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Journal

Comment

The world is currently going through two major events simultaneously, in a once-in- 
a-lifetime or 100-year experience: a major pandemic and, as a longer-term cycle,  
climate change. In reading between the lines, neither has been solved to a  

satisfactory conclusion and neither are likely to be solved any time soon.   
Of specific interest to the mineral, mining and metallurgical industries in the world 

is the climate change issue. This is where the great divide comes in – firstly, climate 
scientists and numerous environmental lobbyists projecting that the world is nearing 
extinction, disaster, more catastrophic weather patterns, and the demise of hundreds of 
thousands of people, as well as numerous low-lying islands due to projected sea level rise. 

The great conundrum

This is counterbalanced by alternate  views that offer other, less drastic scientific projections based on results 
drawn from past facts, current experience and other carefully drawn calculations showing far lower points of 
concern, and setting the world’s climate and weather patterns into a more modest and cyclical pattern over a far 
longer timespan. Such views are often not permitted to be published in the open media.  

In essence, both parties claim REALITY, one on the basis of unknown and as yet unproven future values 
as predicted by predicted equations, and the other based on past experience over millennia, and more modest, 
currently experienced views. The history of global emissions is summarized as follows.  

At the beginning of the 20th century, smoke pouring out of a chimney was a sign of progress, prosperity 
and job creation. However, the problems of poor air quality, as early as the end of the 16th century, are well 
documented. By the middle of the 20th century, air pollution was recognised as a serious problem. For example, 
the London smog of 1952 resulted in approximately 4000 extra deaths in the city, leading to the introduction of 
the Clean Air Acts of 1956 and 1968. 

Factories and households were subject to smoke emission limitations because of health, safety and 
environmental reasons. On the other hand, the de-smoking was accompanied by capital and operating costs. 

The de-smoking process has always had a negative impact on the ‘bottom line’ of industrial operations, 
being an expense that did not earn income but was an essential condition for an operating licence. However, the 
internalization of external impacts greatly increased the quality of life. The limiting of other pollutants quickly 
followed, for example de-SOx and de-NOx. Each had its accompanying costs. The limitations of emissions of 
such pollutants are controlled by regulation. 

In a similar vein more recently, the mitigation of greenhouse gas emissions is being addressed as a measure 
to address global climate change. Such de-carbonization is also accompanied by a cost. The difference between 
de-smoke, de-SOx and de-NOx and de-carbonization is that the first three are local/regional impacts whereas  
de-carbonization is considered to be of global concern.  

The mitigation of greenhouse gas emissions is therefore now a global matter. For instance, if South Africa 
alone were to stop using fossil fuels tomorrow, such action would have no noticeable impact on global climate 
change, but would impact our gross domestic product. However, as de-carbonization is a global action matter, 
South Africa is obliged to implement such measures in concert with the rest of the world. 

But South Africa, and likewise other developing countries, need to balance socio-economic and industrial 
development with environmental matters. There are five main options to de-carbonise energy that are being 
undertaken internationally, namely:

➣  Fuel Switching—Switching from high carbon fuels to low carbon fuels leads to lower carbon dioxide 
emissions. For example, switching from coal to natural gas for electricity generation has been calculated 
to decrease carbon dioxide emissions by approximately 50%. However, questions arise as to the validity 
of this calculation. In the case of South Africa, natural gas is in any case scarce, and politically controlled 
by neighbouring countries, if available at all. The Hydrogen Economy has its own problems as water is 
required, as well as high levels of power in the manufacture of hydrogen – of which the scarcity of  inland 
water is the most limiting.   
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Journal Comment (continued)

➣  Energy Efficiency— It is commonsense to use less energy and achieve the same output, thereby lowering 
energy costs. An example is the swapping of incandescent light bulbs (typically <5% efficient) with a 
more efficient form of lighting such as a compact fluorescent light bulb (typically 85% efficient) or a light 
emitting diode (LED) (typically 90% efficient). 

➣  Renewable Energy—Renewable energy emits very little carbon dioxide during operation. However, 
carbon dioxide is emitted during the manufacture of the iron, steel, glass and cement required 
for construction, and during the mining required to obtain the components for such manufacture. 
Furthermore, renewable plants have a life span of only 15 to 20 years (versus a coal-fired plant of 60 
years), and solar panels and wind turbine blades are problematic in their end-of-life discarding, as such 
materials contain hazardous and dangerous trace elements. The density of renewables is of the order of 
one part fossil fuel power to 4 to 6 power units from renewable power, each of which require space, and 
reliable expensive batteries or alternate backup power-generating sources. It is of interest to note that 
the lack of power during COP26 meetings resulted from low wind and solar power in the UK during that 
period, and local power conventional power stations were called on to supply the necessary electricity 
during that period.  

➣  Nuclear—Nuclear emits very little carbon dioxide during operation. However, carbon dioxide is emitted 
during the manufacture of the iron, steel and cement required for nuclear power plant construction, 
and from the mining required to obtain both uranium and the components for such plant manufacture. 
However, nuclear is the source most likely to supply energy in the future once fission has been developed 
to its required control levels.     

➣  Carbon Capture Utilization and Storage—This involves capturing the carbon dioxide before it is released 
into the atmosphere and storing it in an appropriately deep geological formation. It is also possible to 
utilize carbon dioxide to create higher energy products, using renewable energy.  

The most notable use of carbon dioxide is for enhanced oil recovery, where approximately 50% of the 
injected carbon dioxide remains in the geological formation. South Africa has no oil deposits where this 
technology can be used. However, recent research has shown that CO2 from Eskom-equivalent flue gases can 
be used to manufacture valuable carbon materials, including carbon nanotubes, carbon fibre, and activated 
carbon. Other greenhouse gases are also now able to be utilized for the manufacture of a host of other 
valuable commodities, including fertilizers and sulphuric acid for the mining industry. It is worth noting that 
Sasol, in gasifying coal, supplies one third of South Africa’s liquid fuels including petrol, and many dozens of 
chemicals, paint, plastics, explosives, pharmaceuticals and cloth, and a vast array of other industrial materials 
and chemicals. Coal and its related sediments are also valuable sources of rare earth elements.  

Of particular interest to coal-rich countries is the example of the clean coal technologies, of which the Turk 
Power Station in the USA is one such example. This coal-fired power plant has been running for some time 
in the USA and it produces 99.9% clean air – i.e. NO emissions at all. This example mirrors many plants now 
operating or currently being installed in the Far East.  

Each of these options has a different maturity profile, as well as varying associated costs. Once emission 
limitations are imposed it would be up to each person, company or country to determine which technology is 
appropriate for that person or body’s use. But the question needs to be asked – why not consider the alternate 
view and use such emissions at great benefit to the country until the maturing of safe and reliable energy 
sources (fission?) are developed in the medium to longer term? 

The important role of coal in South Africa’s power generation and manufacturing economy is evident. 
Its role can be expected to continue for many years as the country moves to meet its environmental 
commitments. It is important to understand this resource and its use so that it can be utilized in the most 
effective, responsible and efficient manner.

  R.M.S. Falcon



The 1995 film ‘The Englishman Who Went up a Hill but Came down a 
Mountain’ is set in 1917, with World War I in the background, and 
revolves around two English cartographers arriving at a Welsh village 

to measure its ‘mountain’ to update the official maps of the region. When 
the cartographers conclude that the mountain is only a hill because it is 
slightly short of the required height of 1000 feet (305 m) for a mountain, the 
villagers conspire to delay their departure while they build an earth mound 
on top of their hill, aiming to make it high enough to rank as a mountain. 
The story is told humorously against the backdrop of a small Welsh 
community trying to save their town’s honour, but underlying the

President’s

Corner

machinations of the villagers, there is more. In this story, Garw Mountain symbolises the restoration 
of the community’s war-damaged self-esteem and illustrates the importance of shared purpose and 
vision. We live in times of immense turmoil and uncertainty. Our decisions and actions over the next 
50 years or so will determine the quality of life of the human villagers of the future. 

Ok (short for Okjökull) is the first Icelandic glacier to lose its status as a glacier. Scientists agree 
that glaciers have disappeared from Iceland before, none as ceremoniously as Okjökull though. The 
once-iconic glacier melted away throughout the 20th century and was formally declared dead in 2014 
by glaciologist Oddur Sigurðsson. The glacier’s demise is not just a matter of shrinking area, although 
by 2019, less than a square kilometre remained of the more than 38 square kilometres estimated in 
1901. Glaciers form from snow that becomes compacted into ice over time and the ice slowly creeps 
downslope under its own weight, helped along by gravity. Ok thinned so much that by 2014 it no 
longer had enough mass to move and became stagnant. And according to some definitions, a stagnant 
glacier is a dead glacier. In 2018, anthropologists Cymene Howe and Dominic Boyer of Rice University 
filmed a documentary about the demise of Ok (‘Not Ok’) and proposed that a commemorative plaque be 
placed to memorialize the loss as a reminder of the impact of climate change. The plaque was installed 
at the location of the former glacier in August 2019, with an inscription titled ‘A letter to the future’. 
The letter to our future reads as follows: 

Ok is the first Icelandic glacier to lose its status as a glacier.
In the next 200 years all our glaciers are expected to follow the same path.

This monument is to acknowledge that we know 
what is happening and what needs to be done.

Only you know if we did it.

To succeed, we need to care

Photograph by Rice University1 of the plaque placed at the former location of the Okjökull glacier In Iceland

1https://commons.wikimedia.org/wiki/File:Okj%C3%B6kull_glacier_commemorative_plaque.jpg
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The placement of the plaque and the letter to the future is akin to the two cartographers walking 
into our global village and declaring our mountain to be a hill. In the story of the Garw Mountain, 
in the end, the villagers prevailed; they delayed the departure of the surveyors and raised the height 
of the hill by working together on what seemed to be an unsurmountable problem. They succeeded 
because they cared and actively worked to achieve their purpose. It is said that about five years after 
the event when the new edition of the relevant map, which showed Ffynnon Garw Mountain at 1002 
feet, was published, all the residents of the village on which the movie story was based had a copy in 
their homes. And for interest, according to the current Ordnance Survey covering Cardiff and Bridgend, 
the height of what is now known as Garth Hill is 307 metres (1007 feet), still making it a mountain. 
Unfortunately for Ok, we have only a plaque to remind us of what it once was, namely a majestic 
glacier. But we know what to do. 

We hear about environmental, social, and governance (ESG) in boardrooms, at conferences, 
indabas, and in corporate governance reports, webinars, the press, blogs, and the SAIMM 
Journal’s Presidential Corners. The term ESG was first coined in 2005 in a landmark study by the 
International Finance Corporation entitled ’Who Cares Wins’. The study made the case that embedding 
environmental, social, and governance factors in capital markets makes good business sense and leads 
to more sustainable markets and better outcomes for societies. Nearly two decades later, one may argue 
that we are still struggling to agree on rules, definitions, and criteria. While we grapple with definitions 
(‘how high is a mountain?’ or ‘when is a glacier dead?’) and whether you believe that Ok is dead, or 
Garth Hill is a mountain or a hill, our responsibility to the future cannot be denied and goes beyond 
definitions. Ultimately, whether we cared enough to succeed (who cares wins) will be measured by 
future generations when they come down from either a hill or a mountain. The words of Lyndon B. 
Johnson (36th American President) eloquently sum up what we want to achieve through the principles 
of ESG: ‘If future generations are to remember us more with gratitude than sorrow, we must achieve 
more than just the miracles of technology. We must also leave them a glimpse of the world as it was 
created, not just as it looked when we got through with it.’

 
I.J. Geldenhuys 

President, SAIMM

President’s Corner (continued)
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Darius Muma
26 September 1976 - 20th October 2021

Darius Muma graduated from the University of Zambia (UNZA) in 2004 with 
a BSc Chemistry degree. He worked as an Environmental Project Assistant 
at UNZA School of Mines with the Advocacy for Environmental Restoration 

Zambia (AREZ), before joining Konkola Copper Mines (KCM) Nchanga Mine 
in Chingola as a Graduate Chemist. He remained with KCM for 8½ years, 
progressing through the ranks to Senior Chemist, Sectional Chemist, and Acting 
Head of Analytical Services. During this time he gained a Diploma in Business 
Management (Association of Business Executives, UK). In February 2014 Darius 
moved to Mopani Copper Mines Mufulira Mine to take up a position of Assistant 
Superintendent: Analytical Services. the position he held when he passed on.

Darius was very keen in advancing his scope in the science field, resulting 
in his obtaining several educational and professional postgraduate qualifications. While at Mufulira, he 
completed a Bachelor of Education in Environmental Education at UNZA, and an MSc in Sustainable Mineral 
Resource Development under the Education for Sustainable Development in Africa (ESDA) joint programme 
of the University of Cape Town’s Faculty of Engineering and Built Environment and the UNZA School of 
Mines. 

Darius had a wide range of specialized skills and training in mineral sampling and assaying, including 
X-ray fluorescence, fire assay and related pyrometallugical analysis techniques, laboratory auditing, 
chemometrics and intelligent laboratory systems, metallurgical accounting, and laboratory information 
management systems and project management. He was a BSI Certified Auditor for BSI ISO 14001 and Lead 
Auditor for BSI ISO 9001. 

He was a Member of the SAIMM and the Chairperson of the SAIMM Zambia Branch since 2015. He  
was also the Northern Region Vice President of the Chemical Society of Zambia, an organization tasked  
with building, entrenching, and promoting chemistry and its application in Zambia, and a student member  
of ABE, UK. 

Darius initiated a number of professional and education programmes which have benefited many. He will 
be greatly missed by his colleagues and the chemistry fraternity.

Darius is survived by his wife Priscilla, and his three children; Martin, Precious, and Gracious.

O. Mahenga 
S. Moolla

Obituary
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The effect of non-standard loading 
platen usage on point load index value 
of rocks 
by D. Akbay1 and R. Altındağ2

Synopsis
The point load index is a simple, fast, and inexpensive method for determining rock strength and 
can be applied both in the field and in the laboratory. There are, however, some disadvantages and 
limitations to the method, and the test results can be affected by the person carrying out the test, the 
rock characteristics, or the test device. In this study we describe an investigation into how the point 
load index value is affected by the shape of the conical platens used in the test. Point load index tests 
were carried out using different devices fitted with conical platens of different spherical radii, and on a 
modified device which circumvented the limitations/disadvantages. It was seen that the point load index 
value increased as the platen radius increased, as expected. In the case of testing using non-standard 
conical platens, an equation is proposed to normalize the point load index value with respect to the 
standard spherical radius value.

Keywords
point load strength index, rock strength, limitations, test device.

Introduction
The point load index (PLI) is regarded as a valuable index test that gives a good initial indication of 
the rock strength in rock mechanics. The PLI test is simple, fast, and inexpensive. One of the biggest 
advantages of the PLI test is that it can be applied to irregular samples in the field. Many researchers 
have carried out detailed studies on the PLI test procedure, the effect of different loading configurations, 
sample size and shape, etc. During these studies, some limitations and errors associated with PLI 
devices have been identified. To date, these limitations and errors have been neglected in studies related 
to PLI because the purpose of the test is to find only an index value. However, the results of studies 
related to PLI demonstrate how important testing is in determining the strength of rocks, especially if 
the samples cannot be prepared to the required size for the uniaxial compressive strength (UCS) test. In 
such cases, the PLI test is inevitably used to determine the strength of the rocks. 

The first studies related to the PLI are based on studies conducted to determine the tensile strength 
(TS) of rocks (Hiramatsu and Oka 1966; Reichmuth 1967; Franklin, Broch, and Walton, 1971). The 
method that was later developed by Broch and Franklin (1972) is still in use today. When the related 
literature is examined, it is seen that many studies examine the relationship between PLI and the 
physical and mechanical properties of rocks. The PLI has been the most researched test method for 
indirectly estimating the UCS of rocks (Bieniawski 1974, 1975; Bowden, Lamont-Black, and Ullyott 
1998; Hawkins 1998; Rusnak and Mark 2000; Tsiambaos and Sabatakakis 2004; Akram and Bakar 
2007; Sundara 2009; Singh, Kainthola, and Venkatesh, 2012; Alitalesh, Mollaali, and Yazdani, 2015; 
Elhakim 2015; Karaman, Kesimal, and Ersoy, 2015; Sheshde and Cheshomi 2015; Armaghani et al., 
2016; Ferentinou and Fakir 2017; Kabilan, Muttharam, and Elamathi. 2017). Researchers have also 
carried out studies to estimate both UCS and TS using the PLI (Wijk, Rehbinder, and Lögdström, 1978; 
Panek and Fannon 1992; Butenuth 1997; Heidari et al., 2012; Li and Wong 2013; Khanlari, Rafiei, and 
Abdilor, 2014; Momeni et al., 2015; Minaeian and Ahangari 2017). 

Many studies have been done on the relationships between the point load strength and some 
physical and mechanical properties of rocks. However, there are very few studies investigating the 
limitations and errors of the PLI test (Aston, MacIntyre, and Kazi, 1991; Topal 2000; Akbay and 
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Altindag 2020). Aston, MacIntyre, and Kazi (1991) investigated 
the effect of worn and chipped conical platens used in PLI test 
devices on the PLI value. In the tests, they used concrete samples 
to represent a medium-hard sandstone. To assess the effect of 
wear (well-worn and chipped platens), a pair of conical platens 
were ground down to give a surface contact area 16 times greater 
than new ex-factory conical platens. Another pair of conical 
platens had 50% of the tip removed. Aston, MacIntyre, and Kazi 
determined that the PLI values obtained from the worn conical 
platens were approximately 40% higher than the values obtained 
from the standard conical platens, and the values obtained from 
the chipped conical platens were about 30% lower than from the 
standard platens. 

In this study, we aimed to determine the effect of the 
conical platens spherical radius (r) on PLI value. PLI tests were 
carried out on 13 different test devices using conical platens 
with different spherical radius values between 2.2 and 6.2 mm. 
Further tests were carried out using a modified PLI test device 
that eliminated the effect of all variables except platen shape  
on the test result, with platens of r = 3 mm, 5 mm, and  
5.5 mm. The modified test device is computer-controlled where 
the loading is automatic, thus eliminating the human factor 
from the tests. The test device and all its associated apparatus 
has been technically checked for compliance with the relevant 
standards. By this means it was possible to determine the specific 
effect of the conical platen on the PLI value. The tests were 
carried out on seven different rock types (three sedimentary, one 
metamorphic, and three igneous). 

Point load index 
The PLI test is based on breaking the specimen by compressing 
it between a pair of spherical conical platens. Specimens in the 
form of cores, blocks, or irregular lumps can be used (Figure 
1). The specimen dimensions and limits are clarified in detail 
in the methods published by the International Society for Rock 
Mechanics and Rock Engineering (ISRM, 1985) and American 
Society for Testing and Materials (ASTM, 1995).

