solutions (less standardization due to
variable conditions), and a systems view (consideration of
dependencies and interdependencies in the system in a flow
context) of the business. Simple, stable, and predictable
environments in turn can be effectively managed using a
functional approach (silo approach), best practices
(benchmarking), and strong hierarchical authority.

#.)%./21'4/$343""3*/2#313++40"4-.1%".*/%,21'
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The mining industry poses unique challenges to its
leadership compared with the manufacturing environment.
These may include the following.
® All raw material is treated, and its variable chemical
and physical characteristics generally causes instability
in downstream processes and/or a less predictable
output than is the case in manufacturing
® Key processing variables (can be linked to geological
variables) impacting operational performance are
difficult to measure and control
® Operational instability (noncompliance to plan) impacts
the successful implementation of the strategic and
operational plans
® A balance needs to be found between capturing optimal
value from the mineral resource and generating value
from niche products and new markets
® Mining value chains comprise a more complex network
of dependencies and interdependencies and evolve
continuously.
Considering the above, it can be argued that mining is a
complex, ever-changing business environment where
performance is less predictable. As such it is probably better
served by a systemic management and improvement
approach than a mechanistic approach, as discussed in more
detail in the following sections.

33(.*4",0-4/$34 %3+/2011.2,3
Feedback from 22 mines was received as summarized in
Table II and presented graphically in Figures 2 and 3.
Approximately half of these mines are owned by big mining
companies operating in different commodities (different
mining entities).
From Table II and Figures 3 and 4 the following points
can be highlighted.
® All mines have opted to employ more than one
management and improvement method. On average,
approximately five of the listed approaches or elements
of the approaches are exploited at each mine

Table II

Summary of results obtained from a survey sent to 50 operating mines

L

142







 

 

      

Application of manufacturing management and improvement methodologies
unique challenges associated with mining and whether the
methods are applied from a mechanistic or systemic
perspective. For more background information on some of the
improvement methods discussed here, the reader is referred
to the Appendix.

"$%($#!'(#'( $!'&$$( &$% % !'
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Cost saving and business restructuring are currently widely
employed as a means to improve business performance, as
illustrated in Figures 3 and 4. When these methods are
applied in a mechanistic way, all departments in the
organization are often affected. One of the premises of a
mechanistic approach is that money saved throughout the
company will directly translate to bottom-line savings and
therefore an improvement in profitability. This is mostly true
in the case of simple, stable environments. In complex, everchanging mining environments this approach can hamper the
longer term performance of the organization due to:
® The constraint(s) in the mining system being adversely
affected, which increases the risk of not meeting
performance targets or compliance with plan and
strategy
® Other dependencies and interdependencies being
created that are not anticipated and therefore not
managed, which further affects the organization’s
ability to control its processes.

® All mines are working on cost-saving initiatives, and
80% of mines are restructuring their operations. The
focus of most mines is more towards cost saving than
increasing revenue
® A notable awareness in the industry exists with
regards to the importance of identifying and managing
different business processes – Business Process
Management (BPM) and Business Process Redesign
(BPR)
® Elements of several other methods such as Total
Quality Management (TQM), Theory of Constraints
(TOC), Lean Production, and Six Sigma (SS) are also
employed by some mining operators
® 35% of mines have developed their own fit-for-use
mining management and improvement methods,
probably signalling a need for a more effective way of
dealing with the unique challenges of the mining
environment
® The top five management and improvement methods
currently employed by mines to ensure sustainable
operations are cost saving (20%), BPM (18%),
business restructuring (16%), TQM (11%), and TOC
(9%).

&&)2*.2)2/!40"4/$34-0+/4*0--0142-&,0#3-31/
-3/$0(+4214-2121'
The applicability of manufacturing business improvement
methods in the mining industry is evaluated considering the
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Managing an organization’s key business processes as assets
was proposed by Hammer (1990), and the idea later evolved
to accommodate the softer’ ‘people’ side of the organization.
When BPM is applied in a mechanistic way, process silos are
created in addition to the functional and discipline silos
already existing in the organization, which further increases
complexity as it creates more dependencies and
interdependencies in the system. Furthermore, businesses
very seldom appoint additional people to manage these
processes. Multi-skilling and multi-tasking are required as a
result, which can put the success of the approach at risk since
an equal focus on all aspects of the business is required when
a mechanistic approach is followed. Therefore, when BPM is
applied in a mechanistic manner, the organization becomes
more fragmented and more constraints can develop, which
could defeat the purpose of establishing better control and
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When cost saving and restructuring is implemented using
a systemic approach, the constraint(s) in the system and all
the dependencies and interdependencies that affects its
performance are considered. The impact of future changes in
the internal (geological and mining conditions) and external
environments that can affect the overall system stability is
also considered. In this way, savings generated through costsaving initiatives should be more sustainable than when a
mechanistic approach is used.
Cost-saving and restructuring initiatives do not
necessarily deal with challenges to better deal with variable
raw material quality, the integration of the geology-miningplant value chain, value captured from the mineral reserve,
and value chain complexity. Instead, these approaches can
have a very negative impact on the long-term profitability of
the organization if the unique challenges of mining are not
addressed in a systemic manner.

Application of manufacturing management and improvement methodologies
management, improving compliance to plan and strategy,
enhancing value capture and value generation, and
addressing the complexities of the mining value chain.
When BPM is approached from a systemic perspective,
the emphasis is not only on defining and managing the key
business processes, but also on the management of flow
through these processes, i.e. enhance synchronization
through focusing on the system constraints and
subordinating everything else to the requirements of the
constraints. Through a systemic approach, an organization’s
business processes can be integrated with its functional
requirements by defining all dependencies and
interdependencies that impact the output of the system as a
whole. In this way the business environment can be
simplified; it presents the manager with a small number of
key enablers/leverage points that are directly linked to the
performance of the constraint(s).
BPR, and later BPM, was not developed in the mining
environment. At a high level the methodology does assist
mining operators to identify and manage the key business
processes. The stability and profitability of mining systems
are, however, dependent on establishing the ability to
successfully integrate the geological, mining, metallurgical,
and service environments in a systemic flow-based manner,
which is not a key focus of BPR and BPM.
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TQM (Porter and Parker, 1993) evolved from methods such
as Total Quality Control (Feigenbaum, 1991), Quality
Management (Juran, 1999), and statistical process control.
Other management and improvement methods with roots in
TQM include Continuous Improvement (Rijnders and Boer,
2004) and Six Sigma (Eckes, 2001).
These methods are essentially based on a mechanistic
approach towards organizational management and
improvement that supports:
® An equal focus on each part of the organization. The
performance of each process, department, individual,
piece of equipment and cost centre must be optimized
® The use of endless performance, quality and
governance rules, protocols, and standards in an
attempt to ensure compliance in every aspect of the
business.
From a systemic point of view, time and resources can be
wasted when this approach is followed as it has the potential
to:
® Direct money, time, and energy towards nonconstraints in the value chain (excluding legislative
requirements), which will not yield the expected
improvement
® Further fragment the organization and increase the
need to implement more control systems, at huge cost,
on non-constraints and variables that do not enhance
geology-mining-plant integration and performance
optimization
® Balance capacities in the mining value chain over time,
which makes it increasingly difficult to prioritize the
allocation of resources
® Create more dependencies and interdependencies in
already complex systems if the up-and downstream
impacts of changes are not fully understood
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® Create bulky and expensive business structures by
focusing on all parts/aspects of the organization.
TQM and related methods are tried and tested in the
manufacturing environment, but have the potential to
adversely affect the performance of mining systems over the
long term when the above-mentioned points are considered.
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Systemic flow-based management and improvement
principles are included in TOC (Goldratt and Cox, 1986), Lean
Production (Krafcik, 1988), Just-in-Time (JIT) (Ohno,
1988a), and Toyota Production Systems (TPS) (Ohno,
1988b). Lean Production is a westernized view of TPS
developed by Toyoda and Ohno in the post-WWII Japanese
automotive industry. These methods (excluding TOC) were
exclusively developed in and for the motor vehicle
manufacturing environment. As such, these methods
essentially do not accommodate the unique mining challenges
listed earlier, and the following shortcomings should be
highlighted:
® JIT, TPS, and to some extent Lean Production promote
the concept of flow perfection, which is achievable
within a simple, stable environment where no or very
little variability in raw material quality occurs
® All these methods are supported by the ability to
rigorously control all processes and equipment, which
in turn ensures that buffer sizes (work in process) are
minimized, waste is eliminated, and the constraint
stays in one place so that its performance can be
optimized
® These methods support organizations where operations
successfully follow the strategy and where there is a
strong focus on value generation (compared to a
mineral reserve value capturing potential focus).
Mining can, however, significantly benefit from the
following concepts promoted by these methods:
® As systemic flow-based methods, they promote the
establishment and management of the system
constraint(s) and all dependencies and
interdependencies affecting its performance
® Complex systems can be simplified by identifying and
managing the key throughput drivers of the production
value chain, as opposed to a focus on every aspect of
the business
® Performance is optimized through the creation of a
stable and predictable operational environment
® There is an emphasis on synchronization, which
significantly enhances the value chain and overall
business performance.

01*)%+201+4.1(4,3*0--31(./201+
Some mining operators and firms consulting in the mining
industry are again turning to management and improvement
methods developed in and for the manufacturing sector in an
attempt to improve performance. A questionnaire sent to 50
operating mines to establish how widely manufacturing
methods are applied in the industry, which element(s) of the
profit equation currently receives the most attention, and
which methods are favoured, indicated the following:
 

      

Application of manufacturing management and improvement methodologies

 

      

importance of simplifying and stabilizing value chains
through creating a focus on flow through the system as
a whole. Mining can significantly benefit from the
implementation of this approach
® The mining industry can also benefit from the
implementation of TOC principles. This method,
however, lacks industry presence, possibly due to its
inability to deal effectively with the mining-specific
challenges indicated earlier.
In conclusion, it can be argued that a successful mining
management and improvement method should include a
focus on the integration of the geology-mining-plant and
other essential systems in a systemic flow manner that
enhances overall system stability and predictability.
It is therefore recommended that mine owners and
managers cultivate a systemic thinking capability and
business schools are encouraged to expand their programmes
to incorporate systemic thinking elements (Atwater, et al.,
2008) in order to optimize mining systems in a sustainable
manner.
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® All respondents opted to employ more than one
management and improvement method. On average,
approximately five of the listed approaches/elements
of the approaches are exploited by each mine
® All respondents are working on cost-saving initiatives,
and 80% of mines are restructuring their operations.
The focus of most mines is more towards saving cosst
than increasing revenue
® There is a notable awareness in the industry with
regard to the importance of identifying and managing
different business processes (Business Process
Management (BPM) and Business Process Redesign
(BPR))
® Elements of several other methods such as Total
Quality Management (TQM), Theory of Constraints
(TOC), Lean Production, and Six Sigma (SS) are also
employed by some mining operators
® 35% of mines have developed their own fit-for-use
mining management and improvement methods,
probably indicating a need for a more effective way of
dealing with the unique challenges of the mining
environment
® The top five management and improvement methods
currently employed by mines to ensure sustainable
operations are cost saving (20%), Business Process
Management (18%), business restructuring (16%),
TQM (11%), and TOC (9%).
A high-level mechanistic vs systemic evaluation of the
suitability of these methods to bring about positive change in
the mining industry indicated that:
® A systemic approach that better suits the management
and improvement of complex, ever-changing mining
environments should be adopted when applying
manufacturing management and improvement methods
in the mining environment
® Cost saving and restructuring initiatives should
consider the requirements of the constraint(s) in the
mining system in order to avoid increasing the risk of
not meeting performance targets
® Most manufacturing management and improvement
methods were exclusively developed in the
manufacturing environment and as such do not
adequately address mining’s specific requirements such
as treating raw material with variable physical and
chemical properties, measuring (online) and controlling
physical material properties, improving compliance to
plan, focusing on value capture compared to value
generation, and managing and improving more
complex networks of dependencies and
interdependencies
® TQM, CI, Six Sigma, and BPM present means to focus
resources on every aspect of the business. This,
however, has the potential to destabilize organizations
in the long-term as it establishes a balanced capacity
environment, which in turn has a detrimental impact
on the prioritization and allocation of resources. Bulky
and expensive structures are required to support a
focus on every part of the organization
® JIT, TPS, and Lean Production were developed in and
for the motor vehicle industry, and do not support
optimal synchronization of the geology-mining-plant
system. These methods, however, emphasize the

Application of manufacturing management and improvement methodologies
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The best known value chain improvement and optimization
methodologies were developed in and for the manufacturing
environment. These include Quality Control (QC) (Juran,
1999), Total Quality Control (TQC) (Feigenbaum, 1991),
Total Quality Management (TQM) (Feigenbaum, 1991), Justin-Time (JIT) (Ohno, 1988a), Toyota Production System
(TPS) (Ohno, 1988b), Lean Production (Womack et al.,
1990), Theory of Constraints (TOC) (Goldratt and Cox,
1986), Six Sigma (Eckes, 2001), Continuous Improvement
(CI) (Rijnders and Boer, 2004), Business Process Reengineering (BPR) (Champy, 1995), and Business Process
Management (BPM) (Vom Brocke, and Rosemann, 2010).
Lately, the application of combinations of these
methodologies is also gaining ground. These include LeanSix Sigma (Muir, 2006), TOC-Lean-Six Sigma (Nave, 2002)
and Lean-Six Sigma-BPM (BPTrends, 2014).
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The concept of quality has evolved significantly over time.
Initially it meant inspection of finished goods to ensure
adherence to specifications. From the 1920s onwards, it
underwent significant change with inputs from quality
experts such as Shewhart, Deming, Juran, Feigenbaum,
Ishikawa, Taguchi, and Crosby as shown in Table AI.
A study of improvement methodologies suggests that
many of these have roots in quality control and quality
management. The contributions (Table AI) of the early
quality experts are specifically noteworthy. They not only
shaped the western world’s thinking around quality, quality
control, and quality management but also had a significant
impact on the understanding of quality and the application of
quality control in Japan after World War II. Quality gurus
such as Taguchi and Ishikawa were influenced by Deming
and Juran, who visited Japan in the 1950s, and Toyoda and

Table AI

Contributions made to quality control and quality
management by the best known quality experts
Period

Quality expert

Contribution

From 1920s

W.A. Shewhart

• Understanding process variability
• Concept of statistical control charts

From 1940s

W.E. Deming

• Management of quality
(management responsibility)
• 14 points to assist with quality
management

From 1950s

J.M. Juran

• Concept of fitness for use
• Concept of cost of quality

G. Taguchi

• Product design quality
• Taguchi loss function

A.V. Feigenbaum

• Concept of total quality control
• Concept of total quality
management

K. Ishikawa

• Cause and effect diagrams
• Concept of internal customer

P.B. Crosby

• Phrase: quality is free
• Concept of zero defects

From 1960s

From 1970s
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Ohno who visited Ford in 1950. It could be argued that this
early work and interaction between west and east (Toyota
was an early adopter) laid the foundation for the
development of what are known today as TQM, CI, JIT,
Toyota Production System, Lean Production, and Six Sigma.
During the twentieth century, quality control and
management evolved into what is known today as TQM.
TQM, according to Feigenbaum (1991), is the consequent
further development of Statistical Process Control (from
Shewhart and other quality concepts) and Total Quality
Control. It uses quantitative methods, people across all the
processes in an organization (multidisciplinary approach),
and guiding principles (Deming and Co.) to lay the
foundation of a continuously improving organization that
exceeds customer’s expectations. TQM has customer service
at its core and forms the basis of the service–cost–revenue
’triple crown’ improvement drive upon which other
methodologies such as Lean Production, Six Sigma, and BPM
were built, as illustrated in Figure A1.
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The Toyota Production System was described by Ohno
(1988b) as a system that supports the maximum production
of goods in a continuous flow. Ohno (1988b) also pointed
out that JIT and smart automation (autonomation or Jidoka)
form the two main pillars of TPS. JIT enhances flow and pull
perfection where the right parts reach a designated point in
an assembly line at the time they are needed and only in the
quantities needed (abolishes inventory, eliminates waste,
synergizes entire process, and provides support at all levels).
Jidoka, on the other hand, represents the ability of machinery
and processes to stop when products or intermediate products
are not within specification.
The term Lean Production was coined by J. Krafcik
(1988) and was based on lean principles employed by Toyota
and other Japanese manufacturing companies at the time.
Krafcik’s research was continued by the International Motor
Vehicle Program at MIT, which produced the best-seller book
The Machine that Changed the World by Womack et al.
(1990). Lean Production is therefore a western interpretation
of Toyota’s manufacturing methodologies. Lean Production
not only provides a set of tools to assist the identification and
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Application of manufacturing management and improvement methodologies
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The concept of focusing on a limiting factor to improve the
output of a system was first developed by Carl Sprengel in
1828 and later popularized by Justus von Liebig (Liebig’s
Law, 2014). It propagated the principle that plant growth is
controlled by the scarcest resource and not the total amount
of resources available. This concept surfaced again in the
1960s and 1970s in the financial environment when
Wolfgang Mewes (2014) propagated Management by
Constraints (solving complex market constraints). It was also
used in a scheduling software product called OPT (optimized
production technology) in the late 1970s (Jacobs, 1983). E.
Goldratt’s book The Goal (Goldratt and Cox, 1986), however,
created enough momentum for this concept (termed Theory
of Constraints) to become one of the most widely applied
business improvement methodologies (it was not tailored for
a specific industry) in the world today.
Goldratt postulated that every organization has at least
one constraint that limits its performance. Performance is
often expressed as the rate at which money or goal units are
generated, which emphasizes the unique flow-based nature
of this methodology. Five focusing steps were presented to
identify the constraint and optimize flow through the system
as a whole, now and in the future. These include the
subordination of non-constraints to the needs of the
constraint, which is coordinated through the drum-bufferrope technique. The TOC emphasizes the importance of firstly
stabilizing the system, and then enhancing capacity if needed
and where needed most (at the constraint(s)).

!(!#
Six Sigma is commonly used in the field of process capability
studies, and it indicates the ability of a manufacturing
process to produce a high proportion of output within
specification. Six Sigma strives to produce products/outputs
to a quality standard of less than 3.4 defects per million
attempts (99.99966% within specification) by focusing on
the elimination of variability throughout the organization or
core business/manufacturing process.
The methodology was developed at Motorola in 1986 and
gained momentum when GE’s Jack Welch made it part of his
business strategy in 1995. The methodology focuses
strongly on statistical control and decision-making through
the use of quality management tools. It also employs
champions (black belts) that facilitate improvement
initiatives across all business functions.
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Business Process Re-engineering was introduced to the
private sector by Michael Hammer (Hammer, 1990) when he
 

      

stated that companies should reconsider their processes in
order to maximize customer value while minimizing the
consumption of resources required for delivering the product
or service. A similar idea was propagated by Davenport and
Short (1990) more or less at the same time that Hammer
made his statement.
BPR strives to review key processes (the way work is
done) in order for the organization to become a world-class
competitor. It results in a radical re-design of an
organization’s resources and order-of-magnitude
improvements are claimed once it is successfully
implemented. Benefits come from managing processes as
assets (end-to-end process view) in the organization and
using IT to make non-value-adding work obsolete. This
radical IT-driven re-thinking and re-design of an
organization was criticized for its ambitious (change too
radical) and often inhumane (lay-offs resulted from
implementation) approach. One can also argue that BPR does
not provide an effective way to focus the organization’s
efforts on the improvement of the constraint(s) and therefore
flow through the processes.
BPM (also called management by business processes)
also requires a re-thinking and re-design of all business
processes before it can be successfully applied. Essentially it
propagates the same concepts as BPR, but it leans strongly
on TQM and CI methods and approaches.

2'$)3#3)4*0-&.,2+0143/33142-&,0#3-31/4.1(
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Table AII highlights some key differences and similarities
between the above-mentioned improvement methods in
terms of general focus, outcomes, and means of achieving
these outcomes.
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elimination of waste, it also enables the improvement of flow
(smoothness of work) in a production system. Its focus,
therefore, is on optimal planning, preparation, and design
(muri), elimination of variation in quality and volume at
scheduling and operational levels (mura), the elimination of
waste (muda), and Lean Leadership (Lean Sensei). Lean
Leadership is required to make work simple enough for
everyone to understand, do, and manage and to foster lean
thinking in the organization.

Application of manufacturing management and improvement methodologies
Table AII

High-level comparison between some well-known business improvement methodologies
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Monitoring ore loss and dilution for
mine-to-mill integration in deep gold
mines: a survey-based investigation
by L. Xingwana*

The purpose of this study is to understand how ore loss and dilution affect
the mine call factor, with the aim of subsequently improving the quality of
ore mined and fed to the mill. It was necessary to know the relationship
between ore mined and delivered for processing in order for the mine to
operate efficiently. A review of the literature suggested the mine-to-mill
integration approach as a standard intervention to address declining mine
call factors. A case study was undertaken at a gold mine in the Free State
on the influence of the fragment size distribution on ‘free gold’, the effect
of ore loss and dilution on the mill efficiency, and time tracking of ore
movement from source to the plant. The study revealed that
fragmentation, underground accumulation of ore, and dilution have a
significant influence on the mine call factor and mine output. It was
difficult to quantify the total ore loss due to the time lag between mining
and milling, which is extremely variable, when estimating the mine
process inventory. However, it was possible to estimate the total dilution
with some degree of precision by analysing the daily blast and head
grades. It is therefore recommended that mines accept that some gold loss
and dilution will always occur during blasting and transport of broken ore,
and this loss must be minimized.
1#/+)(
Mine call factor, mine-to-mill integration, fragmentation, ore loss, dilution.
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The mining of high gold grades is obviously
very beneficial for the economic viability of an
operation, but optimum recovery of the
product is required to maximize profits
(Chapman and Bindoff, 2010, p. 13). Although
integrating these two requirements is very
difficult, due to the various activities occurring
between mining and processing, it is
indispensable. The main driver of this
integration is the impact that different ore
types and characteristics have on head grade.
According to Isokangas et al. (2012, p. 871),
mining and processing operations involve a
series of well-defined sequential stages that
are complementary in an efficiently operating
mine, with the performance of one operation
affecting that of another. An attempt to
optimize each function separately without
considering the whole extraction process will
not result in the optimum efficiency of the
entire mine. Several researchers have
developed a proven methodology for revealing
these inefficiencies (Dance et al., 2006, p. 1).
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In recent years, JKTech, W.H. Bryan
Research Centre (BRC), and the Julius
Kruttschnitt Mineral Research Centre (JKMRC)
have introduced mine-to-mill integration as a
holistic approach to process optimization that
would maximize the overall profitability
(Rogers et al., 2012). Most of these studies
considered open pit mining (Ebrahimi, 2013,
p. 2) and pit-to-plant operations (Gillot, 2004,
p. 1) as subjects and then generalized these
specific results to underground mining
operations. In most cases, these results were
not applicable to underground gold mining
operations. Despite the interest in
investigating mine-to-mill integration at
individual gold mines (Bamber, 2008, p. 5;
Grundstrom et al., 2001), information on ore
loss and dilution is relatively scarce as few
reliable works have been documented that are
applicable to conditions in South African gold
mines (Onederra, 2004, p. 1). Moreover, very
few techniques were previously available to
measure the size distribution of rock
fragments in mining and processing operations
(Kanchibotla, Valery, and Morrell, 1999, p.
137). It is now possible to simultaneously
evaluate in-stope fragmentation, monitor ore
loss and dilution, and track ore movement in
deep-level gold mining.
For the mine to operate efficiently, it is
necessary to compare the actual product
recovered with the desired target. These two
estimations must be as close to each other as
possible; or equated to approximately 100 per
cent, a situation that is impossible in practice.
From a grade control perspective, the multitude
of errors and inaccuracies with regard to the
estimated gold content of the reef are hidden
in the mine call factor (MCF) (Chieregati and

Monitoring ore loss and dilution for mine-to-mill integration in deep gold mines
Pitard, 2009, p. 108; De Jager, 2005, p. 56). From the
investor perspective, 40% of ore reserves are left behind as
support pillars, and this percentage will increase as the depth
of mining increases. Of the 60% remaining and that can be
mined, 20% to 30% of the gold-bearing particles are lost in
the chain of operations between the source and processing
plant. This issue is further exacerbated by 50% to 100%
dilution of the product, which adds to processing costs
(Candy, 2014). Focusing on ore dilution to increase head
grade is not a new subject. However, emphasis on generating
more tonnage to the mill in mining operations has resulted in
loss of focus in this area. There is a need to close this gap.
The primary objective of this study was to understand
how ore loss and dilution affect the MCF and to subsequently
improve the quality of ore mined and fed to the mill. On the
basis of this objective, the basic research question is:
What is the impact of ore movement on the head grade in
a deep-level gold mine?
In subsequent sections. the theoretical framework of the
study is outlined and the research methodology described.
Finally, the paper presents the empirical results of the
investigation, the main conclusions, and recommendations.

1/+1-0%,*2$/)1*2/"2$0.1-/$0**20.-1'+,-0/.
A study by Bamber (2008, p. 5) highlighted two approaches
of mine-to-mill integration, namely operational and physical
integration. Operational integration includes the use of drill
and shovel monitoring technologies, optimization of the blast
fragmentation and communition processes, and improved
monitoring in the pit and ore handling system. On the other
hand, physical integration includes fragment size
classification, sorting, improving grade control, and
improving mill feed grades. Optimization of the blast
fragmentation and improving grade control and feed grades
are the focal points of this study. Based on an analysis of the
study by Bamber (op. cit.), it was possible to construct a
model of mine-to-mill integration in deep-level gold mines.
Figure 1 depicts the impact of the blast movement dynamics
on the MCF in a theoretical model.
Figure 1 indicates the three components of mine-to-mill
integration, namely fragmentation, ore loss, and dilution,
which when addressed on an individual basis would not
show a significant effect on the MCF but when considered
jointly may affect output levels and profit margin
significantly. The mine therefore needs to optimize blast
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fragmentation and to deliver sufficient ore tonnage (volume
and old gold) at the required mill grade (quality and grade)
to the metallurgical plant.
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Mine-to-mill integration, MCF, fragmentation, ore loss, and
dilution may have different connotations for people working
in various mining disciplines, in particular those that are not
working in mineral resource management (MRM) or at the
mines. These concepts are clarified below.


Mining is a process of delving into the Earth to extract
naturally occurring minerals, either on surface or
underground, and quarrying for construction materials. For
this study, mining includes the processes of drilling, blasting,
and ore movement (handling, loading, and hauling) to the
main shaft orepasses.


Milling is the process of crushing, grinding, and treating of
raw material from the mine to extract a saleable product. It
also involves the processes of hoisting and transporting of
broken ore to the mill via trucks or conveyor belts.

  
This is an approach to reconcile the blasted material at the
stope face with the hoisted raw material at the shaft to
provide accurate information about the quality of ore that is
delivered to the plant. This approach allows the grade control
officers to reduce the grade variability of the ore sent for
processing and thus increase the predictability of the gold
recovery. The predictability can be measured based on a
comparison of the estimated and actual ore tonnage and
grade. The outcome of this comparison is a factor such as the
stope call factor (SCF), shaft call factor, tramming factor,
recovery factor, extraction factor, overall recovery factor,
plant call factor, and MCF, to name but a few (Chieregati and
Pitard, 2009, p. 107; Andersen, 1999, p. 4). The emphasis in
this paper is on the MCF.

  
The mine survey department is responsible for measuring
and recording waste and ore broken underground, as
indicated in ore flow calculations. All tonnages from different
sources, including surface stockpiles, are added together, and
compared with the actual tonnage received at the plant. The
difference is known as tonnage discrepancy and is indicated
by the MCF. The MCF is the ratio, expressed as percentage, of
the specific product accounted for in the recovery, plus
residues, and the corresponding product called for by the
mine’s measuring and evaluation methods. The objective of
the MCF is two-fold. Firstly, it is used to investigate what
happened to the ore tonnage and gold content that is not
reflected further along the production stream. Secondly, it
determines how much of the product was lost in the
extraction system (Macfarlane, 2011, p. 429; De Jager, 2005,
p. 55) or gives an indication of how accurate the estimate
turned out to be compared to the quantity of metal recovered
plus residue (Chieregati and Pitard, 2009, p. 107; Minnitt,
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The main goal of blasting is to produce manageable rock
fragments for ease of cleaning, handling, loading, and
crushing in order to minimize total production costs per ton
blasted (Zagreba, 2003, p. 3). Fragmentation may be defined
as the size distribution of rock fragments (Cho and Kaneko,
2004, p. 1722) and is dependent on the rock properties,
specific drill spacing and charge pattern, explosives
properties, and explosion gas pressure (Cho and Kaneko,
2004. p. 1722; La Rosa and Thornton, 2011, pp. 300-302;
Thornton, Kanchibotla, and Brunton, 2002). Recent studies
tend to support the view that certain explosive types produce
better fragmentation than others, and the MCF can be
improved through better fragmentation (Rajpot, 2009, p. 54).


The movement of ore in the stope is by blasting, face
cleaning, gully scraping, and loading from the orepass. These
processes result in some ore not reaching the intended
destination. Ore loss refers to any unrecoverable economic
ore left inside a stope (broken, in place as pillars, or not
properly blasted at the boundaries), or to any valuable ore
not recovered by the mineral processing system. The tonnage
accumulations consist of current broken ore that is called for
by mine measuring methods but was not removed in time to
be incorporated in the current metal accounting system.
When this broken ore is finally removed, probably by the
vamping section, it is classified as ‘old gold’ and is then
called for again (Andersen, 1999, p. 15). The failure to
remove the ore can create bottlenecks (Rupprecht, 2003, p.
53) and causes a low MCF, ultimately complicating the mineto-mill reconciliation as broken does not reach the surface
timeously, if at all. Ore losses also arise when valuable
material is misclassified as waste and sent to the waste
dumps (Engmann et al., 2013, p. 27).