In this study, block specimens were used. Blocks of 50 ± 
35 mm size are suitable for testing. The D/W ratio should be 
between 0.3 and 1.0. Rock failure should occur within 10–60 
seconds for the test to be considered valid. Valid and invalid 
failure modes are depicted in Figure 2 (ISRM 1985; ASTM 1995).  

Preferably, at least 10 tests should be done per sample. If the 
sample is heterogeneous or anisotropic, more tests can be done. 
After the test is completed, the uncorrected PLI is calculated as 
follows: 

[1]

where
P = failure load, N
De = equivalent core diameter = D for diametral tests, m
De

2 = D2 for cores, mm2

De
2 = 4A/π for axial, block, and irregular lumps, mm2

A = W × D minimum cross-sectional area of a plane through the 
platen contact points (Figure 1).

Is changes as the function of D in the diametral test and the 
function of De in the axial, block, and irregular lump tests. Thus, 
a size correction must be applied to obtain a unique point load 
strength value for the rock sample that can be used for rock 
strength classification. Therefore, the Is value should be corrected 
for a standard core diameter (D = 50 mm). The size correction 
can be calculated using the following formula: 

[2]

where
Is = Uncorrected point load strength value
F = Size correction factor.

F can be obtained from the expression: 

[3]

The average value of Is(50) should be calculated by discarding 
the two highest and two lowest values obtained from ten valid 
tests and by calculating the average of the remaining six values. 
If fewer samples are tested, only the highest and lowest values 
are discarded (ISRM 1985; ASTM 1995).

PLI test device
The most widely used (classical) PLI test devices consist of a 

Figure 1—Specimen dimensions and limits for (a) diametral test specimen, 
(b) axial test specimen, (c) block specimen, and (d) an irregular lump (ISRM, 
1985; ASTM, 1995) 

Figure 2—Failure modes for valid tests (a, b, c) and invalid tests (d, e) (ISRM, 
1985; ASTM, 1995) 
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loading system (hydraulic piston), loading (pressure) gauge, 
and conical platens (Figure 3). The 60° cone and 5 mm radius 
spherical conical platens should be used (Figure 4). The platens 
shall be of hard material (Rockwell 58 HRc) such as tungsten 
carbide or hardened steel (ISRM. 1985; ASTM. 1995) so they 
remain undamaged during testing. The use of non-standard 
conical platens causes the results of the test to differ from the 
actual value. If a conical platens’ tip has a spherical radius 
of more than 5 mm, it is expected the PLI will be higher than 
normal, otherwise, lower. The degree of influence is unknown 
and difficult to predict. 

To determine the degree of influence of the spherical radius 
of the conical platen, a modified PLI test device was used in this 
study to circumvent the well-known limitations and errors of the 
classical PLI test device (Figure 5). The modified PLI device was 
manufactured with the ability to perform computer-controlled 
automatic loading according to the test conditions and standards 
recommended by the ISRM (1985) and ASTM (1995). The 
loading process is computer-controlled to ensure that the conical 
platen is the only variable. Thus, discrete loading and the effect 
of the user are eliminated. Each rock sample was tested using 
three different conical platens, and the influence of the platen 
spherical radius on the PLI determined. 

Materials and method
The cone angle, spherical radius, and hardness of conical platens 

of 13 different PLI test devices were measured. The 60° cone 
and 5 mm spherical radius conical platens should be used in the 
PLI test method (ISRM, 1985; ASTM, 1995) and as shown in 
Figure 4. To control this, a simple mechanism was designed in 
the laboratory. The platens were placed on this mechanism so 
that the axis was horizontal and photographed from vertically 
above. The cone angles and the spherical radius values were 
measured by AutoCAD. Hardness values of the platens were 
measured with a hardness tester in the test device. The angle and 
hardness values, presented in Table I, were almost the same as, 
or very close to, the standard values. Therefore, it was decided to 
investigate how the spherical radius value affected the strength 
value. The PLI tests were carried on the 13 different test devices 
on the same seven rock samples. 

Seven different types of rocks were selected to represent 
a strength scale from low to high, and were supplied in the 
form of plates from various marble processing plants. Samples 
as homogenous as possible were selected (Table II). To avoid 
variations in the test results caused by depth, the specimens were 
prepared from the 30 mm thick plates obtained from the rock 
block in the horizontal direction (Figure 6). The specimens were 
prepared with the dimensions (50 × 50 × 30 mm) and volume 
(75 cm3) specified in ISRM (1985), taking into account their 
planar position. For each pair of conical platens, 10 specimens 
were prepared from each rock sample. Diagonal lines were drawn 
on the prismatic specimens to ensure loading at the midpoint 
(Figure 7).

To determine the effect of the spherical radius (r) of the 
conical platens on the PLI, the PLI tests were performed on the 

Figure 3—Example of a conventional PLI test device 

Figure 4—Platen dimensions suggested by the ISRM (1985) and ASTM (1995) 

Figure 5—The modified PLI test device (Akbay, 2018) 

   Table I

  The measured characteristics of the devices 
   Device No. Radius (mm) Cone angle (°) Hardness (HRc)

   1  5.8 60 63
   2  5.2 61 59
   3  2.2 60 53
   4  6.2 61 59
   5  4.4 63 56
   6  5.9 60 51
   7  5.6 60 64
   8  4.0 63 57
   9  5.6 60 61
   10  5.6 61 60
   11  5.0 60 58
   12  3.9 60 63
   13  5.4 61 62
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same samples in the modified device using three different pairs of 
conical platens with different spherical radius values (r = 3 mm, 
5 mm, and 5.5 mm) (Figure 8). The cone angle, spherical radius, 
and hardness values of the conical platens are given in Table III. 
The only difference between the conical platens was the spherical 
radius value. 

Results

Physical and mechanical properties of rock samples
The physical and mechanical properties of the rocks used in this 
study were determined according to the standards suggested by 
the ISRM and the Turkish Standards Institute (TSE). Unit volume 
weight (TS EN 1936 2010), water absorption percentage by 
weight (TS EN 13755 2014), apparent and total porosity (TS EN 
1936 2010), density (TS EN 1936 2010), seismic velocity (TS EN 
14579 2006), and uniaxial compressive strength (TS EN 1926 
2013) tests were performed in the laboratory. At least 10 samples 
were used in the tests and the results calculated by taking the 

arithmetic average of these 10 values. The results are given in 
Table IV. 

PLI tests on different test devices fitted with conical  
platens of different spherical radii 
PLI tests were carried out on different PLI test devices fitted 
with conical platens with different spherical radius values. 
The results are presented in Table V. The distribution of PLI 
values corresponding to the spherical radii was plotted and the 
relationships between them examined. Correlation coefficients 
of the relationships were determined by adding trend lines. 
There is no significant relationship between the PLI value and 
the spherical radius of the conical platen. However, when the 
situations where the spherical radius is smaller or greater than 
the standard value are evaluated separately, it is noticed that 
there are significant relationships between PLI and the spherical 
radius (Figures 9–15). The tests were carried out by the same 
operator and the test specimens were prepared from the same 
rock samples. This means the failure mechanism changes 
with radii less than or greater than 5 mm, but this change 
cannot be explained by the change in radius alone because the 
uncontrollable machine parameters and rock properties that affect 
the PLI value are ignored here. The correlation coefficients (r) are 
under 0.50 for the L-2 and M samples. This is probably due to 
geological defects in the rocks. 

   Table II

   Geological type and sources of the rocks used in the 
study 

   Sample  Sample code Type Source

   Limestone-1 L-1 Sedimentary Isparta
   Limestone-2 L-2 Sedimentary Isparta
   Limestone-3 L-3 Sedimentary Antalya
   Marble M Metamorphic Muğla
   Andesite A Igneous Isparta
   Granite G Igneous Aksaray
   Diabase D Igneous Kayseri

Figure 6—Preparation of specimen from the plates 

Figure 7—A group of specimens prepared for PLI tests 

Figure 8—Conical platens with different spherical radii 

   Table III

  Specifications of the conical platens 
   Platen code Radius (mm) Cone angle (°) Hardness (HRc)

   (a)  3.0 60 >58
   (b)  5.0 60 >58
   (c)  5.5 60 >58
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Effect of the conical platen’s spherical radius (r) on PLI 
value 
The PLI values obtained from the modified PLI test device are 
plotted against the radius values in Figure 16. It is seen that 
the PLI increases as the spherical radius increases. The slope 
values (mi) of the trend lines in Figure 16 were determined to 
ascertain by how much the PLI values for the various rock types 
were affected by the change in the spherical radius of the platen  
(Table III). The ratios of the PLI values obtained from the tests 
using different conical platens to the values obtained with the 
standard platen are given in Table VI. A 0.5 mm change (increase 

or decrease) in the radius of the conical platen changed the 
strength value of the rock by 4%. The slope values indicate that 
the change in the radius of the platen had the most effect on the 
PLI value of the G-coded sample, and the least on the M-coded 
sample. 

In the case of testing using conical platens with spherical 
radius values other than 5 mm, an equation is proposed to 
normalize the PLI values according to r = 5 mm (Equation [4]). 
The values obtained from the PLI tests and the normalized values 
are given in Table VII. Figure 16 shows a graph of the PLI values 
obtained from the tests using r = 5 mm platens corresponding 

d0: density; UVW: unit volume weight; WAW: water absorption percent by weight; AP: apparent porosity; TP: Total porosity; Vp: seismic velocity; sc: uniaxial compressive strength 

   Table IV

  Physical and mechanical properties of rock samples 
   Sample code                        d0 (g/cm3)                          UVW (g/cm3)  WAW (%) AP (%) TP (%)                     Vp (m/s)                    sc (MPa) 
 m SD m SD m m m m SD m SD

   L-1 2.770 0.007 0.124 0.053 0.343 0.148 0.484 6627 38 110.6 11.1
   L-2 2.851 0.009 1.173 0.119 3.183 0.313 4.788 5456 688 103.9 12.3
   L-3 2.734 0.005 2.375 0.290 6.081 0.720 9.311 5038 451 64.2 10.8
   M  2.725 0.002 0.076 0.015 0.206 0.040 0.440 6144 723 72.1 5.0
   A  2.608 0.002 3.281 0.297 7.552 0.632 11.704 4875 91 102.4 11.5
   G  2.673 0.005 0.218 0.004 0.576 0.011 1.082 5367 156 154.0 8.6
   D  2.994 0.012 0.656 0.076 1.902 0.204 3.011 5101 152 144.5 15.8

   Table V

  PLI values obtained from test devices fitted with conical platens with different spherical radius values 
   Device no. Radius (mm) L-1 L-2 L-3 M A G D

   1  5.8 4.33 2.87 3.96 3.04 6.69 6.75 8.26
   2  5.2 3.08 2.35 2.83 2.72 4.64 5.82 6.92
   3  2.2 3.11 2.53 3.01 2.77 4.59 5.47 6.7
   4  6.2 5.1 4.95 4.56 3.59 7 8.08 9.1
   5  4.4 3.59 3.45 3.79 2.76 5.71 6.38 7.25
   6  5.9 4.34 3.17 4.73 3.79 7.44 8.04 9.21
   7  5.6 3.9 3.85 4.03 2.2 6.23 7.36 8.44
   8  4.0 3.18 2.37 3.98 2.4 5.16 5.55 7.14
   9  5.6 4.78 3.51 3.87 3.29 6.42 7.01 8.74
   10  5.6 4.74 4.58 4.44 3.52 7.06 7.53 8.76
   11  5.0 3.55 3.97 3.26 3.08 4.55 5.98 6.05
   12  3.9 4.08 3.15 3.72 2.92 5.76 6.05 7.58
   13  5.4 3.82 2.79 4.26 2.63 4.89 5.9 7.71
   Average 4.99 3.97 3.35 3.88 2.98 5.86 6.61 7.84

Figure 9—PLI values of sample L-1 vs. spherical radius of conical platen Figure 10—PLI values of sample L-2 vs. spherical radius of conical platen 
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with the normalized PLI values from the tests using r = 3 mm and 
r = 5.5 mm platens. The PLI values using platen r = 5 mm and 
normalized PLI values using platens r = 3 mm and r = 5.5 mm 
were examined and a strong linear relationship was determined 
between them. 

[4]

where
Is(50)rs =  Normalized PLI value according to spherical radius r =  

5 mm, MPa

Is(50)ri =  PLI value for spherical radius r ≠ 5 mm (r < 5 mm or r >  
5 mm), MPa

ri = Spherical radius value of conical platen, mm

In this study, each conical platen was used to break 70 rock 
specimens. The cone angle, spherical radius, and hardness of 
the conical platens were measured both before and after the 
tests. Table VIII show that there was no change in the measured 
properties of the conical platens.

Conclusions
PLI tests were carried out on the same rock samples using 
different test devices fitted with conical platens with different 

Figure 11—PLI values of sample L-3 vs. spherical radius of conical platen 

Figure 12—PLI values of sample M vs. spherical radius of conical platen 

Figure 13—PLI values of sample A vs. spherical radius of conical platen 

Figure 14—PLI values of sample G vs. spherical radius of conical platen 

Figure 15—PLI values of sample D vs. spherical radius of conical platen 

Figure 16—PLI values obtained from the modified PLI test device vs. 
 spherical radius of conical platen 
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spherical radii. There is no overall significant relationship 
between the PLI value and the spherical radius of the conical 
platen, but there are relationships between PLI and radius when 
radii of less than 5 mm and greater than 5 mm are considered 
separately. This indicates that the failure mechanism of the 
specimens changes, but this change cannot be explained by the 
radius alone, because there are variations in machine parameters 
and rock properties. 

PLI tests were carried out on the same rock samples using 
a modified PLI test device, which is computer-controlled to 
eliminate the human factor (the loading is automatic), using 
three different pairs of conical platens with different spherical 
radii (3 mm, 5 mm, and 5.5 mm), to determine the effect of 
the spherical radius (r) of the conical platens on the PLI. The 
main conclusion arising from this study is that the PLI value 
increases as the spherical radius of the conical platen increases, 
but it is very difficult to determine the rate of this change. As the 
spherical radius decreases, the conical platen easily penetrates the 
rock sample and a lower PLI value is measured. As the r-value 
increases, the surface area of the platen in contact with the 

sample increases and the platen encounters greater resistance, 
thus the PLI value measured is higher than the actual value. 
When the radius of the platen becomes too large (contact area), 
the system switches from point load strength to compressive 
strength, because the load is applied to an area rather than a 
point, and the test then loses its validity. 

Each ±0.1 mm change in radius value caused a change 
of ±0.8% in the value of the PLI according to the direction of 
change. 

In the case of tests using conical platens with spherical radius 
values different from 5 mm, an equation is proposed to normalize 
the PLI values with respect to r = 5 mm.

The results of this study can be interpreted easily as slightly 
worn platens do not appear to alter the data significantly, 
especially when the data scatter due to different rock types is 
considered.

Breaking of a total of 210 rock samples did not cause any 
significant wear or damage to the conical platens in this study. 
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   Table VII

  Comparison of uncorrected and normalized PLI values 
   Sample code                                  r = 3 mm   r = 5 mm                                               r = 5.5 mm 
 Is(50) (MPa) Is(50)r5 (MPa) Is(50) (MPa) Is(50) (MPa) Is(50)r5 (MPa)

   K-1 3.13 3.63 4.22 4.32 4.15
   K-2 2.23 2.59 2.76 3.15 3.02
   K-3 3.55 4.12 4.14 4.21 4.04
   M  3.04 3.53 3.31 3.48 3.34
   A  5.27 6.11 5.77 5.85 5.62
   G  5.63 6.53 6.96 7.05 6.77
   D  7.13 8.27 8.25 8.31 7.98

Is(50): point load strength index; mi: slope value; r: spherical radius of conical platen 

   Table VI

  PLI results obtained from tests performed with different conical platens, and slope values obtained from Figure 16 
   Sample code                                           r = 3 mm  r = 5 mm                                           r = 5.5 mm  Slope value (mi) 
 Is(50)  Difference Is(50) (MPa) Is(50) Difference (%) 
 (MPa) compared to r = 5 mm (%)  (MPa) compared to r = 5 mm

   K-1 3.13 -25.8 4.22 4.32 2.3 0.496
   K-2 2.23 -19.2 2.76 3.15 12.4 0.339
   K-3 3.55 -14.3 4.14 4.21 1.7 0.273
   M  3.04 -8.2 3.31 3.48 4.9 0.164
   A  5.27 -8.7 5.77 5.85 1.4 0.237
   G  5.63 -19.1 6.96 7.05 1.3 0.596
   D  7.13 -13.6 8.25 8.31 0.7 0.497

Is(50): point load strength index; Is(50)r5: normalized point load strength index according to r = 5 mm; r: spherical radius of conical platen 

   Table VIII

   Specifications of conical platens before and after the 
tests

   Platen code  Before    After   
 r (mm) A (°) H (HRc) r (mm) A (°) H (HRc)

   (a) 3.0 60 >58 3.0 60 >58
   (b) 5.0 60 >58 5.0 60 >58
   (c) 5.5 60 >58 5.5 60 >58

r: spherical radius; A: cone angle; H: Rockwell hardness
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Local magnitude calibration of seismic 
events in the West Rand, Far West 
Rand, and Klerksdorp–Orkney–
Stilfontein–Hartebeesfontein gold 
mining areas
by M.B.C. Brandt

Synopsis
Richter magnitudes for seismic events were calibrated for use as a Local magnitude scale in the West 
Rand (WR), Far West Rand (FWR), and Klerksdorp–Orkney–Stilfontein–Hartebeesfontein (KOSH) 
gold mining areas. Richter magnitudes are currently calculated from seismograms recorded by local 
surface cluster networks using tabulated calibration values for Southern California, published in 1958. 
The Richter (1958) model is incorrect for distances of less than 30 km and should be applied only 
to crustal earthquakes in regions with similar attenuation properties to those of Southern California. 
When compared to the South African National Seismograph Network (SANSN), the cluster networks, 
on average, overestimate seismic event magnitudes by approximately 0.1 of a magnitude unit. A 
calibrated Local magnitude scale was derived by means of a multiple regression analysis between the 
Local magnitudes reported by the SANSN and the largest zero-to-peak trace amplitudes measured on 
the cluster network horizontal seismograms, after modelling the attenuation of the seismic waves as 
these progress from the epicentre to the station position. Magnitudes reported by individual stations 
for the same event show a significant scatter around the average magnitude owing to the near-surface 
amplifications of the seismic waves at the recordings sites. Average magnitude should be estimated 
using as many magnitudes of individual stations as possible to ensure an accurate estimate. Larger 
event magnitudes should be compared with those recorded by the SANSN.

Keywords
Richter magnitude, local magnitude calibration, seismic event, Witwatersrand Basin.

Introduction
Magnitude in seismology is a concept that describes the size of a seismic event based on instrumental 
measurements of some kind. The first magnitude scale was introduced by Richter (1935) for Southern 
California, USA. This scale only requires the location of the seismic event to be known and the ground 
motion amplitudes to be recorded by a standard Wood-Anderson seismograph. The maximum zero-
to-peak trace amplitudes of the earthquake signals are measured on both horizontal-component 
seismograms (NS and EW) and the magnitude is calculated using the greater of the two measurements. 
Richter (1935) quantified the scale as follows: ‘The magnitude of any shock is taken as the logarithm 
of the maximum trace amplitude, expressed in microns, with which the standard short-period torsion 
seismometer... would register that shock at an epicentral distance of 100 km.’ 

To calculate magnitudes for other distances, Richter (1958) provided tabulated attenuation 
corrections (calibration values) for distances from 0–600 km, assuming a focal depth of 18 km. 
Accordingly, Richter magnitude ML is calculated using the equation:

[1]

where Amax is the largest measured zero-to-peak trace amplitude in millimetres on a Wood-Anderson 
recorded horizontal seismogram, A0 represents the trace amplitudes in millimetres from an earthquake 
of ML=0, and –log10(A0) represents the tabulated calibration values (Richter, 1958). Hutton and Boore 
(1987) derived the following parametric equation for the calibration values:

[2]

where R is the hypocentral distance in kilometres. 
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In Equation [2], the largest trace amplitude is measured in 
nanometres on a synthetic seismogram recorded by a modern 
horizontal-component seismograph. The seismogram is filtered so 
that the response of the seismograph and filter system replicates 
that of a standard Wood-Anderson seismograph, but with a static 
1 × magnification. Modern synthetic seismograms more closely 
resemble the signal recordings than the actual standard Wood-
Anderson seismograph because the manufacturer specifications 
for magnification published in the 1930s were found to be 
inaccurate (Uhrhammer and Collins, 1990). 

Standard Equation [2] should be used when calculating 
Richter magnitudes for crustal earthquakes in regions with 
attenuation properties similar to those of Southern California. 
For regions with different attenuation properties, the standard 
equation is of the form:

[3]

where Amax and R are the same as in Equations [1] and [2] 
and where C(R) and D need to be calibrated to adjust for the 
different regional attenuation. The maximum amplitude may be 
measured on a vertical-component seismogram after adjusting 
for any systematic differences between the amplitudes recorded 
by the horizontal seismographs and the vertical seismographs 
(Bormann, 2012).

The South African national geological survey (the Council for 
Geoscience) is mandated to operate the South African National 
Seismograph Network (SANSN). A calibrated Richter magnitude 
scale, referred to as a Local magnitude scale, was derived using 
vertical-component seismographs for the SANSN (Saunders et al., 
2008; 2012):

[4]

where A0 and R are the same as before. Vertical-component 
maximum amplitudes were selected for continuity because, until 
the 1990s, the SANSN comprised mostly vertical-component 
seismometers. Dissimilarities in the coefficients for log10(R) 
and R in Equations [2] and [4] reflect the different attenuation 
properties between Southern California and South Africa. 

In addition to the SANSN, the Council for Geoscience also 
operates cluster networks of dense local, surface stations within 
the Far West Rand (FWR), West Rand (WR), Central Rand, and 
the Klerksdorp–Orkney–Stilfontein–Hartebeesfontein (KOSH) gold 
mining areas. The magnitudes reported by the cluster networks 
have not yet been calibrated. Richter magnitudes are currently 
calculated using Equation [1] and the tabulated values of Richter 
(1958) for Southern California. This causes discrepancies 
between the Local magnitudes reported by the SANSN and 
Richter magnitudes reported by the cluster networks. On average, 
the cluster networks overestimate seismic event magnitudes 
by approximately 0.1 of a magnitude unit. The seismograms 
recorded by the stations of the cluster networks are automatically 
processed and manually re-analysed using Antelope 5.4 
software (2018). This software calculates Richter magnitudes 
with the largest zero-to-peak trace amplitudes measured on the 
horizontal-component seismograms with Equation [1], identical 
to the original method of Richter (1935). The calibration values 
in Equation [4] for the vertical-component seismograms of the 
SANSN that resemble a synthetic Wood-Anderson seismograph 
with a static magnification 1 × can therefore not be simply 
transferred to the cluster network. 

The purpose of this article is to derive tabulated calibration 
values for log10(A0) in Equation [1] for the cluster network 
horizontal components such that, on average, the Local 
magnitudes reported by the cluster networks have the same 
sizes as those reported by the SANSN. This will be accomplished 
by means of a multiple regression analysis between the Local 
magnitudes reported by the SANSN, the largest zero-to-peak 
trace amplitudes measured on the cluster network horizontal 
seismograms, where –log10(A0) is modelled using Equation [3] 
and where C(R) + D have the same respective variables as in 
Equation [2].

Richter magnitudes currently reported by surface mine 
cluster networks
The Council for Geoscience operates three mine surface 
cluster networks, and the event origin times, epicentres 
and magnitudes may be obtained from the web page 
<http://196.38.235.147:8070/livemines/>. The mine and 
environmental water management programme (MEWMP) 
network consists of ten stations across the West, Central, and 
East Rand. The purpose of this network is to monitor seismicity 
that may be linked to the ingress of water into abandoned mines 
in and around the City of Johannesburg. The FWR network 
comprises 11 stations situated in the Carletonville region. The 
network was installed as part of a research project initiated 
by the Japanese International Cooperation Agency. The KOSH 
network consists of 19 stations installed in the Klerksdorp–
Orkney–Stilfontein–Hartebeesfontein region, as part of a project 
sponsored by the Mine Health and Safety Council. 

The positions of stations and the seismic events for the 
period 1 January 2019 to 19 June 2020 used in this study are 
shown in Figures 1 and 2. The tight clustering of seismic events 
detected by both the SANSN and the surface cluster network is an 
artefact of the event density; in other words, most of the events 
were located at the centre of the cluster. The Richter magnitudes 
in Figures 1 and 2 were calculated by means of Antelope 5.4 
software (2018) using Equation [1] and the calibration values for  
log10(A0), listed in Table I. The calibration values in Table I, as 
well as those for Equations [2] and [4], are graphically depicted 
in Figure 3. Richter’s equation for the tabulated calibration 
function –log10A0(D) in Table I is derived (Figure 3) by means 
of a multiple regression analysis for an equation with the same 
variables as Equation [2]:

[5]

R2 is the goodness-of-fit measure where 0 <R2 <1 for the 
linear regression model, and 1 indicates a perfect fit. 

There is a significant offset between the constant value 0.787 
and the constants –2.09 and –2.04 in Equation [2] (Hutton 
and Boore, 1987) and Equation [4] (Saunders et al., 2012), 
respectively. This is because Richter (1935) measured the 
largest trace amplitude in millimetres as recorded by a standard 
Wood-Anderson seismograph, whereas modern simulated 
Wood-Anderson seismograms have a static amplification of × 
1. Unit amplification implicitly means that true ground motion 
amplitudes in nanometres are measured for the recorded 
frequency range. Hutton and Boore (1987) updated the 
coefficients for log10(R) and R in Equation [2] and determined 
that Richter’s (1958) calibration values for near distance D  
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<30 km are incorrect (Figure 3). Bakun and Joyner (1984) drew 
the same conclusion for near-distance weak events recorded 
in Central California. Richter’s 1958 calibration values causes 
magnitude estimates from nearby stations to be smaller than 
those from more distant stations (Bormann, 2012). Hutton 
and Boore (1987) further suggested deriving calibration values 
based on a shallow focal depth of 0 km for crustal earthquakes, 
as values measured in this way provide a better fit than those 
calculated using the 18 km focal depth proposed by Richter 
(1958).

An orthogonal regression between 256 Local magnitudes 
reported by the SANSN (Saunders et al., 2012) and the Richter 
magnitudes reported by the surface cluster networks (Richter, 
1958) in Figure 3 produces the equation:

[6]

where R2 is defined as before. The cluster networks, 
on average, overestimate seismic event magnitudes by 
approximately 0.1 of a magnitude unit. Even though the 
goodness-of-fit is high and the 95% confidence level indicates a 
credible match, the scatter of the magnitudes around the best fit 
orthogonal relation is significant. The scatter is investigated in 
the histograms and bar graph in Figures 5 and 6. The differences 
between the Richter magnitudes observed by individual stations 
of the cluster networks and the average Richter magnitudes 
calculated for the respective seismic events have a standard 
deviation of 0.56 (Figure 5). The frequency bar graph in Figure 
6 for stations with magnitude differences of more than 0.56 
revealed incorrectly calibrated stations AGRI and ELND. The 
magnitude differences, excluding recordings from stations AGRI 
and ELND, have a standard deviation of only 0.48. The rejected 
magnitudes reported by AGRI and ELND cause the distribution of 

Figure 2—Map of seismograph stations around the KOSH area. The stations are depicted by nineteen triangles. Station codes are listed in orange. Blue dots rep-
resent events from 2019 01 01 to 2020 06 19 located by the cluster network in the KOSH area and red dots represent events that were also detected by the SANSN. 
Events outside the mining area that were rejected from this study are greyed out. Mines are delineated by thick, black lines and the Vaal River is depicted by a thin 
grey line

Figure 1—Map of seismograph stations around the WR and FWR and the western part of the Central Rand gold mining areas. Eleven triangles depict the stations 
of the FWR cluster network and eight triangles depict the WR and western Central Rand’s stations of the MEWM cluster network. Station codes are listed in 
orange. Blue dots represent events from 2019 01 01 to 2020 06 19 located by the two cluster networks in the WR and FWR, and red dots represent events that were 
also detected by the SANSN. Events outside the mining areas that were rejected from this study are greyed out. Mines are delineated by thick, black lines
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the histogram to become more symmetrical in regard to positive 
magnitude differences, especially for those >0.6. However, 
magnitude differences <0.6 also decrease, indicating that stations 
AGRI and ELND were not malfunctioning throughout the whole 
study period. Hence, for the remainder of this article, only 
observations where the Richter magnitude difference is <0.56 will 
be used.

Next, we investigate whether the finding by Hutton and 
Boore (1987) and by Bakun and Joyner (1984), that Richter’s 
(1958) calibration values for near distance D <30 km in 
California are incorrect, can be extrapolated to the WR, FWR, 
and KOSH mining areas. To accomplish this we plot the Richter 
magnitude differences (<0.56) as a function of distance in Figure 

7. A comparison between the Richter magnitude differences 
and the residual values between –log10A0(D) in Table I and 
Richter’s equation (Figure 3) confirms that Richter’s (1958) 
calibration values are indeed also incorrect for the WR, FWR, 
and KOSH mining areas for near distances. We conclude that 
the calibration values for log10(A0) should be modelled with 
Equation [3], where C(R) + D have the same respective variables 
as in Equation [2]. However, calculating Richter magnitudes 
with incorrect calibration values for near distances of D <30 km 
is not the only cause of the large scatter in magnitudes around 
the best fit orthogonal relation in Figure 4 and the large scatter 
in the histogram of Richter magnitude differences (Figure 5). 
The rapid changes of the nine-point running average window 

   Table I

   Interpolated tabulated calibration function –log10A0(Δ) to calculate Richter magnitudes using Antelope 5.4 software  
(2018). The classical values derived by Richter (1958) are shown in bold. A0 represents the maximum horizontal trace 
amplitudes in millimetres recorded by a standard Wood-Anderson seismometer from an earthquake of ML=0 at an 
epicentral distance of Δ km

   Δ (km) –log10A0(Δ)  Δ (km) –log10A0(Δ)  Δ (km) –log10A0(Δ) Δ (km) –log10A0(Δ)

   0  1.4 95 3.0 270 3.9 450 4.6
   5  1.4 100 3.0 280 3.9 460 4.6
   10  1.5 110 3.1 290 4.0 470 4.7
   15  1.6 120 3.1 300 4.0 480 4.7
   20  1.7 130 3.2 310 4.1 490 4.7
   25  1.9 140 3.2 320 4.1 500 4.7
   30  2.1 150 3.3 330 4.2 510 4.8
   35  2.3 160 3.3 340 4.2 520 4.8
   40  2.4 170 3.4 350 4.3 530 4.8
   45  2.5 180 3.4 360 4.3 540 4.8
   50  2.6 190 3.5 370 4.3 550 4.8
   55  2.7 200 3.5 380 4.4 560 4.9
   60  2.8 210 3.6 390 4.4 570 4.9
   65  2.8 220 3.65 400 4.5 580 4.9
   70  2.8 230 3.7 410 4.5 590 4.9
   80  2.9 240 3.7 420 4.5 600 4.9
   85  2.9 250 3.8 430 4.6 
   90  3.0 260 3.8 440 4.6

Figure 3—Richter’s equation (Equation  [5]) (thick solid curve, scale on the left axis) for the tabulated calibration function –log10A0(Δ) in Table I (dots) derived by 
means of a multiple regression analysis for a model with the same respective variables as in Equation [2]. Residual values between –log10A0(Δ) in Table I and Rich-
ter’s equation are shown as thin dotted lines with scale on the right axis. This is compared to Equation [2] (Hutton and Boore, 1987), displayed as a short dashed 
curve and Equation [4] (Saunders et al., 2012), shown as a long dashed curve. Equations [2] and [4] are normalised to –log10A0(Δ) = 3 at 100 km distance for direct 
comparison with Equation [5]. Distances between zero and 65 km are enlarged at the bottom right
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Figure 4—Local magnitudes in the WR, FWR, and KOSH areas reported by the SANSN (Saunders et al. 2012) as a function of Richter (1958) magnitudes reported by 
the surface cluster networks (dots). The seismic events plotted in this graph correspond to the red dots on the maps in Figures 1 and 2. The equation at the top fits 
the magnitudes by means of an orthogonal regression (thick line) with goodness-of-fit of 0.93 where the dashed curves represent the 95% confidence interval. This 
is compared with a linear regression (thin line)

Figure 6 – Frequency of the stations (see maps in Figures 1 and 2, and Figure 5) with magnitude differences >0.56

Figure 5—Histogram of the differences between Richter magnitudes observed by individual stations of the cluster networks and the average Richter magnitude 
calculated for the respective seismic events. The 23 583 magnitude differences used in this study (blue bars) have a standard deviation of 0.56. The 21 737 magni-
tude differences, excluding recordings from stations AGRI and ELND (red bars – and also see Figure 6) have a standard deviation of 0.48
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between about –0.18 and +0.1 at distances of 47 km, 51 km, 55 
km and 59 km in Figure 7 indicate that neighbouring stations 
have observed significantly different magnitudes for the same 
seismic event. These rapid changes are not visible at shorter 
distances owing to the many observed magnitudes that plot on 
top of one another, but which probably also exist. These rapid 
changes provide evidence of near-surface amplifications where 
a seismometer has not been installed on competent bedrock. 
Bormann (2012) reports that the closely spaced stations of a 
seismic array may measure relative amplifications to one another 
in ground amplitudes of 10 to 30 times when installed on soft 
soil such as alluvium. Security is the primary criterion for the 
selection of a site to install a seismograph station in a mining 
area as a result of the high risk of theft or vandalism. Many 
of the seismometers are therefore not installed on competent 
bedrock, thus providing the option of relocating a station if the 
security situation worsens or if the host mine or landowner 
closes or suspends operations. However, magnitude differences 

of >0.56 are likely the result of equipment malfunction or 
processing errors. Antelope 5.4 software (2018) rejects outliers 
when calculating the average magnitude, and weighs individual 
magnitude observations according to the signal-to-noise ratio of 
the maximum measured amplitude.

Local magnitude calibration
Calibration values for –log10(A0) in Equation [1] for the cluster 
networks are derived by means of a multiple regression analysis 
between the Local magnitudes reported by the SANSN, ML, and 
the largest zero-to-peak trace amplitudes measured on the cluster 
network horizontal seismograms, Amax, and are shown in Figure 
8, with the tabulated values in Table II. The attenuation of the 
seismic waves as these progress from the epicentre to the station 
position is modelled with Equation [3] and where C(R) + D have 
the same variables as in Equation [2]. Values for Amax, where the 
Richter magnitude difference in Figure 5 is >0.56, were excluded 
from the analysis. 

Figure 7—Differences between Richter magnitudes observed by individual stations of the cluster networks and the average Richter magnitude calculated for the 
respective seismic events as a function of distance (blue dots). Red dots represent a nine-point running average window of the magnitude differences and are 
compared to the residual values between –log10A0(Δ) in Table I and Richter’s equation (Figure 3), which is depicted as thin dotted lines. Richter magnitude  
differences of more than 0.56 have been excluded from the graph

Figure 8—Newly derived calibration function –log10A0(Δ) (red curve), specified in Equation {7] derived by means of a multiple regression for –log10A0(Δ) = ML – 
log10(Amax) (blue dots) for a model with the same variables as in Equation [2]. The average values of –log10A0(Δ) in 5 km bins are shown as large, red dots and 
Richter’s (1958) tabulated values, listed in Table I, as large, orange dots. This is compared with Equation [4] (Saunders et al., 2011), shown as a red, long dashed 
curve. The constant in Equation {4] was adjusted for an optimum least-squares fit to the values of –log10A0(Δ)
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The derived equation is:

             [7]

where distance 0 <D <60 km and R2 indicates a poor fit to the 
large scatter of the values for –log10A0(D) = ML – log10(Amax) 
around the model. The poor fit is unsurprising, given the 
large scatter of the magnitudes around the best fit orthogonal 
(Equation [6]) in Figure 4 and the large scatter in Richter 
magnitude differences (within one standard deviation of 0.56) 
in Figure 5. However, the average values of –log10A0(D) in 5 km 
bins (Figure 8) compare well with Equation [7] except for the 40 
km bin, which may indicate a significant near-site amplification 
at that distance station compared to most of the seismic events. 
This shows that good estimates of Local magnitudes by the 
cluster networks are possible if outliers are rejected and a 
sufficient number of measurements with appropriate weights for 
signal-to-noise ratios are averaged, as is currently the practice 
with Antelope 5.4 software (2018). Most of Richter’s (1958) 
tabulated calibration values are adjusted downward to account 
for the magnitude overestimate of approximately 0.1 of a unit 
established in Equation [6] when taking the incorrect model into 
consideration. This is as expected, since seismic waves show 
less attenuation with distance in South Africa than is the case 
in Southern California (Brandt, 2015). The largest adjustment is 
made at the epicentre, at 0 km distance, in line with the proposal 
by Hutton and Boore (1987) to derive calibration values for 
a surface focal depth of 0 km for shallow events as these will 
provide a better fit for crustal events. This is especially relevant 
in respect of mine seismic events, where the typical focal depth 
is 2 km (Brandt, 2014). The newly derived calibration values are 
similar to those in Equation [4] (Saunders et al., 2012) when 
adjusted for the constant difference between amplitudes recorded 
by horizontal seismographs and vertical seismographs.