  
The broken material from a stope is a mixture of reef and
waste rock. The proportion of waste to reef depends on many
factors, including reef width, waste width, faults, intrusions,
and mining practices. Dilution may occur as a result of lowgrade or waste material mixing with ore during the operation
and being sent for processing, thus reducing the ore value
(Chieregati and Pitard, 2009, p. 110) or any waste material
within a mining block (Yilmaz, 2011, p. 94). Dilution can be
quantified as the ratio of the tonnage of waste mined and
sent to the mill to the total tonnage of ore plus waste that is
milled (Wang et al., 2011, p. 334). It is always expressed as
a percentage:

Dilution =

Waste tons
× 100
Ore plus waste tons
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A case study was undertaken at a gold mine in South
Africa’s Free State Province of the influence of fragment size
 

      

distribution on ‘free gold’, the effect of ore loss and dilution
on the mill efficiency, and time tracking of ore movement
from source to the plant. The sampling frame was restricted
to all current underground working places, referred to in this
study as stope panels. The study was correlational in nature
as it was designed to establish the relationship between the
actual measurements of the ore hoisted from underground
and estimates of the ore blasted at the stope face
underground in order to improve the MCF. Specifically, the
aim was to predict quantitatively the effect of ore handling
and transport on the ore grade sent to the plant and
determine the statistical significance of the estimated
relationships. This would be possible with the application of
the mine-to-mill approach considering in-stope
fragmentation, dilution, ore loss, and tracking in the form of
four exercises.
The first exercise examined the size distribution of rock
fragments to minimize and control loading, hauling, and
crushing costs, using digital photography and direct
observation. Twenty images of broken ore in stopes 4 and 6
were used to measure the size distribution of blasted
fragments. According to Siddiqui, Ali Shah, and Behan
(2009, p. 83), image acquisition is crucial in the analysis of
fragment size distribution. The images were taken randomly
and systematically, at an angle that ensured the surfaces of
fragments were photographed in full, while balls of 20 mm in
diameter and tennis balls were used to provide the scale of
the images at the stope face, gully, boxhole vicinity, and
crosscut. These images were then downloaded into the SPLIT
Desktop program for analysis. According to Siddiqui, et al.
(2009, p. 83), there are several software packages, such as
SPLIT, GoldSize, FragScan, PowerSieve, etc. that are
commercially available to quantify size distribution. The
rationale behind choosing SPLIT Desktop for size distribution
was that the accuracy of these systems is presumed to be
between 2% and 20%. To check the reliability of visual
observations of the muck pile underground, online digital
cameras were mounted at a strategic point on surface. These
cameras automatically captured images of ore on a moving
conveyor belt, analysed the size distribution of the rocks with
the SPLIT image analysis system, and reported the rock size
statistics and passing percentage.
The second exercise was the gap analysis that would help
the business understand and quantify the grade gap that
exists between the estimate of mine production and actual
grade entering the plant. The data was collected through
observation and grab sampling methods. Grab samples were
collected at the top, middle, and bottom of the stope face and
at the cross-section of various points (strike and dip gullies)
and the mean value of these points was used for the analysis.
The representativeness of these samples was considered fair
insofar that they represented high-, medium-, and low-grade
panels and were sufficient to indicate the grade gap along the
ore stream. For this study, a SCF score of 60% or more was
considered to be practically significant and to confirm
convergent validity. Grab sampling was used as a method of
reconciling the daily blasted grade to the predicted daily head
grade (Dominy, 2010, p. 277) and not for metal accounting
purposes (Spangenberg, 2012, p. 73). Numbered samples
weighing about 500 g each were collected from muck piles of
broken ore at the stope face, gully cross-sections, boxhole,
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2007, p. 453). These comparisons must be as close as
possible or equate to approximately 100%, a situation that is
impossible in practice, hence a MCF of 85% was considered
reasonable.

Monitoring ore loss and dilution for mine-to-mill integration in deep gold mines
and crosscut. The samples were securely packed, transported
to the assay laboratory, and assayed to determine gold and
silver values. This method of grab sampling was used with
extreme caution to avoid over-sampling of fines, pick-up, and
preferential selection of high-grade fragments. For instance, a
large sample was drawn, reduced to the required size of
500 g by quartering, and then sent to the assay laboratory. In
this way, more representative samples were obtained.
The third exercise was the process system analysis using
a material census checklist as the measuring instrument. The
rationale behind this step was to pinpoint flaws in the grade
control methods and examine whether the grade control
system was properly established, operated at maximum
efficiency, and all MCF requirements were addressed. This
exercise covered observations from a series of underground
visits to several stoping panels. A considerable time was
spent in the working place, taking field notes of what was
occurring. The checklists were developed to assess four areas
of concern, namely the stope face, advance strike gully,
central dip gully, and orepass for possible accumulation of
ore. Although material census checklists were used
extensively as the measuring instruments, the study relied on
the experience of the researcher to identify these areas of
concern from the ore flow diagram.
The fourth exercise was concerned with the tracking of
ore movement from the stope face to the stope orepass. Radio
frequency identification (RFID) tags were used as tracking
devices (Isokangas et al., 2012 p. 874) to:
® Identify the source of ore with a high fines content;
® Indicate how long it took for the ore to be hauled to the
surface
® Record any cross-tramming events over time with great
accuracy.
These numbered RFID tags have a chip with an antenna
encased in a hard protective plastic shell to withstand the
blasting and handling process en route to the mill plant. The
tag number, the stope location where the tag was placed, the
name of the surveyor, time and date, as well as shaft were
entered into the database. The characteristics of the ore at the
particular source were recorded in the field notebook
underground. The RFID tags were dropped on the broken
rock at the stope face and in the advance strike gully, centre

gully, and boxhole. These tags surfaced from underground
with broken ore on the conveyor belt, where a tag detector
recorded and passed the information to the database. A
management report was extracted from the database to
assess the time taken for the waste and reef to reach surface.
Tagged ore sent to stockpiles can be detected at a later stage
when eventually processed and then reconciled back to its
source.

    
Since the main concerns in reliability and validity
measurements were stability over time or variability of
conditions, a common way to estimate reliability and
convergence validity was with a measure of association and
the correlation coefficient.


The data obtained from stopes 4 and 6 was transferred to an
Excel spreadsheet and analysed using Microsoft Excel 2013.
Data was analysed by means of descriptive statistics,
correlations, and regression analysis.
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As a problem-solving tool, the mine-to-mill integration
approach followed a particular business ore flow sheet that
shows the various stages that the ore passes through before
the final product is extracted. The ore flow sheet guided the
sequence of analyses that the study used to indicate where to
start and end measuring. The investigation begins with
understanding of in-stope fragmentation for mine-to millintegration model standardization. This is followed by value
stream mapping and monitoring of ore loss and dilution.
Finally, the investigation closes with time tracking of ore
movement from source to the mill plant.

 
An understanding of fragmentation was obtained first by
visual observations of muck piles immediately following the
blasting of rock in situ, and the SPLIT offline applications
used to predict the size range of the actual blasted rocks (see
Figure 2). Since 20 mm rubber balls, tennis balls, and
grizzlies were used as scaling tools, an image analysis
strategy was developed that estimated the size distribution of
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the broken ore across the percentage <20 mm (fines) and
percentage >20 mm (coarse) fragments. This strategy is
summarized in Figure 2; the actual details of this process are
beyond the scope of this paper.
Figure 2 indicates that the size distribution of fines was
positively correlated (from 53% to 68% split of ore material)
with the movement of broken ore. This means that the
amount of fines increases as the broken ore moves away
from the source. On the other hand, the size distribution of
coarse particles is negatively correlated (from 47% to 32%
split of ore material) with the movement of broken ore. This
means that the amount of coarse particles decreases as the
broken ore moves away from the stope face to the BH. A
mean fragment size of less than 20 mm at sieve passing rate
of 74% was observed in the crosscut. Therefore, the fines
distribution of data of this bar chart is negatively skewed (to
the left), while the coarse distribution is positively skewed (to
the right). However, it must be noted that the mean size of
the coarse distribution might be smaller than that estimated
from visual inspection, since smaller fragments dominated
the view after vibration and settling. Therefore, for this stope
panel, 68% of the gold-bearing particles were liberated from
the host rock (quartz, silicates, and pyrite) while 32% of the
coarse particles were associated with or still attached to the
host rock. Hence there was a need to reduce the amount of
fines in the blasted material and optimize fragmentation.

  
An investigation of fines distribution at the stope face
indicated that the friable and carbonaceous portion of the
reef, which contains the highest portion of gold, was the most
shattered by blasting, broken out, and crushed into fines
easily. In contrast, gangue (waste material) was mostly
bigger than tennis ball size, hence the ore and waste were
broken unequally. The substantial rock breakage was further
exacerbated by the increase in panel length, gully length,
scraper routes, and crossovers that caused the decrease in
cleaning rate. The more the cleaning rate decreases, the more
the coarse particles are crushed further into fines. It must be
noted that gold particles are minute, associated with very fine
particles, and can be as fine as 0.001 mm. These fines
become airborne and are dispersed by gaseous emissions as
dust from the collection zone when the rock is blasted
conventionally. These fines could also be easily waterwashed into crevices and cracks in the footwall or away to
different parts of the mine during sweeping or drilling, thus
increasing gold loss. The gold lost underground in this

 

 



The visual observations of the muck pile underground were
compared with the actual fragmentation results from image
analysis captured from the online digital camera through
SPLIT online applications (see Figure 3).
The results in Figure 3 show a mean fragment size of
16.00 mm at 50% passing. In addition, the shape distribution
of these fragments is consistent and negatively skewed,
whereby mean% < median% < mode, indicating a finer size
distribution. The greatest increase in fines content occurs
between 3 mm and 10 mm as well as between 50 mm and
100 mm, as shown by the steepness of the curve between
these class boundaries. Hence, approximately 92.17% of the
fragments will not require crushing as they will pass
smoothly through the primary crusher to the secondary
crusher screen. This means there a greater percentage of finer
fragments was fed to the mills on 4 of July. It is clear from
Figures 2 and 3 that the estimates of size distribution of
fragments in both cases are very close to each other.
The choice of using Anfex explosives in development
ends and Powergel (cartridge) explosives in stope panels was
mainly based on rock breakage requirements. Subsequently,
drilling patterns and overcharging remain the cause of the
increased fragmentation that leads to losses of gold in the
fine fractions produced. The production of excessive of fine
materials and dust is not desirable in gold mines in that it:
® Poses a health hazard to the workers underground (a
cause of silicosis and tuberculosis)
® Is not easy to collect in subsequent scraping, loading,
and hauling operations, leading to losses of gold.

/.0-/+0.'2/"2/+12)0*&-0/.
The blasted broken ore in the stopes is a mixture of waste
rock and gold-bearing rock (reef). No matter how careful the
personnel are to mine only reef, there will always be waste
rock diluting the grade of ore going to the mill for processing.
A gap analysis report of eight stope panels (Table I) was
prepared to assist mine management understand why the ore
tonnage and gold content were not being reflected further
along the production stream.

2/.*0.12)1(-/!2!+/'+,$2,(2,-22/"2 &*#2

      

VOLUME 116







153

L

0'&+12 &$&*,-012(0 12)0(-+0&-0/.2'1.1+,-1)2#2

manner is commonly referred to as ‘free gold’. Free gold has
been a persistent problem in the mine for some time, as
demonstrated by significant higher gold recoveries from the
fines in the back area and mud in the crosscuts. Hence there
was a need to understand the run-of-mine fragmentation.

Monitoring ore loss and dilution for mine-to-mill integration in deep gold mines
Table I shows that all SCF score values for the eight stope
panels are above 60% and that the values of chip and grab
samples are practically significant, related to each other, and
confirm the convergence validity of the techniques. However,
since grab samples were collected from the fines, grab
sampling tended to overstate the grade of the diluted waste
block by 14.29% to 160.5% and understate the grade of the
high-grade block by 8.54% to 81.34%. Even though the
assay values of these stope panels were variable, most of the
gold particles were located in the fines and this is a cause of
concern for the mine-to-mill reconciliation and metal
accounting system. The grade variability of the mine-to-mill
integration model was explained by dilution, which can be up
to 100% where off-reef is mined.

During blasting the gold-bearing material was scattered far
and wide in the stope panel, leaving behind large quantity of
waste rock. Evidence of this was in the form of the high gold
content of the fines that covered mat packs and contaminated
the swept area. In addition to the large quantity of waste rock
broken from the stope face, it is important to consider also
the waste from footwall scraping during cleaning, barring of
brows, and falls of ground, faults, intrusions, and footwall
lifting in gullies. These waste materials contaminate the ore
in the downstream process. However, an overall analysis of
gold concentration at the face, and in the gullies and
orepasses (hoppers to the station) (Table II) indicated that
the assay values had a significant positive correlation, with a
coefficient of 0.9291 (Table III).

  

 

On investigation, it was found that the gold mineralization is
associated with weak host rock and geological features such
as faults, sills, and dykes. Deposits within weak host rocks
with indistinct contacts are usually associated with caving of
sidewalls and the hangingwall, resulting in high dilution. It
was also observed that where an ideal stoping width was
maintained, drilled holes were drilled into the narrow reef.

Although it is impossible or impractical to eliminate dilution
completely, it can be measured (Figure 4) and controlled
(Figure 5) with some degree of precision. What is required is
for the orebody to be properly delineated and the extracted
volumes to be effectively measured. It is a common practice to
make general assumptions of 5% dilution for massive
deposits and 10% for tabular deposits, instead of measuring



Table I

Grade gap analysis report
Panel

Stope

ASG

CDG

Av. (grab)

Av. (chip)

Boxholes

X-CUT

SCF

Grade gap

1

Stope 4
15.0m (M/P)

7.400
10.655

10.119
Water

9.470

9.411

8.033

11.478

8.673

117.30%
Overstate

+14.29%

2

Stope 5
11.5m (M/P)

4.018
4.755

4.566

4.303

5.233

3.701

6.561

82.22%

-8.54%
Understate

3

Stope 6
14.0m (S/A)

5.434
6.342

3.725

3.552

4.763

6.933

3.107

3.194

68.70%
Understate

-81.34%

4

Stope 7
14.5m (S/A)

13.207
18.604

10.538
Water

7.163

12.410

16.167

9.426

7.245

76.76%
Understate

-51.87%

5

Stope 8
14.0m (M/P)

9.191
8.343

5.697
Water

7.289
Same CG

7.630

9.100

6.902

7.781

83.84%
Understate

-14.49%

6

Stope 9
15.0m (S/A)

3.695
2.392

3.475

3.175

3.184

5.000

5.058

7.059

63.68%
Overstate

+11.60%

7

Stope 10
13.0m (M/P)

3.944
0.584

2.473

1.953

2.239

0.700

1.556

2.400

319.86%
Overstate

+122.3%

8

Stope 11
18.0m (S/A)

4.467
3.191

2.400

4.800

3.715

0.600

1.563

2.791

619.17%
Overstate

+160.5%
Overstate

M/P = Mat packs S/A = Swept area

Table II

Tonnage inventory of underground accumulation of broken ore
Stope face (RD = 1.62)

Advance strike gully (W = 2.0m) Central dip gully (W = 2.0m)

L

B

H

Tons

L

H

Tons

L

Stope 4

41

24

0.6

956

126

1.0

408

Stope 5

28

10

0.3

136

98

1.0

318

Stope 6

24

10

0.5

194

47

0.3

Stope 7

25

10

0.3

122

35

0.4

Total

1408

Boxhole (W = 1.4m)

H

Tons

35

0.9

102

33

2.0

150

5

1.1

18

27

2.0

122

46

30

0.7

68

21

2.0

95

45

5

0.8

10

17

2.0

817

198

L

H

Tons

77
227

Total = 2650 t

L
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it (Ebrahimi, 2013, p. 1). This assumption differs from mine
to mine. The comparison of daily head grade and daily
blasted grade is depicted in Figure 4.
From a comparison of the total mine daily blasted grade
and the plant head grade (Figure 4), it is obvious that grade
variation does exist, although the overall pattern is quite
stable with few outliers such as 10.25 g/t (13 June), 10.45
g/t (21 June), and 9.36 g/t (3 July). A monthly grade
variation of approximately 52.59% due to dilution is shown,
and can be used to estimate the dilution rate for the
forthcoming months, provided that corrective measures are
implemented. This means that the daily blasted grade would
always be greater than the daily head grade; therefore the
MCF would always be less than 100%. An investigation
regarding the discrepancy between the estimation of daily
head grade and daily blasted grade is beyond the scope of
this study. The answer to this might lie in the fact that the
estimates of shaft head grade include the grades of
development ore (waste and reef), sweepings from old areas,
and other sources, not all of which were sampled (Bartlett,
Korff, and Minnitt, 2014, p. 109). The grade of broken ore
hoisted from underground (daily head grade) is not
equivalent to the grade measured on the faces (daily blasted
grade)

Figure 5 demonstrates how dilution can be controlled for
a properly delineated orebody.
Figure 5 indicates that in December, an average reef
channel width of 17 cm was mined out with 130 cm of
external waste, resulting into a dilution of 88.4%. The annual
dilution of this unit ranges from 68.6% to 89.6%, the peak
being in September. Over a twelve-month period, the reef was
steadily becoming thinner. Subsequently, as mining
progresses, more waste would be included in the muck piles
and the mill feed grade would decrease. A grade of 24.6%
gold was reported in January, decreasing to 13.0% in
December. In this way dilution can be measured and can be
controlled by reducing external waste. The financial impact of
dilution on the mining operation is due to the extra costs
involved in mining and processing of the waste (130 cm) that
is treated as ore.
An ore with a dilution rate of 88.4% should not be sent to
the mill for processing, but action must be taken to separate
waste from the ore either underground or on surface. If this
is not possible, then this material must be treated as waste
and dumped. For instance, if the processing cost was R200
per ton, a dilution rate of 88% would mean that R176 is
spent on processing waste as ore in the mill. It is clear that
the mill processing costs would increase directly by an
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Monitoring ore loss and dilution for mine-to-mill integration in deep gold mines
amount equal to the dilution factor. Reduction of external
waste would result in less tonnage at a higher grade being
sent to the plant. This dilution of ore with waste would mean
low-grade ore will be processed instead of high grade ore.
This would impact negatively on the MCF.


As discussed previously, gold losses occur when gold-bearing
material is misclassified as waste and sent to the waste
dump, reef is left behind in the footwall and hangingwall,
excessive waste is mined, blocks of reef are left behind as
permanent support pillars, and ore locked up underground is
not removed in time to form part of the current metal
accounting system. The latter factor is the focus of this study.
The real gold loss must be found underground, if the loss
occurs during mining operations, but if it cannot be found
underground it can only be ascribed as apparent gold loss.
Table II is a hypothetical, but realistic, example to illustrate
how much of the gold-bearing material was lost in the
extraction process.
Table II indicates that there was accumulation of broken
ore at the faces in stopes 4 and 5, gullies, and orepass during
the movement of ore. The movement of ore in the stope is the
result of blasting, face cleaning, gully scraping, and loading
from the orepass. These are the potential areas of tonnage
accumulation. The tonnage accumulations consist of current
broken ore that is called for but was not removed in time to
form part of the current metal accounting system. The
inability to locate the exact points of accumulation of ore
underground and quantify the volume and value of goldbearing material remaining underground over time has led to
a declining MCF.

  
On investigation, it was found that the accumulation of ore
underground was due to the long face length and scraping
distance in the gully. As the gully length, scraper routes, and
crossovers increase, the more the cleaning rate decreases and
coarse particles are crushed further into fines. Work in
general, in particular scraper cleaning, becomes difficult,
leading to the accumulation of ore in the back area, sidings
(north and south) and gullies. This indicates that sweeping of
back area was not done on daily basis as part of the mining

cycle. If panels are not timeously swept, falls of ground may
occur and cover up vast areas of backlog sweepings that will
never be removed due to safety issues. Excessive
accumulation of material in the gully reduces the gully depth
if not pulled to the footwall regularly. A shallow gully has
insufficient storage capacity when an orepass is filled up due
to tramming delays, resulting into spillage along the
shoulders and adjacent swept panel, amounting to gold loss.
This means that these gullies would not be scraper-cleaned to
the footwall regularly. Two of the reasons that were noted for
not scraping the gully to the footwall regularly were offline
development of the gully and the use of 37 kW winch with
one scoop to clean the scraping distance of more than 60 m.
The offline gullies observed created major cleaning
bottlenecks associated with damaged gully shoulders, large
gully span, accumulation of broken ore, water in the gully,
and spillage along the shoulders of the gully.

 



Figure 6 indicates how accurate the estimate turned out to be
compared to the quantity of metal recovered plus residue.
Figure 6 indicates that the estimated hoisted gold and
gold recovered at the plant show parallel trends over time; the
increments of the two variables are the same and there is an
ore loss or overestimation of about 17% (in kilograms)
between the underground source to the surface plant. This
means that more tonnage with low grade was sent to the mill
for processing, resulting into low overall recovery. A MCF of
83% seems justified to estimate the amount of gold to be
recovered in forthcoming months, provided that all other
variables stay the same.


In an attempt to ascertain the impact of ore movement on the
head grade at the mine, correlation and regression analysis
were applied.

 
The current study was correlational in nature as it was
designed to assist understanding of how gold was lost
between the source (stope face) and the shaft main tips. The
correlation coefficient is one of the techniques used to
estimate reliability of this study by measuring the correlation
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Monitoring ore loss and dilution for mine-to-mill integration in deep gold mines
between the distance from the source to the shaft and the
gold content. The discussion above showed that the size
distribution of fines was positively correlated and the coarse
negatively correlated, but this is only a qualitative indication.
The correlation coefficient provides a quantitative measure of
the relationship. For example, the correlation coefficients for
stopes 4 and 6 are presented in Table III and Figures 7 and 8.
There is a positive correlation coefficient of 0.9130
between distance and grade as the broken ore moves from
stope to the shaft main orepass, and a negative correlation
coefficient of -0.97079 in the case of stope 6. A high
correlation coefficient indicates a convergent validity. A
positive relationship shows that as the distance from the
stope face to the orepass increases, so does the fines content
(gold content) of the broken ore. Since both correlation
coefficients are close to unity, there is a strong correlation
between the gold content and distance between the source
and main shaft orepass.

the length and grade is statistically significant (p < 0.05, with
quantitative effect of 0.0292) despite an inverse relationship
of -0.97079. This means that the distance of movement of
ore from a thin reef (where gold is concentrated near the
footwall contact) does have an adverse effect on the grade
gap. In other words, for each unit increase in length at 4.708
Y-intercept, the grade decreases by 0.016 units. It can
therefore be deduced that the grade gap between the source
and the plant is very variable due to the uncertainty of many
grade-controlling parameters, in particular the dynamics of
ore movement.
Having tested the relationship between the transport
distance and grade, it is now possible to determine the time
lag between the measuring and milling month and track the
source of material being fed into the crushing and grinding
circuits.

 
Regression analysis was performed to determine the extent to
which the distance to the main shaft orepass would explain
the variance in grams per ton (value) of the ore broken from
the stope face. The discussion deals with the application of
regression to firstly estimate or predict the quantitative effect
of the distance upon the values, and secondly to determine
the statistical significance of the estimated relationships.
The summary of the Excel regression output is presented in
Table IV (for the case where gold is evenly distributed over
the width of the reef) and Table V (gold is concentrated near
the footwall contact of the reef).
In Table V, the R2 value of 0.833 indicates that most of
the data has some linear relationship, with some degree of
scatter; a very good fit as R2 is close to unity. This means
83% of the variation in the grade is explained by the length
of the gully. However, the relationship between these two
variables is statistically insignificant at a significance level 
= 0.05 as p > 0.05, with P-value = 0.0870 despite the
correlation coefficient of 0.913. This means that the distance
of movement of ore from a thick reef (where gold is evenly
distributed over the width) does not have an adverse effect
on the grade gap. In other words, for each unit increase in
length at 7.385 Y-intercept, the grade increases by 0.019
units.
In Table V, R2 the value of 0.942 indicates that most of
the data has some linear relationship, while some is
scattered, a very good fit as R2 is closer to unity. This means
that 94% of the grade variation is explained by the length of
the gully. The table also show that the relationship between
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Table III

Determining correlation coefficient of Stope 4 and 6

Stope face
Adv. strike gully
Central dip gully
Box hole

 

Stope 6
Grams per ton

Distance from face (cumulative)

Grams per ton

0
126
161
181

7.4
10.1
9.5
11.5

0
47
77
98

4.8
3,7
3,6
3;1
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Table IV

Regression analysis: Influence of distance on grade value of Stope 4
Regression statistics
Multiple R
R Square
Adjusted R Square
Standard Error
Observations

0,912961608
0,833498897
0,750248346
0,851413047
4

ANOVA
df

SS

MS

F

Significance F

1
2
3

7,257691647
1,449808353
8,7075

7,257692
0,724904

10,01193245

0,087038392

Coefficients

Standard Error

t Stat

P-value

Lower 95%

Upper 95%

Lower 95,0

Upper 95,0

-302,0453632
43,53718059

133,9817346
13,7594586

-2,25438
3,164164

0,152886
0,087038

-878,522
-15,665

274,4315
102,7394

-878,522
-15,665

274,4315
102,7394

Regression
Residual
Total

Intercept
Value

Table V

Regression analysis: Influence of distance on grade value of Stope 6
Regression statistics
Multiple R
R Square
Adjusted R Square
Standard Error
Observations

0,970786114
0,94242568
0,91363852
0,210552194
4

ANOVA
df

SS

MS

F

Significance F

1
2
3

1,451336
0,088664
1.54

1,451336
0.044332

32,73771

0,029213886

Coefficients

Standard Error

t Stat

P-value

Lower 95%

Upper 95%

Lower 95,0

Upper 95,0

274,3701299
-57,5974026

38,75931612
10,06650595

7,078818
-5,72169

0,019378
0,029214

107,6022525
-100,9100819

441,138
-14,2847

107,6023
-100,91

441,138
-14,2847

Regression
Residual
Total

Intercept
Value

   
The real gold loss must be traceable if lost during mining
operations, but if it cannot be located underground it can only
be ascribed as apparent gold loss. It is of vital importance that
movement of ore from the source to the mill is understood to
reduce ore loss and dilution in order to improve the MCF.
Table VI depicts the time lag between underground
production and milling.
Table VI indicates the time the RFID tags were planted in
the muck piles at the source and the detection time at the
conveyor belt on surface. The fluctuations in the monthly
mined value and the time lag of approximately 20 days
between production and milling also result in variations in
the MCF. The time delays may therefore be extremely
variable, making it difficult to estimate the mine process
inventory and develop a metal accounting system with a fair
degree of confidence. Only one reef tag (A5756) was read at
22h56 as going to the waste dump. This means gold-bearing
material is still classified as waste and sent to the waste
dump, a potential loss of gold. The highlighted tags were
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those that correspond to top ten high-grade panels of their
respective shafts and their low recovery rates indicate that
high-grade ore does not reach surface timeously, if at all. The
slow arrival of high-grade ore causes a low MCF and
complicates mine-to-mill reconciliation. The financial impact
of ore loss on the mining operation equals the revenue that is
forfeited when ore is not delivered from the mine to the plant.
With this information, corrective measures can be taken
quickly. Ore tracking reports are sent on a weekly basis to the
manager, listing the tags that have not yet passed the reader.
If the tracking system is effective, ore loss and dilution can be
estimated by correlating the time the tag was dropped at the
stope face and the time it was detected on the conveyor belt.
For tags A5711 and A5712 movements of 181 m and time
lags of 15 days were recorded, and these have significant
implications for dilution and ore loss. The inability to locate
the exact points of ore accumulation underground and to
quantify the volume and value of gold-bearing material
remaining underground over time has led to a declining MCF.
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Table VI

Management ore tracking report
Reader

Read date

Read time

Tag ID

Surveyor

Working place

Panel no.

Issue date

Issue time

Time, days

2R Belt

14-Jun

04H08

A5638

John

2R Belt

15-Jun

17H24

A5637

John

Stope 01

BH

13-Jun

9H00

1

Stope 01

FACE

13-Jun

9H10

2R Belt

14-Jun

14H25

A5641

2

John

Stope 02

BH

11-Jun

9H00

3

2R Belt

26-Jun

09H14

2R Belt

12-Jul

06H44

A5631

John

Stope 02

FACE

11-Jun

10H00

15

A5632

John

Stope 03

FACE

12-Jun

9H00

2R Belt

21-Jun

30

01H30

A5633

John

Stope 03

ASG

12-Jun

9H00

3R Belt

9

4-Jul

16H30

A5711

John

Stope 04

FACE

19-Jun

9H00

15

3R Belt

4-Jul

16H12

A5712

John

Stope 05

FACE

19-Jun

9H10

15

3R Belt

5-Jul

03H15

A5715

John

Stope 06

FACE

19-Jun

9H30

16

4R Belt

21 Jun

15H51

A5751

John

Stope 07

SSG

21-Jun

9H35

0

4R Belt

2-Jul

16H46

A5752

John

Stope 07

FACE

21-Jun

9H00

11

5R Belt

30-Jun

22H56

A5756

John

Stope 08

BH

21-Jun

9H50

9

4R Belt

7-Jul

19H29

A5757

John

Stope 08

FACE

21-Jun

9H45

17

4R Belt

28-Jun

01H45

A5758

John

Stope 09

FACE

21-Jun

9H40

7

4# Reef

30-Jun

18H14

A5759

John

Stope 09

ASG

21-Jun

9H45

9
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This study was aimed at increasing mine output and profit
margin by controlling fragment size distribution, managing
grade variability, and ensuring that broken ore reaches the
mill plant timeously. Movement of rock, ore loss, and dilution
are the consequence of blasting the rock in situ. Hence,
efficiency ore management mine necessitates the need to
measure accurately, firstly the fragment size distribution,
then ore loss and dilution, and thereafter track ore movement
after blasting from the stope face to the concentration plant.
The findings of the study have shown that it is difficult to
quantify the total ore loss due to the time lag between
breaking of the rock and processing of the ore to the final
product when estimating the mine process inventory. The
inability to minimize ore loss can thus impact negatively on
mine output through the loss of revenue. However, it is
possible to estimate the total dilution with some degree of
precision by analysing the daily blast grade and daily head
grade. Ore dilution can also impact negatively on the mine
profit margin as a result of the extra costs involved in mining
and processing of the waste that is treated as ore. The feed to
the concentrator should preferably contain a sufficient
amount of high-grade gold ore and be as homogeneous as
possible for stable plant operation. However, ore below the
pay limit adds variation to the mill grade as increased mill
throughput will be required to make up for the loss of gold,
and that impacts on the recovery in the plant. It is against
these perspectives and findings of this study that the MCF
should be seen as a method that identify the real problems
underground and when these are addressed, the profitability
of the mine will increase.
A satisfactory mine output and margins can be achieved
by the correct application of the mine-to-mill approach
discussed above. It is therefore recommended that the mine
accept that ore losses and dilution will always occur during
blasting and moving of broken ore, and this loss must be
kept at a minimum. It is worth mentioning that a MCF
investigation is likely to be successful when initiated and
supported by management.