Discussion and conclusions
Tabulated calibration values –log10(A0) were derived for the 
cluster network horizontal components, such that the Local 
magnitudes reported by the cluster networks on average have 
the same sizes as the Local magnitudes reported by the SANSN. 
This is an improvement on the current situation where the cluster 
networks, on average, overestimate seismic event magnitudes by 
approximately 0.1 of a magnitude unit.

The large scatter in magnitudes reported by individual 
stations for the same event is accounted for by the near-surface 
amplifications of the seismic waves at the recording sites. 
Antelope 5.4 software (2018) does not allow for the application 
of static corrections to the magnitudes of an individual station 
to compensate for its systematic over- or underestimation 
in comparison to the average magnitude of an event. The 
software was selected for its ability to automatically locate large 
numbers of mining events and to undertake a quick magnitude 
assessment. This is followed by manual re-analysis with a 
user-friendly graphical interface and is suitable for processing 
a large number of events. Even if it were possible to apply a 
static correction this would not be practical, because stations are 
re-located if the security at a site deteriorates. Hence, average 
magnitudes should be calculated from as many as possible 
individual stations to ensure the best possible magnitude 
estimates.

Magnitudes for larger events recorded by both the SANSN 
and cluster networks should be compared to one another. The 
seismometers of the SANSN are installed on bedrock inside high-
quality vaults at sites with low background noise. The SANSN 
estimates of magnitudes for larger events should therefore be 
more accurate than those reported by the cluster networks.
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   Table II

   Newly derived tabulated calibration function – 
log10A0(Δ) obtained from Equation [7] in Figure 8,  
which was derived by means of a multiple regression 
analysis. Change reflects the adjustment made to 
Richter’s (1958) tabulated calibration function –
log10A0(Δ) listed in Table I

   Δ (km) –log10A0(Δ) Change  Δ (km) –log10A0(Δ) Change

   0  0.55 –0.85 35 2.09 –0.21
   5  1.16 –0.24 40 2.18 –0.22
   10  1.45 –0.05 45 2.26 –0.24
   15  1.64 0.04 50 2.33 –0.27
   20  1.78 0.08 55 2.41 –0.29
   25  1.90 0.00 60 2.48 –0.32
   30  2.00 –0.10
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Comparison of normalized and non-
normalized block caving comminution 
models
by R. Gómez1, R. Castro2,3, F. Betancourt1, and M. Moncada1 

Synopsis
In block cave mining, rock fragmentation is a key parameter that influences the production level design 
and mine planning. Fragmentation occurs mainly by natural breakage during the caving process and in 
the draw column. The breakage that occurs within the column is known as secondary fragmentation. 
Secondary fragmentation has been successfully described using the block caving comminution model, 
which replicates the fragmentation mechanics between particles under drawn and vertical loads in a draw 
column. This model is based on a kinetic and population balance approach, in which non-normalized 
and normalized assumptions can be used depending on material and comminution system behaviour. In 
this paper, the non-normalized and normalized approaches are applied and compared to laboratory data 
to determine which assumption should be used for secondary breakage in block caving. Approaches are 
compared graphically, with the mean square error and the Fisher test with a false-rejection probability 
of 0.05. Based on a statistical analysis, the results show that the normalized model can be applied to all 
the rock types tested.

Keywords
block caving, breakage, comminution, mass balance, secondary fragmentation, modelling.

Introduction 
The block caving method has been widely used in the mining industry for over 30 years. In this process, 
three stages can be identified: in-situ fragmentation, and primary and secondary fragmentation. The 
rock size obtained after secondary fragmentation has a strong influence on design stages, ore extraction 
and haulage, and mineral processing (Laubscher, 1994, 2000; Eadie, 2003; Brown, 2004). Particularly, 
in cave mining, the process is also influenced by the geometry of draw zones, which defines the 
drawpoint spacing, draw control, rate of draw, and secondary breakage (Laubscher 1994; Kurniawan 
and Setyoko, 2008). During ore draw, the rock fragment size can cause operational problems such as 
hangups, oversized material, fine material migration, inrush of fines, and mudrush events. These are 
some of the main reasons to study and estimate the rock fragmentation in block caving mines.

During block caving, fragmentation of the ore column occurs mainly by natural breakage induced 
by mining or by blasting applied in the base of the ore column from the undercut level or production 
level (Paredes et al., 2020 ). Additionally, preconditioning can be used to create new fractures or expand 
existing ones by hydraulic fracturing, confined blasting, or both. However, the fragmentation of the ore 
occurs mainly during caving and ore draw.

Fragmentation takes place in three stages. in-situ fragmentation is the natural fragmentation in the 
rock mass prior to mining activity, and which can be modified using preconditioning (Brzovic et al., 
2016). Primary fragmentation occurs during caving, where the rock around the cave back is fragmented 
and then falls. Secondary fragmentation occurs in the broken column during draw and is the last stage 
of fragmentation before extraction at the drawpoint. In this stage the rock fragmentation is due mainly 
to compression and abrasion (splitting and attrition). Some authors also include impact fragmentation, 
which is highly influenced by the air gap height, as a mechanism of secondary fragmentation 
(Laubscher, 2000; Brown 2004; Pierce, Weatherley, and Kojovic, 2010; Dorador, 2016).

The breakage of the granular material under stress depends on various factors such as particle 
size distribution (PSD), particle shape, the state and trajectory of effective stresses, void ratio, material 
strength, presence of water, and extraction rate (Hardin, 1985; Brown, 2004; Liu et al., 2018). Among 
these factors, strength is one of the most relevant. Low rock strength implies early breakage of the 
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rock block under a stress arch (Laubscher, 2000). Conversely, 
increasing strength decreases the amount of fragment breakage 
under a given stress (Lade, Yamamuro, and Bopp, 1996). 
Similarly, for an individual block, it is well known that strength 
decreases as size increases (Brady and Brown, 2004; Cundal, 
Pierce, and Mas Ivars, 2008). Particularly in block caving, 
where large volumes of rock are common, rock strength is 
a consequence of the intact rock strength, the presence of 
discontinuities, and the deformation capacity (Brady and Brown, 
2004). Dorador (2016) observed that rock strength has more 
influence on fragmentation than parameters such as shape and 
size distribution. On the other hand, it has been reported that the 
strength ratio between large and small blocks plays an important 
role in crushing (McDowell and Bolton, 1998; Wood and Maeda, 
2008). Furthermore, strength has been shown to decrease in 
the presence of moisture, as seen during crushing tests on 
individual particles (Manso, Marcelino, and Caldeira, 2021). An 
explanation for this phenomenon is that the infiltration of water 
into microcracks increases the pressure on the rock, facilitating 
its rupture (Miura and Yamanouchi, 1975; Lee and Farhoomand, 
1967; Lee and Coop 1995).

In terms of material shape, angular particles suffer greater 
breakage than rounded or cubic ones of equal size and under 
similar levels of stress (Lee and Farhoomand, 1967; Dorador, 
2016). This behaviour is explained by the load concentration in 
small areas of the particles, increasing the stress and facilitating 
fracture (Lade, Yamamuro, and Bopp, 1996). Another possible 
explanation is that angular particles fracture preferentially by 
abrasion (breaking of the edges), while rounded ones fracture by 
compression, presenting a greater apparent resistance (Nakata et 
al., 1999).

Breakage is also affected by fine material transported through 
the extraction column via the voids between the larger blocks, 
with fines more concentrated towards the base of the mineral 
column (Hashim, Sharrock, and Saydam, 2008; Dorador et al., 
2014). This fine material imparts a cushioning effect to the coarse 
material, thus reducing the degree of breakage (Brown, 2004). 
Such a phenomenon occurs because the presence of fine material 
prevents direct contact between coarse blocks, increasing the 
number of contacts and reducing their probability of breakage by 
avoiding a high concentration of stresses in a small area of the 
block (McDowell, 2002).

The extraction rate determines the residence time of a block 
in the column of broken material. Increasing the extraction rate 
decreases the magnitude of the shear stresses, thus reducing 
fragmentation (Sainsbury, 2010). At low extraction rates, 
fracturing of the material depends on the effective time during 
which it is under stresses associated with caving and/or under 
arc conditions (Laubscher, 2000). Another relevant aspect in 
fragmentation is material transport through the ore pass. The 
impact of the distance travelled during transfer through the 
ore pass has been quantified – Landriault (2001) cites a 78% 
decrease in the average size (d50 after travelling 257 m. A similar 
result was obtained in Brunswick and Kidd Creek mines, where 
the maximum particle size was reduced by 50% after travelling 
300 m of vertical distance (Yu, 1989).

Various models can be used to estimate the fragmentation in 
block caving, in particular the secondary fragmentation reported 
as the final fragmentation at the drawpoint (e.g. Merino, 1986; 
Nicholas and Srikant, 2004; Esterhuizen, 2005; Pierce, 2009; 
Rogers et al., 2010 ; Dorador, 2016; Gómez et al., 2017). The 

Block Cave Fragmentation (BCF) Model (Esterhuizen, 2005) 
is probably the most widely used in industry. This approach 
estimates primary and secondary fragmentation based on 
empirical rules. The REBOP (Rapid Emulation based on PFC) 
secondary fragmentation model is based on Bridgewater’s 
attrition model (Bridgewater et al., 2003 ). Srinkant and 
Rachmandl (2004) combined CoreFrag2 (to estimate primary 
fragmentation) and BCF (for secondary fragmentation), 
obtaining good results in medium and coarse sizes (d50 and 
d80). Dorador (2016) divided the broken column into a far field, 
characterized by plug flow, and a near field, characterized by 
mixed flow, to estimate secondary fragmentation. In the Block 
Caving Comminution Model (Gómez et al., 2017), the rock flow 
is simulated considering compression and abrasion, the main 
fragmentation mechanisms during secondary fragmentation, and 
is validated through experiments. In this work we extend the 
model by Gómez et al. (2017) by studying a hypothesis about the 
model and performing experiments with different types of rock. 
An example in which the extended model is applied to real data is 
given In the Appendix. 

Block Caving Comminution Model
Block caving is widely used in massive underground mining 
because of the high production rates and low operational costs. 
With this method, rock fragmentation occurs naturally during 
ore extraction while caving propagates to the surface. Thus, 
fragmentation is determined mainly by rock mass properties, 
stress fields, and draw policies. Here we focus our analysis on a 
model used to estimate the secondary fragmentation presented 
as the Block Caving Comminution Model (BCCM) (Gómez et al., 
2017).

The BCCM in its batch version is determined by the following 
mass conservation equation:

[1]

where fi is the solid mass fraction of size interval i, Si is breakage 
velocity of the ith interval, and bij is the breakage function and 
represents the fraction of the primary breakage product of 
material in the jth interval, which appears in the ith interval after 
fragmentation. Extraction in block caving is a continuous process 
that is usually modelled by plug flow. Then, incorporating this 
plug flow assumption in Equation [1] and using the Reid solution 
for the batch population balance (Reid, 1965), we obtain

[2]

where mi is the mass in the ith interval, t is the residence time and 
Aij is given by

[3]

where fi0 is the initial particle size distribution. 
In order to compute Equation [2] it is necessary to know the 

values of the functions Bij and Sj. The common way to determine 
these functions is by assuming a constitutive parametric form 
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and performing a back-calculation from experimental data 
(Klimpel and Austin, 1977). In this work we consider for Sj the 
parametric expression proposed by Herbst and Fuertenau (1980) 
and later modified by Gómez et al. (2017):

[4]

Here Z1 and Z2 are parameters depending on the material 
properties, and sv is a variable that represents the mean vertical 
load. It is common to use the cumulative fraction of breakage 

product Bij =  (instead of bij) as bij = Bi,j – Bi+1,j, the so-called 

normalized expression for Bi,j is given by 

[5]

where a1, a2, and a3 are model parameters (0 < a1 < 1; a2 < a3),  
is the mesh size for the ith interval, and x2, which corresponds 
to the second mesh size interval, is the normalizing parameter. 
We remark that in the normalized expression Equation [5], it 
is assumed that all particles have a rupture distribution with 
dimensional similarity. 

The non-normalized model raises this hypothesis, which is 
given by the expression (Austin and Luckie, 1972):

[6]

where

[7]

and δ is a new parameter to be adjusted (δ > 0) for 0 < aj 
< 1. For I > j, it must be noted that the normalized expression 
presented in Equation [5] is a simplified case of Equation [6] 
when δ = 0 and xj = x2. According to the constitutive expressions 
selected in this work, the back-calculation method yields a 
nonlinear optimization problem with six  parameters (S1

E, Z1, Z2, 
a1, a2, a3) in the normalized framework and seven  parameters 
(S1

E, Z1, Z2, a1, a2, a3 δ) in the non-normalized framework.
In milling processes, normalized models are typically suitable 

(Austin and Concha, 1994), but in the block caving process the 
normalization of the model has not been studied. The aim of this 
paper to compare the normalized and non-normalized models 
using statistical analysis of a variety of rock types to identify 
which approach should be used with block caving methods.

Methodology
Laboratory set-up
The confined flow model set-up consisted of a steel cylinder 
able to retain rock fragments while vertical pressure was 
applied through a hydraulic press machine. The model geometry 
consisted of an inside diameter of 0.34 m, height of 0.70 m, and 
steel width contour of 0.03 m. Fragmented material was drawn 
from a drawbell at the bottom, emulating a block caving mine 
extraction system using a scaled LHD to draw the material. A 
constant vertical pressure was applied in each test.

Material was drawn from the bottom until the flow reached 
the top of the fragmented material (around 10% of the total 
fragmented material in over two hours). Then all material was 
homogenized, and the fragment size distribution was measured 
by sieving. 

Mineral materials
Four rock types were tested in the same confined flow system. 
Table I shows the rock density, IS,50 (point load index) and 
internal friction angle obtained through standard laboratory 
tests. Sphericity and roundness were determined using the 
methodology proposed by Cho, Dodds, and Santamarina (2006).

Tests and data fitting
The four materials with different initial size distribution curves 
were used with constant vertical pressures applied during the 
comminution tests:

 ➤   Rock type A (MPa): 0.8, 1.5, 3, 5 
 ➤   Rock type B (MPa): 2
 ➤   Rock type C (MPa): 1, 2
 ➤   Rock type D (MPa): 1, 1.5, 3, 6.

The normalized and non-normalized model parameters were 
adjusted using the fragment size distribution curves from the 
comminution tests. The trust-region-reflective least squares 
algorithm was used to obtain the model parameters (Moré 
and Sorensen, 1983), minimizing the square of the difference 
between experimental and modelled data.

[8]

where fij,exp and fij,mod are the experimental and modelled mass 
fraction of size interval i at pressure j respectively. We note 
that the non-normalized case includes the δ parameter with the 
constraints (δ > 0) for 0 < aj < 1.

Figure 1—Confined flow system used in fragmentation tests (left, Gómez et 
al., 2017) and a side view inside the model (right)

   Table I

  Rock characteristics summary
   Rock Density Is,50 Sphericity Roundness Friction 
   type (t/m3) (MPa)   angle (°)

   A 2.62 5.93 0.58 0.25 39
   B 2.60 1.25 0.68 0.22 40
   C 2.71 1.64 0.68 0.20 37
   D 2.69 6.93 0.65 0.51 48

A:  Primary sulphide ore composed of biotite and amphibole granitoid from Antofagasta, 
Chile.

B: Primary sulphide ore composed mainly of sericite from Calama, Chile.
C: Primary sulphide ore composed of quartz and ore from Calama, Chile.
D: Gravel, quarry from Santiago, Chile.
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In order to evaluate whether the addition of the parameter δ 
is relevant, an F-test was performed. The null hypothesis is the 
normalized model with δ = 0 nearly equal to the non-normalized 
model with δ > 0. The F-value was calculated using Equation [9]:

[9]

where MSE is the mean square error, k is the number of 
conditions (here δ = 0), N is the number of data points, and M is 
the number of parameters of the model i.

Results
In this section we present the results of the parameter 
identification for the normalized and non-normalized approaches, 
the selection and breakage functions, and the Fisher test. The 
complete experimental data can be found In the Appendix.

Fitted parameters
The non-normalized model parameters obtained for each rock 
type are summarized in Table II. In all cases the residence time 
t is kept constant and equals the average residence time of the 
tests (approx. 0.1 day).

In general, the non-normalized and normalized model 
parameters do not present significant differences: for example, 
rock types A and C present the same a1. These similarities 
between the models are also observed in the selection and 
breakage functions as shown in Figures 2 and 3.

Selection and breakage functions
Figure 2 shows the rate of breakage (Si

E), and Figure 3 shows the 
breakage functions (Bij) of rock types A, B, C, and D. 

The influence of fragment sizes on the rate of breakage when 
δ = 0 is not significant. Thus, ai (Equation [7]) could be assumed 
constant, depending on fragment size. This is also noticed in 
the breakage function in Figure 3 for δ > 0, where for each rock 
type data-point, the breakage functions follow the same resulting 
fragment size distribution, independent of initial fragment size 
(as modelled by the normalized BCCM presented in Gómez et al. 
2017). 

Fisher test 
Using a false-rejection probability of 0.05, the critical values of 
the F-distribution are presented in Table III. Here, all the F-values 
are lower than the respective critical values; therefore, the use of 
the simplified normalized model is recommended in these cases.

Conclusions
The literature indicates that in milling systems the normalized 
model (Equation [5]) can be applied in almost all cases. However, 
this assumption cannot be considered a priori in the block 
caving method since the mechanism of breakage differs from 

Figure 2—Selection functions 

Figure 3—Breakage functions 

   Table III

  Mean square error and F-test results
   Rock type MSE δ = 0 (%2) MSE δ> 0 (%2) F critical F 

   A 10.62 10.35 3.97 2.01 
   B 2.49 2.46 18.51  0.03 
   C 1.03 0.96 6.61  0.27 
   D 3.44 3.43 3.98  0.22 

  Table II

  Normalized and non-normalized model parameters
  Model Rock type τ S1

E Z1 Z2 α1 α2 α3 δ

   Normalized A 0.1 0.002 -19.521 -13.637 0.810 0.968 1.780 0.000
  B 0.1 0.744 -3.139 -2.310 0.098 0.569 0.779 0.000
  C 0.1 2.518 -1.762 -3.290 0.048 0.739 0.828 0.000
  D 0.1 0.190 -10.373 -14.080 0.859 0.588 0.598 0.000
   Non-normalized A 0.1 0.002 -19.517 -13.635 0.810 1.050 1.060 0.079
  B 0.1 0.744 -3.139 -2.310 0.467 0.779 0.789 0.096
  C 0.1 2.518 -1.763 -3.290 0.048 0.680 0.690 0.830
  D 0.1 0.182 -10.567 -14.265 0.683 0.588 0.598 0.102
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that in the milling process. The non-normalized model implies 
that in the breakage function, Bij, the resulting fragment size 
distribution depends on the original fragment size. According to 
the experimental results and parameter fitting, we found that the 
fragment size distribution is independent of the initial fragment 
sizes. Thus, for the materials and confined flow system examined 
here, a simplified normalized model should be used, independent 
of the material.