® The focus in this research was on real gold loss
between the source and the stope orepass. It would
have been useful and interesting to analyse the
relationship between the apparent gold loss and the
mine call factor
® The empirical study was carried out for academic
purposes and therefore the time allocated was limited,
hence a cross-sectional survey was performed. The true
results could have been obtained through a
longitudinal study and testing of reversal causal effects
® Three short case studies were undertaken to
understand the impact of ore loss and dilution on the
MCF. This situation varies widely from mine to mine,
depending upon the problems posed and managerial
policy. The ability to extend the results of the study to
the wider South African mining industry is therefore
limited
® RFID tags were place at the working place in the reef
horizon only. Information regarding the classification
of waste as reef could have been obtained to minimize
dilution of broken ore sent to the mill
® Due to the limited availability of resources and time
allocated for this project, it was not possible to visit all
stope working places.
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The following extract seems appropriate to conclude this
paper with:
‘… for a higher grade deposit, the cost of ore loss and
misclassification has a greater impact than the cost of
dilution, hence it may be preferable to accept more
dilution to minimise the cost of ore loss and
misclassification’ and ‘… for a lower grade deposit, the
cost of dilution has a greater impact than the cost of ore
loss…, hence it may be preferable to accept more ore loss
and misclassification to minimise the cost of dilution…’
(Singh and Sinha, 2013, p. 263).
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Anomaly enhancement in 2D electrical
resistivity imaging method using a
residual resistivity technique
by A. Amini* and H. Ramazi*

This article is devoted to the introduction of a new technique of electrical
resistivity data processing called residual resistivity (RR). We define RR as
measured resistivity minus background resistivity. To determine the
background resistivity, the data acquired from electrical resistivity
measurements along a given survey line is evaluated, and then an
equation is fitted to the data corresponding to a chosen measurement
station as a function of current electrode spacing (or array length). The RR
technique was applied to several synthetic models to compare the
conventional resistivity inversion of each model with its RR-based
inversion. A case study was carried out in a karstic area in Zarrinabad,
Lorestan Province, western Iran, to detect the location and geometry of
probable cavities by conventional resistivity inversion and RR-based
inversion. The results showed that the anomalous zones are better
highlighted in the RR-based inversion images in comparison with the
conventional inversion images. In some cases, anomalies detected by the
RR-based images were hidden in the conventional method.
>);76:
electrical resistivity, residual resistivity, cavity detection, CRSP array.

8<7;624<=;8
The geoelectrical resistivity method has been
widely used since the early 20th century, and
plays an important role in several fields such
as groundwater and subsurface mineral
exploration, geotechnical and environmental
investigations, and archeological studies
(Bayrak and Senel, 2012; Candansayar and
Basokur, 2001; Fehdi et al., 2011; Hee et al.,
̉ Osella et al., 2003; Wilkinson et al.,
2010;
2010). The goal of geoelectrical resistivity
surveys is to determine the distribution of
subsurface resistivity by measuring the
current-potential difference on the ground
surface (Aizebeokhai et al., 2010). In the
electrical resistivity method, an electrical
current is injected into the ground by two
electrodes, called current electrodes (AB), and
the potential difference is measured between
another pair of electrodes, the potential
electrodes (MN). Several methods of
interpretation are available for application to
electrical resistivity data, the simplest being
the graphical interpretation of the apparent
electrical resistivity pseudo-sections along
each survey line. A second method, electrical
resistivity inversion, has been developed to
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create relatively accurate two- and threedimensional computational resistivity models
of subsurface sections (Loke and Barker,
1996; Niwas and Mehrotra, 1997; Nordiana et
al., 2014; Oldenburg and Li, 1994;
Papadopoulos et al., 2009; Yilmaz and
Narman, 2014). In the inversion method,
models of subsurface objectives are
mathematically inverted to reach optimal
solutions subject to prescribed objective
functions, constrains, and convergence criteria.
A common problem when using the electrical
resistivity inversion method is that the
inversion model of an electrical resistivity
profile may be non-unique because different
inhomogeneities in the investigation media
can result in the same electrical response
(Smith and Vozzof, 1984).
In a given electrically uniform,
homogenous medium, the measured resistivity
remains constant along the survey line, hence
resistivity anomalies in such a medium will be
clearly detected in measurements. But in real
cases, the investigation area usually consists
of various heterogeneous geological layers,
each with different electrical properties. Even
in a uniform geological layer, the electrical
resistivity measurements can vary in both the
vertical and the lateral direction due to surface
condition effects, moisture variations, and so
on. Although anomalies are illustrated in the
maps and sections prepared by the
conventional method, these models are still
affected by a variable background resistivity.
In such cases it is useful to determine the
background resistivity gradient. KamkarRouhani (1998) defined the ‘apparent
resistivity residual’ as the weighted difference
between apparent resistivity values obtained
by different arrays in a survey line. The

Anomaly enhancement in 2D electrical resistivity imaging method
resultant difference will enhance the response differences
between the arrays to the presence of anomalous bodies by
removing the approximate common response to the layered
environment. However, the technique requires a multielectrode acquisition system and data obtained by two
different electrode configurations is needed to compute the
‘apparent resistivity residual’. In this paper, we propose a
new technique of apparent resistivity data processing,
referred to as ‘residual resistivity’ (or RR), that is applied to
data obtained by a single four-electrode array, and which
enhances anomalies in the acquired electrical resistivity
measurements. It also has the advantages of fast
interpretation and no need for complex computations.

><3;6;5;1)
The RR method is summarized as follows.

    

The background resistivity function can be determined either
by evaluation of vertical electrical sounding (VES) curves or
from resistivity pseudo-sections.
In those cases where VES data is available, the VES
curves are evaluated and a good representative curve for the
background resistivity of the investigating area is selected
based on statistical studies and engineering judgment. In the
cases in which data is obtained from profiling surveys, the
background resistivity function can be extracted from
apparent resistivity pseudo-sections. After plotting the
apparent resistivity pseudo-section along the survey line, the
area with the least variation in measurements is selected. The
nearest measuring stations to the selected area are
considered and a one-dimensional resistivity curve along
each measuring station is plotted. The smoothest resistivity
curve is then chosen, and for both cases the simplest
equation is fitted to the passing curve along measuring points
(usually a polynomial equation of order 2 is satisfying) using
the Lagrange numerical method. We name this equation the
‘background resistivity function’ (BR function). The
independent variable of the BR function is the current
electrode spacing of each measurement (array length in
arrays such as the dipole-dipole) and the output of the
equation is the background resistivity (or BR).

   
To obtain the residual resistivity (RR) values for a given
survey line, the estimated BR value of the ith measuring point
(BRi) is subtracted from its corresponding apparent resistivity
measurement (Ri) as follows:
[1]
where RRi is the RR value of the ith measuring point.
Note that in the RR calculations, a value of zero
represents the nominal BR. Positive RR values represent
areas with higher resistivity values than the BR. Some RR
values may be negative. Although the negative values have
no geoelectrical meaning, they physically represent areas
with less resistivity values than the BR. In order to avoid
potential problems with negative values when used for
inversion modelling, the smallest value is subtracted from all
RR values plus one.
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To examine the performance of the RR technique, a buried
two-dimensional rectangular body in a five-layered section, a
fault in sedimentary media, and a horizontal pollution lens in
a two-layered media are simulated, and the inversion results
from conventional method are compared to the RR-based
inversion results for each model. In all models, forward
modelling was carried out by application of the RES2DMOD
freeware (Loke, 1995–2013), and inversion by application of
the commercially available RES2DINV software (Loke and
Barker, 1996).
The first model consists of five layers as shown in
Figure 1(a). The resistivity values of layers are 10, 30, 50,
70, and 90 Ω-m respectively and the thickness of each layer
is considered 1 m. A buried body with dimensions of 2×3 m
and a resistivity of 5000 Ω-m is inserted at a burial depth of
1.5 m. The two-dimensional forward model grid has 130*60
nodes. A Wenner-Schlumberger array with 51 electrodes
spread at 2 m intervals was modelled. Figures 1(b), 1(c), and
1(d) illustrate the apparent resistivity, BR, and RR pseudosections arisen from forward modelling, respectively. Figure
1(e) shows the inversion image from the apparent resistivity
data and Figure 1(f) shows the inversion image resulted from
the mode’s RR data. A comparison between Figure 1(e) and
Figure 1(f) shows that the RR-based inversion image
illustrates the position and dimensions of the buried body
better than the conventional inversion image. It should be
noted that as the values are different in the conventional and
RR sections (because of subtraction of the BR values from
acquired data), the colour scales are chosen such that the
anomalies are highlighted in the same pattern.
The second model describes a vertical normal fault in a
six-strata sedimentary medium. The electrical resistivity
values of top layers are 10, 20, 30, 40, and 50 Ω-m
respectively, overlying 100 Ω-m bedrock. The thickness of
each layer is 2 m (except the covering top layer, which is
assumed to be levelled due to erosion), as illustrated in
Figure 2(a). The objective of the survey is to detect the
position of the fault by using a Wenner electrode array.
Figure 2(b) shows the apparent resistivity pseudo-section
along the modeled survey line, while Figures 2(c) and 2(d)
show its corresponding BR and RR pseudo-sections,
respectively. Figure 2(e) shows the conventional inversion
image of the model and Figure 2(f) illustrates its RR-based
inversion image. As seen in Figure 2(f), the fault location in
the RR-based image was determined more accurately than in
the conventional image.
The third model consists of two layers as shown in
Figure 3(a). The top layer has an electrical resistivity value of
10 Ω-m and a thickness of 2.5 m. The second layer is a
uniform half-space with an electrical resistivity value equal to
100 Ω-m. A horizontal lens with presumed oil pollution and
an electrical resistivity value of 120 Ω-m has been inserted in
the top layer. The objective is to detect the position and
dimensions of the pollution lens by using a dipole-dipole
electrode array. Figures 3(b), 3(c), and 3(d) show the
apparent resistivity, BR, and RR pseudo-sections along the
modelled survey line, respectively. Figure 3(e) shows the
model's conventional inversion image and Figure 3(f)
illustrates the model's RR inversion image. The comparison
between Figure 3(e) and Figure 3(f) shows that the image
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from the RR inversion yields sharper edges of the pollution
lens than the conventional inversion results, although the
depth to the top of lens is not well determined.

%=>56?49:>?:<26)?490=<)?6><>4<=;8?2:=81?>5>4<7=495
7>:=:<=0=<)?*><3;6
Zarrinabad karstic limestones are located south of the village
of Zarrinabad, 40 km east of Khoram Abad, Lorestan
Province, western Iran. Karst caves, usually found in
carbonate rocks, can be important geological phenomena near
rural and civil regions. In many areas karst aquifers are
drinking water resources. Limestone caves exhibit an infinite
variety in size and shape (Ford et al., 1988), and may
include networks of narrow fissures following the pattern of
rock fractures, or rambling mazes of spacious tunnels (AbuShariah, 2009). This case study is devoted to an
investigation of the existence of probable cavities and their
geometry in the Zarrinabad karst area.
 

      

Geologically, the studied area consists of Cretaceous
limestone rocks that are partly covered by Quaternary
conglomerates. Figure 4 shows a geological map of the
studied area. The Cretaceous limestone formation with Kl
annotation in the figure extends to the west of the studied
area and forms the Ezganeh Mountains. To the east of the
study area, Quaternary conglomerates marked with Qc1 cover
the limestone rocks.
The entrance to a cave that we named Zarrinabad Cave
exists at the north side of the studied area. According to the
field observations, it is approximately 150 m in length with a
nearly north-south trend (Ramazi, 2011).

   
A previous investigation of the area consisted of several
vertical electrical soundings using a dipole-dipole electrode
configuration. No raw electrical resistivity data is available,
except for some hard copies of apparent resistivity contour
maps for different array lengths and a report affirming that
the applied method could not detect the desired objective(s)
properly. According to geological considerations and with
regard to geometric and electrical properties of probable
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cavities in the area, a combined resistivity sounding and
profiling electrode array (CRSP) was applied. CRSP was
introduced by Ramazi (2005) and is defined as follows: three
vertical electrical soundings are surveyed simultaneously by a
set of measurement current electrodes that are normally used
for one vertical electrical sounding (VES). In this array the
distance of each measuring station is equal to the spacing of
the potential electrodes (see Figure 5 for a schematic
representation of the CRSP array). As shown in the figure,
CRSP is similar to the Schlumberger and WennerSchlumberger arrays in central measurements; however, the
potential electrode spacing can be decreased for shorter
current electrode distances and hence increased horizontal
resolution obtained. The potential electrode spacing depends
on the survey objectives, including the depth of investigation.
We define n as:

where AB is the current electrode spacing and Pc is the
appropriate potential electrode spacing (P2P3 distance), which
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is equal to PL and PR. The first current electrode spacing in
routine CRSP measurements starts at n=2, which is equal to
five times the appropriate potential electrode spacing
(including the measuring station interval). For example, if
the measuring stations interval is 5 m (P1P2 = P2P3 = P3P4 =
5 m), the first current electrode spacing (AB) for CRSP
measurements will be 25 m (AB = 25 m). AB is increased for
the other measurements as the following:

For n=1 the current electrode distance is equal to three
times the potential electrode spacing (for example AB = 15
m); in this case and also for other near surface measurements
(AB<15 m), each the sounding points is surveyed
individually as in the Schlumberger array. The data obtained
by this array could be processed and interpreted as sounding
curves and/or into pseudo-sections. As seen in Figure 5, the
CRSP array has the advantage of penetrating deep in the
subsurface as well as detecting lateral changes through the
acquisition of more data in a section. In practice, CRSP has
been successfully applied to different mineral exploration and
engineering site investigations (Ramazi and Mostafaie,
2013). It should be noted that a combined method, called
‘combined sounding-profiling resistivity’ was also proposed
by Karous and Pernu (1985). This method is significantly
different from CRSP in electrode configuration, field
operation, and processing. For example, in the Karous and
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Pernu proposed array, the distance between potential
electrodes is constant, but in the CRSP configuration, three
couples of potential electrodes are used (PL, PC, and PR).
Likewise, the Karous and Pernu configuration is based on a
three-electrode array, while a symmetrical array is used in
the CRSP method (Ramazi and Jalali, 2014).
In this case study, CRSP resistivity measurements were
acquired along three survey lines. Figure 6 shows the
locations of designated survey lines. Each profile was
approximately 600 m in length and the distance between two
survey lines was set to 30 m. In total, 19 stations (with 57
measurement points) were acquired along each survey line.
In all survey lines the measuring point interval as well as
potential electrode spacing was assigned as 10 m. Current
electrode distances (AB) were selected from 50 m to 250 m.
For AB lengths shorter than 50 m, the distance of each
couple of the potential electrodes was decreased to 5 m, and
each of the sounding points was surveyed separately (n=1).

rbackground resistivity layers reduce to a relatively more
uniform background; moreover, anomalies with high RR
values show potential karst cavities (see Table I). The
positions of the RR anomalies are also shown in the
conventional inversion image in Figure 8(d). According to
previous observations, point C represents the Zarrinabad
Cave footprint. A comparison between Figure 8(d) and Figure
8(e) clearly shows that the anomalies are considerably more
enhanced in the RR-based image. Drill testing into areas A
and E convincingly proved the results.


The RR technique was applied to the acquired data as
described above. Figure 7 shows the VES resistivity curve
along station 4 of survey line P1. The BR function was
calculated using the VES data from station 4 as follows:
[2]
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where BR is the background resistivity value of each
measuring point and x is the corresponding current electrode
spacing (AB).
Figure 8(a) illustrates the apparent resistivity pseudosection along survey line P1, while Figure 8(b) shows its
corresponding BR pseudo-section. The RR pseudo-section
along survey line P1 is shown in Figure 8(c). Figure 8(d)
illustrates the conventional resistivity inversion along survey
line P1. As seen from the figure, the formation consists of
several resistivity layers that increase in resistivity with
depth.
Figure 8(e) shows the RR-based inversion image along
P1. The figure shows that by applying the RR method, the
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Table I

Description of anomalies detected in Figure 8(e)
Anomaly
A
B
C
D
E
F
G
H

Interpretation

Local X-coordination (m)

Predicted depth (m)

Actual depth (m)

Karst zone
Karst zone
Zarrinabad Cave
Shallow cavity
Karst zone
Karst zone
Karst zone
Fractured zone

110
300
340
390
440
470
490
550

Z ≥15
Z ≥8
8-12
5-8
Z ≥8
Z ≥10
Z ≥8
Z ≥12

Z ≥ 14
N/A
~13
N/A
Z ≥10
N/A
N/A
N/A

Interpretation

Local X-coordination (m)

Predicted depth (m)

Actual depth (m)

Karst zone
Fractured zone
Small cavity
Zarrinabad Cave
Karst zone
Cavity
Fractured zone
Karst zone
Karst zone

110
210
330
380
410
430
470
500
580

Z ≥15
Z ≥8
6-8
8-12
Z ≥15
12 ≥ Z ≥8
Z ≥7
Z ≥7
Z ≥15

Z ≥15
N/A
N/A
~12
N/A
N/A
≥7
N/A
N/A

Table II

Description of the anomalies detected in Figure 9(e)
Anomaly
A
B
C
D
E
F
G
H
I

Figure 9(a) shows the apparent resistivity pseudo-section
along survey line P2, while Figure 9(b) shows its
corresponding BR pseudo-section. The RR pseudo-section
along survey line P2 is shown in Figure 9(c). Figure 9(d)
represents the electrical resistivity inversion image along
survey line P2, while Figure 9(e) shows its corresponding
RR-based inversion image. The background resistivity layers
in Figure 9(d) were removed in Figure 9(e). Area D in the
figure shows the footprint of Zarrinabad Cave. Areas A and H
in Figure 9(e) represent RR anomalous zones that were
concealed by the natural regional resistivity gradient in
Figure 9(d). Table II describes anomalies detected in the
figure.
The apparent resistivity pseudo-section along survey
line P3 is shown in Figure 1(a), while Figure 10(b) shows its
corresponding BR pseudo-section. Figure 10(c) also
illustrates the RR pseudo-section along survey line P3.
Figure 10(d) shows the electrical resistivity inversion image
along survey line P3, and Figure 10(e) represents its
corresponding RR-based inversion image. A visual
comparison of Figure 10(d) and Figure 10(e) highlights the
proficiency of the RR technique well. The RR anomalous
zones of areas C, D, E, and F in Figure 10(e) completely
distinguish shallow karst zones, their extensions, and
probable connections. Further drilling into area D proved this
interpretation. Areas E and F in Figure 10(e) represent
Zarrinabad Cave footprints. Areas A, B, C, G, and H in Figure
10(e) represent several anomalous RR zones, which are
faded in the conventional electrical resistivity inversion image
(Figure 10(d)), suggesting filled or small cavities. This
interpretation has not been drill-tested (Table III).

;8452:=;8:
In this paper the residual resistivity (RR) technique was
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introduced as a new method of electrical resistivity data
processing. The RR technique can enhance probable local
anomalies through the elimination of regional resistivity
gradients. The technique may highlight positive and/or
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Anomaly enhancement in 2D electrical resistivity imaging method
methods are highlighted with acceptable precision and
resolution
® Shallow and deep underground cavities were detected
in the Zarrinabad karst area by applying the RR
technique. Further drilling convincingly proved the
results obtained by this technique
® The CRSP (combined resistivity sounding and profiling)
electrode array is an appropriate array for applying the
RR technique.
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Table III

Anomaly
A
B
C
D
E
F
G
H

 

Interpretation

Local X-coordination (m)

Predicted depth (m)

Actual depth (m)

Fractured zone
Fractured zone
Fractured zone
Karst zone
Zarrinabad Cave
Cavity
Karst zone
Fractured zone

60
100
300
360
400
430
500
570

Z ≥8
Z ≥10
Z ≥12
Z ≥15
8-12
Z ≥8
Z ≥18
Z ≥13

N/A
N/A
N/A
Z ≥13
14
12-14
N/A
N/A
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by current mining methods, will no longer be either socially or economically acceptable.
The future competitiveness of the Southern African mining industry depends on the application of appropriate and workable
technologies, as well as innovative mining methods, that improve
safety and productivity. These will be based on process based organisations that are enabled and empowered by increasing levels
of real time data and information integrated across the value chain.
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only will it draw on case studies and examples of technology development, but it will also explore innovative ways of applying state
of the art technologies from other sectors, to the mining environment.

OBJECTIVES
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the possible’ as well as exploring new paradigms for mining in the
future.
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Determination of mineral matter and
elemental composition of individual
macerals in coals from Highveld mines
by R.H. Matjie*, Z. Li†‡, C.R. Ward†, J.R. Bunt*, and
C.A. Strydom**

'40,161
A number of conventional and advanced analytical techniques (proximate
and ultimate analysis, low-temperature oxygen-plasma ashing, X-ray
diffraction, X-ray fluorescence spectrometry, coal petrography, and lightelement electron microprobe analysis) have been integrated and crosschecked to provide detailed characterization of coals from the Highveld
coalfield in South Africa, as a basis for better understanding of the
mineralogical and chemical properties of the individual coal sources that
are blended as feedstocks for combustion and carbon conversion
processes. The techniques included methods to quantify the abundance
and composition of the mineral matter (minerals and non-mineral
inorganic elements), and also the abundance and chemical composition of
the individual macerals in the individual coals concerned.
Kaolinite is the most abundant of the minerals in the coals studied,
with lesser but still significant proportions of quartz, mica and/or illite,
dolomite, calcite, and pyrite. Small but variable proportions of anatase,
goyazite, and siderite are present in some coal samples. Electron
microprobe analysis, based on a special configuration for light-element
study, shows that the vitrinite contains less carbon and more oxygen, and
has significantly higher concentrations of nitrogen and organic sulphur,
than the inertinite macerals in the same samples. Minor proportions of
organically-associated inorganic elements, including titanium, were also
identified in some of the maceral components.
A comprehensive knowledge of the minerals and non-mineral
inorganic elements in the coals used for feedstock preparation, obtained by
integration of data from these advanced analytical techniques with more
conventional analyses, may be of benefit in understanding the processes
that take place during coal utilization, and also in avoiding or ameliorating
some of the operational and environmental problems that may occur in
different sectors of the coal utilization industry.
7'!03.1
coal analysis, coal petrology, mineral matter, X-ray diffraction, electron
microprobe.

particles are pulverized to 100% passing
75 m and combusted in boilers to produce
energy or electricity for the domestic power
and chemical industries (van Alphen, 2005).


As discussed further by authors such as
Benson (1987), Ward (2002), and van Alphen
(2005), the material regarded as mineral
matter in coal consists effectively of two
fractions: (1) a range of discrete crystalline
mineral particles occurring in the coal in
different ways, and (2) a range of non-mineral
inorganic elements dissolved in the pore water
or intimately associated with the organic
matter (Li et al., 2007, 2010; Mares et al.,
2012). Along with other constituents such as
organic sulphur, the mineral matter is the most
significant factor in problems that may be
associated with coal handling and use, such as
abrasion, stickiness, slagging, sintering,
corrosion, and pollution (Falcone et al., 1984;
Tangsathitkulchai, 1986; Bryers, 1996; Gupta
et. al., 1996; Wall et al., 2002; Creelman et al.,
2013; Su et al., 2001; Barnes, 2009; Matjie et
al., 2008, 2011, 2012a, 2012b). In addition,
mineral matter occurring within the coal
macerals, especially the non-mineral inorganic
elements, is a key contributor to the formation
of ultrafine ash particles, as well as condensed
metallic vapours, during coal combustion
(Buhre et al., 2006; Zhang, 2006).
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Low-grade, medium-rank C bituminous coals
are mined for South African chemical
companies from six different collieries in the
Highveld coalfield, located in the Mpumalanga
Province of South Africa (Pinheiro et al.,
1998–1999). Products containing coarse coal
particles mixed with rock fragments (> 6 mm
coal fraction) are transported from the mine
sources to the preparation plant, where they
are blended according to their availability to
form a mixture that is suitable for the
company’s coal conversion operations (Matjie
et al., 2006; van Dyk et al., 2006). Finer coal

Determination of mineral matter and elemental composition of individual macerals
The inorganic elements within the organic structure of
coal macerals may react in a different way to the same
elements occurring in the discrete mineral particles (Falcone
et al., 1984; Ward, 2002). More specifically, Quann and
Sarofim (1986) found that the organically-associated
inorganic elements (calcium and magnesium) in lignitic coal
react with free aluminium silicate to form fused agglomerates
during combustion.
Many of the minerals in coal undergo chemical and
crystallographic changes at the temperatures associated with
combustion (O’Gorman and Walker, 1973; Vassilev et al.,
1995; Creelman et al., 2013), including during preparation of
laboratory ash samples for conventional (proximate) analysis
procedures. The minerals in a coal sample are therefore
usually isolated and identified by low-temperature oxygenplasma ashing (Gluskoter, 1965; Standards Australia, 2000),
during which the coal is exposed, under vacuum, to a stream
of electronically activated oxygen, which destroys the organic
matter at a temperature of around 120°C, leaving a residue
consisting of the essentially unaltered mineral components.
The organic sulphur in the coal macerals may, however,
interact with organically-associated inorganic elements to
form mineral artefacts in the plasma-ashing process (Frazer
and Belcher, 1973). Non-mineral calcium, for example, may
react with sulphur released from the coal to form bassanite
(CaSO4.½H2O) in the low-temperature ash residues of South
African coal samples (Matjie et al., 2008, 2011, 2012a,
2012b; Hlatshwayo et al., 2009). The formation of such
calcium sulphate artefacts provides an example of the greater
reactivity shown by non-mineral inorganic elements during
coal combustion, relative to equivalent or counterpart
elements (e.g. calcium in calcite) occurring in less reactive
mineral forms.


Several authors (e.g. Raymond and Gooley, 1978; Raymond,
1982; Clark et al., 1984; Ward and Gurba, 1998) have used
electron microprobe analysis and similar techniques to
determine the concentration of organic sulphur in coal
macerals. In practical terms this represents sulphur that
cannot be removed from the coal, even if the pyrite and other
sulphur-bearing phases are completely separated out by
conventional preparation techniques (Ryan and Ledda,
1997).
As an extension of this approach, special light-element
electron microprobe techniques have been used to determine
the percentages of carbon, oxygen, and nitrogen in the
individual macerals of coal samples (e.g. Bustin et al., 1993;
Mastalerz and Gurba, 2001; Ward et al., 2005, 2007, 2008),
providing a better understanding of the differences between
the individual components of the organic matter to
complement more conventional chemical and petrographic
studies. This approach has also provided new insights into
the occurrence of non-mineral inorganic elements, such as
Ca, Mg, Fe, and Al, in the different coal macerals and the
changes that may take place in those elements with
advancing rank (Li et al., 2007, 2010).

   
The minerals and other inorganic elements in coal may
interact with each other when the coal is used. The nature of
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these interactions and the impact of the associated products
depend on the minerals involved, and also on factors such as
the utilization conditions (e.g. temperature,
oxidation/reduction), the mode(s) of mineral or element
occurrence within the coal, and the opportunities for and
duration of contact between the various phases in the
utilization system (e.g. Bryers, 1996; Grigore et al., 2008;
Matjie et al., 2011, 2012a, 2012b; Creelman et al., 2013).
In order to manage these processes and minimize their
potentially adverse effects, it is important to have a good
understanding of the chemical and mineralogical properties of
the individual coals that contribute to the feedstock
preparation, especially the nature and mode of occurrence of
the different mineral matter components. Although a
significant amount of information is available from chemical
analyses (e.g. proximate analysis, ultimate analysis, ash
analysis), and mineralogical analysis has also been carried
out on some South African coals (Pinheiro et al., 1998-1999;
Gaigher, 1980; DME, 2006; Pinetown et al., 2007; Matjie et
al., 2011), very little information is available on the chemical
composition of the actual macerals in South African coals or
on the mineralogical composition of low-temperature ash
residues isolated from South African coal samples.
The objective of this paper is to describe the application of
two advanced analytical techniques – evaluation of mineral
matter by quantitative X-ray diffraction and chemical
analysis of coal macerals using the electron microprobe – to
some industrially significant South African coals. As well as
describing the techniques and the results obtained, the study
includes comparisons with data from other, more
conventional procedures, partly to check and confirm the
results obtained and partly to illustrate the relation between
the information from the advanced techniques and
conventional coal analysis data. The use of such information
in understanding the behaviour of South African coals during
utilization is also included in the discussion.

,736-7425/
Samples of coal from six different mines in the Highveld
coalfield were analysed. Each coal represents a component of
the blend used for gasification and/or combustion
applications in the Sasol industrial complex. Representative
portions of each sample were crushed to the appropriate
particle size and submitted to laboratories in South Africa
and Australia for the analysis programme described below.


Representative portions of each coal were ground to 100%
passing 212 m, and the ground samples were analysed by
proximate analysis, using standard methods to measure the
percentages of moisture (SABS 924, ISO 589), ash (ISO
1171), and volatile matter (ISO 562). Ultimate analysis of the
coals was carried out using the ASTM D5373 procedure. The
ASTM D4239 method was used to determine the total
sulphur content. The overall results were expressed to a dry
ash-free (daf) basis, and the oxygen content was calculated
by difference.
Other portions of each coal were ground to fine powder
and ashed at 815°C at the University of New South Wales in
Sydney, Australia. The ashes were fused with lithium
metaborate and cast into glass discs, following the method of
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Norrish and Hutton (1969). The discs were analysed by Xray fluorescence (XRF) spectrometry using a Philips PW 2400
spectrometer and SuperQ software, and the results were
expressed as percentages of the major element oxides in each
ash sample.

 
Representative splits of each crushed coal were mixed with
epoxy resin and prepared as polished sections for
petrographic analysis. Petrographic analysis was carried out
by Coal and Organic Petrology Services Pty Ltd, Sydney,
Australia, based on optical microscopy using oil-immersion
objectives. The procedure followed Australian Standard
AS2856, based on ICCP guidelines and ISO 7404. The
volumetric proportions of individual macerals and maceral
groups, and also of the visible mineral components, were
determined for each of the coals, as well as the mean
maximum reflectance of the vitrinite in the coal samples.

   
Other representative splits of each coal sample were finely
powdered, and a representative portion of each powder
subjected to low-temperature oxygen-plasma ashing using an
IPC four-chamber asher at the University of New South
Wales, as outlined in Australian Standard 1038, Part 22. The
mass percentage of low-temperature ash (LTA) was
determined in each case.
The mineralogy of each LTA from the coal was analysed
by X-ray powder diffraction (XRD) using a Phillips X'pert
diffractometer with Cu K radiation, and the minerals present
identified by reference to the International Center for
Diffraction Data (ICDD) Powder Diffraction File. Quantitative
analyses of mineral phases in each LTA were made using
Siroquant™, a commercial XRD interpretation software
package originally developed by Taylor (1991) based on the
refinement principles described by Rietveld (1969).
The clay fraction (less than 2 m effective diameter) of
each LTA sample was isolated by ultrasonic dispersion in
sodium hexametaphosphate (Calgon) and subsequent
settling. This fraction was concentrated, mounted on glass
slides, and investigated in more detail by XRD of the
resulting oriented aggregates using glycol and heat treatment
(Hardy and Tucker, 1988). The relative proportions of the
different clay minerals in this fraction for each sample were
determined using the method described by Griffin (1971).



Polished sections of representative coal fragments
(approximately 5 mm diameter) were prepared from each
sample. The fragments were selected to embrace the range of
macerals in each sample, as indicated by the macroscopic
appearance (lithotype) of the coal in each case.
The surfaces of the polished sections were coated with a
thin film of carbon, and loaded into a Cameca SX-50 electron
microprobe analyser at the University of New South Wales,
equipped with the Windows®-based SAMx operating system
and interface software. The elemental chemistry of the
individual macerals in each sample was analysed on this
instrument using special light-element techniques, following
procedures described more fully by Bustin et al. (1993) and
Ward et al. (2005).
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Images were also captured of selected fields of view for
each sample (Figure 1) using the optical observation system
of the microprobe unit. Although the resolution was less than
that obtained by reflected-light microscopy under oil
immersion and some details were obscured by the carbon
coating, the light optics of the microprobe were found to be
adequate for recognition of the individual macerals, based
mainly on shape and other textural features.
Individual points on representatives of the different
maceral groups were analysed for each sample using the
operating conditions described by Ward et al. (2005). The
accelerating voltage for the electron beam was 10 kV and the
filament current 20 nA, with a magnification of 20 000×,
giving an beam spot size on the sample of around 5 to 10 m
in diameter. As discussed by Bustin et al. (1993), an
independently analysed anthracite sample was used as the
standard for carbon in the analysis process. A range of
mineral standards was used for the other elements (Li et al.,
2010).
The percentages of carbon, oxygen, nitrogen, sulphur,
silicon, aluminium, calcium, magnesium, potassium,
titanium, and iron were measured for each selected point,
with a note on the type of maceral represented in each case.
The results of the individual analyses were tabulated in
spreadsheet format. Although care was taken to analyse only
’clean’ macerals and avoid areas where visible minerals were
also present, the area analysed for some points unavoidably
included significant proportions of mineral components (e.g.

Determination of mineral matter and elemental composition of individual macerals
quartz, clay, and pyrite) as well as the organic matter. Points
that apparently included mineral contaminants (e.g. points
with high (>0.5%) Si or with particularly high percentages of
both Fe and S) were excluded from consideration; so, too,
were points that included some of the mounting epoxy resin
(e.g. epoxy filling empty cell structures), indicated by
unusual oxygen and high nitrogen contents.

71*/21854.8.61+*11604

 
Proximate analysis data (Table I) shows that the samples
yield 30–34% volatile matter on a daf basis. The inherent
moisture content of the coals ranges between 2.9% and 3.8%,
and the ash yield of the samples tested (air-dried basis)
ranges between 22.1% and 29.7%. Total sulphur content,
determined as part of the ultimate analysis procedure (see
below) ranges from 0.7% to 1.1% when expressed on an airdried basis.
Ultimate analysis data (Table II) indicates that the coals
contain high proportions of carbon (77–80% daf), with
relatively low concentrations of total sulphur (0.9–1.6% daf),
nitrogen (2-2.1% daf), and hydrogen (4.0–4.6% daf). The
oxygen content of the coals (daf basis) was found by
calculation to range from 12 to 16%.

 
The proportions of inorganic elements (reported as oxides)
in the coal ashes, derived from XRF analysis, are given in
Table III. The percentage of ash for each sample analysed in
this way, determined as part of the XRF analysis procedure,
is also indicated. These percentages are slightly different
from the ash percentages in Table I, partly because of
differences in the samples actually analysed by the two
laboratories, and also possibly because of differences in
sulphur retention within the ashes due to different ash
preparation techniques.
Silica (SiO2, 47–58%) and alumina (Al2O3, 21–28%) are
the dominant constituents in the coal ashes, with lesser but
still significant proportions of CaO, Fe2O3, MgO, and TiO2.
Other oxides, with the exception of SO3 and in some cases
P2O5 and K2O, each make up less than 1% of the coal ash
samples.
The percentage of sulphur retained as SO3 in the ash is
less than that expected if all of the sulphur in the coal (the
total sulphur in Table I) was retained in this way. As with the
formation of bassanite in oxygen-plasma ash discussed
above, the extent of sulphur retention depends partly on the
ashing conditions (e.g. heating rate) and partly on the
proportion of elements such as Ca that are available to
combine with the S released from the coal during the ashing
process. For example, the lowest percentage of SO3 in
Table III occurs in sample 2, which also has the lowest
percentage of CaO, and the highest SO3 percentage occurs in
sample 6, which has the highest CaO percentage. Links
between CaO and SO3 in ashes prepared under similar
conditions are discussed further by Koukouzas et al. (2009).
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Petrographic analysis (Table IV) indicates that the coals are
inertinite-rich, with significant proportions (9–27%) of visible
mineral matter. If the minerals are excluded and the maceral
percentages recalculated to 100%, the coals contain 19–30%
vitrinite and 64–77% inertinite components on a mineral-free
basis. Liptinite makes up between 3 and 5% (mineral-free) of
the coal samples. Samples 5 and 6 contain slightly higher
proportions of vitrinite and liptinite and lower proportions of
inertinite than the other coal samples.
The vitrinite in the coals is represented mainly by
relatively thick bands of collotelinite (telocollinite). Finer
bands of collodetrinite (desmocollinite) occur in minor
proportions, typically as a structureless matrix containing
other maceral components. The principal inertinite maceral is
semifusinite, with minor proportions of inertodetrinite,

Table I

Proximate analysis data (air-dried basis) for the
coals tested
Sample number
Moisture (%)
Ash (%)
Volatile matter (%)
Fixed carbon (%)
Total sulphur (%)
Volatile matter (daf basis, %)

1

2

3

4

5

6

3.3
24.5
21.7
50.5
1.1
30.1

2.9
29.0
22.9
45.2
1.0
33.6

3.2
29.7
21.3
45.8
0.8
31.7

3.4
27.2
21.5
47.9
1.0
31.0

3.0
26.8
22.4
47.8
1.1
31.9

3.8
22.1
23.1
51.0
0.7
31.2

Table II

Ultimate analysis data for the coals tested (dry,
ash-free basis)
Sample number

1

Carbon (%)
Hydrogen (%)
Nitrogen (%)
Total sulphur (%)
Oxygen (% by difference)

2

3

4

5

79.9 78.5 77.1 77.8
4.36 4.55 4.07 4.12
2.12 2.00 1.97 2.00
1.55 1.41 1.15 1.50
12.1 13.5 15.7 14.6

6

79.0 77.9
4.59 4.29
2.08 2.00
1.62 0.92
12.7 14.9

Table III

Inorganic oxide percentages (wt%) from XRF
analysis of coal ash samples
Sample number
Ash (815°C)
SiO2
Al2O3
Fe2O3
TiO2
P2O5
CaO
MgO
Na2O
K2O
SO3
Total

1

2

28.9
51.27
24.70
4.31
1.24
0.40
7.46
2.19
0.41
0.79
5.57
98.33

 

3

40.6
30.8
53.67
52.17
27.95
26.40
3.69
2.46
1.29
1.54
.070
0.67
5.70
8.08
1.67
2.64
0.22
0.50
1.13
0.84
4.50
4.94
100.52 100.24

4

5

32.8
49.63
27.05
3.55
1.48
0.83
7.75
2.11
0.36
1.21
5.59
99.56

30.6
58.25
21.22
3.48
1.15
0.70
6.19
1.70
0.38
1.07
4.47
98.60

6
22.8
46.79
23.71
3.74
1.43
1.17
13.27
3.64
0.55
0.35
6.13
100.78

      

Determination of mineral matter and elemental composition of individual macerals
Table IV

Petrographic analysis of coal samples (vol.%)
Maceral group

1

2

3

4

5

6

A – Minerals included
Vitrinite (%)
Liptinite (%)
Inertinite (%)
Minerals (%)

16.7
3.0
67.2
13.1

18.9
2.7
51.8
26.6

17.4
2.7
64.9
15.0

17.2
2.8
63.7
16.2

26.7
4.7
55.7
12.8

24.7
4.9
61.6
8.8

B – Mineral-free
Vitrinite (%)
Liptinite (%)
Inertinite (%)
Rvmax (%)

19.2
3.5
77.3
0.72

25.8
3.7
70.6
0.70

20.5
3.2
76.3
0.75

20.6
3.4
76.1
0.72

30.6
5.4
63.9
0.70

27.1
5.4
67.5
0.7

macrinite, and fusinite, and traces of micrinite are also
present. Sporinite and cutinite are the only liptinite macerals
present, with sporinite being especially abundant in the
liptinite-rich coals represented by samples 5 and 6.
The minerals or mineral-rich components visible under
the microscope are mainly disseminated clays, with minor
carbonate and traces of quartz and pyrite. Stony particles
(shale) are also present in the crushed coal grain mounts,
especially in the mineral-rich coal of sample 2. It should be
noted that the percentages in Table IV are all volume
percentages; since minerals such as quartz and clays typically
have densities around twice those of the macerals in coal, the
weight percentages of mineral material would be significantly
higher, as a fraction of the coal, than the volume percentages
indicated in the table.
The coals have a mean maximum vitrinite reflectance,
measured on collotelinite (telocollinite), of 0.70–0.75%.
According to ISO 11760 (ISO, 2005), this indicates that the
coals can be classified as medium-rank C bituminous coals.

  
Table V summarizes the weight percentage of LTA isolated
from the coals by oxygen-plasma ashing, and also the
percentages of the individual minerals in each LTA, based on
the powder XRD and Siroquant evaluations. Figure 2
illustrates typical X-ray diffractograms of the LTA from the
coal samples.

Figure 3A provides a plot of the LTA percentage for each
sample against the percentage of high-temperature (815°C)
ash indicated for the same coal sample in Table III. The plot
includes a diagonal line, along which the data points would
be expected to fall if both percentages were equal. The data
points, however, fall above this equality line, indicating that
the percentages of mineral matter, expressed by the LTA, are
slightly higher than the high-temperature ash yields from the
same coal samples. This is because the LTA contains an
abundance of essentially unaltered minerals, such as clay
minerals, pyrite, and carbonates, which liberate volatile
components and leave a lesser proportion of altered mineral
residue after the high-temperature ashing process. For
example, although quartz is non-reactive, kaolinite loses
around 14% by mass and calcite loses around 44% on hightemperature ashing, due to dehydroxylation and
decarbonization reactions respectively. The slope factor
(1.08) in the linear regression equation indicates that, on
average, the overall proportion of mineral matter (LTA) in the
coal samples is typically around 8% higher than the (hightemperature) ash yield.

Table V

Mineralogy (wt%) of LTA from coal samples from
powder XRD analysis
Sample number
LTA
Quartz
Kaolinite
Illite
Mica
Calcite
Dolomite
Siderite
Pyrite
Bassanite
Goyazite
Anatase

1

2

3

4

5

6

31.9
17.6
51.4
bld
10.4
2.1
10.3
bld
2.4
2.1
1.0
2.7

43.9
21.5
50.4
5.7
7.4
1.2
6.4
1.3
1.4
1.4
1.7
1.5

34.5
20.6
49.5
bld
7.0
2.7
11.7
0.9
1.6
1.6
2.7
1.6

36.2
15.2
44.0
5.7
6.9
9.8
10.0
0.4
1.4
2.5
3.0
1.0

33.6
20.1
50.8
5.3
4.5
1.8
10.2
0.3
2.6
1.9
1.4
1.0

24.6
18.3
47.6
2.2
4.5
4.6
15.2
1.4
2.0
2.5
0.9

Note: bld = below limit of detection
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Figure 3B shows the relation between the percentage of
mineral matter as indicated by the LTA and the percentage of
visible mineral components identified during petrographic
analysis. Because the petrographic data provides volume, not
mass, percentages, and because the minerals have higher
densities than the macerals, the volume percentages indicated
by optical microscopy (solid symbols) are significantly lower
than the weight percentages indicated by the plasma-ashing
data. However, if the volume percentages of the minerals are
multiplied by two (open symbols) to allow for the differences
in density and thus to represent approximate weight
percentages, the mineral percentages indicated by the
petrographic analyses fall close to the equality line,
suggesting a broad consistency in the data from the two
different sources.
As indicated in Table V and Figure 2, the LTA derived
from the six coals is made up mainly of kaolinite, with lesser
proportions of quartz, mica and/or illite, and dolomite, and
minor proportions of siderite, calcite, pyrite, anatase, and the
aluminophosphate mineral goyazite (SrAl3(PO4)2(OH)5.H2O).
A small proportion of bassanite (CaSO4.½H2O) is also present
in the LTA samples; as discussed above, this was probably
derived from interaction of organically-associated calcium in
the coals with organic sulphur during the low-temperature
ashing process (Frazer and Belcher, 1973; Matjie et al., 2008,
2011, 2012a, 2012b).
Further data on the clay minerals, based on the separate
oriented aggregate XRD study of the <2 m fraction, is
provided in Table VI. The results differ in some ways from
the bulk analysis data for the same minerals in Table V;
different fractions were analysed in each case, and different
methods were used for the mineral percentage estimations.
Kaolinite is the dominant mineral in the clay fraction of all of
the LTAs. Small proportions of illite are present in the clay
fraction of most samples, along with a somewhat greater
relative proportion of expandable-lattice clay material. In
most of the LTAs the expandable clay is represented by
irregularly interstratified illite/smectite (I/S), but in two of the
samples (sample 1 and sample 3) a separate smectite phase is
also present. Detailed identification of such phases is difficult
from the XRD powder patterns alone (Figure 1), partly
because of the relatively low overall proportions present in
the LTAs and partly because the poorly-ordered crystal
structures of those minerals produce diffuse peaks in the
powder diffractograms.
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The chemical composition of the (high-temperature) coal ash
expected from each of the coals, based on the mineralogy of
the LTA residues, was calculated from the mineral
percentages listed in Table V and the chemical composition of
the individual minerals based either on stoichiometry or on
typical analyses of the same minerals published in the
literature (cf. Ward et al., 1999). The results, presented in
Table VII, allow for loss of hydroxyl groups from the clay
minerals, CO2 from the carbonates, and changes in the pyrite
at high temperature. They were also normalized to exclude
SO3 associated with the bassanite in the LTA material.

Table VI

Clay mineralogy (wt%) of <2 m fraction from
oriented aggregate XRD analysis of coal LTA
samples
Sample
number
1
2
3
4
5
6

Kaolinite
%

Illite
%

Expandable
clay %

Nature of
expandable clay

93
92
90
92
93
96

1
3
2
3
3
0

6
5
8
5
4
4

Mainly smectite
Mainly irregular I/S
Smectite + regular I/S
Regular to irregular I/S
Mainly irregular I/S
Mainly irregular I/S

Note: I/S = interstratified (mixed-layer) illite-smectite

Table VII

Inferred ash chemistry (SO3 -free) based on
Siroquant data
Sample number
SiO2
Al2O3
Fe2O3
TiO2
P2O5
CaO
MgO
Na2O
K2O

1

2

55.17
28.86
1.91
3.22
0.41
6.27
2.69
0
1.47

 

59.32
29.09
2.02
1.74
0.67
3.93
1.63
0
1.61

3
56.18
27.51
1.95
1.92
1.10
7.27
3.08
0
0.99

4
51.33
28.18
1.46
1.23
1.26
12.20
2.70
0
1.64

5
57.57
28.55
2.28
1.19
0.57
5.98
2.66
0
1.20

6
54.02
26.58
2.73
0.99
0.38
10.27
4.13
0
0.91
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Similar data for the high-temperature ash analyses by
XRF spectrometry, normalized to exclude SO3, is given in
Table VIII. Figure 4 provides graphic plots comparing the
principal oxide percentages indicated by the two different
techniques. Equal ranges for the axes are used in each case,
and each plot includes a diagonal line along which the points
would fall if the percentages indicated by each technique
were equal.
Although individual outliers are represented on some of
the plots, the bulk of the data points for SiO2, Al2O3, CaO, and
MgO fall close to the diagonal equality line. This suggests
that the quantitative percentages in the mineralogical
analyses (Table V) are generally consistent with the chemical
data independently determined by XRF analysis of the
respective high-temperature ash materials. One sample
(sample 5) appears as an outlier on the plot for Al2O3, with a
low percentage of Al2O3 indicated by the XRF data compared
to that inferred from the XRD results. This may reflect
inconsistencies between the actual coal samples subjected to
analysis by the two different techniques, such as variations
in the balance between the clay and non-clay components.
The plot for K2O appears to indicate a consistent overestimation from the XRD data compared to the actual
percentage as indicated by direct ash analysis. However, as
discussed more fully in other studies (e.g. Ward et al., 1999),
this is probably due to incorporation of lower than expected
proportions of K into the interlayer crystallographic spaces of
the illite in the coals, which was not allowed for in the
stoichiometric compositions used for illite in calculating the
inferred chemical compositions from the XRD data. This is
reinforced by the presence of I/S, and in some cases smectite,
in the clay fraction of the LTA residues, which was not
detected in the powder XRD patterns used for the inferred
ash chemistry calculations.

The data for Fe2O3, on the other hand, suggests a
consistent under-estimation of Fe-bearing phases by XRD
analysis, with most points falling below the equality line.
This may be due to errors in the determination of Fe-bearing
phases due to absorption of the Cu radiation used for the
XRD analysis (cf. Ward et al., 2001), inclusion of Fe in the
structure of the calcite and dolomite (which was not allowed
for when calculating the inferred oxide percentages), or
possibly the presence of Fe in noncrystalline form (e.g. poorly
crystalline Fe oxyhydroxides) within the mineral matter.

 
The results of the electron microprobe analyses of the coal
macerals are summarized in Table IX. This data represents
the average proportion of each element in each maceral for
the respective samples, based on the number of individual
points indicated in each case.

Table VIII

Normalized inorganic oxide percentages (SO3-free)
from XRF data for coal ash samples
Sample number

1

2

3

SiO2

55.24

55.87

54.71

Al2O3

26.62

29.09

27.69

Fe2O3

4.65

3.84

TiO2

1.33

P2O5

4

5

6

52.79

61.84

49.40

28.77

22.53

25.03

2.58

3.78

3.69

3.95

1.34

1.62

1.57

1.22

1.51

0.43

0.72

0.70

0.88

0.74

1.24

CaO

8.04

5.93

8.47

8.24

6.57

14.01

MgO

2.36

1.74

2.77

2.24

1.80

3.84

Na2O

0.44

0.23

0.52

0.38

0.41

0.58

K2O

0.85

1.17

0.88

1.29

1.13

0.37
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Table IX

Elemental composition of macerals in coal samples by electron microprobe analysis
Maceral

Points

C%

N%

O%

Mg%

Al%

Si%

S%

K%

Ca%

Ti%

Fe%

23
12
15
16

73.24
74.82
84.40
85.73

2.38
2.46
0.98
0.84

18.97
17.39
10.21
8.68

0.01
0.01
0.01
0.03

0.06
0.10
0.02
0.06

0.06
0.11
0.04
0.09

0.65
0.67
0.30
0.25

0.00
0.01
0.01
0.01

0.10
0.10
0.07
0.13

0.55
0.44
0.02
0.01

0.02
0.00
0.00
0.00

23
22
7
15

74.34
78.56
88.28
89.28

2.29
1.94
0.23
0.75

18.00
14.71
7.07
6.31

0.03
0.01
0.07
0.07

0.10
0.09
0.01
0.02

0.07
0.12
0.01
0.02

0.79
0.58
0.24
0.36

0.01
0.01
0.01
0.01

0.13
0.06
0.07
0.15

0.38
0.22
0.01
0.01

0.00
0.00
0.00
0.00

15
12
10
14

73.17
74.49
81.04
83.11

2.41
2.31
1.66
1.00

19.83
18.62
13.03
11.41

0.01
0.01
0.02
0.02

0.41
0.40
0.22
0.00

0.33
0.25
0.25
0.01

0.76
0.77
0.42
0.36

0.05
0.08
0.02
0.00

0.06
0.07
0.08
0.11

0.38
0.41
0.01
0.02

0.00
0.00
0.00
0.00

23
17
12
14

77.32
77.67
85.46
86.36

1.93
2.10
0.81
0.99

16.02
15.24
9.16
8.43

0.01
0.01
0.02
0.04

0.10
0.17
0.01
0.01

0.10
0.16
0.01
0.02

0.39
0.40
0.19
0.18

0.03
0.02
0.01
0.01

0.06
0.07
0.09
0.17

0.42
0.45
0.01
0.01

0.00
0.00
0.00
0.00

33
19
1
6
8
2

75.39
76.47
79.70
86.26
89.22
90.90

2.10
2.19
1.89
0.94
0.43
1.52

17.96
16.80
15.00
9.48
7.39
5.77

0.01
0.01
0.02
0.06
0.04
0.02

0.24
0.17
0.54
0.06
0.09
0.13

0.07
0.09
0.53
0.08
0.07
0.13

0.80
0.87
1.14
0.34
0.37
0.33

0.01
0.01
0.02
0.01
0.01
0.00

0.09
0.08
0.04
0.17
0.12
0.12

0.03
0.09
0.03
0.01
0.00
0.02

0.00
0.00
0.00
0.00
0.00
0.00

29
21
2
4
18
12
5

69.51
70.06
76.49
77.04
80.39
85.05
90.13

2.67
2.55
1.61
1.84
1.25
0.72
0.68

23.38
22.06
16.03
14.28
12.64
9.40
4.23

0.02
0.02
0.01
0.02
0.02
0.06
0.02

0.19
0.20
0.18
0.29
0.04
0.10
0.02

0.06
0.08
0.01
0.09
0.03
0.10
0.01

0.46
0.47
0.35
0.36
0.22
0.17
0.20

0.01
0.01
0.00
0.00
0.01
0.00
0.00

0.12
0.17
0.12
0.93
0.14
0.26
0.43

0.07
0.06
0.02
0.02
0.01
0.01
0.01

0.00
0.00
0.00
0.00
0.01
0.00
0.00

Sample 1
TC
DSC
SF
FUS
Sample 2
TC
DSC
SF
FUS
Sample 3
TC
DSC
SF
FUS
Sample 4
TC
DSC
SF
FUS
Sample 5
TC
DSC
SP
SF
FUS
IDT
Sample 6
TC
DSC
CUT
SP
SF
FUS
IDT

TC = telocollinite, DSC = desmocollinite, SP = sporinite, CUT = cutinite, SF = semifusinite, FUS = fusinite, IDT = inertodetrinite. Pts = number of points analysed
for indicated maceral.

As with other samples studied by this technique (e.g.
Ward et al., 2005), the vitrinite macerals in the coals were
found to have lower carbon and higher oxygen contents than
the inertinite macerals. Collotelinite (referred to in Table IX as
telocollinite) generally has a slightly lower carbon content
than the collodetrinite (desmocollinite) in the same samples.
Comparison with data presented by Ward et al. (2005)
indicates that the carbon content of the collotelinite
(telocollinite) in most samples (around 75%) is similar to that
of the same maceral in coals from the Bowen Basin of
Australia, having a mean maximum vitrinite reflectance of
around 0.7%. As indicated in Table IV, similar vitrinite
reflectance values are noted for the coal samples analysed in
the present study.
The collotelinite (telocollinite) in sample 6, however, has
a slightly lower carbon content (around 70%), yet still has a
vitrinite reflectance of 0.7%. The significance of this is not
clear at present; it may indicate either a slightly low vitrinite
carbon percentage for a coal with a similar rank to the other
samples, or a slightly high reflectance for the vitrinite in a
coal with a slightly lower rank.
The vitrinite macerals in each individual coal have
markedly higher (organic) sulphur and nitrogen contents
than the inertinite macerals in the same samples. This is
consistent with observations made in other studies (Ward
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and Gurba, 1998; Mastalerz and Gurba, 2001). In almost all
cases the proportions of these elements in the vitrinite
macerals are approximately twice those in the same sample’s
inertinite components.
The proportion of organic sulphur in the vitrinite of
samples 1, 2, 3, and 5 is around 0.6–0.8%, while the vitrinite
of samples 4 and 6 has only 0.4–0.5% organic sulphur. The
significance of this observation is also not clear at present.
The absence of any significant iron in these macerals (Table
IX) confirms that the sulphur in all cases is organic in nature,
and that the higher sulphur levels do not reflect incorporation
of submicroscopic pyrite in the macerals concerned.
The overall proportions of carbon, oxygen, and nitrogen
for the whole-coal samples, expressed on a dry ash-free basis
(Table II) are intermediate between the carbon, oxygen, and
nitrogen contents for the vitrinite macerals on the one hand
and the inertinite macerals on the other (Table IX), as
determined by the electron microprobe study. The total
sulphur content of the coals (Table II), however, is
significantly higher than the values indicated by microprobe
analysis of the mineral-free macerals; this reflects the
additional occurrence of pyrite (and thus additional pyritic
sulphur) in the mineral-bearing whole-coal samples, as
indicated by the mineralogical data in Table V. Macerals
containing visible pyrite were avoided in the microprobe
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The typical high ash yield from South African coals,
combined with coal mineralogy and ash composition, may be
responsible for the formation of clinkers and slags that
subsequently erode or block utilization equipment and lower
production efficiency during coal combustion and carbon
conversion processes (e.g. Matjie et al., 2006; Matjie, 2008;
Matjie and van Alphen, 2008). A number of recent studies to
evaluate the mineralogical changes that take place in
operating gasifiers and packed-bed combustion systems
(Matjie et al., 2008, 2011, 2012a, 2012b; Hlatshwayo et al.,
2009) have made use of oxygen-plasma ashing and
quantitative XRD analysis of different feed coals, combined
with chemical and XRD analysis of the associated ash
residues and, in some cases, electron microprobe study of
individual phases within the ashes and slags. These have
shown, inter alia, that the fused material bonding lessreactive, often stony, coal fragments together in clinkers and
similar deposits is derived from melting and subsequent
cooling of Ca-rich and/or Fe-rich residues left after
destruction of low-ash coal particles that originally contained
abundant calcite, dolomite, and/or pyrite, and also possibly
some non-mineral Ca or Fe in the organic components.
Similar studies, linking the mineralogy of ashes from
pulverized-fuel power stations to the mineral matter in the
respective feed coals, have been published by Ward and
French (2006) and Silva et al. (2010). These and other
studies (e.g. Creelman et al., 2013) show that the individual
components of the mineral matter in the feed coals may react
in different ways, with some being essentially non-reactive
but others forming phases that may bond to combustion
surfaces or interact with other mineral matter products under
operating plant conditions.
Data from XRD and geochemical studies may be
complemented by information gathered from optical and
electron microscopy, including integration of scanning
electron microscopy and image analysis techniques (e.g. van
Alphen, 2005; French et al., 2008), which indicate the modes
of occurrence of the mineral components within the coal or
coal products. Indeed, a combination of the two approaches
can be used to provide a better understanding of how the
mineral matter actually occurs in South African coals, and
also how the mode of occurrence impacts on mineral matter
behaviour during different utilization processes (e.g. Matjie et
al., 2011).
In a different application, Pinetown et al. (2007) used
mineralogical data on a range of coals from the Witbank and
Highveld coalfields, obtained by oxygen-plasma ashing and
quantitative XRD analysis, to evaluate the balance between
phases that may give rise to acid leachates (e.g. pyrite) and
phases such as calcite and dolomite, which have the potential
to neutralize those acids in field situations. Acid–base
accounting data generated from such studies was noted as
being of value in making plausible predictions concerning the
potential of the coal and non-coal rocks to contribute to acid
mine drainage in these and other coalfield areas.
The mineral matter in the feed coals may be responsible
for volatilization of minor amounts of Al and Si during
combustion and carbon conversion processes (Matjie et al.,
2006; Matjie and van Alphen, 2008). In addition, some of the
expandable-lattice clay minerals in the coal samples may
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analysis, which was focused on the mineral-free organic
components. The proportion of organic sulphur in coals from
similar Highveld sources is typically around 0.45% (Skhonde,
2009), which is between the sulphur concentrations
measured by microprobe for the vitrinite and inertinite
macerals (Table IX) in most of the coals analysed in the
present study.
These comparisons reinforce the well-known but often
overlooked fact that coal represents a mixture of different
macerals, along with its mineral components. The individual
macerals, which may react independently or with each other
during utilization, have somewhat different characteristics to
the whole-coal chemistry, and thus may follow different
reactions at the particle scale to those expected from more
conventional whole-coal analysis data.
Despite efforts to avoid including data from points with
significant contamination by mineral matter, the vitrinite and
semifusinite macerals in sample 3, and possibly also sample
4, appear to contain small, approximately equal, proportions
of both Al and Si. This may suggest incorporation of an
intimate admixture of kaolinite or a similar clay mineral into
the maceral structure. Lesser, but similarly equal, proportions
of Al and Si are noted in the vitrinite of samples 1 and 2. The
vitrinite in samples 5 and 6 appears to have relatively high
proportions of Al and only traces of Si, suggesting either the
incorporation of bauxite-group minerals (gibbsite and/or
boehmite), or possibly incorporation of Al as an inorganic
element within the vitrinite component. The occurrence of Al
in vitrinite, without significant Si, was also noted in
microprobe studies by Ward et al. (2007) and Li et al.
(2010).
Small proportions (mostly <0.2%) of Ca were noted in the
macerals of some coal samples, especially the inertinite
macerals. Ca is especially abundant in the sporinite and
inertinite components of sample 6, probably indicating traces
of calcite in the pore spaces of those particular macerals. For
the vitrinite macerals, the relatively minor amount of Ca may
occur within the organic structure.
The vitrinite in samples 1, 2, 3, and 4 contains significant
proportions (0.3–0.5%) of titanium. This may occur either as
evenly distributed submicroscopic particles (cf. Mares et al.,
2012) or be incorporated directly into the maceral structure.
Traces of Ti (<0.1%) are also possibly present in the
vitrinites of the other two coal samples. Titanium is not,
however, present in any of the inertinite components. This
provides support for earlier findings by Snyman et al. (1983)
that coal float fractions from the Witbank coalfield contain
high vitrinite with organically associated titanium, and by
van Alphen (2005), who noted the presence of titanium in
the vitrinite of South African coals using SEM techniques.
The presence of Ca, Mg, and Al has also been noted in the
macerals of South African coals by van Alphen (2005), based
on SEM studies.
More detailed electron microprobe studies using
quantitative element mapping (Li et al., 2007) have shown
that Ca and Al in other coals form an integral part of the
maceral structure, rather than representing fine but discrete
included mineral particles. Quantitative element mapping
using electron microprobe techniques has not, however, been
applied to the coals of the present study.
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react at elevated temperatures to form ultrafine ash particles
containing aluminosilicate species (Matjie, 2008; van Alphen,
2005). The aluminosilicate species from these ultrafine ash
particles may then dissolve in the plant water and form a
colloidal aluminium silicate precipitate, which builds up on
the heat exchanger plates during the liquid-liquid extraction
process (Matjie and Engelbrecht, 2007). Formation of this
gelatinous precipitate is an operational problem that may
result in a severe blockage of the heat exchanger plates and
eventually need to be removed with hydrofluoric acid, a toxic
and corrosive chemical. The potential for such issues may
therefore need to be taken into account by incorporating
mineralogical data into the blending of coal feedstocks for
industrial use.
The non-mineral inorganic elements (e.g. Ca, Mg) in
lignitic coals have been shown to react with aluminium
silicates released from breakdown of other minerals to form
fused agglomerates during the combustion process (e.g.
Quann and Sarofim, 1986). They may also be responsible for
evolution of corrosive and polluting gases such as hydrogen
sulphide, carbonyl sulphide, and sulphur oxides (Ozum et al.,
1993), and the formation of ultrafine ash particles, as well as
condensed metallic vapours, during coal combustion and
carbon conversion processes (Zhang et al., 2006; Buhre et
al., 2006; Matjie, 2008). Recognition of such elements,
through either electron microprobe analysis or more
conventional studies, may help to minimize the potential for
corrosion, slagging, and fouling in operating combustion and
gasification plants (Creelman et al., 2013), as well as the
emission of gases and/or fine particulates with potential for
adverse environmental impacts.