It must be noted that abrasion and compression are the 
fragmentation mechanisms observed in the experiments, but 
compression is probably the dominant mechanism. Compression 
generates a narrow particle size distribution with relatively 
low quantities of fine and large particles, which we speculate 
explains the results of this work. It is well known that the stress 
over the rock depends on the height at which it is located. In the 
present model, this stress is supposed to be constant throughout 
the column, which can lead to differences with respect to 
experimental data.  In a later work, we will extend the present 
model by incorporating this dependence into the governing 
equations.
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Appendix A: BCCM applications
First, it is necessary to determine the parameters of the model 

(S1
E, Z1, Z2, a1, a2, a3) to apply the BCCM, by making an 

adjustment from experimental laboratory tests. Subsequently, 
it is possible to solve the governing equations of the model if 
we know the input curve (primary fragmentation), physical 
characteristics of the column, and the operational conditions. 

The model was evaluated for five reported mine cases. 
The first fragmentation reported is considered as the primary 
fragmentation. The laboratory calibration parameters of rock type 
A (Table IV), which has a strength similar to the selected mine 
cases, were used. The mean vertical stress in the broken column 
was estimated through the Janssen equation (Nedderman, 1992).

The fragmentation rate is scaled with respect to laboratory 
experiments so that 

                                     [10]

The residence time for all cases was estimated using

 
                                                                         [11]

The results obtained using the residence time calculated by 
the previous equation show that the model overestimates the rock 
fracture. This behaviour had already been reported in Gómez et 
al. (2017). These differences can be ascribed to three reasons: 
(i) the material suffers the greatest fractures at the beginning of 
the process; (ii) the vertical forces are usually low close to the 
movement zones, and (iii) the draw rate and vertical force are 
dependent on the height of the column, which changes over time. 
Figure 4 shows the results considering a residence time between 
1.5 and 3.7% of that calculated by Equation [11]. In this case, 
the data provided by the model fit well to the real data of the 
cases studied.

Figure 5 shows the fragmentation results using the model 
considering the real residence time (Equation [11], blue points in 
Figure 5) and the adjusted residence time (red squares in Figure 

   Table IV

  Mine cases
   Mine-sector Intact rock strength (MPa) Vertical load, (MPa) Draw height primary frag

   DOZ-diorite  (Kurniawan and Setyoko, 2008) 111 3.2 Unknown
   Esmeralda-B2  (Gómez et al., 2017) 100–130 2.2 0–20 m
   Reno-HW  (Gómez et al., 2017) 115 2.5 0–50 m
   Teniente 4 Sur  (Hurtado, Pereira and Campos, 2007) 125 4.4 0–50 m
   Ridgeway (volcanic )  (Brunton, Lett, and Thronhill, 2016) 130 3.5 0–25 m

Figure 4—Residence time based on study cases

Height of draw (Hd), m
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5). Importantly, we need to use a shorter residence time to obtain 
a good fitting. Also, the effect of the greater extraction height of 
the same mine can be observed in Figures 5C and D, and Figures 
5E and F.

Appendix B: Experimental data

Experimental data used to calibrate both models is presented 
here.

Figure 5—Estimation using BCCM at mine scale. A: DOZ-diorite. B: Esmeralda-b2, secondary (0–60 m). C: Reno-hw, secondary (0–100 m). D: Reno-hw, secondary 
(0–200 m). E: Teniente 4 sur, secondary (0–100 m). F: Teniente 4 sur, secondary (0–200 m). G: Ridgeway volcanic, secondary (0–75 m)
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Improving productivity at an open-pit 
mine through enhanced short-term 
mine planning
by T.J. Otto1 and G.C. Lindeque1

Synopsis
Productivity is improved by increasing the ratio of output to input. In an operating open-pit mine, improving 
the productivity of heavy mining equipment (HME) enables the unit cost of production to be reduced. To 
optimize HME productivity, the Kolomela open-pit iron ore mine transitioned to an enhanced short-term 
mine planning (STMP) process that supports the application of a manufacturing-type operating model. At 
the core of the enhanced STMP process is a focus on integration across the open-pit mining value chain. The 
interdependencies between mining activities are highlighted and emphasized, thus ensuring that mining 
activities are synchronized. 
The improvements related to HME productivity were monitored from 2019 to 2020. The utilization of mining 
area in the Leeuwfontein pit improved from 71% to 90%, and the blasting frequency reduced by 14% 
while the average blast size increased by 17%. The distance travelled during shovel relocations between 
mining phases reduced by 16%, and the lost time associated with drills relocating reduced by 53%.  These 
productivity improvements resulted in an 11% increase in the loading rate of the main waste shovel at 
Kolomela from 0.9 Mt/month in 2019 to 1.0 Mt/month in 2020. The enhanced STMP process can be adapted 
to other open-pit mining operations.

Keywords
open-pit mining, productivity, heavy mining equipment, short-term  mine planning.

Introduction
One of the major objectives of mining companies is to minimize the unit cost of production at their 
operations. Lumley and McKee (2014) indicated that mining companies adopt one of two operational 
strategies to achieve this goal. The first strategy is a volume strategy, where the unit cost is reduced 
by increasing output (potentially at increased marginal cost). The second strategy is a cost reduction 
strategy, where the production output is stable but cost is minimized. Many open-pit mining operations 
have limited scope to increase output due to downstream constraints such as logistics and market 
demand. Therefore, a cost reduction strategy is often pursued.

Productivity improvement
According to Neingo and Tholana (2016), productivity is measured in different ways, which include 
indicators such as unit cost, output per employee, and output per unit capital equipment. In this 
paper the productivity indicator adopted is the output per unit capital equipment, i.e., heavy mining 
equipment (HME) productivity. For the management of an operating open-pit mine, improving the 
productivity of the mining equipment is a major enabler for executing a cost reduction strategy. 
Productivity is improved when the ratio of output to input is increased. This could be achieved through 
more production output for a fixed input, the same production output for less input (a cost reduction 
strategy), or more production output for less input (Mitchell, 2017). Fundamentally, the goal is to get 
the maximum return from the capital invested in mining assets.

Lumley and McKee (2014) argued that for productivity improvements to be realized, open-pit 
mining operations need to pay attention to the efficiency of their HME fleets. The HME fleets represent 
a major capital investment and typically consist of rope and/or hydraulic shovels, front end loaders, 
haul trucks, blast-hole drills, and ancillary equipment. The aim of productivity improvements at many 
open-pit mining operations is to maximize the tons mined by the existing mining equipment fleet over 
a certain period in a safe and sustainable manner, while effectively executing the underlying mine plan. 
’This means digging and hauling more dirt with each shovel and truck’ (Lala et al, 2016, p. 7). 
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Between 2016 and 2020 many major mining companies 
turned their focus to a cost reduction strategy underpinned 
by productivity improvement as the preferred approach to 
reduce unit costs. The mining industry’s focus on productivity 
improvements is delivering results. For example, the relationship 
between productivity improvements and unit cost reduction is 
clearly illustrated in the Anglo American 2019 interim results 
presentation. In the first half of 2019, Anglo American reported a 
103% improvement in productivity and a resultant 27% reduction 
in unit cost from a 2012 base (Anglo American, 2019). 

How did mining companies respond to the productivity 
improvement challenge and manage to improve the productivity 
of their open-pit mining operations? Broadly, two approaches 
were taken. Firstly, operational excellence programmes were 
rolled out with the aim of optimizing and improving processes 
across the open-pit mining value chain. Secondly, investments 
were made in technology and digitalization; this further enhanced 
the ability of open-pit mines to deliver reliable performance in 
line with productivity improvement targets. Mining companies 
followed diverse implementation methodologies, and some 
combined the two approaches. This paper focuses on the 
operational excellence approach.

Short-term mine planning
Mine planning, and specifically short-term mine planning 
(STMP), supports productivity improvements at open-pit mines. 
STMP plays a critical role in operational excellence programmes, 
which in turn results in improved HME productivity. 

Mine planning can be defined as a process in mining 
engineering which transforms a mineral resource into the best 
productive mining business (Morales and Rubio, 2010). The 
mine planning process is cyclical, and mine plans are regularly 
updated to incorporate the latest available information and 
changes in the macro-economic environment (Vivas and Nava, 
2014). 

Most open-pit mining operations follow a systematic and 
disciplined mine planning process involving three distinct levels 
or horizons of planning, namely the long-term (strategic), 
medium-term (tactical), and short-term (operational) planning 
horizons (L’Heureux, Gamache, and Soumis, 2013). Each 
of these horizons represents a different level of risk and has 
different objectives. The planning horizons are nested in each 
other, and the mining plans with a longer timeframe pass down 
guidance and restrictions in decisions to the shorter-term plans. 
The main objectives at each of the planning horizons are firstly, 
to provide appropriate mine designs, and secondly, to determine 
the sequence in which material should be mined and processed to 
ensure that volume, blending, and equipment utilization targets 
are met (Burt et al., 2015). 

According to Blom, Pearce, and Stuckey (2019) long-term 
and short-term planning at open-pit mines differ in several 
dimensions. The main differences include:  

 ➤   The level of detail modelled. Long-term plans use a grid of 
equally-sized blocks to define the orebody and typically do 
not consider the full suite of mining operational activities, 
while short-term plans are more practical, use irregularly-
shaped blast blocks, and consider the precedence in the 
operational activities such as block preparation, drilling, 
blasting, loading, and hauling.

 ➤   The timeframe considered. Long-term plans cover the 
life-of-mine of an open-pit mine using quarterly to yearly 

increments, while short-term plans cover a period of up to 
three months in daily and weekly periods.

 ➤   The level of decision-making. Long-term plans provide 
inputs to strategic decision-making such as the placement 
of major infrastructure and the timing of expansions, while 
short-term plans contribute to operational decisions such as 
plant throughput, feed quality, and blending considerations 
as well as the placement and utilization of HME. 

STMP is important in that it provides a link between the 
guidance provided by the longer-term mining plans and the 
execution thereof. According to Upadhyay and Askari-Nasab 
(2018) the whole planning process at open-pit mines is 
ineffective when STMP is not done well. ’Short-term planning 
thus may be regarded as critical to achieve the mine’s operational 
objectives and strategic targets.’ (Upadhyay and Askari-Nasab, 
2018, p. 153).  

The STMP process consists of two main components. Firstly, 
the mine design component provides detailed designs for the 
mining activities within a phase or pushback of an open-pit 
mine. A high level of detail is important to ensure the planned 
excavations are safe and provide sufficient operating space. 
Access to the phase and mining benches must also be considered. 
This is achieved by designing mining blocks, access ramps, 
and infrastructure considering all the mining activities and the 
interactions between these activities in detail. Secondly, the mine 
scheduling component considers the sequence and timing of 
mining activities. 

The time horizon for STMP spans several weeks to months. 
Blom, Pearce, and Stuckey (2017) referred to a STMP horizon of 
13 weeks, and this is a typical duration for STMP at large open-
pit mining operations. STMP is a rolling schedule that is updated 
weekly, fortnightly, or monthly, depending on the complexity 
and scale of the operation. STMP is typically conducted in detail 
on a day-to-day basis. The mining activities considered include 
access ramp construction, infrastructure establishment (such 
as electricity distribution and dewatering), block preparation, 
drilling, blasting, loading, and hauling.

Although the specific objectives prioritized and optimized 
by the STMP horizon vary from site to site and across various 
commodities, there are four main objectives for STMP that are 
defined as follows (Blom, Pearce, and Stuckey, 2019, 2017; 
Upadhyay and Askari-Nasab, 2018, 2017; Burt et al, 2015; Vivas 
and Nava, 2014; De Souza e Silva, Moura, and Lanna, 1999):

 ➤   The effectiveness of the STMP, indicated by the plan’s 
ability to achieve the production throughput and quality 
targets set by the longer-term plans

 ➤   The spatial alignment of the STMP to longer-term plans, 
considering deployment priorities for resources, thus 
ensuring spatial compliance to the longer-term planning 
horizon

 ➤   The way the STMP enables efficiency by optimizing (or 
maximizing) the productivity of HME

 ➤   Practical executability of the STMP through including a 
high level of detail in the STMP process, which contributes 
to the plan being realized in the field. 

Ultimately, the aim of STMP is to ensure a detailed 
understanding of the critical mining path, related HME 
interactions and other constraints, and risks and opportunities 
that will result in achieving the four objectives of throughput 
and quality, alignment with longer-term plans, HME productivity, 
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and executability. When an open-pit mine has an effective 
STMP process in place, accurate and detailed mine plans can be 
produced, communicated, and executed. This paper explores how 
a well-developed STMP process supports the implementation of 
operational excellence programmes at open-pit mines.

Manufacturing-type operating models underpinned by 
STMP
One of the key pathways to achieving operational excellence at 
open-pit mines is the implementation of manufacturing-type 
operating models. This reduces variability, leading to increased 
predictability. Wessels (2009) describes the implementation of a 
manufacturing-type operating model, referred to as the Business 
Process Framework (BPF), at AngloGold Ashanti. Figure 1 shows 
the major elements of this operating model. 

The green block identifies the elements associated with STMP. 
The importance of planning ahead of execution is highlighted 

by Wessels (2009, p. 18): ‘… if the work is planned, scheduled 
and properly resourced ahead of execution, the desired outcome 
will be achieved more consistently and at lower cost’. According 
to Wessels (2009), the BPF starts off by setting the strategy, 
business expectations, and performance targets, then planning 
and scheduling, followed by the execution of the work, and 
finally measuring and analysis of the results. This process design 
is also referred to as the ‘Plan, Do, Check, Act’ improvement 
cycle. 

The Management Operating System (MOS) is another 
example of a manufacturing-type operating model. The 
operational systems map shown in Figure 2 represents the 
various elements of the MOS and how these elements are 
connected. 

The MOS is a model used to manage people and processes 
to deliver results by reducing variability and steadily improving 
process performance (Moynagh, 2014). This manufacturing-type 
operating model connects plans with the work that is going on at 

Figure 1—The major elements of the BPF manufacturing-type operating model (Wessels, 2009)

Figure 2—Operational systems map of the MOS manufacturing-type operating model (Moynagh, 2014)
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the front line with the aim of improving operational performance. 
Effective planning that connects the work to be done and the 
associated targets with the equipment required to achieve the 
planned results underpins the MOS manufacturing-type operating 
model (Moynagh, 2014). The green block in Figure 2 identifies 
the elements of the MOS associated with STMP.

Manufacturing-type operating models focus on detailed 
planning, standardized work, and disciplined execution (Lala 
et al., 2016). Mysore (2019) indicated that mining companies 
are considering their operations as smart factories and are 
adopting the principles of lean manufacturing. An example of 
a mining company that has successfully implemented such a 
manufacturing-type operating model is Anglo American. In 
its 2019 interim results presentation, Anglo American (2019) 
stated that applying a manufacturing-type approach to mining 
had resulted in improved safety, reduced variability, and lower 
costs.  BHP is also focusing on operational excellence in order to 
assist its businesses to work smarter and make its mines operate 
more like factories (Jurgens, 2017). Rio Tinto aims to improve 
productivity through focusing on operational excellence, thereby 
enhancing mining capacity and generating superior shareholder 
returns (Rio Tinto, 2016). 

According to Aucamp (2020), operational excellence can be 
achieved by focusing on three areas – increased predictability 
(or reduced variability), one plan visible to all, and greater 
productivity. These focus areas have an optimal sequence, are 
interdependent, and have cause and effect relationships. Starting 
with one visible plan will reduce variability, which will lead to 
higher productivity. The optimal starting point for operational 
excellence programmes at open-pit mines is therefore at the mine 
planning stage, and specifically STMP. 

Otto and Musingwini (2019) indicated that the quality and 
integrity of the mine planning process is of critical importance to 
ensure the effective operation of a large open-pit mine. Griesel 
et al. (2014) stated that the ability to generate consistent, 
practical, and accurate plans is central to achieving success in 
any mining environment. Detailed mine planning is required 
to mitigate variability, and reducing variability is the key to 
improving mining productivity (Geraghty et al., 2015). A 
manufacturing-type approach to mining is implemented through 
efficient planning and execution of work (Anglo American, 
2019). According to Lala et al. (2016), better mine planning and 
scheduling ensures a sustainable increase in overall equipment 
productivity and performance. 

STMP models enable HME productivity improvements 
through, for example, minimizing the total mining cost 
considering aspects such as HME fleet utilization, haulage 
parameters, and re-handling cost, as well as drilling and blasting 
activities (Matamoros and Dimitrakopoulos, 2016; Eivazy and 
Askari-Nasab, 2012; L’Heureux, Gamache, and Soumis, 2013), 
minimizing shovel movements (Vivas and Nava, 2014; Upadhyay 
and Askari-Nasab, 2017), and optimizing ore and waste hauling 
cycles (De Souza e Silva, Moura, and Lanna, 1999). In order 
to achieve the HME productivity improvement objective, STMP 
should provide a set-up for highly efficient open-pit mining 
operations. 

STMP should ensure a mining environment within which the 
operational key performance areas (KPAs), such as maximizing 
HME fleet utilization and minimizing shovel movements, can be 
pursued and achieved. The creation of high-quality STMPs and 
the effective execution of these plans ensures that equipment 

productivity at open-pit mining operations can attain its 
maximum potential (Vivas and Nava, 2014). Effective STMP, 
therefore, underpins the implementation of manufacturing-type 
operating models at open-pit mines with the aim of improving 
HME productivity. 

Kolomela as a case study mine
The Kolomela iron ore mine (Kolomela) is owned and operated 
by Anglo American Kumba Iron Ore (Kumba). It is located in the 
Northern Cape Province of South Africa. Kolomela is an open-
pit mining operation extracting high-grade iron ore and the 
associated waste material from four different pits. The mine is 
mainly a direct shipping ore (DSO) operation, and product size is 
controlled via a crushing and screening plant that receives feed 
from ROM buffer stockpiles and ex-pit ROM material. The final 
product is transported via a railway line to the Saldanha harbour 
for shipping to clients in Asia and Europe.