04+/*16041
A number of advanced analytical techniques, including lowtemperature oxygen-plasma ashing, quantitative X-ray
diffraction analysis, and light-element electron microprobe
analysis, have been combined with more conventional
methods (proximate and ultimate analysis, ash analysis, and
petrographic studies) to evaluate the mineral and organic
matter in coals from several Highveld mines, used as
feedstock for combustion and carbon conversion processes.
Such a combination of techniques allows better evaluation of
the proportions of fluxing minerals (pyrite, dolomite, and
calcite) and organically-bound inorganic elements that appear
to be responsible for clinker and slag formation, as well as
the volatilization of inorganic elements and sulphur
emissions associated with these and other activities.
The proportions of mineral matter in the coals studied, as
indicated by low-temperature oxygen-plasma ashing, are
higher than the proportions of ash indicated by conventional
proximate analysis, reflecting the decomposition of clays,
carbonates, and other minerals in the coals at the high
temperatures used in the proximate analysis process. If
allowance is made for the higher density of the minerals
relative to the macerals, this is also consistent with the
volumetric percentages of mineral components determined by
optical microscopy and petrographic analysis.
Kaolinite is the most abundant of the minerals in the coal
samples, with lesser but still significant proportions of quartz,
mica and/or illite, dolomite, calcite, and pyrite. Small but
variable proportions of anatase, goyazite, and siderite are
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present in some samples. Bassanite, which also occurs in the
LTA residues, was probably formed by interaction of nonmineral Ca with S released from the organic matter during the
plasma-ashing process. More detailed XRD analysis of the
clay (< 2 m) fractions of the LTA samples, using ethylene
glycol and heat treatment, has further identified the nature of
the expandable clay minerals (smectite and interstratified
illite/smectite) present in the coal samples.
Light-element electron microprobe techniques have
enabled direct measurement of the carbon, oxygen, nitrogen,
and organic sulphur contents of the individual macerals in
the coals, providing determinations that are possible in
conventional analysis only by indirect techniques (e.g.
oxygen, organic sulphur). The vitrinite was found to contain
less carbon and more oxygen, and to have significantly
higher concentrations of nitrogen and organic sulphur, than
the inertinite macerals in the same coal samples. Minor
proportions of organically-associated inorganic elements,
including Ca, Al, Si, Mg, and Ti, were also identified in the
macerals, especially (for Ti) in the vitrinite components.
As well as the crystalline mineral phases, non-mineral
inorganic elements such as Ca and Mg may contribute to, and
even promote, the formation of clinkers and slags in plant
equipment at the elevated temperatures associated with coal
combustion and carbon conversion processes. Along with
pyrite and organic sulphur in the coals, they may also be
responsible for the evolution of corrosive gases (hydrogen
sulphide and sulphur oxides), formation of ultrafine ash
particles, fouling of water by aluminium silicate, and
generation of condensed metallic vapours during the coal
combustion and carbon conversion processes.
A comprehensive knowledge of the minerals and nonmineral inorganic elements in the coals used for feedstock
preparation, gathered by integration of conventional and
more advanced analytical techniques, may be of benefit in
understanding the processes that take place during coal
utilization, and in avoiding or ameliorating some of the
operational and environmental problems that may occur in
different sectors of the coal utilization industry.
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Testing for heterogeneity in complex
mining environments
by J.O. Claassen*

  
Homogeneous populations are required to perform descriptive,
probabilistic, and inference statistics and to support stable, predictable
mining operations. The geological and downstream processing
environments are, however, highly heterogeneous. The complex nature of
mining environments requires means to identify and define multipopulation environments that could affect the performance of mining
value chains. A study performed at several operating mines suggests that
the impact of heterogeneous or variable geological, mining, and plant
processing environments on overall mining value chain performance may
not be a key focus area at these operations. This was illustrated through
the use of basic and spatial statistics, which included the log-probability
plot, a modified range equation, and chronovariography. The findings
reflect high relative variability in the geological and processing
environments studied and mining operators’ inability to effectively deal
with the sources and consequences of variability. The study suggests that
a focus on heterogeneity in complex mining operations may significantly
enhance overall mining performance.
/ -.'*
heterogeneity, mining variability, variography, chronovariography.
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Heterogeneity refers to a state or quality of
being variable/diverse and comprising
different non-compatible elements or parts. In
statistical terms a heterogeneous population
can refer to a population comprising different
non-compatible sub-populations or a multipopulation environment. The latter is
commonly found in natural environments such
as geological environments (Bardossy and
Fodor, 2001). The inherent heterogeneity of
complex geological environments is also
referred to as spatial heterogeneity.
Heterogeneity or variability, however, also
occurs over time at mining operations. A case
in point is variable ore composition on a
conveyance system feeding a processing plant
or product stockpile.
Heterogeneity associated with the mining
environment can significantly influence key
aspects of day-to-day mining operations such
as sampling, the use of descriptive,
probabilistic, and inference calculations, and
an operation’s ability to manage and control
the mining value chain as a whole.
 

      

The data generated from sampling campaigns
forms the basis of nearly all decision-making
at the operational, tactical, and strategic levels.
As such, it can be argued that the quantity,
quality, and correct use of sampling data
greatly influence the sustainability of a mining
operation.
As far as sampling of heterogeneous
environments is concerned, an attempt should
be made to capture the variability (both spatial
and in time) in all key value chain
performance drivers through representative or
random sampling. According to the theory of
sampling developed by Pierre Gy (1983),
sampling errors are induced mainly by high
levels of heterogeneity of the population being
sampled.

  
 
Descriptive statistics are used on a daily basis
in mining operations to calculate values such
as the average, median, range, and standard
deviation of a known data-set. Probabilistic
and inference statistics are less frequently
employed. Probabilistic statistics (based on
probability theory) are used to determine the
likelihood or degree of certainty/uncertainty of
outcomes drawn from a known population, i.e.
if the population is known, what can be
deduced from the samples taken from it?
Inference statistics are used to describe an
unknown population if everything about the
sample is known (random sampling required).
Inference statistics involve tests of hypotheses,
confidence intervals, and regression.

* Department of Geology, University of the Free
State, Bloemfontein.
© The Southern African Institute of Mining and
Metallurgy, 2016. ISSN 2225-6253. Paper received
Sep. 2015; revised paper received Sep. 2015.
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Testing for heterogeneity in complex mining environments
It should be noted that the existence of a homogeneous
population, combined with representative random samples
drawn from the population, forms the basis of these
calculations as illustrated in Figure 1. This implies that:
® The application of descriptive, probabilistic, and
inference statistical calculations is suspect unless
applied to a homogeneous data-set, e.g. calculation of
an average value to describe a population is of little
value unless it is known that the population is
homogeneous
® The geoscientist should test whether heterogeneity
exists in a population or sample before proceeding with
data analysis, simulation, and graphic presentation of
data. This directly affects the accuracy of geological,
mining, and financial models and the effectiveness of
the reconciliation process, among other things.
If the geoscientist is not aware of this fact, then
mathematical blending or integration of non-compatible data
(in a multi-population data-set) can lead to a
misrepresentation of reality and incorrect decision-making at
all levels in the organization, as discussed in more detail in
ensuing paragraphs.

    
The mining value chain can be viewed as a complex
integrated system. Resources, activities, equipment, and
processes are dependent on each other, and the effects of
disturbances that occur ripple up- and downstream through
the production chain. Forrester (1958), Fowler (1999), Towill
(1996), and Wikner et al. (1991) reported that ripple effects
are amplified as they move away from the source up or down
the value chain, with a significant impact on the performance
of the system as a whole due to the destabilizing effect, as
illustrated in Figure 2.
The integrated nature of the mining value chain
combined with a heterogeneous geological environment
characterized by spatial variability can therefore have a
significant impact on the performance of mining operations,
i.e. variability leads to poor synchronization of activities and
a misalignment between ore characteristics and
plant/equipment settings, for example. This implies that if
heterogeneity and the sources of variability are not identified
and addressed, then the compounding effects (increase in
variability when moving away from the source of variability)
can completely destabilize a system (lead to stop-start
operations) and have a detrimental impact on its overall
performance (product volumes, product quality, and cost).

1(&./210(.0!21,'1#0+1,(2+/2,//'2+-2+/*+2$-.2/+/.-(/,/1+

L

182







 

In conclusion, it can be argued that it is essential for
mining professionals generating and working with data to
utilize means to identify and assist with managing the
sources of heterogeneity, as discussed in the ensuing
paragraphs.

  
The study, performed at different mining operations, aims to
demonstrate how simple statistics can be employed to test for
and define heterogeneity. Specific attention is given to the
application of a log-probability plot, a modified range
equation, and chronovariography.
The study also discusses how information gathered from
these basic statistical exercises can be used to improve
management of the impact of heterogeneity and the risks
associated with it.


A probability plot is used to indicate deviations from a bellshaped or normal distribution. It can therefore depict multiple
populations or data mixtures through changes in the slope of
the graph, as shown in Figure 3b. The x-axis is scaled
logarithmically in order to obtain a straight line graph in the
case where data is naturally skewed, which is often the case
with geological data.

  
The ‘spread’ or range of values in a distribution can be used
to indicate heterogeneity or variability. The range equation
(Equation [1]) was modified to Equation [2] and applied to
daily production data in the study.

Range = maximum – minimum
Range =

[(M/nmax) – (N/n‐nmax)] x100

[1]
[2]

N/n‐nmax

where
M/nmax

= Average of daily maximum production values =
average of the top 10% values
N/n-nmax = Average of the rest of the values (values
including or excluding zero values)
Equation [2] can be used as an indicator not only of
variability in, for example, daily production results but also
of the improvement potential of a system. In many cases zero

1(&./2 ,#./0*/21,20.10"1)1+ 21,202!1,1,(2* *+/!2/,2*-&.#/*2-$
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values are encountered in the production results of mining
operations due, for example, to planned maintenance
interventions. If a more realistic improvement potential of a
system needs to be calculated, these values can be omitted.
The challenge involved with using an equation such as
Equation [2] is to ascertain which benchmark value can be
used to evaluate results. In this study a value of 15% was
assumed to be reasonable for stable operations, i.e. the
maximum values will not differ more than 15% from the rest
of the values. More research needs to be conducted to
establish what benchmark value is acceptable given the
different levels of complexity and variable processing
conditions associated with different mining environments.
When Equation [2] is used to calculate variability in
sequential steps in the mining value chain, e.g. from blasting
to loading, hauling, processing, and product logistics for a
variable such as the amount (tons) of material processed, a
graphical representation of variability and the operation’s
ability to manage the sources of variability is generated, as
shown later in the paper. The effect of disturbances running
through the mining value chain, as alluded to earlier and
depicted in Figure 2, can be illustrated using Equation [2].


Variography has become a frequently employed tool in the
geotechnical environment since the work of Krige (1951) and
Matheron (1960) that formalized the development and use of
variography in spatial estimations. Equation [3] is used to
calculate a variogram plot from which a variogram/kriging
equation is deduced. The latter is then used for kriging to
estimate the spatial distribution of a variable.

Semivariance (γ)2 = 1 ∑[g(x) – g(x+h)]2
2N

[3]

® Nugget—The semivariance at lag distance = 0 reflects
the inherent variability in the data as a result of the
presence of large grains/nuggets of minerals typically
encountered in precious metals and diamond
operations. When a nugget value is encountered in
more homogenous stratiform deposits or in process
streams (chronovariography), it represents sampling,
segregation, preparation, and analytical errors. The
nugget value can be expressed as a percentage of the
total/sill variance
® Range—The range or range of influence represents the
point beyond which there is limited correlation between
data points. It therefore indicates the maximum
‘allowable’ frequency of sampling to capture the
variability in the variable being studied.
Chronovariography is based on the same principles as
variography, except that the semivariance of a variable is
calculated as a function of time-pairs and not distance-pairs,
as illustrated in the following section. Gy, a metallurgist,
developed ‘chronostatistics’ during the 1950s in order to
illustrate the correlations between samples in a time series or
product stream (Pitard, 1993, 2006). The development and
use of chronovariograms to control a variable in process
streams are discussed by Minnitt and Pitard (2008) in detail.
The authors illustrate how other key indicators of a
chronovariogram, which include the random variability
(variance at time = 0 or nugget in variography), total process
variability (variability at the first time lag), process
variability (the difference between random variability and
total process variability), and the cyclical variability (nonrandom variability at the first sill or semi-sill) can be used to
manage variability in process streams as discussed in more
detail in the next section.

Equation [3] calculates the similarity or homogeneity of
values at different pre-set distances (lags) apart; the
semivariance is calculated as a function of the differences
between distance pairs (g(x) – g(x+h)) and plotted as a
semivariogram as shown in Figure 4.
Key indicators defining the variogram include the sill,
nugget, and range.
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® Sill—Indicates the population variance or total variance
in the system as well as the point where data
correlates. The sill can be fitted as the total population
variance or manually fitted to the semivariogram plot.
The latter requires vast experience and knowledge of
statistics and the geological environment that is studied

Testing for heterogeneity in complex mining environments

Other statistical tools that assists with the quantification and
management of variability/heterogeneity not discussed in
this paper include chi-square and R charts (Duncan, 1956;
Harris and Ross, 1991; Costa and Rahim, 2004; Woodall and
Spitzner, 2004). These charts have been extensively used
with great success for statistical quality control in the
manufacturing and chemical industries.

/*&)+*20,'2'1*#&**1-,
Basic and spatial statistics are frequently used in geoscience
departments to scrutinize geological data, e.g. to identify
outliers, define the skewness of populations, and estimate
unknown values. However, there is reason to believe that the
use of statistical values and graphs to assist with the
understanding and management of the impact of
heterogeneity on the performance of the mining value chain
as a whole is not that common.

  
One of the first activities generally performed when dealing
with geological data is to generate a log-probability plot. This
is often preceded by a summary of the descriptive statistics
and a histogram plot of the data.
A study was performed on a mineral deposit hosting two
mineral entities. Histogram plots of the respective grade

distributions for minerals A and B are included in Figure 5
and the log-probability plots in Figure 6.
It is evident from Figures 5 and 6 that the grade
distribution of mineral B exhibit at least two distinctive
populations, i.e. it is heterogeneous in terms of grade. Care
should therefore be taken when applying descriptive
statistics. An average grade for mineral B can be calculated to
determine the overall in situ metal content associated with
mineral B for resource and reserve estimation and reporting
purposes. It is, however, essential for the geoscientist to
establish the cause(s) of the multi-population data-set
(Claassen, 2013) for mineral B prior to estimating product
recovery and final product volumes. This stems from the
possibility that mineral B associated with populations 1 and 2
(Figure 6b) could behave differently in downstream
processing as a result of differences in ore morphology
(texture, mineral associations, impurity levels, etc.) and/or
orebody morphology (dip, faulting, roof and floor conditions,
etc.), which can contribute towards dilution during mining.
In this case an average grade for mineral B was calculated
and used in the mine and business plan. ROM grade, mining
extraction, recovery, and product quality targets for ROM and
final product were seldom met as the plan mostly over- or
underestimated the grade of and processing efficiencies for
mineral B, depending on which area the operator was mining
in at the time. This in turn destabilized the operation and
rendered its performance less predictable.
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Testing for heterogeneity in complex mining environments
This principle can also be applied to cases where not only
chemical grade, but also physical characteristics of the ore
and host rock, vary spatially to the extent that different
populations are clearly distinguishable. Examples include
variability in:
® Hardness, affecting crushing and milling performance
and ultimately the liberation potential of the system
® Near-dense material, affecting dense medium
separation efficiency, product recovery, and quality
® The level of intergrowth affecting liberation size, which
could result in a scenario where ore from different
areas is over- or under-milled when blended and
simultaneously processed. This in turn has a
detrimental effect on product yield and quality.

successfully dealing with high levels of variability in the
geological, mining, and plant environments.
The consequences of the variability observed at these
operations include unstable and unpredictable operations,
difficulty in estimating realistic production targets for
operational and business plans, production targets being
seldom met in most cases, operations being mostly in ’firefighting’ mode, and poor financial performance.

 

 

Heterogeneous geological environments often cause variable
processing performance as alluded to earlier.
Chronovariograms of plant feed and product streams can
indicate the presence and level of variability in these streams
and supply very useful information to improve overall
process performance, as discussed in the following
paragraphs.
The feed and product streams of five coal processing
plants were sampled at hourly intervals and analysed for ash
content. To illustrate how a chronovariogram is compiled and
used, the product stream data of one of these plants is firstly
scrutinized (refer to Tables II and III and Figure 8). This is
followed by a chronostatistical analysis of the plant feed
variability of four coal processing plants.

Equation [2] was used to study the presence of variability in
process streams and the improvement potential at five mines
operating in different commodities. Figure 7 summarizes the
results obtained for the production rate variability in mining,
plant feed (from ROM stockpiles), and plant production for
six consecutive months in each case. All the mines utilized a
ROM buffer stockpile to improve plant and system
performance at the time of the study.
Figure 7 illustrates significant levels of variability
(>>15%) at all the operations evaluated, and also an increase
in variability in downstream operations (also refer to
Figure 2). Table I summarizes the main causes of variability
found at these operations.
The results presented in Figure 7 and Table I probably
indicates that a focus on heterogeneity and its impact on
downstream processing performance does not exist at the
operations evaluated, or alternatively that the mines are not

1(&./2))&*+.0+1-,2-$20.10"1)1+ 21,2%.-'&#+1-,2.0+/*21,2+/2!1,1,(
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Claassen (2015) indicated that few southern African
mining operators link variable geological environments with
processing capability in day-to-day operations, as further
demonstrated by this example. The spatial distribution of
relevant chemical and physical characteristics of ore and
waste, as well as their impact on downstream processing
performance, must be understood and correctly included in
models and plans.

Table I

Summary of the main causes of variability at the mines evaluated
Geology

Mining

Plant

Mine 1

Variable roof and
floor conditions

Mining equipment not
optimally matched
with geological environment

Floor material not compatible
with ore, causing frequent
product quality deviations

Mine 2

Variable in-seam
parting thickness
and composition

Mining equipment not optimally
matched with geological environment

Excessive amounts of fines
overloading sections of the plant

Mine 3

Frequent geological
structures causing
high initial variability

Resource availability
at the mining face
(full functional work teams)

High and variable levels of dilution

Mine 4

Highly variable ore
seam thickness

- Mining equipment not optimally
matched with geological environment
- Support functions not adequately staffed

Blending non-compatible material
from other B sources
on the ROM stockpile

Mine 5

Varying depositional
environments with
variable hardness

 

      

Other

Mining equipment maintenance
availability low

Blending of ore with different
hardness from different areas
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Area/ mine
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Table II

Summary of hourly analytical data for product ash
Ash %

Time
06h00–07h00

14.1

07h00–08h00

14.2

08h00–09h00

15.9

09h00–10h00

15.3

10h00–11h00

16.1

11h00–12h00

15.0

12h00–13h00

15.0

13h00–14h00

15.1

14h00–15h00

15.1

15h00–16h00

15.5

16h00–17h00

15.0

17h00–18h00

14.4

18h00–19h00

14.3

19h00–20h00

14.1

20h00–21h00

15.5

21h00–22h00

14.6

22h00–23h00

16.2

23h00–00h00

16.1

00h00–01h00

15.8

01h00-02h00

16.3

02h00–03h00

16.3

03h00–04h00

16.7

04h00–05h00

16.6

05h00–06h00

15.9

Variance

0.67

Table III

Semivariance calculated for product ash values
Time lag

Semivariance (% ash2)

0
1
2
3
4
5
6
7
8
9
10
11

® Total process variability [V1]—the semivariance at the
first time lag represents the sum of the random
variability and the variability associated with
processing. It is assumed that very little variability is
contributed towards total process variability by the
material on the conveyor belt within one time-lag. This
assumption should be validated for very complex
environments. In this case V1 = 0.27% ash2 or
0.27/0.67 = 40.3% of the total variance
® Process variability [V1- V0 ]— The difference between
the total process variability and the random variability
is 0.06 ash2 or 0.06/0.67 = 9.0% of the total variance
® Cyclical variability [Vc ]—the cyclical variance
represents the variance at the first or short range cycle,
which amounts to Vc = 0.5 × amplitude = 0.5 × 0.14 =
0.07% ash2 or 0.07/0.67 = 10.4% of the total variance.
Mining operations often exhibit cyclical events
increasing variability in the system. These events
include shift changes, resetting of equipment setpoints, changes in equipment performance over time,
etc. The short-range cycle visible in this example was a
result of changes made in the RD set-points of the
plant’s dense medium cyclones. In this example, the
long-range cycle (9-12 hours) was linked to mining
moving from one mining area to another, i.e. a change
in the plant feed quality
® Range (hours)— the range deduced from the
chronovariogram in this instance is about 6.3 hours.
The range indicates the optimal frequency of sampling
required to adequately capture short-range variability
in the stream. It can therefore be used to optimize plant
sampling regimes based on the inherent variability in
the system (material being processed as well as the
system/process variability) instead of just sampling
based on a time or mass setting.
The same approach was followed to study the variability
in plant feed quality for four different coal processing plants.
The data used was collected over a period of three
consecutive months. The data and semivariances calculated
from the data are summarized in Tables IV and V,
respectively. The values for the chronovariogram variability
indicators were obtained from Figure 9 and are summarized
in Table VI.

0.27
0.31
0.44
0.55
0.48
0.64
0.73
0.89
1.00
0.87
0.81

The chronovariogram illustrated in Figure 8 contains the
following key variability indicators:
® Sill—the total variance of the data-set was calculated at
0.67% ash2
® Random variability or fundamental error [V0]—the
semivariance at time = 0 represents the sampling,
preparation, and analytical error associated with the
data-set. In this case it is equal to 0.22% ash2 or
0.22/0.67 = 32.8% of the total variance. V0 is obtained
by extrapolating the chronovariogram to time = 0.
Generally a fundamental error associated with
sampling, preparation, and analysis of 10% is assumed
to be acceptable. The high value of nearly 33% implies
that an effort should be made to investigate these steps
to establish what factors contribute towards this error
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From Table VI the following findings should be
highlighted:
® Sill—the total variance in plant feed ash is high for
plants 1 and 4 at 45.6% ash2 and 31.7% ash2,
respectively. For plant 1 the random variability
contributed about 20% and process variability about
32% of the total sill value. Random variability (39.4%)
and cyclical variability (34.7%) are the biggest

contributors to variability in the plant feed ash to
plant 4
® Random variability [V0]—the relatively high random
variability for plants 1, 3, and 4 is probability
associated with sampling, preparation, and analysis
errors as discussed earlier

Table V

Table IV

Summary of hourly analytical data collected over a
period of three months for plant feed ash for four
coal processing plants
Average % ash
Plant 1

Plant 2

Plant 3

Plant 4

06h00–07h00

35.6

25.6

33.3

18.8

07h00–08h00

35.8

31.3

39.5

23.6

08h00–09h00

38.1

33.9

32.1

23.6

09h00–10h00

46.1

28.6

28.2

24.4

10h00–11h00

35.8

30.9

35.6

19.7

11h00–12h00

31.5

31.2

31.8

23.5

12h00–13h00

26.5

29.3

27.3

28.2

13h00–14h00

26.6

28.8

30.5

27.2

14h00–15h00

26.5

28.7

31.5

26.8

15h00–16h00

49.1

28.9

28.9

21.3

16h00–17h00

30.9

30.5

32.6

25.0

17h00–18h00

40.1

31.8

34.5

26.9

18h00–19h00

36.1

32.0

31.6

31.8

19h00–20h00

30.9

31.3

31.6

35.4

20h00–21h00

26.2

30.9

37.1

39.3

21h00–22h00

36.0

32.4

32.2

25.0

22h00–23h00

36.7

31.8

29.7

25.0

23h00–00h00

28.8

29.8

28.9

19.4

00h00–01h00

22.1

31.6

43.1

20.1

01h00–02h00

31.1

28.8

28.2

25.9

02h00–03h00

42.2

31.1

33.4

32.8

03h00–04h00

31.1

31.0

39.2

27.0

04h00–05h00

26.9

17.8

37.3

38.8

05h00–06h00

26.6

26.4

33.1

27.4

Variance

45.6

10.1

15.9

31.7

Time

Semivariance calculated for plant feed ash values
for four coal processing plants
Semivariance (% ash2)

Lag

0
1
2
3
4
5
6
7
8
9
10
11
12

Plant 1

Plant 2

Plant 3

Plant 4

23.5
38.3
52.7
59.8
43.0
49.9
39.6
44.5
38.7
44.4
41.1
55.2

2.5
7.7
7.5
4.9
7.5
7.4
8.3
9.8
8.9
8.8
10.0
10.9

10.3
17.6
18.9
9.8
10.9
22.0
14.4
9.1
15.2
16.3
8.6
21.5

14.7
17.5
22.3
36.9
41.8
40.9
27.6
26.2
18.9
28.5
33.5
35.7
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Table VI

Statistical variance and errors calculated from chronovariograms plotted of plant feed ash variance for the
processing plants under review
Variability indicator

Plant 1

Plant 2

Plant 3

Plant 4

45.6
9.0
23.5
14.5
6.0
2.5
19.7
51.5
31.8
13.2

10.1
0
2.5
2.5
2.0
11.8
0
24.8
24.8
19.8

15.9
2.5
10.3
7.8
5.0
1.8
15.7
64.8
49.1
31.4

31.7
12.5
14.7
2.2
11.0
3.7
39.4
46.4
6.9
34.7

ash2]

Population variance (sill) [%
Random variability (V0) [% ash2]
Total process variability (V1) [% ash2]
Process variability (V1- V0) [% ash2]
Cyclical variability [% ash2]
Range (time lags)
Random variability (V0) [%]
Total process variability (V1) [%]
Process variability (V1- V0) [%]
Cyclical variability [%]
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Note: variability expressed as a % of the population variance/sill value in bottom half of Table VI

Testing for heterogeneity in complex mining environments
® Process variability [V1 - V0 ]—the feed ash variance for
plants 1, 2, and 3 exhibits high upstream process
variability. In this case the variability was induced
during mining operations, mainly as a result of highly
variable geological environments and the inability to
adjust to mining condition
® Cyclical variability [Vc ]—the feed to plants 3 and 4
suffered from cyclical variability induced in upstream
operations. It was established that the cyclic events
related to mining frequently moving to different mining
areas with different conditions and ore quality, i.e.
about 5-hourly and 8-hourly cycles for plants 3 and 4,
respectively
® Range (hours)—the results indicate that significant
increases in short-range variability from the first to
second time lag (excluding plant 4) exist. Process and
cyclical variability contributed the most towards these
increases. In order to enable upstream functions to
timeously manage the causes of variability, the
frequency of reporting analysis should probably be
increased. The total cycle time for sampling,
preparation, analysis and reporting should be reduced
to between 2 and 3 hours for the plants evaluated. In
all the cases the total cycle time for sampling,
preparation, analysis and reporting was between 4 and
5 hours.

-,#)&*1-,*
Mining environments are heterogeneous or variable by
nature. This variability directly impacts the use of descriptive,
probabilistic, and inference statistics as well as an operation’s
ability to create a stable and predictable business
environment.
Descriptive, probabilistic, and inference statistics are
applied on the premise that a well-known homogeneous
population or representative sample of the population exist.
For multi-population distributions, these statistical
calculations should be approached with caution. A case in
point is the inappropriate averaging or ‘mathematical
blending’ of grade values in a multi-grade deposit. Utilizing
these averages in mine and business plans can result in
unrealistic plans that are seldom met and which in turn can
destabilize mining operations. The study demonstrated that a
log-probability plot is a good indicator of the existence of
multiple populations in geological environments. It is
imperative that geoscientists not only identify the presence of
multi-population environments, but also establish the root
cause(s) of these populations, understand how they impact
the use of data in plans and models, and know how mining
and plant operations should be set up to optimally process
these deposits. If variable geological environments are
exploited without full consideration of the potential impact on
downstream processing performance, a ripple effect that runs
downstream through the processing chain may be
experienced.
In order to establish whether this effect can be detected in
processing streams a modified range equation and
chronovariography were applied to data obtained from five
operational mines and processing plants. The study reported
relatively high production rate variability using the modified
range equation, varying between 26% and 160%, which is far
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greater than the ’benchmark’ value of 15%. This was caused
mainly by variable geological environments and mining
operators’ inability to effectively deal with the variability. An
increase in production rate variability from the mining face to
the plant product stockpiles (variability increases further
down the mining value chain) of between about 15% and
over 300% suggest that the root causes of variability have
not been identified and managed at the operations studied.
A ‘chronostatistical’ study conducted on plant feed and
product streams at several coal processing operations also
found high levels of variability in the systems. The results
indicate that random variability (sampling, preparation, and
analysis), process variability (all processing activities), and
cyclical variability (cyclical changes such as equipment setpoint and shift changes) are the main contributing factors
towards relatively high overall variability found in the plants
studied.
The study suggests that a focus on heterogeneity may
significantly enhance overall mining performance as it creates
an opportunity to understand inherent system variability and
address instability and unpredictability in complex mining
environments.
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Stochastic simulation of the Fox
kimberlitic diamond pipe, Ekati mine,
Northwest Territories, Canada
by L. Robles-Stefoni* and R. Dimitrakopoulos†
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Multiple-point simulation (MPS) methods have been developed over the
last decade as a means of reproducing complex geological patterns while
generating stochastic simulations. Some geological spatial configurations
are complex, such as the spatial geometries and patterns of diamondbearing kimberlite pipes and their internal facies controlling diamond
quality and distribution.
Two MPS methods were tested for modelling the geology of a diamond
pipe located at the Ekati mine, NT, Canada. These are the single normal
equation simulation algorithm SNESIM, which captures different patterns
from a training image (TI), and the filter simulation algorithm FILTERSIM,
which classifies the patterns founded on the TI. Both methods were tested
in the stochastic simulation of a four-category geology model: crater,
diatreme, xenoliths, and host rock. Soft information about the location of
host rock was also used. The validation of the simulation results shows a
reasonable reproduction of the geometry and data proportions for all
geological units considered; the validation of spatial statistics, however,
shows that although simulated realizations from both methods reasonably
reproduce the fourth-order spatial statistics of the TI, they do not
reproduce well the same spatial statistics of the available data (when this
differs from the TI). An interesting observation is that SNESIM better
imitated the shape of the pipe, while FILTERSIM yielded a better
reproduction of the xenolith bodies.

Rombouts (1995) mentioned that a good
evaluation of a diamond deposit requires a
detailed analysis of the statistical distribution
of the number of occurrences, sizes, and
values of the diamonds. Applications of
stochastic modelling of the geometry of a pipe
were developed by Deraisme and Farrow
(2003, 2004). In this case, they simulated first
the walls of the pipe, and afterwards used a
truncation of a Gaussian field to simulate the
layered rock categories present inside the
domain of the pipe. Deraisme and Field (2006)
also implemented pluri-Gaussian simulation as
a more complete categorical simulation method
for the interior layered zones of a pipe.
Another application of simulation of
geometry on a kimberlite pipe can be found in
Boisvert et al. (2009). In this application, they
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multiple-points simulation methods, SNESIM, FILTERSIM, categorical
simulation, cumulants, high-order statistics.
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The simulation of geological units poses
several technical problems that challenge the
capabilities of available geostatistical
simulation approaches and their ability to deal
with spatial complexity of categorical
variables. The spatial geometry of diamondbearing pipes and their internal facies
controlling diamond distributions are a specific
and well-known difficult modelling problem.
The geometry of a kimberlite pipe is typically
like an inverted cone (Figure 1); the wider part
is known as the crater and is located near the
surface, and the narrower, deeper part is
known as the diatreme. Xenolith bodies can
also be found inside the pipe. A very important
contribution to the geological modelling of the
contours of the pipe is the measure of
uncertainty about the location of the contact
between the kimberlite pipe and the host rock.

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
built a stochastic simulation of the geometry of a kimberlite
pipe conditioned to a piercing point’s data-set. The
simulation was conducted on the cylindrical space by
transforming x-y-z coordinates to -r-z (rotation angle,
radius, elevation) coordinates. A vertical trend was defined
for the radius, as it decreases towards the bottom of the pipe.
However, this methodology assumes that the walls of the
pipe are smooth and cylindrical, making it hard to use for
more complex kimberlite models. A possible inconvenience is
that the transformation of the coordinates may lead to an
order problem when back-transforming the simulated values.
The main drawback of the method is that the wrapping of the
rotation angle may not ensure continuity in the points being
simulated at each level.
The reproduction of complex geological features present
in kimberlite pipes can be addressed with newer multiplepoint (MP) methods. MP modelling techniques focus on
reproducing the geological patterns and shapes of orebodies;
for example, they focus on the reproduction of complex
spatial arrangements, such as xenoliths in the diatreme part
of a pipe. Other than the MP methods discussed next and
applied herein, related methods in the technical literature
include those of Daly (2004) and Kolbjørnsen et al. (2014),
who worked on a multiple-point approach focused on Markov
random fields. Tjelmeland and Eidsvik (2004) applied a
metropolis algorithm for sampling multimodal distributions.
Arpat and Caers (2007) and Honarkhah and Caers (2012)
developed computer graphic methods to reproduce patterns in
images. Gloaguen and Dimitrakopoulos (2009) implemented
a simulation algorithm based on the wavelet decomposition
of geophysical data and analogues of the geological model;
this method is able to reproduce nonstationary
characteristics. This framework was extended to MP
simulations for both categorical and continuous variables by
Chatterjee et al. (2012) and Chatterjee and Dimitrakopoulos
(2012). Mustapha and Dimitrakopoulos (2010) presented
high-order simulations based on conditional spatial
cumulants.
Multiple-point methods are based on the use of training
images (TIs), which are interpretations or analogues of the
possible geological patterns that underlie the phenomenon
studied. The TIs usually have a regular spatial configuration,
which facilitates the inference of spatial patterns and their
probability of occurrence. Templates are used for scanning
TIs that represent information about a particular geological
model. A pattern is a possible configuration of values
obtained by scanning the TI with the template. Single normal
equation simulation (SNESIM) is a fast MP simulation
algorithm developed by Strebelle (2002) as an extension of
past approaches (Guardiano and Srivastava, 1993). When
using SNESIM, the patterns are saved in a tree-like data
structure, together with their conditional proportions. An
application of this method to the modelling of a curvilinear
iron deposit can be found in Osterholt and Dimitrakopoulos
(2007). The latter work reports a known limit of the MP
methods, i.e. their inability to always reproduce the two-point
spatial relations in the data available, although all statistics
of the TI are reproduced. MP methods are TI-driven as
opposed to data-driven, and when there are differences
between the higher order relations in the data and the TI, the
TI characteristics prevail.
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Filter-based simulation or FILTERSIM (Zhang et al.,
2006; Wu et al., 2008) is a MP simulation method that
associates filter scores to patterns. This recent simulation
approach groups patterns into classes of patterns. The
classification of patterns is made according to a small set of
scores per pattern. The score is obtained by applying filter
functions to the values at the template nodes. The underlying
assumption is that similar patterns will have similar scores.
During the pattern simulation, the selection of the class from
which the pattern will be retrieved is given by measures of
distance and similarity.
In the present study, first, the SNESIM and simulation
using filters (FILTERSIM) are revisited. Then, the two
methods are used to stochastically simulate lithology
categories of the Fox diamond-bearing kimberlitic pipe,
located on the Ekati property, Northwest Territories. Finally,
the performance of the stochastic outputs from SNESIM and
FILTERSIM outputs are compared and validated in terms of
the high-order statistics reproduced.
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Sequential simulation offers a class of stochastic simulation
algorithms (Ripley, 1987). In particular, sequential
simulation is also part of the MP simulation algorithms used
here. The basic concept consists of modelling and sampling
local conditional distribution functions (cdfs) at each node of
a grid. The multivariate N-point cdf of a stationary random
field can be written as a product of N univariate cdfs
(Equation [1]),

[1]
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The following description of a single normal equation follows
the one presented in Guardiano and Srivastava (1993).
Consider the existence of an unsampled location x0, and an
event A0 at that location. At each data location there is a data
event A; a simple data event would be a single datum
A:{Z(x) = z}, and a complex data event would be the
whole data-set S(n):{Z(x) = z,  = 1,...,n}.
The conditional probability of the event A0 given the n
data events A = 1,  = 1,...,n, is equal to the conditional
expectation of the indicator random variable A0.

is the single indicator of the global data
event S(n) = 1 that occurs if, and only if, all elementary data
events occur simultaneously,
. Given this
relationship, the system of normal equations can be reduced
to a single one (Equation [2]):
[2]
 

      

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine

Equation [3] can be read as a Bayes relationship for
conditional probabilities; the result of indicator kriging using
a single global data event is equivalent to the Bayes
postulate. Equation [3] can be expressed in probability terms:

These probabilities can be obtained from real data-sets or
TIs by scanning them. In particular, E{A0.S(n)} is the
frequency of occurrence of the joint event, and E{S(n)} is the
frequency of occurrence of the global data event.
SNESIM was proposed by Strebelle (2002) and its
computational aspects were since revisited and improved
(Strebelle and Cavelius, 2014). In the SNESIM algorithm a TI
is scanned in order to infer the relative frequency
E{A0|S(n)=1}. Each pattern scanned on the TI is saved in a
binary search tree together with its conditional probability.
Each pattern is saved in the tree, and every pattern is a leaf
of the tree. The conditional probability of a particular pattern
is calculated by counting the frequency of appearance of the
pattern in the TI. The root of the tree contains the simplest
search templates, and moving towards the leaves, the
template size increases given that more possible
configurations are available. The tree is constructed from the
TI occurrences, not from the total number of theoretical
occurrences.
Afterwards, a simulated value at node x0 is obtained by
drawing a realization of A0 using Monte Carlo simulation
methods. The sequential simulation rule is implemented such
that each simulated value is kept as a data event for
subsequent nodes. The global data event will grow by one
unit S(n+1); if N nodes are simulated the last node will have
a data event of size (n + N – 1). Simplification suggests
keeping just the nearest conditioning data events, reducing
the number n and complexity of data events. The SNESIM
algorithm can be applied only to categorical variables. As an
example, when using five categories and a data event of 16
nodes (K = 5 and n = 16), there are up to Kn = 1.5 x 1011
joint realizations of the n data values. This should not be a
problem if there is consistency between the hard data and the
TI, so the data event is easily found during the scanning of
the training image.
SNESIM is reasonable in its computational aspects, as it
uses less CPU time by scanning the TI once. The conditional
probabilities and the patterns are saved in a data structure;
this facilitates the search when performing the simulation
without demanding excessive RAM. Computational aspects of
SNESIM have recently been revisited and further improved
(Strebelle and Cavelius, 2014). One limitation is related to the
scope of the studies that can be done using this method,
given that it works only using categorical data. Another
limitation is that discontinuities or nonstationarity
behaviours in the TI will not be reflected in the simulation
outputs, unless enough conditioning data is available given
that local information is lost when saving patterns in the
search tree. Another drawback is that when finding the data
event, the hard data locations are moved to the closest node
in the search template configuration; however, this induces a
screen effect and other close data values could be ignored.
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1. Scan the training image with particular data template n of
n nodes. Store the patterns along with the cdfs in a search
tree. The cdf is calculated using the Bayes relationship.
The total number of occurrences of the data event is
(c(dn)), and the number of times this data event has a
central value belonging to class k is defined as (ck(dn))
2. Each node on the grid is visited once along a random
path. At each node u, obtain the conditioning data event
inside the data search neighbourhood W(u), which is a
sub-template of n. Then find this pattern on the tree, and
draw a realization of the central value by sampling from
the conditional probability distribution function. The
central value is used as hard data for subsequently
simulated nodes.
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A two rock-phase training image and a squared template of
four nodes are shown in Figure 1. The template is used to
scan the TI; but only the inner nodes of the TI are used, to
ensure that all the nodes in the template are assigned a
particular rock value. The construction of the search tree
would follow these steps:
1. Use the node located in the centre of the template to
count the frequency of coloured versus white nodes
located on the inner part of the TI, in this case 4×4
nodes giving a total of 16 (do not count the first and
last rows and columns). This gives a distribution of 9
whites and 7 coloured. These frequencies are saved on
the head of the search tree
2. Use the template node in the centre and the one in the
position 1 to scan the TI. There are two possibilities;
node 1 is either white or coloured. If the centre node is
white, node 1 is white 4 times and coloured 5 times. If
the centre node is coloured, node number one is 6
times white and 1 time coloured
3. Use three nodes in the template to scan the image:
centre, node 1, and node 2. Now there are eight total
possible combinations. For each possible combination,
count how many times it appears in the TI. There is
one pattern that does not exist on the TI, so instead of
eight we will have just seven possible patterns
4. Use the four nodes to scan the TI (centre, nodes 1, 2,
and 3). The total number of possible combinations is
16, but only 10 of the combinations are present in the
TI
5. Use the five nodes to scan the TI (centre, nodes 1, 2,
3, and 4). The total number of possible patterns is 32,
but only 20 of the combinations appear in the TI.
The possible patterns will be the leaves of the search tree,
and their frequency of appearance is registered on the tree.
Figure 3 shows the final search tree for this small example. It
will be noticed that simple configurations are in the root of
the tree and the complex ones towards the leaves.

 "" !"" ! ! !"! " 
FILTERSIM is a multiple point simulation algorithm that was
introduced by Zhang et al. (2006); it works with both
categorical and continuous TIs (it was mostly developed for
continuous TIs). The filter simulation consists of three main
steps: filter score calculation, pattern classification, and
pattern simulation.
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Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
From this set of scores, the patterns (pat) can be
classified and grouped into several pattern classes, called
prototype classes (prot), which assumes that similar patterns
will have similar filter scores. A prototype (prot) is defined as
the pointwise average of all the patterns belonging to the
prototype class, and it has the same number of nodes as the
template (Equation [5]).
[5]
0B68?CD( ?>B=B=6DB2>6CD4:C,@3D>=;D@C25:>@CD,A?D<9>==B=6D5>@@C?=<
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The total number of replicates, c, corresponds to the
number of patterns extracted from the TI that belong to the
specific prototype class.
The categorical prototype is a set of K proportion maps. A
proportion map gives the probability of a category prevailing
at template location xi + hj (Equation [6]).
[6]
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A set of mathematical functions called filters is applied to
the TI. The TIs are scanned using a template configuration.
Each TI’s pattern has a set of filter scores. A template TJ =
{x0;hj, j = 1...J} is a set of J points xj = x0 + hj j = 1... J
described by the origin coordinates x0 and the offset distance
hj. A filter is a set of weights associated with a template TJ.
There are L filters functions for a template with J nodes {fl(hj)
j = 1... J, l = 1...L}. A training pattern (pat) centred at
location x of template TJ has a set of L scores associated that
are calculated using Equation [4].
[4]

There are two options to classify and group patterns. One
is to define arbitrary thresholds in the score space; this is
called cross-partition. The other option is called K-mean
partition; and it applies clustering techniques in the score
space.
Finally, sequential simulation is performed by drawing
patterns that honour the data-set. A conditioning data event
(dev) is obtained from the neighbouring data using the same
template utilized to scan the TI. Hard data is moved into grid
nodes for each simulated node x, then the set of scores is
calculated for that data event.
The closest pattern class (prot) is chosen by means of a
minimum distance measure d(dev, prot) defined in Equation
[7]. The final simulated object is pulled by random selection
from the set of patterns belonging to the selected pattern
class. Afterwards, the pattern is pasted into the simulation
grid and is used as hard data for the next point being
simulated. The simulation is made starting from a coarse grid
and then continuing with finer grids, helping with the
reproduction of large-scale and small-scale features.

In the case of K categories, the image is divided into K

[7]

th

x belongs to k category
}k = 1... K.
binary indicators Ik(x) = { l0ifotherwise
The filters are applied to each category, giving K x L scores
for each pattern. A continuous TI is a particular case of a
categorical TI with only one category.
There are three default filters (average, gradient, and
curvature) for each axis X – Y – Z. The template size is ni, for
each direction i; the filter node offset is i = –mi,...,+mi with
mi = (ni – 1)/2; finally, the filters can be defined as:

There is a minimum of nine filters scores considering
three default filters in 3D; three of which are shown in
Figure 4 for the case of a diamond pipe TI. The main aspect of
FILTERSIM is the dimension reduction, where a pattern of J
nodes is reduced to only K x L scores.
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The main advantages of this method are related to the
speed and computing performance; it is fast since it scans the
TI once with a given template size. This algorithm is less
demanding on RAM than SNESIM. In particular, the pattern
information is represented by a smaller set of filter scores
instead of the larger template dimensions; this reduction
generates an increase in the speed of the algorithm.

0B68?CD(0B:@C?D9>:98:>@BA=D,A?D>D;B>2A=;D5B5CD '/D>!C?>6C.D6?>;BC=@.
>=;D98?!>@8?CD,B:@C?<
 

      

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine

  " 
Repeat:
1. Rescale to gth coarse grid
2. Calculate scores using rescaled filters
3. Divide (pat)s into (prot)classes
4. Relocate hard conditioning data into grid Gg
5. For (each node u)
a. Extract (dev) at u
b. Find (prot) class using (dev, prot)
c. Sample (prot) class to get (pat)
d. Paste (pat) to realization
6. End for
7. If g1, take out hard conditioning data from Gg until all
multi-grids Gg have been simulated.
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!""  "! !"!
The Ekati property, located in the Northwest Territories in
Canada, is one of the main diamond producers in the world.
BHP Billiton has mined diamonds from Ekati since 1998. In
2003, 150 kimberlite pipes had been found, and five of them
were being mined: Fox, Panda, Misery, Beartooth, and Koala
North. In June, 2002, BHP Billiton reported a total resource of
113 Mt, with an average grade of 1.3 carats per ton (Dyck et
al., 2004). Nowicki et al. (2003), reviewed the geology of the
five kimberlite pipes that are being mined on the Ekati
property.
The shape of the pipes is mainly like an inverted cone
(Figure 1); the wider part of the pipe is known as the crater
and is located near the surface and the narrower, lower part
of the pipe is known as the diatreme. A very important
contribution to the geological modelling of the contour of the
pipe is the measure of uncertainty about the location of the
contact between the kimberlite pipe and the host rock, mainly
because all the material inside the pipe is considered as ore
and is sent to the processing plant. The mining operations at
Ekati are based on open pit designs where the usual mining
bench is about 10 to 15 m high; moreover, the host rock
quality is good enough to allow for a steep slope angle.
According to Nowicki et al. (2003), the Ekati pipes are
composed mainly of volcaniclastic kimberlite material (VK),
such as fine- to medium-grained crater sediments,
resedimented volcaniclastic kimberlite (RVK) that is
ash/mud-rich to olivine-rich, and primary volcaniclastic or
pyroclastic kimberlite (PVK).
 

      

Fox is the largest orebody, 550 by 630 m in area and
810 m in depth. Fox is situated within the biotite granodiorite
of the Koala Batholith. In general, the wall rock contact
follows a circular shape and in detail it is irregular and
strongly controlled by faults; the wall rocks also include
several diabase dykes. Fox pipe has two different phases: an
upper flared zone (100–150 m thick) that contains mainly
mud-rich resedimented volcaniclastic kimberlite (mRVK) and
a lower diatreme-shaped zone filled mainly with tuffisitic
kimberlite (TK). The contact between the crater and the
diatreme zone is sharp. There are large granodiorite boulders
within the TK phase, below the RVK phase, in the lower part
of mRVK phase, and sporadically in the tuffisic kimberlite.
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Drill-hole samples contain information about the sample
length, the number of diamonds found, and the bulk density.
There are 8991 samples with lengths ranging from 0.01 to
821.8 m; on average, samples are 5 m long. Compositing is
necessary to regularize the sample length. The maximum
number of occurrences of stones is 44, and the average is 7
stones. The average rock density is 2.1 t/m3.
As mining operations are based on open pit designs with
a typical bench height of 10 m, this measure is chosen as the
composite length. The composites were built respecting the
lithological codes in order to have representative samples for
each rock category, which is the main objective of this case
study. There are 3610 composites samples that have an
average length of 9.9 m; the minimum length is 7 m and the
maximum 10 m.
The association between the rock categories in the hard
data-set (containing 44 rock categories) and the 3D solids
interpreting geological zones (crater, diatreme, xenoliths, and
host rock) is not straightforward. The crossing of information
between lithological codes and rock solids leads to the
following classification:
 Granodiorites are associated with the host rock (code
0)
 Resedimented kimberlites, olivine kimberlites, and
sands are with the crater solid (code 1)
 Tuffisitic kimberlites and primary kimberlites are
associated with the diatreme solid (code 2)
 Breccias are associated with xenoliths (code 3).
Figure 5 shows a vertical section of the composited drillhole samples classified into the previously mentioned rock
categories. Xenoliths are present inside the pipe’s crater and
also in the diatreme; these bodies are considered to be mainly
waste, so their geological modelling is interesting, since their
tonnage should be discounted from the total ore reserves.
The composites samples, rock type proportions are
summarized in Table I.
Geologists provided three wireframe solids representing
the geological model of Fox kimberlite pipe (Figure 5). The
wireframes comprised the wide crater zone near the surface,
the narrow diatreme zone at the bottom, and the xenolith
bodies inside the pipe. The lentil-shaped circles around the
middle zone are xenolith orebodies. These solids are used as
base information for the construction of a TI. The TI is a
three-dimensional grid with nodes 10×10×10 m apart; which
dimensions are 54×63×81. The origin is (X×Y×Z):
(515060×7170200×-300). Each grid node can have one
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The counterpoint relates to the output simulations,
because these will depend strongly on the size of the template
being used. Not only will the running times depend on the
size of the template; the quality of the simulation will
decrease when using large templates, by showing artifacts.
On the other hand, a small template can miss some largescale behaviours of the TI. In summary, a good quality
simulation output will require a careful selection of the
template size. Also, the selection of the filter functions being
used is important; some filters may give redundant
information about the TI, for example when the TI is
symmetric. Another drawback of this method is the
repositioning of the hard data information into grid nodes
each time a data event is obtained.

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine

0B68?CD(C,@/D)B?C,?>2CD<A:B;<D9A=@A8?<D>=;D9A25A<B@CD;?B::#7A:C<
>:A=6DC><@#)C<@D!C?@B9>:D<C9@BA=&DB67@/D@?>B=B=6DB2>6CD<C9@BA=D!BC)&
A9*D9>@C6A?BC</D7A<@D?A9*D49A;CD13.D9?>@C?D49A;CD-3.D;B>@?C2CD49A;CD3.
>=;D+C=A:B@7<D49A;CD"3&D0B+C;D=A?@7D9AA?;B=>@CD>@D-111.D@7B9*=C<<D
-1D2

Table I

Drill-holes and composites rock categories
proportions
Type

Code

Number

Frequency
25%

Host Rock

0

906

Crater

1

1035

29%

Diatreme

2

1461

40%

3

208

6%

3610

100%

Xenoliths
Total

value among the four phases; each phase has a numeric code:
0 for host rock, 1 for crater, 2 for diatreme, and 3 for
xenoliths.
It is interesting to observe how the proportions of the
different rock types change along the vertical direction in the
TI. From top to bottom, the relative proportions were
calculated every 10 m; the graphic with the proportions
information is shown in Figure 6. The vertical axis shows the
relative proportions of each of the four rock types, and the
horizontal axis the elevation. Level 1 is at the bottom of the
pipe and level 81 near the surface. The proportion of nodes
inside the pipe decreases with increasing depth as the pipe is
narrower at the bottom. There are four main xenolith
clusters, mostly located between the vertical levels 40 and 65.
In Figure 6, the area covered in colour by each rock type can
be used to calculate the total tonnage of that particular rock
type.
This TI does not meet the assumption of stationarity
because the rock type proportions change considerably along
the vertical axis. Also, the patterns do not repeat themselves
multiple times. The lack of stationarity can be overcome by
adding data in zones where hard data is scarce and there is a
strong geological expectation for a given rock type. For
example, granite (host rock) would be expected outside the
boundaries of the pipe. The use of abundant soft data was
proposed to overcome the problem, because the conditioning
step should ensure the reproduction of trends and complex
patterns.
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Soft data is added outside the pipe limits in a regular grid
of 10×10×10 m. Thus, artificial hard information with rock
code 0 is added. The soft data generation process is done
using an algorithm that grows a given 3D object. The number
of times the object grows is an arbitrary election based on the
tolerance to geological uncertainty. In this example, the entire
pipe (union of crater and diatreme solids) is used as the 3D
object. At each iteration, the pipe grows 10 m along each
axis; in particular, this means the closest nodes with code 0
located at the pipe’s border become part of the pipe for the
next iteration. For this particular case study, the pipe has
been grown five times, giving 50 m to allow for geological
uncertainty. The nodes outside the last ‘bigger’ pipe are
selected as locations for soft information (host rock). An
image of the soft information added outside the boundaries
of the pipe is shown in Figure 7.

 "!"" !" !!
The SNESIM algorithm was utilized to obtain a stochastic
geology model. The simulation grid size has 54×63×81 nodes
located every 10×10×10 m. Soft data is included. The
algorithm needs as input the global marginal distribution of
the four categories; this was obtained by counting the
number of nodes that belong to each category. From a total of
275 562 nodes in the training image grid, 222 090 belong to
host rock, 23 434 to crater, 27 598 to diatreme, and 2440
were xenoliths (proportions: 0.806 host rock, 0.085 crater,
0.100 diatreme, and 0.009 xenoliths.).
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Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
There are ten realizations. Blue lines describe the number of
blocks with the host rock code, light blue lines those assigned
to the crater, yellow lines the diatreme, and red lines those
belonging to the xenoliths. Black lines show the proportions
of the rock types in the TI. In general, the realizations respect
the proportions of the three main rock categories (crater,
diatreme, and host rock); however, the proportions of
xenolith rocks are underestimated. The realizations also
follow the same level-by-level inflections of the proportion
curves. The TI and the realizations curves follow each other
closely between the top level (around level 81) and the
bottom level (around level 0), where there is more consistent
conditioning information.
For the purpose of comparing between the TI and the
stochastic realizations, cumulants of fourth order were
calculated (Dimitrakopoulos et al., 2009) When a fourthorder cumulant is calculated, three different directions are
provided. In this case, top-bottom, east-west, and northsouth are chosen. The cumulant of fourth order is a 3D object
with different cumulant values at each node. Each node in
the cumulant object can be specified by three lags or
distances to the origin, defining a search template. The
training image and the geological realizations are scanned
using this template, generating one cumulant value for one
node in the object. Cumulants can be calculated on
continuous variables or indicator (0-1) variables
(Dimitrakopoulos et al., 2010). Cumulants on the TI can be
calculated if we label the crater, diatreme, and xenoliths as
code 1 (inside pipe) and the host rock as code 0 (outside
pipe). Another cumulant map can be obtained by labelling
the xenoliths as code 1 and the crater, diatreme, and host
rock as code 0 (outside xenoliths). Figure 10 shows the
cumulant 3D objects calculated by scanning the TI multiple
times with multiple templates. The cumulant maps provide
structural information on the general shape of the kimberlite
pipe. Also, cumulants identify the main distances between
xenolith bodies along the vertical level and their lentil-shaped
structure. The fourth-order cumulant maps on the composite
drill-hole samples were also calculated in Figure 11.
Although the cumulant object is incomplete since the
composite samples are not fully informed on space,
nevertheless the main shape of the cumulant object is
reproduced.
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The RAM requirement and running time are increased by
augmenting the number of nodes in the search template, but
this will lead to a better reproduction of the patterns existing
in the TI. In this case, 80 nodes inside the search template
are selected. The election of the search template geometry
was isotropic with 50 m (five nodes) in the X, Y, and Z
directions.
The ‘minimum number of replicates’ parameter can be
described as the number of times a pattern similar to the data
event is present in the TI; the minimum frequency of that
given pattern in the search tree. If this number of replicates is
met, a simulated pattern will be retrieved from the conditional
probability distribution. In this case, the minimum number of
replicates is unity; if there is just one replicate of the data
event in the search tree this particular pattern will be
retrieved with 100% probability. Three multiple grids are
chosen to ensure the reproduction of large and small scale
pattern continuity.
Ten realizations were generated in order to assess the
geological uncertainty. The running time was 5.78 minutes.
Figure 8 shows a section view of four realizations obtained.
SNESIM realizations respect the main geometric
configurations; crater rocks are at the top, diatreme rocks are
at the bottom, and xenoliths are inside the pipe; however, the
xenoliths are choppy and scattered. The host rock wall is as
not as soft as in the TI. The SNESIM algorithm gives a
reasonable structural quality of its realizations; however, the
quality of the simulations must be measured using highorder statistics.
Figure 9 shows the vertical level-by-level proportion
curves for each rock category and for every realization. Each
level has 54×63 blocks; there are 81 vertical levels. Each
block is assigned to one of the four different rock codes.

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
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Figure 12 shows the cumulants of fourth order of one
realization obtained with SNESIM. The xenolith cumulants
show a tail, which differs from the training image. The
continuity of the xenolith’s bodies in the simulated maps is
poor, and the cumulant map reflects this situation.