Kolomela makes a substantial contribution to the operational 
and financial performance of Kumba. In the 2020 financial 
year, the ex-pit mining tonnage at Kolomela was 71.6 Mt 
(approximately 200 kt/d). The total tons mined can be divided 
into 15.4 Mt of ex-pit ore and 56.2 Mt of ex-pit waste, resulting 
in a stripping ratio of about 4.6. Kolomela produced 11.7 Mt 
of saleable product in 2020 (Kumba Iron Ore, 2021). On 31 
December 2020, Kolomela declared an Ore Reserve of 158 Mt at 
an average quality of 62.1% Fe. The Ore Reserve was calculated 
at a cut-off grade of 50% Fe and resulted in a reserve life of 
12 years at the estimated production rate. The saleable product 
equated to 150 Mt at an average quality of 64.5% Fe (Rossouw 
and Nkambule, 2020). The 2020 Kolomela Reserve report was 
prepared in accordance with the guidelines of the SAMREC Code.

Kolomela is a conventional truck and shovel open-pit mining 
operation. All ex-pit material is obtained from drilling and 
blasting carried out on 10 m high benches. Hauling operations 
ensure that the ex-pit ore arrives at the correct primary crushing 
or ROM stockpile location, while waste is dumped on waste 
dumps or back into previously created voids as part of an in-pit 
rehabilitation process. The aim of the bulk waste mining is high 
mining equipment efficiency to reduce the mining cost, while 
the ex-pit ore mining is a selective mining process with a focus 
on clean extraction of the ore. A hybrid model of owner mining 
and contractor mining is employed, with approximately 75% of 
the operation conducted with the owner mining fleet. Mining 
activities take place in four distinct open pits called Leeuwfontein 
(LF), Klipbankfontein (KBF), Kapstevel-North (KSN), and 
Kapstevel-South (KSS). Figure 3 is a satellite image representing 
the layout of Kolomela, showing the four active pits, major waste 
dumps, and the processing facility.  

The primary mining equipment deployed at Kolomela 
includes:

 ➤   Drilling: six Caterpillar MD6540 drills drilling 251 mm 
diameter blast-holes

 ➤   Loading: two Liebherr R996 hydraulic face shovels for 
pre-strip waste mining, four Komatsu PC3000 hydraulic 
face shovels for waste and ore mining, two Liebherr 
R9150 hydraulic excavators for selective ore mining, and 
four front-end loaders for flexible loading in the pit and 
re-handling of ROM ore stockpiles

 ➤   Hauling: 26 Komatsu 730E trucks (190 t capacity) and 
17 trucks of 100 t capacity each, comprising a mix of 
Komatsu 785 and Caterpillar 777 trucks.
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Currently, Kolomela’s production output is limited by the 
mine’s export rail capacity allocation. Due to this logistical 
constraint, Kolomela must follow a cost reduction strategy. The 
mine strives to reduce the unit cost of production by improving 
productivity across the mining value chain, including HME 
productivity. This is achieved by implementing a manufacturing-
type operating model that enables operational excellence. 
Effective STMP is a key enabler for the successful implementation 
of the manufacturing-type operating model at Kolomela, and is 
therefore key in improving the HME productivity.

Short-term mine planning at Kolomela
The main objectives of STMP at Kolomela are to: 

 ➤   Deliver on the requirements from the annual business plan 
(BP) in terms of tonnage mined and fed to the processing 
plant as well as product quality

 ➤     Achieve spatial compliance to the BP
 ➤   Increase HME productivity
 ➤   Provide a mine plan with a high degree of executability. 

STMP therefore addresses both effectiveness and efficiency by 
focusing on meeting the annual BP targets and optimizing HME 
productivity. 

To ensure HME productivity is improved, Kolomela 
transitioned to an integrated, highly detailed, and visual 
modelling-type STMP process during 2019. State-of-the-art mine 
planning applications were introduced to support the process 
by integrating STMP across the four pits and providing a visual 
model of mining activities and HME deployment. This STMP 
process contributed to reducing variability and increasing the 
predictability of mining execution. 

Effective STMP is a key enabler for a manufacturing-type 
approach to mining at Kolomela that targets improvements in 
HME productivity. STMP increases the predictability of mining 
execution by identifying and mitigating HME deployment 
bottlenecks and spatial deployment challenges that could 
result in a deviation from the short-term plan. This is achieved 
through the high level of detail in which the STMP is developed. 
Seven primary and secondary mining activities are planned and 
scheduled as part of the STMP process at Kolomela. The STMP 
process provides a detailed and practically executable plan which 
includes all the relevant activities in the open-pit mining cycle as 
shown in Figure 4. 

To achieve the required level of predictability in mining 
execution, the STMP process also utilizes visual mine planning 
applications and communication approaches. This ensures 
that the mining execution teams fully understand the mining 
sequence and HME productivity improvement opportunities. 
Communication includes aspects such as mining priorities, the 
location of all planned infrastructure, and access points, haulage 
routes, etc. One such communication tool is the bi-weekly pit 
plan as shown in Figure 5. 

The short-term plan is summarized for each pit on these 
plans, which are widely distributed. The plan shows the designed 
mining blocks of active mining levels, draped over the latest 
aerial image of the mining area. The mining blocks are colour-
coded, indicating the current stage in the mining cycle on active 
blocks. A block-per-block mining sequence per activity in the 
mining cycle is also displayed. The forward-looking view of 
the mining sequence ensures alignment between the execution 
team and the planning department regarding the direction of 
the short-term plan. The STMP process provides the mining 
execution teams with a visual step-by-step guide to achieve 
the BP requirements, ensuring optimal HME deployment and 
productivity.  

Figure 3—Satellite image of the Kolomela mine (Rossouw and Nkambule, 2020)

Figure 4—Open-pit mining activities scheduled as part of the STMP process 
at Kolomela
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At the core of effective STMP is a high level of integration 
across the open-pit mining value chain. The interdependencies 
between activities in the mining cycle are highlighted and 
emphasised. This enables the STMP team to produce a plan in 
which all the mining activities are synchronized. Improved HME 
productivity starts with the synchronized deployment of mining 
equipment across the open pits at Kolomela, taking a holistic 
view of the mining sequence and priorities, thus ensuring that 
the correct areas are mined at the correct time by the correct 
equipment at optimal efficiencies. The mining activities at 
Kolomela are highly interdependent, therefore the accuracy of 
HME deployment and capacity assumptions is crucial to achieving 
a high level of synchronization between the mining activities, 
which in turn increases the predictability of the mining execution.

Figure 6 is an example of the mining cycle in LF Phase 
7, illustrating the integrated and visual approach to STMP at 
Kolomela. The complete STMP is animated and the mine planner 

Figure 5—Bi-weekly pit plan for LF pit (Lindeque, 2020)

Figure 6—Example of the typical mining cycle in LF Phase 7
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can easily move through the schedule, visualize the deployment 
of HME, and confirm the synchronization between mining 
activities.  

The STMP routines at Kolomela are standardized to fully align 
with the routines of the greater mining value chain. A key factor 
for the successful execution of the STMP is effective interaction 
and alignment with the mining execution teams. Figure 7 shows 
the key events in the STMP routine. 

A new short-term plan is released bi-weekly and serves 
as a high-confidence forecasting tool that highlights risks and 
opportunities in the STMP horizon, which covers 12 weeks. 
At the core of the STMP routine is the bi-weekly planning 
meeting where a new short-term plan is presented and agreed 
upon. Progress against the short-term plan is tracked daily in 
the production meetings, where the short-term plan is used to 
guide the spatial mining execution and to highlight risks and 
opportunities. Real-time data from across the mining value chain, 
such as actual shovel bucket positions per load, drill-hole data, 
equipment positions, and maintenance schedule, is consolidated 
in the STMP applications. Such real-time data enables the 
planners to always be up to date with developments in the field 
and facilitates constructive discussion with the execution team in 
their daily interactions. This ensures that the guidance provided 
by the short-term plan, and the subsequent decisions made, are 
based on the most accurate spatial data available. On a weekly 
basis, the plan is discussed in the field during pit visits and 
reviewed during schedule review meetings to confirm continued 
alignment between mine planning and mining execution. 
Following the pit visits and schedule review meetings, which are 
attended by representatives from all sections in the technical and 
mining departments, the short-term mining plan is updated to 
incorporate major unforeseen changes. 

The enhanced STMP process increased the predictability 
of open-pit mining at Kolomela between 2019 and 2020. The 
integrated, detailed and more visual STMP process and associated 
routines underpin the implementation of a manufacturing-type 
operating model at Kolomela, thereby reducing variability and 
contributing to improved HME productivity. The short-term 
mining plan at Kolomela outlines how HME fleets should be 
deployed and how planned tasks interact with each other to 
deliver daily, weekly, and monthly production targets. 

Impact on HME productivity
The main objective of transitioning to a more integrated 
and visual STMP process at Kolomela was to improve HME 
productivity. As discussed before, this was achieved by 
increasing the predictability of open-pit mining execution through 
detailed, more visual and integrated STMP. The direct HME 
productivity-related improvements that can be attributed to the 
enhanced STMP process are:

 ➤   Improved utilization of the mining area
 ➤   Optimal blast planning
 ➤   Reduction in HME relocations.

The improvements in HME productivity-related metrics over 
a period of two years, from 2019 to 2020, are discussed in the 
next sections. For illustrative purposes, the data presented is 
for Phase 7 of the LF pit, which is the main open-pit mining 
area at Kolomela. More than 30% of the total ex-pit waste tons 
at Kolomela in the two-year period under consideration were 
produced from LF Phase 7. The main waste stripping shovel at 
Kolomela, a Liebherr R996 hydraulic face shovel (996#1), was 
deployed in this mining area. 

Improved utilization of mining area
Utilization of mining area (UMA) refers to the effective use of  
the available mining area per mining phase and is defined as  
the ratio of productive area to total available mining area 
(Equation [1]).

[1]

The total available mining area is defined as the surface area 
per mining phase, excluding the permanent ramp system. The 
total available mining area can be divided into two distinct sub-
areas:

 ➤   Productive area: any area within a mining phase where it 
is possible for one or more activities in the mining cycle 
(shown in Figure 4) to take place  

 ➤   Non-productive area: areas within a mining phase where 
no activity in the mining cycle can take place – for example, 
areas are categorized as non-productive when used as a 
hauling route or a temporary ramp. 

The quality of the STMP has a direct effect on the UMA. A 
high level of integration and synchronization between the mining 
activities ensures that the productive mining area is maximized, 
resulting in improved HME productivity. To achieve the planned 
ex-pit waste tons as well as the productivity targets for the 996#1 
shovel, the effective utilization of available mining area in LF 
Phase 7 was crucial. 

To demonstrate the improvement in the UMA because of the 
improved STMP process, Figure 8 illustrates how the available 
mining area in LF Phase 7 was utilized in December 2019 (left) 
compared to October 2020 (right). The areas are characterized as 
follows:

 ➤   Productive area: available drill area (blue) and drilled or 
blasted floor stock (green) 

 ➤   Non-productive areas: temporary ramps (red) and hauling 
area (yellow). 

A comparison of the UMA for December 2019 and October 
2020 shows that the productive area increased while the non-Figure 7—Kolomela STMP routines
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productive areas decreased. The UMA increased from 71% to 
90%, confirming the improved integration and synchronization of 
mining activities achieved through enhanced STMP.

Optimal blast planning
The blasting of ore and waste before loading is standard practise 
at Kolomela to ensure optimal fragmentation and high shovel 
productivity. To ensure safe blasting, the HME is relocated to a 
position outside the blasting radius of 500 m and all personnel 
evacuate to safe positions further than 800 m from the blast. 
Blasting disrupts the open-pit mining activities. For example, 
4 hours of production time is typically lost at LF from the time 
that HME relocation starts to the point where the pit is declared 
safe again and the HME is back in production. Therefore, it is 
important that blasting activities are well planned to minimize the 
impact of blasting on production. 

To minimize the impact of blasting on production, the 
frequency of blasting needs to be reduced without jeopardising 
the blasted floor stock levels. This is achieved by increasing the 
blast size and clustering the blocks to be blasted based on their 
location. It is best practice to blast a cluster of blocks in the same 
area of the pit, since this minimizes the production loss due to 
relocating of equipment. For example, if the blast is restricted 
to a specific phase of the pit, the production loss for equipment 
deployed in the other phases is significantly reduced. Figure 5 
indicated a good example of cluster blasting by location for a 
weekly outlook; only blocks in Phase 8 (indicated by red arrows 
in Figure 5) of LF were planned for blasting during that specific 
week. 

The enhanced STMP process at Kolomela improved blast 
planning, which had a positive impact on HME productivity. 
Figure 9 compares the number and size of weekly blasts in 2019 
(green) with those in 2020 (blue) in the LF pit. 

The figure indicates that there was a 14% reduction in 
blasting frequency from 2019 to 2020. This was possible due to 
a 17% increase in the average blast size; from 0.68 Mt in 2019 
to 0.8 Mt in 2020. There was also a 114% increase in blasts of 
more than 1 Mt; from 7 blasts in 2019 to 15 blasts in 2020. The 
increase in average blast size ensured an increase in loading rate. 

The reduction in the frequency of blasting also had a positive 
impact on overall productivity since less time was lost due to 
HME relocation associated with blasting activities. From 2019 
to 2020 there was a 33% reduction in production time lost for 
the 996#1 shovel due to blasting activities. These productivity 
improvements due to improved blast planning are reflected in the 
improved utilization of the shovel.

Reduction in HME relocation
To achieve and maintain high HME productivity, the HME should 
be optimally utilized for productive activities and time associated 
with non-productive activities should be minimized. One of the 
non-productive activities in open-pit mining is the relocation 
or re-positioning of shovels and drills between mining areas. 
Excessive relocation of HME has a negative impact not only 
on short-term productivity, but also a longer-term impact on 
engineering availability due to the strain on the equipment when 
it is relocated over long distances. Therefore, it is important that 
the short-term mining plan deploys HME in such a way that 

Figure 8—Leeuwfontein Phase 7 UMA: visual comparison of December 2019 and October 2020 topography

Figure 9—Leeuwfontein blast frequency and blast size – comparison of 2019 and 2020 results
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relocation, and specifically relocation between mining phases, is 
minimized. 

To illustrate how the enhanced STMP process reduced the 
non-productive time associated with the relocation of shovels 
at Kolomela, the coordinates of each bucket loaded by the 
996#1 shovel over the two-year period from 2019 to 2020 were 
analysed. For the purpose of the analysis, all relocations of the 
shovel greater than 400 m were categorized as inefficient, as a 
relocation distance of greater than 400 m typically represents a 
movement of the shovel between mining phases. This constitutes 
non-productive relocation that effective STMP should minimize. 
Figure 10 shows a decrease in the frequency at which the 996#1 
shovel travelled for a distance greater than 400 m between 2019 
and 2020. The distance travelled is defined as the horizontal 
difference between the x and y coordinates of consecutive 
shovel bucket loads, and does not consider elevation difference 
or actual distance of the travelled path on haul roads and 
ramps. The distances in Figure 10 thus represent much larger 
actual distances travelled to achieve a horizontal difference in 
consecutive bucket loads greater than 400 m.  

There was a 16% reduction in the distance travelled, which 
implies a reduction in time associated with non-productive 
activities, indicating that the enhanced STMP process improved 

the productive utilization of the 996#1 shovel.  
The enhanced STMP process also resulted in significant 

productivity improvements for the primary blast-hole drill fleet 
at Kolomela. This was achieved by ensuring that drill relocation 
is minimized. To illustrate the positive impact of the enhanced 
STMP process on drill productivity, the non-productive reporting 
time codes of Drill Relocating were analysed over the two-year 
period from 2019 to 2020. Figure 11 shows the cumulative 
downtime per month due to Drill Relocating, expressed as a 
percentage of the total available time for the fleet of six Caterpillar 
MD6540 drills at Kolomela over the two-year period. 

The figure shows a gradual decreasing trend in production 
loss due to relocation of drills between 2019 and 2020. The 
percentage of total available time lost due to drill relocation 
reduced from 19% in 2019 to 9% in 2020. This represents a 53% 
reduction in production loss. This analysis points to a higher 
level of integration and synchronization in the mining cycle and 
shows the positive impact of the enhanced STMP process on drill 
productivity.

Conclusion
Mining companies implementing cost reduction strategies have 
found that improving HME productivity leads to a reduction in 

Figure 10—Frequency of travelling per non-productive distance interval (>400 m)

Figure 11—Downtime booking of drill fleet (2019–2020)
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the unit cost of open-pit mining operations. These companies 
often implement manufacturing-type operating models to 
support operational excellence programmes. These models 
improve HME productivity by focusing on detailed planning 
and reducing variability, thereby increasing the predictability 
of mining execution. At Kolomela, the STMP process underpins 
the application of a manufacturing-type operating model to 
mining. A detailed, integrated, and more visual STMP process 
increases the predictability of mining execution, thus, enabling 
the implementation of a manufacturing-type operating model. 
The short-term mining plan outlines how the HME should be 
deployed and how planned mining activities interact with each 
other. The implementation of this manufacturing-type approach 
to mining at Kolomela has contributed to improved HME 
productivity. 

During 2019, enhancements were made to the STMP process 
at Kolomela to support the manufacturing-type approach to 
mining. The STMP process provides the mining execution teams 
with a step-by-step guide to achieve the BP requirements, 
while ensuring optimal HME deployment and productivity. The 
implementation of the enhanced STMP process at Kolomela 
resulted in significant HME productivity improvements. The direct 
impacts of the improvements from 2019 to 2020 were observed 
in three key drivers of HME productivity, namely: 

 ➤   The UMA in Phase 7 of the LF pit improved from from 71% 
to 90%

 ➤   The blasting frequency in the LF pit reduced by 14% and 
the average blast size increased by 17%, resulting in a 33% 
reduction in production time lost due to blasting activities 
for the 996#1 shovel

 ➤   A reduction in HME relocation. The distance travelled, 
associated with the 996#1 shovel relocating between 
mining phases reduced by 16%, and the lost time 
associated with the relocation of drills reduced by 53%.  

These productivity improvements resulted in an 11% increase 
in the loading rate of the main waste shovel at Kolomela from 
0.9 Mt/month in 2019 to 1.0 Mt/month in 2020. In addition to 
the quantitative HME productivity improvements, the increased 
predictability of mining execution contributed to the mine safely 
achieving production targets in line with the BP expectations. 
Effective STMP enables the implementation of a manufacturing-
type approach to mining at Kolomela and is a key contributor to 
the mine delivering on BP expectations and HME productivity 
improvement. The approach presented in this paper can be 
adapted by other open-pit mining operations to improve HME 
productivity.
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Behaviour of Cu, Fe, Ni, and PGMs 
during leaching of Ni-Fe-Cu-S converter 
matte
by A.P. Van Wyk1, G. Akdogan1, and S.M. Bradshaw1

Synopsis
In the mineral processing industry, Ni-Cu-Fe-S converter matte is leached to remove base metals from 
a concentrate containing platinum group metals (PGMs). We investigated the atmospheric leaching 
process to develop a better understanding of the leaching behaviour of the base metals (Cu, Fe, and Ni) 
and the PGMs, in particular Ru, Ir, and Rh with respect to key process variables, acid concentration, and 
Cu concentration under oxidative and non-oxidative conditions.