 "!"" !" !
The categorical version of the FILTERSIM simulation
algorithm was used to obtain several conditional realizations,
which produced a model of the geological uncertainty. The
most relevant parameters used are detailed as follows.
The template size strongly influences the running time of
the algorithm. The running time does not follow a linear
behaviour when increasing the template size; this can be
explained as follows. FILTERSIM consist of three main
calculation parts – filter calculation for the training image;
pattern classification, which may be dominant when
clustering into prototypes; and pattern simulation, which may
be dominant when finding the distance between the data
event and different prototypes.
A larger template is conducive to finding fewer patterns
while scanning the TI; then, the minimum number of
expected replicates should be reduced. With a larger template
it is harder to find a data event; then the algorithm starts
doing unconditional simulation, and the reproduction of
geology becomes poorer. A smaller template produces a more
accurate reproduction of the TI, more replicates for each
pattern, and then a better subdivision, but the running time
increases. While decreasing the template does not mean
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increasing the running time further; some smaller templates
reach simplicity in the patterns found, which decreases the
running time. The extreme case is a template size of a single
node. In the case of a binary variable there will be two main
prototypes classes, 0 and 1; however, the quality of the
realizations becomes useless as they show lack of continuity
and, in the extreme case, a pure nugget effect.
Finally, the template size 5×5×7 was used for obtaining
10 realizations in the four-phase case study. The patch size
should ideally be just one node, to be pasted into the
simulated grid, but in this case running time will increase,
and this can also lead to lack of reproduction of small-scale
patterns. The patch size chosen is 3×3×5, which is small
enough to ensure the absence of artefacts and large enough
to have a reasonable running time.
The number of multiple grids used helps the reproduction
of largescale and small-scale patterns; however, it makes the
running time longer. In this case study, two multiple grids
would be chosen. The minimum number of replicates is the
pattern prototype splitting criteria, to split a parent class into
child classes. Only those parent patterns with more than 10
occurrences are further split into child classes. In this case
study, cross-partition is used, selecting four divisions as a
parent splitting criteria at each filter score, and two as
secondary splitting or child partitions. The data weights for
hard, patch and other are 0.5, 0.3, and 0.2, respectively.
An image with an output of four realizations is shown in
Figure 13. From a purely visual inspection, the realizations
seem to follow the main structural features of the pipe,
generating xenolith bodies only inside the pipe boundaries
and following closely the pipe’s cone shape. Some
realizations lose continuity in the crater phase near the top
and in the diatreme phase at the bottom.
Figure 14 shows the vertical level-by-level proportion
curves for each rock category and for every FILTERSIM
realization. In general, the realizations respect the
proportions of the three main rock categories (crater,
diatreme, and host rock). The TI and the realizations curves
follow each other closely between the top level (around level
81) and the bottom level (around level 0), where there is
more consistent conditioning information. However, the
proportions of xenolith rocks are underestimated; also, the
realizations do not follow the TI xenolith curve tightly.
Cumulants of fourth order of the FILTERSIM realizations are
shown in Figure 15. The xenoliths cumulants appear to
follow the TI cumulants better than SNESIM.

0B68?CD-(0A8?@7#A?;C?D9828:>=@<DA,D@7CD$$'D?C>:B>@BA=D1D4B=<B;C
5B5CDDA8@<B;CD5B5C3D>=;D4B=<B;CD+C=A:B@7<DDA8@<B;CD+C=A:B@7<3
 

      

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
The summary of these calculations is shown in Table II.
The total sum of the squared values of the TI NNode i = 1 (ViTI)2
is 6085.59 for the inside/outside pipe cumulant map; and,
18.04 for the inside/outside xenolith cumulant map. Relative
errors in the reproduction of the cumulants of the wall of the
pipe fluctuate around 1%; this means that the stochastic
simulation algorithms reproduce well the shape of the wall of
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The FILTERSIM running time is 16 807 529 ms (4.67 hours);
which is large in comparison to the SNESIM simulation (346
725 ms (0.1 hours). This can be explained mainly by the fact
that the set of parameters chosen for FILTERSIM was
demanding. The FILTERSIM algorithm requires less RAM
than SNESIM; in consequence, it takes a longer running time.
The SNESIM algorithm is faster than FILTERSIM for the same
structural quality of its realizations. This gives a major
advantage of SNESIM compared with FILTERSIM; the same
good simulation outcome can be obtained for less than 10%
of the running time.

Table II

In order to compare the SNESIM and FILTERSIM realizations
with the TI, the global relative error was calculated using
Equation [8].
[8]

where N = 275562 is the total number of nodes in the TI. The
value of the cumulant of the stochastic realization j at node i
j
is Vi is , and the value of the cumulant of the TI at node i is
TI
Vi . There is one global error for each stochastic realization.
As there are ten realizations, ten relative error values are
generated, one for each cumulant map calculation (inside
pipe and inside xenolith cases). The relative error between
the cumulant map calculated on the composites and the TI
was also calculated.
      

Relative error of cumulant values
Global relative error
In/out pipe

In/out xenoliths

SNESIM 0

0.528%

SNESIM 0

25.02%

SNESIM 1

0.604%

SNESIM 1

25.29%

SNESIM 2

0.980%

SNESIM 2

22.31%

SNESIM 3

1.109%

SNESIM 3

27.91%

SNESIM 4

0.526%

SNESIM 4

23.88%

SNESIM 5

0.795%

SNESIM 5

27.75%

SNESIM 6

0.991%

SNESIM 6

22.89%

SNESIM 7

0.470%

SNESIM 7

25.27%

SNESIM 8

0.416%

SNESIM 8

25.61%

SNESIM 9

0.379%

SNESIM 9

25.32%

Composites

26.85%

Sum (cumulant_TI2)
6085.59

18.23
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Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
the pipe provided by the training image. Relative errors
fluctuate around 25% for the reproduction of the fourth-order
cumulants of the xenolith bodies. Relative errors are much
higher in the reproduction of the cumulant values of the
xenolith orebodies than in the reproduction of the cumulants
of the pipe wall. There is a difference of 26.85% between the
composites and the TI. The composites’ cumulants follow
roughly the same shape of the cumulants calculated on the
TI. The cumulant maps of the composite, as well as the
training image and the realizations, were re-scaled. Given
that the cumulants are used on an indicator variable, they
represent mainly geometric features of the map, so the rescaling does not affect the error calculation because the
cumulants are invariant to additional constants; moreover, it
helps to clarify the analysis of the errors. All of the cumulant
maps were re-scaled to a [0,1] interval, so the comparison
between the cumulant maps of the stochastic images, the TI,
and the composites is more comprehensible.
With the purpose of validating FILTERSIM realizations
against the TI, the global relative error was calculated using
Equation [8]. There are ten realizations per simulation
method, and ten relative error values are obtained for each
cumulant map calculation (inside pipe and inside xenolith
cases). The summary of these calculations are shown in
Table III. The relative errors in the reproduction of the
cumulants of the wall of the pipe fluctuate around 2% for
FILTERSIM. The FILTERSIM realizations’ errors for the
xenolith maps fluctuate around 15%.
Relative errors are much higher in the reproduction of the
cumulant values of the xenolith orebodies than in the
reproduction of the cumulants of the pipe wall. FILTERSIM
provides better results than SNESIM for the reproduction of
the continuity of the xenolith bodies because it simulates
patterns; however, the high relative errors reflect the
deficiency of both methods in reproducing the high-order
statistics when simulating small or medium objects
distributed in the geological domain.

The reproduction of the high-order statistics of the
composites was analysed by calculating the global relative
error with respect to the composite cumulant map. However,
since the composite cumulant map is incomplete with respect
to the other cumulant maps, only the set of nodes informed
on both maps (composite cumulant map versus TI or
realizations cumulant maps) contribute to the error
calculation. These nodes are called fully informed nodes.
Equation [9] is used to obtain the global relative error.
[9]

where N = 22945 is the number of fully informed nodes. The
global relative errors are shown in Table IV. The total sum
NFully Informed Node i = 1 (ViComposites)2 is 6047.69 for the
inside/outside pipe cumulant map. The inside/outside
xenolith cumulant global relative error was not calculated
since the xenoliths composite cumulant map is poorly
informed, and the relative errors do not provide useful
information. FILTERSIM errors fluctuate around 27.3% and
SNESIM around 27.5%. FILTERSIM reproduces the









 

A=9:8<BA=<D
SNESIM and FILTERSIM were used for the stochastic
simulation of geology on the Fox kimberlite pipe. Four
categories were used to simplify the geological model: crater,
diatreme, xenoliths, and host rock. The training image (TI)

Table III

FILTERSIM relative error of cumulant values
FILTERSIM global relative error
In/out pipe

In/out xenoliths

FILTERSIM 0

1.550%

FILTERSIM 0

17.81%

FILTERSIM 1

2.101%

FILTERSIM 1

13.11%

FILTERSIM 2

1.835%

FILTERSIM 2

17.86%

FILTERSIM 3

1.604%

FILTERSIM 3

14.07%

FILTERSIM 4

1.364%

FILTERSIM 4

10.05%

FILTERSIM 5

3.634%

FILTERSIM 5

10.83%

FILTERSIM 6

3.141%

FILTERSIM 6

7.63%

FILTERSIM 7

1.393%

FILTERSIM 7

12.46%

FILTERSIM 8

1.226%

FILTERSIM 8

19.70%

FILTERSIM 9

2.938%

FILTERSIM 9

13.96%

Composites

26.85%

Sum (cumulant_TI2)
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composites values slightly better. However, both stochastic
methods give a poor reproduction of the high-order statistics
of the composites.
The FILTERSIM method uses only a set of linear filters to
classify complex geological patterns; then, it may not possible
to reproduce nonlinear spatial correlations, i.e. high-order
spatial cumulants, of the TI from the simulated images.
Furthermore, it is difficult to reproduce the high-order spatial
nonlinear cumulants of complex geologic structures using
SNESIM, which is based on the calculation of only one linear
high-order moment.

6085.59

18.23

Table IV

SNESIM and FILTERSIM relative error with respect
to composite cumulant values
FILTERSIM - SNESIM global relative error
In/out pipe
FILTERSIM 0

27.06%

SNESIM 0

27.50%

FILTERSIM 1

26.44%

SNESIM 1

27.74%

FILTERSIM 2

27.84%

SNESIM 2

27.62%

FILTERSIM 3

27.24%

SNESIM 3

27.00%

FILTERSIM 4

27.96%

SNESIM 4

27.60%

FILTERSIM 5

28.60%

SNESIM 5

28.09%

FILTERSIM 6

26.74%

SNESIM 6

26.91%

FILTERSIM 7

27.17%

SNESIM 7

28.19%

FILTERSIM 8

26.94%

SNESIM 8

27.31%

FILTERSIM 9

27.88%

SNESIM 9

27.66%

TI

27.02%

Sum (cumulant_composites2)

6047.693.42

 

      

Stochastic simulation of the Fox kimberlitic diamond pipe, Ekati mine
provided by the geologist was not stationary. The generation
of soft conditioning information outside the boundaries of the
pipe (host rock code) was necessary to obtain a good
reproduction of the shape of the pipe. SNESIM simulation is
much faster than FILTERSIM. Both methods reasonably
reproduce the main proportions of the main rock categories
(crater, diatreme, and host rock); however, both methods
underestimate the xenolith proportions. Fourth-order
cumulants were calculated using three main lag directions:
top-bottom, east-west, and north-south. Cumulants were
calculated on the TI, the composites and the stochastic
realizations obtained from SNESIM and FILTERSIM methods.
The binary variables chosen for the cumulant calculation are
divided into two different rock grouping configurations
(inside/outside pipe and inside/outside xenoliths). The
inside/outside pipe cumulants show the shape of the pipe,
and the inside/outside xenoliths show the vertical distances
between the lentil-shaped xenolith bodies. The global relative
error was calculated between the cumulant maps of the TI
and the stochastic realizations. As the errors of the
inside/outside pipe are relatively small, it can be concluded
that both methods provide a good reproduction of the
training pipe’s shape; larger errors are obtained when
comparing the inside/outside xenoliths cumulants, indicating
that SNESIM and FILTERSIM algorithms perform worse in the
reproduction of the xenolith bodies than in the reproduction
of the walls of the pipe. SNESIM reproduced the pipe’s shape
better than FILTERSIM; however, FILTERSIM reproduced the
xenolith bodies better than SNESIM.
The assessment of the reproduction of high-order spatial
statistics (fourth-order spatial cumulants) by the simulated
realizations from the two MPS methods shows that while the
realizations tend to reproduce the high-order statistics of the
TI, they do not reproduce those of the available data, which
in this case study are different to those of the TI. Other
methods that may improve this are currently being
investigated.
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The experimental calculation of cumulants is detailed
according to Dimitrakopoulos et al. (2010). A template
h1,h2,...,hn

is defined as a set of n points separated from the
Tn+1
point x by distances h1,h2,...,hn. Every vector hi is defined
by a lag distance hi, a direction vector di and a supportive
angle ai. An example of a four-point template is shown in
Figure 16, which shows three vector distances
,}. The experimental calculation of the
{h1North,h2East,hVertical
3
third- and fourth-order cumulants are based on average
summations in (10) and (11). In this case, Nh1,h2 and Nh1,h2,h3
h1,h2

are the number of elements of each template T3

0B68?CD-( C25:>@CDA,DD5AB=@<.D<C5>?>@C;D%D"D;B<@>=9C<D

and

h1,h2,h3

.

T4

[10]

[11]
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Study of the pyrolysis kinetics of
Datong coal using a sectioning method
by R. Du*†, K. Wu*†, X. Yuan*†, D. Xu*†, and C. Chao*†

Lump coals are currently employed to replace part of coke in the COREX
melter-gasifier for ironmaking. In order to optimize the process, the
pyrolysis kinetics of Datong coal used in the COREX process was studied.
A sectioning method is proposed to overcome certain shortcomings of
traditional methods for studying the pyrolysis of coal. Based on the
sectioning method and the characteristics of the coal pyrolysis process, the
temperature range was divided into three intervals. In the first, the
adsorbed gas and water of crystallization were removed; in the second, the
coal was transformed into semi-coke; and finally, the semi-coke was
further coked. Three models of reaction were then established to study the
different stages of the pyrolysis process: an interfacial chemical reaction
model, a random pore model, and internal diffusion with shrinking
volume. The results showed that the experimental data fitted the models
well, with all correlation coefficients (r2) exceeding 0.97. Finally, the
mechanisms of reaction and kinetic parameters for each temperature range
were derived, which laid a necessary foundation for optimizing the usage
of non-coking coal in the COREX process.
*"('
ironmaking, COREX process, kinetics, coal pyrolysis; sectioning method.

$%("!%&"$
In view of environmental concerns and the
shortage of good-quality coking coal, the
COREX process was designed as a new
ironmaking technology, attracting wide
attention (Fang et al., 2005). In this process,
lump coal and a small quantity of coke are
directly charged into the melter-gasifier, where
a high-quality reducing gas is generated for
the reduction of the iron ore (Kumar et al.,
2009). In contrast to the conventional blast
furnace (BF) process, non-coking lump coal is
used as the reducing agent and as the energy
source, and the iron charge consists of lump
ore and/or pellets, which results in the
elimination of the coke oven and sintering
plant as well as a decrease in investment
(Kumar et al., 2009; Liu et al., 2012).
Although the COREX process has made
great progress, in current production practice
the energy consumption greatly exceeds that
of the BF, and it requires a certain amount of
coke to maintain permeability of the semi-coke
bed (Wang et al., 2008). In addition, the
process consumes a lot of good-quality lump
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ore and lump coal. The pyrolysis of coal is the
first step in most coal conversion processes,
such as carbonization, gasification, and
combustion (Aboyade et al., 2013). The
reaction behaviour of lump coals in the COREX
melter-gasifier is crucial, as it determines
energy utilization and gas composition, as well
as the metallurgical properties and particle size
of the semi-coke produced (Prachethan et al.,
2011; Zhang et al., 2014). In order to optimize
the process and improve its competitiveness,
the pyrolysis kinetics of Datong coal used in
Baosteel’s COREX C-3000 facility was studied.
Generally, the Coasts-Redfern method (Xu
et al., 2010), ‘model-free’ method (Xu et al.,
2010), and DAEM method (Tang et al., 2005)
are used to investigate the kinetics of coal
pyrolysis. In the Coasts-Redfern method,
commonly used mechanism functions are
inserted into the non-isothermal kinetic
equation to fit the experimental data one-byone. The mechanism function with the largest
correlation coefficient is selected as the best
(Zhang et al., 2013). In this process, the
reaction order is often replaced by the apparent
reaction order to obtain the best fit (Zhang et
al., 2014). However, the physical and chemical
meanings of the reaction model are ignored. In
the ‘model-free’ method (or DAEM method),
the activation energies under different
conversion rates can be calculated. However,
there is no way to calculate the kinetic
mechanism functions and the related
parameters (Xu et al., 2010; Tang et al.,
2005). Therefore, based on the previous
research, a sectioning method was proposed to
study the kinetics of coal pyrolysis. The kinetic
parameters at different heating rates were

Study of the pyrolysis kinetics of Datong coal using a sectioning method
calculated, which could be widely used in the simulation and
production. The reaction mechanisms and rate-controlling
mechanisms, which could be used to predict the reaction rate,
were also obtained.

(*&"!')(*'*#()"$)("'&')&$*%&')")"#
 
The reaction rate for heterogeneous gas/solid-state reactions,
can be described as follows:
[1]
where f() is the reaction model;  is the extent of
conversion; t is the time, (s); and k(T) is a function of
temperature (the reaction rate constant), (s-1). The
conversion rate  is calculated by the following equation:
[2]
where m0 is the initial mass of the sample, (mg); mt is the
mass of the sample at time t, (mg); and mfinal is residual mass
of the sample at the end of reaction, (mg).
As k(T) = Aexp(-Ea/(RT)) and dT=dt, the approximate
integral formula (Equation. [3]) can be obtained from
Equation [1]:

choose the mechanism function G(). Eventually, the
apparent activation energy (Ea) and former factor (A) can be
calculated. Some commonly used functions (Hu et al., 2008)
are shown in Table I.
However, in terms of the curve of fitting and the
correlation coefficient, the selected kinetic mechanism
function cannot explain the pyrolysis process very well.
Without the corresponding boundary conditions and
structural parameters introduced into the models, the Ea and
A have reference value for only a single experimental
condition. They would be meaningless with a slight change in
the actual condition (Jeong et al., 2014). Consequently, they
cannot be used as fixed parameters in the simulation and the
expanded production process. Meanwhile, it is difficult to
choose the best one when some well-fitting mechanism
functions are obtained (Ping et al., 2007). The correct
reaction kinetics is unknown, owing to the various
corresponding reaction mechanisms and rate-controlling
mechanisms of the different models. In addition, a single
mechanism function is used to study the whole process of
pyrolysis in the Coasts-Redfern method, which cannot
accurately reflect the complex pyrolysis reaction kinetics
(Celaya et al., 2015).

 
G() is constant when  is taken as a constant at different
heating rates. Equation [3] can be expressed as follows:

[3]
where G() is the integral formula of f()-1; Ea is the
activation energy, (J·mol-1); A is the former factor, (s-1); R is
the ideal gas constant, (J·(K·mol)-1); T is the temperature,
(K); and  is the heating rate, (K·s-1).
At the same heating rate,  is a constant. By taking
logarithms of Equation [3]), Equation [4] can be obtained:
[4]
The commonly used kinetic mechanism functions G()
are inserted into Equation [4] to fit the experimental data
one-by-one. The correlation coefficients can be obtained from
the plots of ln[G()/T2] against 1/T, which are used to

[5]
The linear relation between ln[/T 2] and 1/T is shown in
Equation [5]. The corresponding activation energies at
different conversion rates can be obtained from the plots of
ln[/T 2] versus 1/T. The rate-controlling mechanisms can be
roughly estimated by the value of Ea. However, the correct
kinetic mechanism function G(), and the former factor (A)
cannot be derived to explain the dynamics process (Xu et al.,
2010; Tang et al., 2005).

 
The reaction mechanisms are different in the different
temperature ranges. It is unreasonable to assume that the
entire pyrolysis process can be fitted with a single model.
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Study of the pyrolysis kinetics of Datong coal using a sectioning method
Only the mathematical function for fitting can be derived, but
the rate-controlling mechanisms and corresponding kinetic
parameters cannot. Less is known about the entire pyrolysis
process. Therefore, a sectioning method was proposed.
There are four steps in the sectioning method. First,
according to the characteristics of the coal pyrolysis process,
the temperature range is divided into different stages.
Secondly, the appropriate kinetic models are established to
describe the different ranges of the pyrolysis process. The
fitting results are then acquired to verify the established
models. Finally, the kinetic parameters of each stage are
calculated.
Compared to the traditional methods, the sectioning
method emphasizes the physical and chemical meanings of
coal pyrolysis kinetics, rather than a simple mathematical
fitting process. It was helpful in further studies of the coal
resource. Furthermore, because the corresponding boundary
conditions and structural parameters were introduced to the
kinetic models, the corresponding kinetic parameters of the
pyrolysis process could be widely used in the simulation and
expanded production. Meanwhile, the reaction mechanisms
and rate-controlling mechanisms were obtained, which could
be used to predict the reaction rate.

Regardless of the heating rate employed, the main
pyrolysis process of DT coal was roughly divided in two
stages by Zhang (2013): the primary pyrolysis temperature
range was from 300°C to 600°C; the secondary pyrolysis
occurred at temperature from 600°C to 800°C. In this
paperbecause changes of the kinetic mechanism are often
accompanied by radical changes in the mass loss rate, the
temperature range is divided into three parts at the
temperature where the regional variation of mass loss rate
reaches the maximum. The ranges are shown in Table III.
The temperature ranges are different at different heating
rates, the sectioning temperature points becoming higher as
the heating rate is increased.
In the low-temperature range, the heating rate has little
effect on the mass loss rates, which remain at a low level.
The adsorbed gas and crystalline water are removed.
Meanwhile, the weak chemical bond of coal decomposes (Cui

#%*(&#')#$)*%"'
Datong (DT) coal used in the Baosteel COREX C-3000 process
was used in the experimental work. The proximate, ultimate,
and petrographic analyses are shown in Table II. According to
the classification standards for coal rank, DT coal belongs to
the bituminous class of coals.
A Netzsch STA 409 C thermogravimetric analyser was
used for the TGA experiments. Sample masses of between 10
and 12 mg and particle size of 0.074–0.147 mm were used in
the experiments. The sample was held at room temperature
for 40 minutes to remove the air, heated to 105°C at a rate of
10°C·min-1, held at 105°C for 10 minutes to remove adsorbed
water, and then heated to 900°C at different heating rates (5,
25, and 45°C·min-1). A gas flow of high-purity nitrogen (N2>
99.999%) at 150 mL·min-1 was employed to protect the
sample from oxidation. The change in the sample residual
mass with respect to time and temperature change (TG data)
was logged automatically by the computer.

& !(*) #'')"'')!(*')"()("'&')("*'')#%)&*(*$%)*#%&$
(#%*'

*'!%')#$)&'!''&"$
  
The mass loss and derivative mass loss curves for the
pyrolysis process at different heating rates are shown in
Figures 1 and 2.

& !(*) *(&#%&*)#'')"'')!(*')"()("'&')("*'')#%)&*(*$%
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Group maceral: Vit=vitrinite, Ex=exinite, Min=mineral, In=inertinite.

Study of the pyrolysis kinetics of Datong coal using a sectioning method
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497–900
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5
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45

et al., 2007). The pyrolysis rate increases sharply at around
386°C, which indicates the reaction mechanism and the ratecontrolling mechanism are changing.
In the middle-temperature range, the rate of mass loss
increases rapidly, and the DTG curves remain at lower levels.
This indicates that the pyrolysis rate is rapid. The reactions
occurring are dominated mainly by depolymerization and
decomposition reactions, with evaporation of large amounts
of coal gas, tar vapours, and water. As the temperature
increases, the coal is transformed into semi-coke (Wu et al.,
2014). Meanwhile, with increasing heating rate, the mass
loss of rate DT coal decreases, and the rate of pyrolysis
shows a decline. At 464°C (25°C·min-1), the peak of mass
loss appears on the corresponding DTG curve, indicating that
the pyrolysis reaction rate is at the maximum. With increased
heating rate, the maximum mass loss rate increases, and the
temperature corresponding to the peak shifts to the hightemperature region.
In the high-temperature range, the DTG curves gradually
shift upwards and approach zero with increasing
temperature, which indicates that the mass loss rate is
decreasing and the reaction is approaching completion. The
reactions taking place are dominated mainly by
polycondensation reactions with little tar and volatiles.
Meanwhile, the semi-coke is further coked with an obvious
volume shrinkage (Fu et al., 2007). At the same temperature
with the faster heating rate, the rate of pyrolysis of DT coal
increases at a slower rate. The effect of heating rate on
pyrolysis rate decreases with increasing temperature (Cui et
al., 2007).

 
According to the characteristics of each stage, the most likely
kinetic mechanism functions were fitted to the the
corresponding range. Then, the models with the best fitting
results were chosen as the kinetic mechanism functions. The
results indicated that the interfacial chemical reaction model
with shrinking sphere, random pore model, and internal
diffusion model with shrinking volume were suitable for
describing the different stages in the pyrolysis of DT coal.

      
The adsorbed gas and crystalline water are removed in the
low-temperature range. The gaseous products are easily
removed from the solid product. Therefore, the interfacial
chemical reaction model was used for the first phase. It was
assumed that the reaction particle A is a compact sphere; the
reaction type is an interfacial chemical reaction; and the
reaction equation is A (s) =aG (g) +bS (s) (Guo, 2006).
When the interfacial chemical reaction is the ratecontrolling mechanism, the consumption rate of A is equal to
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the interfacial chemical reaction rate, namely

The integral equation can be described as follows:
[6]
where 1=MA/AR0; y1()=1-(1-)1/3; the conversion rate  is
 = (R30-r3)/R30; MA is the relative molecular mass of sample
A, 131×1.66×10-27 kg; A is the density of reactant A,
1.28×106 g·m-3; r refers to the radius of reactant A, (m); and
R0 refers to the initial radius of sample A, 1.11×10-4 m.
The function dT=dt and the equation krea1=A1exp
(-Ea1/(RT)) are substituted into Equation [6] to yield
Equation [7].
[7]
where krea1 is the constant for the interface chemical reaction
rate, (m·s-1); A1 is the former factor, (m·s-1); and Ea1 is the
reaction activation energy, (J·mol-1).
According to the linear relationship of ln[y1() /T 2] and
1/T in Equation [7], the slope and intercept of the curve can
be obtained in terms of the fitting results in the lowtemperature range, and, Ea1, A1, and the function of krea1 and
T can then be calculated.

  
Coal is transformed into semi-coke in the middle-temperature
range. The reaction rate is related to the specific surface area,
which is increased with a large number of pores forming. The
random pore model was adopted to describe the process. It
was assumed that the microporosity consisted of cylindrical
holes with arbitrary radius, randomly distributed in the solid
reactants; the pyrolysis reaction occurs mainly on the
surfaces of micropores; and (ignoring the effect of diffusion)
the pyrolysis rate of coal is equal to the chemical reaction
rate, which is proportional to the specific surface area (Gupta,
et al., 2000; Wang, et al., 2006).
By introducing the pore structure parameters, the random
pore model is applied to the gas-solid reaction process, which
has a low conversion rate (approx. 0–0.6) and a maximum or
gradually reducing reaction rate. The relationship for fitting
can be expressed as follows:
[8]

[9]
 

      

Study of the pyrolysis kinetics of Datong coal using a sectioning method
where
S0, is
the initial surface area, 7.46×105 m2·m-3; L0 is the total length
of the initial pore, 1.56×1011 m·m-3; and 0 is the initial void
ratio, 0=0.17 (dimensionless). S0 and 0 were measured by
the mercury intrusion method.
Similarly, Ea2, A2, and the function of k and T can be
obtained from the plots of ln[y2()/T 2] against 1/T in
Equation [9].

"((*'"$&$ )&$*%&)#(#*%*('
Based on the slopes and intercepts of the fitting curves and
relevant parameters, the kinetic parameters in three
temperature ranges at different heating rates were calculated.
The results are listed in Tables V, VI, and VII.

rea2

 

     

In the high-temperature range, the semi-coke is further coked
with obvious volume shrinkage. With the high temperature,
the chemical reaction rate is faster than the diffusion rate.
The internal diffusion model with shrinking volume of the
product was adopted (Zhang et al., 1988).
When gas internal diffusion is the rate-controlling step,
the consumption rate of A is equal to the gas diffusion rate. It
meets the relation D = aA, namely
The equation can be expressed as

& !(*) &%%&$ )!(*')&$)"%**(#%!(*)(#$ *

follows:
[10]
where

V is the volume ratio of solid products and reactants, V=(RX3r3)/(R03-r3), V=0.733; ci and c0 are the gas concentration at
the internal and external surface the solid material
respectively, ci= P /RT; c0=0 mol·m-3; D is the effective
diffusion coefficient, m2·s-1; D0 is frequency factor, m2·s-1; a is
the stoichiometric number of the gas products, which was
taken as 1; and Rx is the radius (m) of particle A at
temperature Tm.
Similarly, Ea3 and D0 can be acquired from the plots of
ln[y3() /T 2] vs. 1/T.

& !(*) &%%&$ )!(*')&$)&*%**(#%!(*)(#$ *
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According to Table III, the experimental data for different
temperature ranges at various heating rates were fitted by
Equations [7], [9], and [10]), respectively. The results are
shown in Figures 3, 4, 5, and Table IV. In the figures, the
 represent experimental data at the
symbols , , and 
different heating rates, and the lines the fitting results of the
models.
According to Figures 3, 4, 5, and Table IV, the
experimental data is a good fit, and all the correlation
coefficients (r2) exceed 0.97. Therefore, the interface
chemical reaction model, random pore model, and internal
diffusion model with the shrinking volume of product can be
applied to the low-, middle-, and high-temperature ranges of
the pyrolysis process, respectively.

Study of the pyrolysis kinetics of Datong coal using a sectioning method
In Tables V, VI and VII, the activation energy at the same
rate-controlling mechanism increases with the heating rate,
but the magnitude of variation is less. The minimum
activation energy in the low-temperature range is from 14 to
20 kJ·mol-1. Adsorbed gas and crystalline water are removed
in this process, which needs less energy than the processes at
higher temperatures. The maximum activation energy (93.7–
116.3 kJ·mol-1) exists in the second temperature range. The
main reactions are macromolecule dissociation of coal and
further decomposition of macromolecules in a split product,
which need more energy. The activation energy with the
lowest range, from 37 to 39 kJ·mol-1, corresponds to the
high-temperature range. The semi-coke is coked further in
this temperature range. The observed activation energies,
particularly in the low-and high-temperature ranges, are
lower than that obtained by Zhang (2013), with a value
between 100 kJ/mol and 200 kJ/mol determined by the
Coasts-Redfern method. The reason is that the experimental
data should not have been calculated by G() for the entire

process, which leads to the error being introduced in the
Coasts-Redfern method.
Furthermore, according to the variation in chemical
reaction rate constant and effective diffusion coefficient with
temperature (Tables V–VII), the kinetic parameters at
different temperatures were calculated. The results are shown
in Tables VIII, IX, and X. By taking the logarithm of the
kinetic parameters, the results are shown in Figure 6.
The reaction rate constant falls into the range 10-7–
-5
10 m·s-1. The magnitude of the effective diffusion
coefficient ranges from 10-10–10-8 m2·s-1. The value of the
reaction rate constantly exceed the effective diffusion
coefficient by about 2–3 magnitudes, which conforms well to
the data measured by other researchers (Ferrara et al., 2014;
Ishida, et al., 1968). In the non-isothermal thermodynamics,
the reaction rate constant at a certain temperature is a
momentary value, rather than a steady one. The heating rate
has an important influence on the Ea and A, hence the rate
constants are dependent on the heating rate. The chemical
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105–369
105–386
105–399

1.47×104
1.81×104
2.00×104

2.19×10-4
2.61×10-3
4.49×10-3

lnkrea1 = -1.76×103/T-8.43
lnkrea1 = -2.17×103/T-5.95
lnkrea1 = -2.41×103/T-5.41
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369–497
386–524
399–548

9.37×104
1.04×105
1.16×105

6.17
1.53×102
3.39×103

lnkrea2 = -1.23×104/T+1.82
lnkrea2 = -1.25×104/T+5.03
lnkrea2 = -1.40×104/T+8.13



'27780&24$34-934853.9&67618587093495"89"3-"(581&8765%789764-8
86534-976589

81&8765%789764-89

78%84.9,6.5279

,,8.5389$3,,%03249.28,,3.38459

 *'+

8487-96 *#12)(/+

*1 #0(/+

*1 #0(/+

497–900
524–900
548–900

3.78×104
3.80×104
3.81×104

2.12×10-7
4.31×10-7
8.23×10-7

lnD = -4.54×103/T-15.37
lnD = -4.57×103/T-14.66
lnD = -4.58×103/T-14.01

*'#134(/+
5
25
45

3,,%032496.53653249

Table VIII

krea1 at different temperatures in the low-temperature range
Heating rate 

Temperature range

Start

T (°C)

temperature

200 (°C)

250 (°C)

300 (°C )

105–369
105–386
105–399

2.56×10-6
7.11×10-6
9.45×10-6

5.70×10-6
2.26×10-5
3.50×10-5

8.14×10-6
3.51×10-5
5.70×10-5

1.10×10-5
5.04×10-5
8.52×10-5



!9//9999

(°C·min-1)
5
25
45
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krea1 at different temperatures (m·s-1)

 

Final temperature

1.40×10-5
8.27×10-5
1.58×10-4

      

Study of the pyrolysis kinetics of Datong coal using a sectioning method
Table IX

krea2 at different temperatures in the middle-temperature range
Heating rate 
(°C·min-1)
5
25
45

Temperature range

Start

krea2 at different temperatures (m·s-1)

T (°C)

temperature

400 (°C)

450 (°C)

500 (°C )

369–497
386–524
399–548

1.47×10-7
8.82×10-7
3.04×10-6

3.29×10-7
1.31×10-6
3.14×10-6

1.05×10-6
4.73×10-6
1.32×10-6

1.45×10-5
4.63×10-5

Final temperature

2.71×10-6
2.36×10-5
1.34×10-4

Table X

D at different temperatures in the high-temperature range
Heating rate 
(°C·min-1)
5
25
45

Temperature range

Start

D at different temperatures (m2·s-1)

T (°C)

temperature

600 (°C)

700 (°C)

800 (°C )

497–900
524–900
548–900

5.80×10-10
1.40×10-9
3.11×10-9

1.16×10-9
2.30×10-9
4.34×10-9

1.98×10-9
3.94×10-9
7.43×10-9

3.07x10-9
6.11×10-9
1.15×10-8

Final temperature

4.40×10-9
8.78×10-9
1.66×10-8

& !(*)"((*'"$&$ )&$*%&)#(#*%*(')&$)" #(&%' )#%)&*(*$%)%**(#%!(*

"$!'&"$'
In order to overcome certain shortcomings of traditional
methods in studying the pyrolysis process of coal, a
sectioning method was proposed in this paper.
1. According to the characteristics of Datong coal
pyrolysis, the temperature range was divided into
three parts at the temperature where the regional
variation of mass loss rate reached a maximum. The
adsorbed gas and crystalline water are removed in the
low-temperature range. With the evaporation of large
amounts of coal gas and tar, coal is transformed into
semi-coke in the second phase. In the third range, the
semi-coke is further coked
2. Different reaction mechanisms prevail in the three
temperature ranges. In terms of the characteristics of
Datong coal pyrolysis, the interfacial chemical reaction
model, random pore model, and internal diffusion
 

      

model with shrinking volume of products were applied
to the different mechanisms
3. According to the divisions of temperature range and
the established models, the experimental data
obtained at different temperature ranges at various
heating rates were fitted. The results showed that the
experimental data was a good fit, and all the
correlation coefficients (r2) exceeded 0.97. The
established models were therefore suitable for
describing each range of the pyrolysis process
4. The corresponding kinetic parameters in each range
were calculated at different heating rates. The
activation energy increased with the heating rate at
the same rate-controlling mechanism. The chemical
reaction rate constant or effective diffusion coefficient
increased with the heating rate at the same
temperature, and also increased with temperature.

$"* **$%'
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reaction rate constant or effective diffusion coefficient
increase with the heating rate at the same temperature, and
also increase with the temperature.
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Effect of crushing on near-gravity
material distribution in different size
fractions of an Indian non-coking coal
by S. Mohanta*, B. Sahoo*, I.D. Behera*, and S. Pradhan*

Run-of-mine coal contains particles of different sizes with different
specific gravities, and when this coal is crushed, the amount of material
present in a particular density class changes. This alters the washability
characteristics of the coal, which affects the quantity, quality, and
separation efficiency of the gravity-based coal washing process. The
degree of difficulty in washing a typical coal at a particular specific gravity
depends mostly on the amount of material occurring within ±0.1 specific
gravity range, which is known as ‘near-gravity material’ at that particular
specific gravity of separation. In this paper, two numerical indices, namely
‘near-gravity material index’ and ‘index of washability’, are used to
quantify the distribution of near-gravity material in different density
classes and to evaluate the degree of difficulty involved in the washing
process. The results of this preliminary investigation indicate the uniform
distribution of near-gravity material in all density classes for finer size
fractions, whereas for coarser size fractions more near-gravity material is
present in the lower density classes, making the washing process more
difficult at a lower specific gravity of separation.
2 1/&,
coal, coal cleaning, near-gravity material, index of washability.

+*/1&'-*01+
The prime objective of coal beneficiation is to
remove physical impurities as effectively and
economically as possible. The beneficiation
process includes various operations on the asmined coal to make it more suitable for enduse application without destroying the physical
identity of the coal. There are several coal
beneficiation processes, but gravity-based
separators remain the most efficient unit
operation for removing the undesirable gangue
material from run-of-mine coal. These
separators exploit the difference in density
between coal particles and gangue particles to
effect a separation. The feed is introduced into
an aqueous suspension of ultrafine magnetite
with a particular density. The feed particles
with a relative density less than that of the
suspension (clean coal) float to the top surface
of the suspension, whereas particles denser
than the suspension density (gangue material)
sink to the bottom. When the difference in
density between the particle and the aqueous
suspension is large, the separation is easy, but
when this difference is less the separation
becomes much more difficult since the settling
velocity of the particles is very low. This lower
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settling velocity increases the probability that
particles that should report to floats report to
sinks, and vice versa, hence increasing the
amount of misplaced material. Therefore, the
degree of difficulty in beneficiating a typical
coal at a particular specific gravity depends on
the amount of material occurring within ±0.1
specific gravity range. This is known as ‘neargravity’ material, also termed ‘near-dense’
material, at that particular specific gravity of
separation.
As coal is heterogeneous in nature, the
density of a daughter coal particle depends on
the nature of the parent coal particle from
which it has been produced and the fracture
patterns involved during crushing, as shown
in Figure 1. As the fracturing of particulate
material is a random process and many factors
contribute to the fracturing of any single
particle, the result is never exactly predictable.
Particles of the same material and similar in
size and shape show a wide variation in
individual fracture patterns. Therefore, when a
bigger heterogeneous particle of particular
density is subjected to crushing a broad
spectrum of particles of various sizes and
densities is produced. Similarly, when run-ofmine coal is crushed, a wide variety of smaller
particles are generated, which alters the
amount of near-gravity material present in a
particular density class and accordingly
changes the degree of difficulty in washing.
Therefore, it is imperative that the change in
mass of the near-gravity material at a
particular specific gravity on crushing should
be determined accurately.
The difficulty in washing a particular coal
can be interpreted from the steepness of the
‘characteristic curve’, which is derived from
the sink-and-float data (Corriveau and

Effect of crushing on near-gravity material distribution in different size fractions

0$'/23/2..$23#.**2/+,31)3-1.%3#./*0-%2,

Schapiro, 1979; Osborne, 1988; Salama, 1989; Salama and
Mikhail, 1993). Also, several indices, coefficients, and factors
such as the index of washability (Govindarajan and Rao,
1994), washability number (Sarkar et al., 1977), and
washability index (Sarkar et al., 1962) have been proposed
to quantify the amenability of a particular coal towards
washing, but none of them has gained wide acceptance
among the coal preparation fraternity because each of these
parameters suffers from inherent limitations. In the present
work, two simple parameters from the literature, namely
‘near-gravity material index’ (NGMI) and ‘index of
washability’ (IW), are reviewed and utilized to evaluate the
effect of crushing on the distribution of near-gravity material
in different density classes. The primary reason for selecting
the parameter IW for this study is that it varies between zero
and 100, thus facilitating quick interpretation, and provides
an explicit equation and hence a precise evaluation of coal
washability characteristics is possible. Similarly, the NGMI
varies from zero to 1 for ‘easy to wash’ and ‘difficult to wash’
coal respectively, thus also facilitating rapid interpretation.
Moreover, the NGMI generates more useful information from
the sink-and-float data for a typical coal and provides an
easier way to compare the washability characteristics of
different coals quantitatively.

 21/2*0-.%3 .-$/1'+&
Govindarajan and Rao (1994) considered the float fraction of
the sink-and-float analysis as the recovery of two
constituents, namely non-ash (RN) and ash-forming (RA)
materials, which can be calculated by the equations

RN =

100. X. (100–CA)
100–HA

[1]

RA =

100. X. CA
HA

[2]

where X is the cumulative fractional weight of the feed coal
floated, and CA and HA are the ash percentages of the float
fraction and feed, respectively. Also, they observed that a
three-constant cubic equation of the following form is a good
fit when the recovery curves for RN and RA are plotted against
cumulative fractional weight.

RN = aX + bX2 + cX3
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[3]
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RA = pX + qX2 + rX3

[4]

In order to demonstrate the calculation procedure, the
sink-and-float analysis results of -150+25 mm size fraction
of Ananta OCP coal is considered (Table I). The values for RN
and RA are calculated from Equations [1] and [2] and
are tabulated in Table I. The recovery curves for non-ash
and ash-forming materials (curve ADC and curve ABC in
Figure 2) are drawn by plotting RN andRA values against
cumulative fractional weight. The values of the constants in
Equations [3] and [4] are estimated by fitting these
equations to the non-ash and ash recovery curves and by
using the least squares method. In the present study a
commercial software package named DataFit Version 8.0 is
utilized to calculate the values for these constants. For floatand-sink data in Table I, the calculated values for a, b, c, p,
q, and r are 128.17, –4.76, –22.93, 46.84, 8.99, and 43.26,
respectively.
On considering the area bounded by these two curves for
the recoveries of non-ash and ash-forming material,
Govindarajan and Rao (1994) proposed the index of
washability (IW). The final form of the equation is
represented as

IW =

{6a+ 4b +3c – 600} {6(a – p) + 4(b –q) +3(c – r)}
3600HA

[5]

This index of washability varies between zero and 100
for the ‘unwashable’ and ‘easiest washable’ coal,
respectively. For the data tabulated in Table I, the value of IW
is found to be 15.259. The IW values for other size fractions
of coal are calculated following the same procedure.
Based on the same concept, Majumder and Barnwal
(2004) proposed the ‘near-gravity material index’ (NGMI) for
a better comparison between the coals. Curves ADC and ABC
of Figure 2 represent the recovery curves for non-ash and
ash-forming materials, respectively. The amount of neargravity material (NGM) at a particular specific gravity is
defined as the difference in cumulative fractional weights
floated at ±0.1 specific gravity around that specific gravity.
Using this definition with the data in Table I, the NGM at
1.45 specific gravity may be calculated from the difference
between the cumulative fractional weight floated at 1.55 and
the cumulative fractional weight floated at 1.35 (i.e. 0.737 –
0.298 = 0.439). In terms of recovery of non-ash and ashforming materials, the NGM distribution at 1.45 may be
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,& .&! (#'.+/.&.#*,*/'(/ )/$$/*,-/(%."+,'&/'(/ &.&+./ /"'.#/.&!/".#" #.+-!/.# -*/('%/ .&!/

Float at 1.4
1.4 to 1.5
1.5 to 1.6
1.6 to 1.7
1.7 to 1.8
1.8 to 1.9
1.9 to 2.0
Sink at 2.0

-%.-/*-",(,"/%.,+
1.36
1.45
1.55
1.65
1.75
1.85
1.95
2.22

-,+/

*/

29.8
25.5
18.4
8.8
5.2
4.2
3.6
4.5

17.6
29.8
37.2
47.1
52.9
57.6
63.1
74.8

0$'/232-12/ 3-'/2,3)1/3!"!3((3,023)/.-*01+31)3+.+*.3
-1.%

represented geometrically by the area under KLMN in
Figure 2. This area will be different at different specific
gravities of separation for a particular coal. The near-gravity
material index can be calculated from the following equation:

[6]

/1-2&'/23.&1#*2&
As per the test programme, a coal sample of 4 t was collected
(Indian Standard (IS):436, Part 1/Section 1) from Ananta
OCP, and three representative samples prepared after coning
and quartering the collected sample. Each representative
sample was individually crushed to 150 mm, 100 mm, and
50 mm in a laboratory-type roll crusher and the crushed
products subjected to screen analysis.
Sink-and-float tests (IS: 13810) were conducted for
different size fractions. This test is conducted primarily to
determine how much coal of what quality can be produced at
a given specific gravity with what separation complexity
(Mitchell and Charmbury, 1963). Liquids in a range of
equally spaced specific gravity intervals from 1.4 to 2.0 are
prepared, which include 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, and 2.0.
The liquids from density 1.4 to 1.6 are prepared from
solutions of zinc chloride in water, and the rest by mixing
 

      

$ #.+,-/ -,+/

$ #.+,-/.*/

29.8
55.3
73.7
82.5
87.7
91.9
95.5
100.0

17.6
23.2
26.7
28.9
30.3
31.6
32.7
34.6





37.57
64.96
82.64
89.76
93.51
96.23
98.26
100.00

15.14
37.08
56.84
68.80
76.74
83.73
90.28
100.00

carbon tetrachloride and bromoform in different proportions.
The separation tank is part-filled with the required liquid, the
relative density of which is then checked using a suitable
hydrometer. The relative density of the liquid is adjusted to
the correct reading and maintained at that value by frequent
checking to ensure that it remains within the range of ±0.002
of the desired relative density for the duration of the test.
Each size fraction of coal obtained after screen analysis is
introduced into the tank containing the liquid of density 1.4
and gently agitated. Care is taken not to overload the tank as
this is liable to interfere with the separation of entrained near
gravity material. After allowing sufficient time for separation,
the float material is removed and collected on a draining
platform. The settled sink material is agitated to release any
entrained float material. Then, all the float materials are
washed in water, air-dried, and weighed for further analysis.
The sink material is well drained and care is taken to
maintain the relative density of the succeeding liquid by
introducing only completely drained material from the
previous test. It is then introduced into the liquid of next
higher relative density (density 1.5). The float material from
this separation is also washed, air-dried, weighed, and
prepared for further analysis. This procedure is repeated until
all the coal fractions have been tested at all relative densities.
The ash content of each sink-and-float fraction is
determined as per IS: 1350. The ash content is determined by
heating a weighed quantity of powdered coal (< 212 m) in
an open crucible in presence of air to 500°C in 30 minutes,
from 500 to 815°C for further 60 minutes, and maintained at
this temperature until a constant weight is achieved
(approximately 60 minutes). The weight of residue is the ash
content of the coal sample. A typical set of sink-and-float
data for -150+25 mm size fraction is shown in Table I for the
representative coal sample crushed to 150 mm.

2,'%*,3.+&3&0,-',,01+3
On utilizing the sink-and-float data, the recovery curves for
all the size fractions were drawn for each of the three
representative samples. Accordingly, the parameters for the
cubic equation were calculated by fitting the equation to the
data points and adopting the least squares approach. Using
these parameters and methodologies described earlier, the
NGMI values were calculated and plotted as a function of
specific gravity of separation as shown in Figure 3. It is
interesting to note that for all the three representative
samples, the pattern of the curves is similar. The NGMI is
higher at lower specific gravity of separation and decreases
/))///////////////////////////////////////
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Effect of crushing on near-gravity material distribution in different size fractions
three representative coal samples are crushed to 150 mm,
100 mm, and 50 mm. It can be seen that the near-gravity
material is distributed more uniformly in all the density
classes for both the size fractions when the coal is crushed to
50 mm. Therefore, the slopes of the curves for the coal
crushed to 50 mm are less than the slopes of the curves for
the coal crushed to 100 mm or 150 mm. When the coal is
crushed to 50 mm, more finer particles are generated with
various densities and these are equally distributed among all
the density classes; whereas when the coal is crushed to 150
mm or 100 mm fewer finer particles are generated and most
of the particles are larger. As a result they are not equally
distributed in all the density classes.
The IW values for different size fractions of the coal were
calculated for the three representative coal samples crushed
to 150 mm, 100 mm, and 50 mm and are shown in Table II.
The IW values decrease with decreasing particle size for all
three samples, which indicates the uniform distribution of the
near-gravity material in all the density classes for smaller
size fractions. A comparison between the coal crushed to 150
mm and coal crushed to 50 mm shows that the near-gravity
material is distributed more uniformly between the density
classes in the coal crushed to 50 mm.

1+-%',01+,
The preliminary results of this investigation indicate that
finer crushing results in the uniform distribution of the neargravity material in all the density classes. This is probably
because crushing generates a greater number of particles
with different specific gravities. Therefore, the difficulty

0$'/23%1*31)3
3.$.0+,*3,#2-0)0-3$/.0* 3)1/3&0))2/2+*3,02
)/.-*01+,31)3/'+1)(0+23-1.%3-/', 2&3*13.3!"3((3 3""3((3
-3!"3((

with increasing specific gravity of separation. At lower
specific gravity of separation the NGMI is highest for the
coarser size fraction, whereas at higher specific gravity of
separation it is lowest. This indicates that the coarser size
fractions are more amenable towards washing at a higher
specific gravity of separation and the finer size fractions are
more amenable at a lower specific gravity of separation. Also,
from Figure 3 it can be observed that the slope of the curve
for the finer size fraction is less than that for the coarser size
fraction. This indicates that the near-gravity material is
distributed more-or-less uniformly in all the density classes
for the finer size fractions. Therefore, the degree of difficulty
involve in the separation process is almost same for finer size
fractions, bur for coarser size fractions the difficulty is greater
at lower specific gravity of separation due to the presence of
more near-gravity material.
In order to clearly visualize the effect of crushing on
near-gravity material distribution in different density classes,
the NGMI was plotted against specific gravity, as shown in
Figure 4 for the coarsest and finest size fractions when the
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+25
-25+13
-13+6
-6+3
-3+0.5

15.259
26.556
30.653
40.813
42.393

 

12.064
25.811
32.223
38.115
42.603

17.354
22.783
25.786
33.490
38.138

      

Effect of crushing on near-gravity material distribution in different size fractions
involved in beneficiating finely crushed coal remains almost
the same for all specific gravities of separation. With coarser
crushing, more near-gravity material is present in the lower
density class than the higher density classes. Beneficiation
therefore becomes more difficult at a lower specific gravity of
separation. However, this is a case-specific situation and it
depends on the nature of the mineral distribution in the runof-mine coal.
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For further information contact:
Conference Co-ordinator, Camielah Jardine
SAIMM, P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7
Fax: (011) 833-8156 or (011) 838-5923
E-mail: camialah@saimm.co.za
Website: http://www.saimm.co.za

INTERNATIONAL ACTIVITIES
2016
17–18 May 2016 — The SAMREC/SAMVAL
Companion Volume Conference
Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

13–14 July 2016 — Resilience in the Mining
Industry Conference 2016
University of Pretoria
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za

18–19 May 2016 — Aachen International Mining
Symposia (AIMS 2016) First International
Conference Mining in Europe
Aachen, Germany
Contact: Conference Organisation of AIMS
Tel: +49-(0)241-80 95673
Fax: +49-(0)241-80 92272
E-mail: aims@mre.rwth-aachen.de
Website: http://www.aims.rwth-aachen.de

25–26 July 2016 —Production of Clean Steel
Mintek, Randburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

21–28 May 2016 — ALTA 2016
Perth, Western Australia
Contact: Allison Taylor
Tel: +61 (0) 411 692 442
E-mail: allisontaylor@altamet.com.au
Website: http://www.altamet.com.au
9–10 June 2016 — New technology and innovation
in the Minerals Industry Colloquium
Mintek, Randburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
27–28 June 2016 — The 2nd School on Manganese
Ferroalloy Production
Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
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1–3 August 2016 — Hydrometallurgy
Conference 2016
‘Sustainability and the Environment’
in collaboration with MinProc and the
Western Cape Branch
Belmont Mount Nelson Hotel, Cape Town
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
16–18 August 2016 — The Tenth International
Heavy Minerals Conference ‘Expanding the
horizon’
Sun City, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
31 August–2 September 2016 — MINESafe
Sustaining Zero Harm Conference
Emperors Palace, Hotel Casino Convention Resort
Contact: Raymond van der Berg

 

      

INTERNATIONAL ACTIVITIES (continued)

12–13 September 2016 — Mining for the Future
2016
‘The Future for Mining starts Now’
Electra Mining, Nasrec, Johanannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
12–14 September 2016 — 8th International
Symposium on Ground Support in Mining and
Underground Construction
Kulturens Hus – Conference & Congress, Luleå,
Sweden
Contact: Erling Nordlund
Tel: +46-920493535
Fax: +46-920491935
E-mail: erling.nordlund@ltu.se
Website: http://groundsupport2016.com
19–21 October 2016 — AMI Ferrous and Base
Metals Development Network Conference 2016
Southern Sun Elangeni Maharani, KwaZulu-Natal,
South Africa
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

 

      

2017
25–28 June 2017 — Emc 2017: European
Metallurgical Conference
Leipzig, Germany
Contact: Paul-Ernst-Straße
Tel: +49 5323 9379-0
Fax: +49 5323 9379-37
E-mail: EMC@gdmg.de
Website: http://emc.gdmb.de
27–29 June 2017 —4th Mineral Project Valuation
Mine Design Lab, Chamber of Mines Building, The
University of the Witwatersrand, Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
2–7 October 2017 —AfriRock 2017: ISRM
International Symposium ‘ Rock Mechanics for
Africa’
Cape Town Convention Centre, Cape Town
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
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Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za

Company Affiliates
The following organizations have been admitted to the Institute as Company Affiliates
3 M South Africa

Elbroc Mining Products (Pty) Ltd

Nalco Africa (Pty) Ltd

AECOM SA (Pty) Ltd

Engineering and Project Company Ltd

Namakwa Sands (Pty) Ltd

AEL Mining Services Limited

eThekwini Municipality

New Concept Mining (Pty) Limited

Air Liquide (PTY) Ltd

Exxaro Coal (Pty) Ltd

Northam Platinum Ltd - Zondereinde

AMEC Mining and Metals

Exxaro Resources Limited

Outotec (RSA) (Proprietary) Limited

AMIRA International Africa (Pty) Ltd

Fasken Martineau

PANalytical (Pty) Ltd

ANDRITZ Delkor(Pty) Ltd

FLSmidth Minerals (Pty) Ltd

Anglo Operations Ltd

Fluor Daniel SA (Pty) Ltd

Paterson and Cooke Consulting
Engineers (Pty) Ltd

Anglo Platinum Management
Services (Pty) Ltd

Franki Africa (Pty) Ltd Johannesburg

Anglogold Ashanti Ltd

Geobrugg Southern Africa

Atlas Copco Holdings South
Africa (Pty) Limited

Glencore

Fraser Alexander Group

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

Goba (Pty) Ltd

Aurecon South Africa (Pty) Ltd

Rosond (Pty) Ltd

Hall Core Drilling (Pty) Ltd

Aveng Moolmans (Pty) Ltd

Royal Bafokeng Platinum

Hatch (Pty) Ltd

Axis House (Pty) Ltd

Roymec Tecvhnologies (Pty) Ltd

Herrenknecht AG

Bafokeng Rasimone Platinum Mine

Runge Pincock Minarco Limited

HPE Hydro Power Equipment (Pty) Ltd

Barloworld Equipment -Mining

Impala Platinum Limited

BASF Holdings SA (Pty) Ltd

Salene Mining (Pty) Ltd

Ivanhoe Mines SA

BCL Limited

Sandvik Mining and Construction
Delmas (Pty) Ltd

JENNMAR South Africa

Becker Mining (Pty) Ltd

Joy Global Inc. (Africa)

BedRock Mining Support (Pty) Ltd
Bell Equipment Company (Pty) Ltd
Blue Cube Systems (Pty) Ltd

Rustenburg Platinum Mines Limited
SAIEG

IMS Engineering (Pty) Ltd

Bateman Minerals and Metals (Pty) Ltd

Polysius A Division Of Thyssenkrupp
Industrial Solutions (Pty) Ltd

Kadumane Manganese Resources

Sandvik Mining and Construction
RSA(Pty) Ltd

Leco Africa (Pty) Limited

SANIRE

Longyear South Africa (Pty) Ltd

Sasol Mining(Pty) Ltd

Bluhm Burton Engineering (Pty) Ltd

Lonmin Plc

Sebilo Resources (Pty) Ltd

Blyvooruitzicht Gold Mining Company Ltd

SENET

BSC Resources

Lull Storm Trading (PTY)Ltd
T/A Wekaba Engineering

CAE Mining (Pty) Limited

Magnetech (Pty) Ltd

Shaft Sinkers (Pty) Limited

Caledonia Mining Corporation

Magotteaux(PTY) LTD

Sibanye Gold (Pty) Ltd

CDM Group

MBE Minerals SA Pty Ltd

Smec SA

CGG Services SA

MCC Contracts (Pty) Ltd

SMS Siemag South Africa (Pty) Ltd

Chamber of Mines

MDM Technical Africa (Pty) Ltd

Sound Mining Solutions (Pty) Ltd

Concor Mining

Metalock Industrial Services Africa (Pty)Ltd

South 32

Concor Technicrete

Metorex Limited

SRK Consulting SA (Pty) Ltd

Council for Geoscience Library

Metso Minerals (South Africa) (Pty) Ltd

Technology Innovation Agency

CSIR-Natural Resources and the
Environment

Minerals Operations Executive (Pty) Ltd

Time Mining and Processing (Pty) Ltd

MineRP Holding (Pty) Ltd

Tomra Sorting Solutions Mining (Pty) Ltd

Department of Water Affairs and Forestry

Mintek

Ukwazi Mining Solutions (Pty) Ltd

Digby Wells and Associates

MIP Process Technologies

Umgeni Water

Downer EDI Mining

Modular Mining Systems Africa (Pty) Ltd

VBKOM Consulting Engineers

DRA Mineral Projects (Pty) Ltd

MSA Group (Pty) Ltd

Webber Wentzel

DTP Mining

Multotec (Pty) Ltd

Weir Minerals Africa

Duraset

Murray and Roberts Cementation

WorleyParsons (Pty) Ltd
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Senmin International (Pty) Ltd
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SAIMM DIARY
2016
or the past 120 years, the
Southern African Institute of
Mining and Metallurgy, has
promoted technical excellence in
the minerals industry. We strive to
continuously stay at the cutting
edge of new developments in the
mining and metallurgy industry. The
SAIMM acts as the corporate voice
for the mining and metallurgy
industry in the South African
economy. We actively encourage
contact and networking between
members and the strengthening of
ties. The SAIMM offers a variety of
conferences that are designed to
bring you technical knowledge and
information of interest for the good
of the industry. Here is a glimpse of
the events we have lined up for
2016. Visit our website for more
information.
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For further information contact:
Conferencing, SAIMM
P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7
Fax: (011) 833-8156 or (011) 838-5923
E-mail: raymond@saimm.co.za

N CONFERENCE
The SAMREC/SAMVAL Companion Volume Conference
17–18 May 2016
Johannesburg
N COLLOQUIUM
New technology and innovation in the Minerals Industry
Colloquium
9–10 June 2016
Mintek, Randburg
N SCHOOL
The 2nd School on Manganese Ferroalloy Production
Johannesburg
27–28 June 2016
N CONFERENCE
Resilience in the Mining Industry Conference 2016
University of Pretoria
13–14 July 2016
N SCHOOL
Production of Clean Steel
Mintek, Randburg
25–26 July 2016
N CONFERENCE
Hydrometallurgy Conference 2016 ‘Sustainability and the
Environment’ in collaboration with MinProc and the Western
Cape Branch
Belmont Mount Nelson Hotel, Cape Town
1–3 August 2016
N CONFERENCE
The Tenth International
Heavy Minerals Conference ‘Expanding the horizon’
Sun City, South Africa
16–18 August 2016
N CONFERENCE
MINESafe Sustaining Zero Harm Conference
Emperors Palce, Hotel Casino Convention Resort
31 August–2 September 2016
N CONFERENCE
The Tenth International
Heavy Minerals Conference ‘Expanding the horizon’
Sun City, South Africa
16–18 August 2016
N CONFERENCE
Mining for the Future 2016 ‘The Future for Mining starts Now’
Electra Mining, Nasrec, Johannesburg
12–13 September 2016
N CONFERENCE
AMI Ferrous and Base Metals Development Network
Conference 2016
Southern Sun Elangeni Maharani, KwaZulu-Natal
19–21 October 2016