With oxidative leaching, a higher initial acid concentration resulted in higher Cu, Ni, and Fe 
extractions, as well as faster leaching reaction rates. A higher initial acid concentration also resulted in 
faster precipitation of Cu, Ru, and Ir under oxidizing conditions. 

Under non-oxidative conditions, Ni and Fe extraction was much slower, and the effect of initial 
acid concentration on Cu precipitation was less pronounced. The initial Cu concentration had a slightly 
smaller effect on the leaching behaviour of Fe and Ni, as well as precipitation of Ru, Ir and Rh. Moreover, 
a higher initial Cu concentration suppressed both Ni and Fe leaching and had a slight inhibiting effect on 
the precipitation behaviour of Cu, Ru, and Ir.

Keywords
platinum group metals, converter matte, leaching, precipitation.

Introduction
The largest platinum group metal (PGM) deposit in the world, located in the Bushveld Complex in 
South Africa, holds half of the world’s platinum group elements (PGEs) and chromium. Smelting and 
processing of the PGM concentrates in this region is carried out by four major companies, namely Anglo 
American Platinum, Impala Platinum, Sibanye-Stillwater, and Northam Platinum (Jones, 2005). 

Due to their unique physical and chemical properties such as good corrosion and oxidation 
resistance, high melting temperatures, good conductivity, and electronic and catalytic properties, the 
PGMs are used for their superior performance in certain industries and markets. These applications 
include (i) platinum or rhodium as autocatalysts to reduce greenhouse gas emissions produced by the 
combustion of fossil fuels, (ii) platinum and palladium jewellery, (iii) catalysts in the chemical sector, 
(iv) electrical equipment and electronic devices, (v) platinum used in the manufacturing of glass, and 
the (vi) production of drugs in the medical sector (Creamer, 2006). Moreover, platinum-catalysed 
hydrogen-powered fuel cells for electric vehicles (EVs) offer the most natural solution for emission-
free vehicles, discharging only water and requiring negligible changes to current driving and refuelling 
habits (Theron-Ord, 2017). 

The Sibanye-Stillwater (formerly Western Platinum) process involves milling, flotation, and smelting 
followed by Peirce-Smith converting to produce a Ni-Cu-Fe-S converter matte containing PGMs. The 
base metals and sulphur contained in the converter matte are removed through a multi-stage leaching 
process. The first stage leach, also known as the atmospheric leach, serves to remove Ni from the 
matte, while at the same time precipitating Cu and the PGMs from the leaching solution. Due to very 
little insight into the mechanisms of the atmospheric leaching process, studies conducted by Hofirek 
and Kerfoot (1992), Lamya and Lorenzen (2006), van Schalkwyk et al. (2011) and Snyders et al. 
(2018) were aimed at investigating the chemistry and mechanism of the process, as well as determining 
the effects of Fe endpoints, initial acid and Cu concentrations of the spent electrolyte solutions, and 
oxidative/non-oxidative conditions on the leaching behaviour of Ni-Cu-Fe-S converter mattes. 
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The purpose of atmospheric leaching is to firstly leach the Ni 
from the matte, while at the same time rejecting the Cu from the 
solution, through metathesis reactions. Leaching takes place in 
five continuously stirred tank reactors (CSTRs) in series, with 
oxygen fed to the first three tanks only. The acid supplied to the 
first tank is spent electrolyte solution recycled from the copper 
electrowinning tankhouse and which contains 20–30 g/L Cu and 
80–90 g/L sulphuric acid. Sulphuric acid make-up is only added 
during upset conditions on the plant. A Ni crystallizer bleed 
stream is added to the first stage leach in order to recovery any 
Cu that may have slipped through to the Ni crystallizer unit. The 
operating temperature of the first stage circuit is 85°C (Crundwell 
et al., 2011). The metathesis reactions serve to exchange Cu from 
the solution with Ni from the alloy and nickel sulphide phases 
in the matte. The PGMs present in the matte, along with the Cu, 
report to the leach residue (van Schalkwyk et al., 2011.)

In this project we investigated the first stage atmospheric 
leaching process of the converter matte, using base metal refinery 
(BMR) spent electrolyte from Sibanye-Stillwater, in order to 
develop a better understanding of the effect of the initial acid and 
Cu concentrations on the leaching behaviour of the base metals, 
in particular Fe and Ni, as well as Rh, Ir, and Ru, under oxidative 
and non-oxidative conditions. A better understanding of the 
process will assist in improving the process efficiency.  

Experimental
Equipment
Atmospheric leaching tests were carried out in a 6 L stainless 
steel batch reactor with an active volume of 4 L. The reactor set-
up was geometrically scaled down from the atmospheric leaching 
reactors used at the Sibanye-Stillwater BMR. The temperature 
during the experiments was kept constant at 85°C by using a PID 
controller. Cooling coils which provided a constant flow of cooling 
water were mounted inside the vessel to remove the excess heat 
generated by the exothermic leaching reactions. To monitor the 
temperature, a thermocouple was placed inside the reactor. The 
vessel was fitted with a liquid sampling port to draw samples at 
set intervals. To ensure perfect mixing of the reactor contents 
a stirrer fitted with two agitation blades was used, and the 
reactor was fitted with four baffles to promote turbulent mixing. 
During oxidative leaching tests, oxygen was supplied from an 
oxygen cylinder and delivered to the reactor contents through a 
stainless-steel sparger. The flow rate of oxygen was regulated 
by a manual flow control valve and measured by a flow meter. 

The sparger was designed in an ‘L’ shape, with small equally-
spaced holes in the bottom to disperse small oxygen bubbles 
to the reactor contents. The oxygen entered the reactor vessel 
through a stainless steel tube with holes at the bottom to ensure 
that sufficient oxygen bubbles were provided to the reactor 
contents. A Liebig condenser was fitted to the reactor set-up to 
reduce the evaporation rate of the contents. Along with the Liebig 
condenser, a rubber O-ring was placed between the reactor vessel 
and reactor lid to ensure that vapours formed did not escape. 

Materials
Granulated converter matte provided by Sibanye-Stillwater was 
analysed by quantitative XRD analysis to determine the mineral 
phases present. The results are shown in Table I and Figure 1. 
The bulk chemical composition is given in Table II.

The converter matte was milled using a ball mill to a particle 
size distribution similar to that used by Sibanye-Stillwater so as 
to be in line with industrial practice. The size distributions are 
compared in Table III.

Spent electrolyte solution, which is the return anolyte from 
the copper electrowinning cells, was received from the plant, 
and analysed by ICP-OES for base metals and PGMs. The 
concentrations are shown in Table IV. 

The acid level was determined by precipitating out all the 
metals with a Na2CO3/NaHCO3 buffer and analysing the solution 

   Table I

  Quantitative XRD analysis of the converter matte 
   Phase Formula Abundance (wt%)

   Heazlewoodite Ni3S2 65.26
   Chalcocite Cu2S 20.09
   Cu-Ni alloy CuNi 13.27
   Magnetite Fe3O4 0.57

   Table II

  Bulk chemical composition of matte sample (wt%)
 Sample 1 Sample 2 Sample 3 Mean Std. dev. 

   Cu  29.36 28.81 29.79 29.32 0.49
   Ni   49.31 52.37 51.79 51.16 1.63
   Fe  0.16 0.19 0.17 0.18 0.02
   S (balance) 21.18 18.63 18.24 19.35 0.02

Figure 1—XRD spectrum of the matte sample 
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using high-performance liquid chromatography to determine the 
sulphate concentration. Four leaching solutions were prepared by 
diluting the concentrated spent electrolyte solution with an equal 
volume of distilled water. These four leaching solutions were used 
to investigate the effects of initial acid concentration or initial Cu 
concentration on the leaching kinetics of the base metals (Fe and 
Ni) and PGMs. For tests where a higher acid or Cu concentration 
was required, the desired concentrations were obtained by adding 
98% sulphuric acid or copper sulphate pentahydrate crystals.

Experimental methods
The clean reactor vessel was weighed, 4 L of leaching solution 
added, and the vessel was weighed again to obtain the weight 
of the solution. The stirrer was started and set to a speed of 
1100 r/min; simultaneously, the heating element was attached 
to the reactor vessel and the temperature on the PID controller 
set to 85°C. For oxidative leaching tests, the oxygen flow was 
turned on and the manual flow control valve set to a flow rate of 
0.2 L/min. While the reactor contents were being heated to the 

set-point value of 85°C, the pH and Eh probes were calibrated 
using pH standards of 1.69 and 4.0. The Eh probe was a 
platinum pin double junction Ag/AgCl electrode calibrated with 
ORP Quinhydrone solutions. Eh-pH stability diagrams were 
also depicted in Ag/AgCl (mV) used in simulations. The milled 
converter matte was added to the reactor once the leach solution 
reached the set temperature. Liquid samples were continually 
taken throughout the leaching tests at the 15, 30, 60, 120, 150, 
and 180 minute marks using syringes and 0.45 µm syringe 
filters. 

The four leaching solutions prepared were used to investigate 
the effect of the initial acid concentration and initial Cu 
concentration on leaching behaviour, under oxidative and non-
oxidative conditions. Table V summarizes the initial Cu and acid 
concentrations of each of the four leaching solutions used. The 
experiments carried out are summarized in Table VI. Three repeat 
experiments were conducted for each set of conditions in order 
to establish confidence in the results produced. The standard 
deviations were less than 10. 

The oxygen flow rate used in this study was geometrically 
scaled down from the flow rate used at the BMR. Since the active 
volume of the laboratory-scale reactor was 4 L, the required 
oxygen flow rate for the oxidative leaching tests was 0.2 L/min.  
Van Schalkwyk et al. (2011) investigated three different solids to 
liquid ratios, namely 80 g/L, 150 g/L, and 540 g/L. It was found 
that at a solid to liquid ratio of 80 g/L complete Cu removal was 
not possible and hence in this study a solids to liquid ratio of 150 
g/L was used to investigate the possibility of maximum Cu and 
PGE precipitation with reasonable Ni extraction using solutions 
with different chemical compositions.

   Table III

   Particle size distributions of milled converter mattes 
(wt%)

   Fraction (μm) Industry  This study 

   –200+100 10.5 10.1
   –100+80 6.5 6.3
   –80+60 10.6 16.9
   –60+40 16.1 14.8
   –40 56.3 50.9

   Table IV

  Composition of the spent electrolyte solution 
   Species Ni2+ (g/L) Cu2+ (g/L) Fe3+ (mg/L) Co2+ (mg/L) Ir (mg/L) Pd (mg/L) Rh (mg/L) Ru (mg/L) Pt (mg/L) H2SO4 (g/L)

   Concentration 42.36 26.77 337.77 297.8 31.49 0.0101 10.13 122.2 0.0151 100.04

   Table V

  Initial Cu and acid concentrations used in the experiments
   Species  Solution 1 Solution 2 Solution 3 Solution 4 
 Low Cu-low acid (LCu-LA) High Cu-low acid (HCu-LA) Low Cu-high acid (LCu-HA) High Cu-high acid (HCu-HA)

   Cu (g/L) 13.385 26.77 13.385 26.77
   H2SO4 (g/L) 50 50 100 100

* Low (L), High (H) and Acid (A)  

   Table VI

  Summary of experimental conditions
   Experiment no. Initial Cu conc. (g/L) Initial acid conc. (g/L) Temperature (°C) Oxygen flow rate (L/min)

   1  13.385 50 85 0
   2  13.385 50 85 0.2
   3  13.385 100 85 0
   4  13.385 100 85 0.2
   5  26.77 50 85 0
   6  26.77 50 85 0.2
   7  26.77 100 85 0
   8  26.77 100 85 0.2
   9 (repeat 1) 13.385 50 85 0
   10 (repeat 6) 26.77 50 85 0.2
   11 (repeat 3) 13.385 100 85 0
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Sample analysis
Liquid samples taken during batch leaching tests were analysed 
immediately for pH and Eh to obtain data that was as close as 
possible to the conditions within the reactor. The instruments 
used were a HI 9321 microprocessor pH meter, capable of 
measuring pH at elevated temperatures, and a Eutech pH700 
instrument with a platinum pin double junction Ag/AgCl electrode 
for Eh. Dissolved Cu, Ni, and Fe concentrations in the liquid 
samples from the leaching experiments, as well as in the original 
spent electrolyte solution, were analysed by means of atomic 
absorption spectroscopy (AAS) (Varian SpectrAA-250 Plus). 

The dissolved PGE (Ir, Rh and Ru) concentrations in the 
liquid samples obtained from leaching experiments and in the 
original spent electrolyte solution were determined by ICP-MS.  
Pt and Pd were present at low concentration levels and were not 
considered in the study. For solid sample analysis, matte samples 
were digested in aqua regia for 24 hours to dissolve all the 
metals, and the resulting solutions analysed for Cu, Ni, and Fe by 
AAS.

Results and discussion
Previous research on the leaching behaviour of Ni-Cu-Fe-S 
mattes in sulphuric acid was conducted by Lamya and Lorenzen 
(2006), Fügleberg et al. (1995), Hofirek and Kerfoot (1992), 
Symens et al. (1979), and Llanos, Queneau, and Rickard (1974). 
Although these authors established the major features of the 
process, the results pertaining to the effects of different initial 
acid and Cu concentrations are sometimes contradictory or 
limited.

The Cu concentration is regarded as a leading indicator of 
PGE behaviour in plant operations, but this relationship has 
not been conclusively established. Van Schalkwyk, Eksteen, 
and Akdogan (2013) showed that the behaviour of Cu during 

oxidative leaching may possibly be used as an indicator 
of whether PGEs will precipitate, but during non-oxidative 
tests Cu precipitation was found to be a poor indicator. Batch 
oxidative and non-oxidative experiments similar to those by 
van Schalkwyk, Eksteen, and Akdogan (2013) were therefore 
performed with the main aim of investigating the link between 
PGE and Cu behaviour, as well as establishing the conditions 
that promote PGE precipitation in the first-stage atmospheric 
leach. Here, we report the results of laboratory-scale experiments 
on the leaching of converter matte at atmospheric conditions to 
elucidate the effects of oxygen, Cu, and acid concentration on the 
precipitation behaviour of Cu, PGEs, and Ni extraction.

Effect of oxygen, copper, and acid concentration on PGE 
behaviour 
The effect of oxygen is shown in Figure 2, which indicates that 
oxidative conditions are conducive to the precipitation of Cu, 
Ru, Ir and Rh. This is similar to the findings of van Schalkwyk, 
Eksteen, and Akdogan (2013) with respect to low-Fe mattes. 
Pt and Pd concentrations in the spent liquor were very low, 
and although some Pt and Pd precipitated out of solution, the 
amounts were negligible compared to those for other PGEs and 
these elements are therefore not included in further discussions. 

Figure 3 compares Cu and Ru precipitation out of solution 
under oxidative and non-oxidative conditions. As seen, both Cu 
and PGE precipitation exhibit faster kinetics at low Cu and high 
acid concentrations under oxidizing conditions. 

Van Schalkwyk, Eksteen, and Akdogan (2013) argued that 
Rh, Ru, and Ir are cemented, similarly to Cu. Dorfling (2012) 
agreed that the precipitation of Rh, Ir, and Ru proceeds primarily 
via reactions similar to the cementation and metathesis reactions 
of Cu precipitates (Equation [1]).

[1]

Figure 2—Precipitation kinetics of Cu, Ru, Ir, Rh, and Pt under oxidative leaching with LCu-(LA,HA)  and HCu-(LA,HA) (Cu: 13.385 and 26.77 g/L, H2SO4: 50 and  
100 g/L)
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However, various studies propose different formulations 
for the precipitate, including Ru(OH)4, RuO2·mH2O and 
RuO(OH)2·H2O (Baes and Mesmer, 1976).

Figures 4 and 5 depict Eh-pH measurements, monitored for a 
duration of 180 minutes, from each group of tests under different 
conditions, superimposed onto stability diagrams for Cu and Ru, 
Ir, and Rh. 

As can be seen from Figure 4, Cu precipitated as Cu2S in 
both oxidizing and non-oxidizing conditions. It is also observed 
that a low Cu concentration provided slightly better conditions 
for precipitation. Non-oxidizing conditions obviously shifted the 
ORP readings towards more reducing conditions closer to the Cu 
predominance field.

In Figure 5 one can clearly see that oxidizing conditions lead 
to the production of RuO2 rather than Ru metal, perhaps closer to 
the postulation by Baes and Mesmer (1976). This is in contrast to 
non-oxidizing conditions, in which the precipitation product was 
Ru metal due to the prevailing reducing conditions. Figure 5 also 
indicates that under all conditions, Ir and Rh should precipitate 

as the metals, which is in line with Dorfling’s proposal (2012) 
summarized by Equation [1]. 

Effect of oxygen, copper, and acid concentration on Ni 
and Fe behaviour 
It is generally accepted that in the presence of oxygen, leaching 
of the nickel sulphide phase proceeds according to Equation [2] 
(Llanos, Queneau, and Rickard, 1974; Plasket and Romanchuk, 
1978; Hofirek and Kerfoot, 1992; Fugleberg et al., 1995).

[2]

In the absence of oxygen, dissolution of the Ni from the 
sulphide phase takes place according to Equation [3] (Lamya, 
2007);

[3]

Chalcocite (Cu2S) leaching under atmospheric oxidative 
conditions proceeds by Equation [4] (Plasket and Romanchuk, 
1978):

Figure 3—Precipitation kinetics of Cu and Ru under non-oxidative leaching with LCu-(LA,HA)  and HCu-(LA,HA) (Cu: 13.385 and 26.77 g/L, H2SO4: 50 and 100 g/L

Figure 4—Stability diagrams for Cu precipitation under oxidative and non-oxidative leaching with (L,H)Cu-(L,H)A (Cu: 13.385 and 26.77 g/L, H2SO4: 50 and 100 g/L) at 
80ºC (after Lamya, 2007)
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        [4] 

Being more noble than Ni, Cu from solution can exchange 
with Ni in the nickel sulphide matrix by metathesis (Equations 
[5], [6]) or with Ni from the alloy by cementation (Equation [7].  

[5] 

                                       
[6] 

                                       [7]

Although present in relatively small concentrations, Fe has 
been reported to play an important role as a catalyst and oxygen 
carrier to enhance the rates of the leaching reactions (Burkin, 
2001; Mulak, 1987).  

Figures 6 and 7 illustrate the leaching behaviour of Fe and 
Ni in oxidative and non-oxidative conditions in the presence of 

Cu, and PGEs. It is clear from these figures that both Fe and Ni 
undergo greater dissolution from the matrix in the presence of 
high acid concentrations in an oxidative environment than in 
the absence of oxygen. Fe leaching proceeds much faster than 
Ni under both oxidative and non-oxidative conditions in low Cu-
high acid conditions. However, the increase in Fe extraction and 
Cu precipitation coincides with diminishing Ru concentration in 
solution towards 20 mg/L. 

(Hofirek and Kerfoot, 1992). At a low pH, ferrous ions are 
oxidized to ferric according to Equation [8].

[8]

Ferric ions can act as an oxidant in the leaching of 
heazlewoodite, which leads to ferrous ions being continuously 
regenerated (Equation [9]).

[9]

Figure 5—Stability diagrams for Ru, Ir, and Rh precipitation under oxidative and non-oxidative leaching with (L,H)Cu-(L,H)A (Cu: 13.385 and 26.77 g/L, H2SO4: 50 and 
100 g/L), at 85ºC
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The pH and Eh diagrams for Ni and Fe under both the 
oxidative and non-oxidative tests are shown on the Pourbaix 
diagrams in Figures 8 and 9. Ni and Fe are dissolved as Ni2+ and 
Fe2+, while Cu is precipitated as Cu2S (refer to Figure 4). 

Conclusions
The relationship between Cu, Ni, Fe, and PGE behaviour was 
investigated through a series of batch leaching tests replicating 

the first-stage atmospheric leach in a base metal refinery. A 
low-Fe converter matte consisting mainly of heazlewoodite, 
chalcocite, Cu-Ni alloy, and minor magnetite was leached in a 
batch reactor under both oxidative and non-oxidative conditions 
at various acid and Cu concentrations. 

The results revealed a higher degree of precipitation for Cu, 
Ru, Ir, and Rh under oxidative conditions, which agrees with 
the findings of van Schalkwyk, Eksteen, and Akdogan (2013) 

Figure 6—Leaching of Fe and Ni together with precipitation of PGEs under oxidative leaching with LCu-(LA,HA)  and HCu-(LA,HA) (Cu: 13.385-26.77 g/L, H2SO4: 
50-100 g/L)

Figure 7—Leaching of Fe and Ni together with precipitation of PGEs under non-oxidative leaching with LCu-(LA,HA)  and HCu-(LA,HA) (Cu: 13.385-26.77 g/L, H2SO4: 
50-100 g/L)
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and Snyders et al. (2018).The precipitation behaviour of Ru and 
Ir closely followed that of Cu. A high acid concentration had a 
positive effect on Cu, Ru and Ir precipitation, as well as Fe and Ni 
dissolution. 

For oxidative leaching experiments it was found that a higher 
initial acid concentration resulted in higher Ni and Fe extractions, 
as well as faster leaching rates. A high initial acid concentration 
also resulted in faster precipitation of Cu, Ru, and Ir. 

The effect of initial acid concentration on the leaching 
behaviour of Ni and Fe, as well as on the extent of Cu 
precipitation, was much less marked under non-oxidative 
conditions. A high initial Cu concentration had a negative effect 
on the leaching of Ni and Fe, as well as the precipitation of Cu 
and PGEs, under non-oxidative conditions. 
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A critical review of initial Resource 
and Reserve tonnage estimation and 
reporting

by L. Roux

Synopsis
This review was initially motivated by the author’s own experience in attempting to reconcile run-of-
mine production tons with the Coal Resource and Reserve estimation of mineable, in-situ tonnages. The 
primary scientific measurements and observations that are collected during exploration at the beginning 
of the value chain will have a profound effect on the future of the mining operation. Due diligence must 
be exercised during the planning of a new mine and during the life of an existing mine.

The comments provided by the technical and economic assessment group of Venmyn Deloitte 
confirmed the need for this critical review. They found the reporting of Coal Resources in South Africa 
to be inconsistent. This was particularly problematic in the Waterberg Coalfield in Limpopo Province. In 
this coalfield there are two types of coal deposit present. The first is comprised of the thick intercalated, 
cyclic coal and shale/mudstone sequences of the Volksrust Formation. This overlies multiple coal seams 
within the Vryheid Formation, each of which is thick enough to be extracted as an individual raw coal 
unit. On the other hand, the interbedded coal and shale seams of the Volksrust Formation require 
beneficiation to separate the coal from the shale. 

The review examines practices and methods, investigates alternatives, provides checks and 
balances, and tests these against actual production reconciliations. In conclusion, the best estimates of 
the mineable, in-situ tonnage will be obtained from the air-dry raw material density. These estimates 
should be adjusted afterwards to allow for free moisture content. The adjustments are derived from 
reconciliation data. The greatest contributing factor to the over-estimation of Reserve tonnages is the 
moisture content of the raw material. This fluctuates significantly under varying conditions in situ, as 
well as upon exposure to the natural environment. The air-dried density of the raw material includes 
inherent (structurally bound) moisture within the matrix. It provides credible tonnage estimations of 
raw material available while also providing an indication of voids within the volume of material being 
assessed. The calculated solids percentage can be used to adjust the specific gravity, which is determined 
via the Archimedes principle. This will supply a representative estimate of the material to be mined.

Keywords
Coal, Resource, Reserve, in-situ tonnage, density determination.

Introduction
Problems related to the reconciliation of product predictions and run-of-mine tonnages obtained from 
the geological model led to two major projects, initiated by the author, being undertaken at Grootegeluk 
Coal Mine in Limpopo Province. The initial project, ‘Optimal yield prediction of semi soft coking coal 
and power station coal in the Waterberg Coalfield, Limpopo Province’ (Roux, 2012) dealt with product 
prediction, actual production, and reconciliation, resulting in the determination of a beneficiation-plant-
specific correlation factor applied to the predicted tonnages in order to reconcile the actual products 
from a specific beneficiation process. This was successful and relevant to the plant process, but did not 
satisfy the discrepancy between run-of-mine tonnages budgeted and those predicted from the geological 
model. The second project, ‘The application of ash adjusted density in the evaluation of coal deposits’ 
(Roux, 2017) addressed the discrepancy between the geological model values and actual reported 
run-of-mine tonnages by evaluating the whole process from exploration through the entire value chain. 
An assessment of the Resource material in the initial phases pertaining to exploration and laboratory 
processes, and various density determinations based on field and laboratory data through to run-of-
mine reconciliation of mineable tons, was established. 
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The physical make-up and properties of the material being 
mined should be understood and evaluated with regard to the 
matrix of the raw material and the probable geological losses with 
reference to the raw material determined prior to establishing 
Resource and Reserve values. Furthermore, consideration 
should be given to the compatibility of the feed material with the 
beneficiation processes and the required products. The prediction 
of run-of-mine feedstock and the expected product yields should 
be optimal and realistically based on the mining process, the 
beneficiation plants, products required, and material available.

This has been accomplished by a back-to-basics evaluation, 
starting at the exploration phase, through core recovery, depth 
corrections, lithological demarcation, lithological logging of 
the core, profile generation, and subsequent correlation for 
sample delineation, sampling, and preparation prior to dispatch 
to accredited laboratories for analyses, and an evaluation of 
laboratory results. All mass derivations from the exploration 
field, after Archimedes SG determinations through dispatch 
and laboratory receipt, as well as masses determined during 
and after sample preparation for analysis, were evaluated and 
various density determination calculations done for comparative 
purposes. It should be noted that no effort was made to determine 
the moisture content on recovery or impeccably preserve the 
exploration drill core after recovery in the field, therefore the in-
situ moisture content of the core is unknown.

Basic evaluation of initial core mass, volume, and density
Drill core recovered from the core barrel is washed and laid out 
on 20 m corrugated sheeting. The core is depth-adjusted and 
marked off, differentiating the lithology with corresponding 
geophysical log data and depths for each lithology encountered. 
This is done to 1 cm accuracy. On completion of the borehole, the 
core is logged and described geologically, a profile of the borehole 
constructed, and the geological log is correlated with other 
boreholes from the area in order to conduct sample delineation. 
The samples are marked out on the core, sample depths recorded, 
and the core is sampled. General practises at Grootegeluk require 
the samples to be separated into shale and coal components, the 
cut off values being anything less than 1 cm would be left in the 
overriding lithology. The samples are bagged and weighed as 
coal and shale samples separately. Field masses for the individual 

components i.e., coal samples and shale samples are recorded 
since these masses would represent the received mass of the field 
sample in air. The samples are then subjected to SG determination 
via the Archimedes principle, the density derived is recorded, and 
a theoretical reconstruction to represent the original sample, i.e. 
coal and shale combined, is done to provide an SG for the entire 
sample. Samples are dried and re-weighed before dispatch to an 
accredited laboratory for analysis. Exploration core received by 
the laboratory is weighed on receipt, masses checked against field 
masses dispatched from the mine, and SG determinations done 
on coal and shale samples.

Figure 1—Pictorial flow illustrating the initial exploration phase from drilling 
to sampling

Figure 3—Coal core sample: basic laboratory-determined density. SG = 
Mass in air/(mass in air – mass in water) = 1.66 g/cm3

Figure 2—Coal core sample: basic field-determined density
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Sample preparation involves crushing and screening to 
prescribed top sizes and  screening to –13 mm +0.5 mm, with 
the  –0.5 mm fraction being retained for raw analysis. The 
crushed samples are then dried under controlled temperature and 
humidity conditions to represent air-dry samples, screened to  
–13 mm and +0.5 mm, and re-weighed before float and sink 
analysis. Float /sink analysis is performed in the range from  
1.35 g/cm3, 1.40, 1.50 ... to 2.20 g/cm3 for coal samples and from 
1.40 g/cm3 to 2.20 g/cm3 for shale samples, and the yields at 
each float fraction determined and recorded. Thereafter proximate 
analyses, total sulphur, Roga Index, crucible swell number, and 
calorific value, as well as ash analyses on the float and sink 
fractions, are completed for all samples, and the results recorded 
and forwarded to the mine. 

Figure 4 portrays an evaluation of the different density values 
obtained from basic field and laboratory data.

Evaluation of laboratory data after float/sink and  
proximate analyses
The evaluation relates to two alternative methods of obtaining 
accurate density determinations for the samples. The first is an 

ash-adjusted density algorithm derived from a regression of  
31 000 float and sink data-sets to obtain an accurate absolute dry 
density value for each float fraction within a set range of fixed 
density values, and adjusting these with reference to the inherent 
moisture content determined in the laboratory to give a credible 
air-dry density value for the sample. The second approach, 
devised by Robeck and Huo (2015), is assessing the mineral 
matter content and then deriving a probable in-situ density based 
on averaged measured moisture content. Since averaged moisture 
content data for the Waterberg coals was not available, the 
laboratory-determined inherent moisture content of the samples 
was used instead. Both methods were validated by pycnometer-
determined densities for the same samples. Research with regard 
to ash-adjusted density determined the contribution of mineral 
content for each fractional value from the data-set. As the 
mineral content increases, the ash yield content also increases, 
and each incremental increase represents a subtle increase in 
density between the previous fixed float density and the next cut-
off float density. 

Regression analyses based on cumulative frequencies of 
the various float fraction values were done on a 31 000 sample 

Figure 4—Various density values obtained from different basic methods relating to field and primary laboratory data

Figure 5—Distribution of ash percentage at each float density, illustrating the range of possible ash contents between float cut-offs
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data-set (Roux, 2012) and later refined through statistical 
methods to produce the algorithm eventually applied. The ash-
density relationship displays the distribution around specific float 
densities and can be accommodated along the slope of increasing 
ash with increasing density (Roux, 2017). 

The linear regression done on median values from descriptive 
statistics provided the following relationship:

RD = (0.013 x Ash%) + 1.238 
which also resulted in an R2 value of 0.99. The constant 1.238 
represents the density of bituminous coal. The credibility of the 
densities obtained was questioned; this led to a request that 
each fraction from samples in a new exploration borehole be 
subjected to pycnometry by the density bottle method (Australian 
Standard method AS1038.21 Item 4) to determine the densities 
of the individual fractions from the samples. A total of 741 ‘true 
relative densities’ for float and sink fractions were determined 
according to this method. The coal and shale samples combined 
for the separate stratigraphic units, ash-adjusted density (AAD)-
derived densities, and the re-determined laboratory densities 
were compared and statistically evaluated at a 99.9% confidence 
level. The differences between AAD and pycnometer-derived 
densities are illustrated in Figure 7. The AAD values had not 
been corrected to accommodate the inherent moisture content, 
thus they represent an absolute dry matrix density, and if this 

correction is applied the values would be comparable with an air-
dry density. 

All three sets of values obtained at various confidence levels 
indicate a high level of accuracy. The evaluation based on a 
comparison between AAD-calculated values and laboratory-
determined values indicates that the AAD methodology can 
be used confidently for predictions of dry densities in coal 
assessments. Minor differences between the two data-sets (AAD 
and pycnometer) are attributable to the inherent moisture content 
of the samples.

Robeck and Huo (2015), however, used another approach 
to ascertain in-situ density. Their study did not support the 
ash content as a basis for the evaluation of density since 
they believed that  ash was a product of combustion and that 
inorganic volatiles would have contributed more to the losses 
through combustion. Their method is referred to as the Gray 
method.

The proposed evaluation requires an estimation of mineral 
matter content. The most commonly used approach is the Parr 
formula (Rees, 1966):

where Stot = total sulphur (dry)
and the mineral matter ratio is determined by

Coal values from descriptive statistics based on original data-set used for AAD evaluation
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The Gray method, in which Md cannot exceed 100%, 
accounts for a wider range of mineral volatiles and reveals 
changes in mineral content with increasing ash.  This only 
requires specific energy (CV) and ash, and is the most robust 
method, particularly for high-ash samples. The relationship 
between dry CV and mineral matter is given by:

where Ed = Specific energy, dry expressed in MJ/kg
Edmmf = Specific energy, dry mineral matter-free and the mineral 
matter ratio is determined by

The dry mineral matter-free CV is determined by:

Mineral matter content is then derived by:

(for all samples).
The determination of the air-dry density of the sample is then 

obtained from the equation:

where coefficients a and b are determined by:

where ρc represents the matrix density of bituminous coal 
(1.2384 g/cm3) and ρw is the density of water at 5°C (1.0 g/cm3).

where ρm = density of the mineral matter. Here, 2.53 g/cm3 was 
used for Waterberg coals.

The individual sample densities can then be obtained from 
the following equations:

and

The values determined from the AAD and Gray methods 
represent air-dry densities. The AAD values have been adjusted 
from an absolute dry (moisture-free) basis to an air-dry basis, 
including the analytical inherent moisture (%) so that all three 
data-sets are comparable. Note that the matrix density of 
bituminous coal at 1.2384 g/cm3 and that of the mineral content 
at 2.53 g/cm3 were the same as the values used in the AAD 
evaluation and have been used in the Gray method. Trends 
established by the AAD and Gray methods correlate almost 
perfectly, with a slight divergence in the higher ash regimes 
(Figure 8). 

The assessment and tabulation of field, preliminary 
laboratory, and proximate analysis calculated values for the 
sample used in the example, which were obtained for density 
determinations, are illustrated in Table I. From the foregoing, 
very little difference is apparent between the methods utilizing 
the analytical data. Densities of 1.45 to 1.46 g/cm3 were obtained 
using an average correction factor of 0.83 for the solid matrix, 
which implies that the effective porosity of this sample is 
approximately 17%. In Table II the overestimation is determined 
by the final percentage by which the calculated value exceeds 
the mass of the measured air-dry material, i.e. the Archimedes-
calculated mass of 50 865 g measured against 44 204 g results 
in an overestimation of approximately 15.06%. It is also apparent 
that the original field mass volume contains a fair percentage of 
moisture. 

Reconciliation of actual production results, validating the 
foregoing with regard to basic Resource and Reserve 
tonnage estimations
From a mining production and reconciliation perspective two 
examples, one from the Volksrust Formation and the second from 
the Vryheid formation, were dealt with. These two scenarios are 
depicted in the locality map in Figure 9, showing the positions of 
the mining strips, blocks, and surrounding exploration boreholes 
from which the basic information with regard to mining block 
densities and expected run-of-mine tonnages were obtained. The 
same approach using the basic density equation was used in this 

Figure 7—Differences between AAD predicted values and pycnometer-determined RD at various confidence levels, the combined coal and shale samples showing 
the lowest difference up to a 95% confidence level. This is smaller than 0.005
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Figure 8—Plot of inherent moisture-adjusted AAD RD, Gray Method RD, and laboratory density-bottle-RD

   Table I

   Summary of derived densities using various methods of determination. Combined coal and shale
   Determination method Mass Volume Density Perceived %  Possible % Mass loss from original field 
 g cm3 g/cm3 solids voids mass to other measured masses

Field and preliminary laboratory evaluation of perceived solids and voids
   Archimeded 46300 27560 1.68 0.91 0.09
   Field mass/volume 46300 

30277
 1.529

   Lab mass./volume 46274  1.528   26
   Determination method Mass g Volume cm3 RD % Solids Possible %  
    matrix voids

Laboratory sample preparation evaluation of perceived solids and voids
   –13 mm – 0.5 mm mass/volume 41113 

30277
 1.358 0.81 0.19 5187

   Air dry mass including < 0.5 mm/volume 44103  1.46 0.87 0.13 2197
   Determination method Mass g Volume cm3 RD % Solids Possible %  Air-dry RD derived from RD 
     matrix voids x % solid matrix

Validation of solid matric RD based on pycnometer, AAD results and grey method
   Pycnometer RD   1.74 0.84 0.16 1.457
   Absolute dry AAd RD 44103 25347 1.72 0.85 0.15 1.457
   Air dry AAD RD   1.76 0.83 0.17 1.457
   Gray method RD   1.75 0.83 0.17 1.460

   Table II

   Overestimation of core mass as a result of solid to void ratios
   Determination method Density Volume Actual solids Voids  % 
 g/cm3 cm3 volume cm3 volume cm3 voids

   Air dry mass including < 0.5 mm/volume 1.46  25251 5026 16.60% Based on average calc values from 
      pycnometer, AAD and Gray methods. RD

   Pycnometer RD 1.74 30277 25347 4930 16.28%
   Air dry AAD RD 1.76  25130 5147 17.00%
   Gray method RD 1.75  25130 5147 17.00%
   Average for calculated values 1.75  25130 5147 17.00%  
   Determination method Density Volume Mass in grams = % Over 
 g/cm3 cc RD x volume estimation
   Archimedes 1.68 30277 50865.36 15.07%
   Air dry mass including < 0.5 mm/volume 1.46  44204.42
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evaluation. The masses relate to tonnages, the volumes in cubic 
metres to the material mined, and the initial densities allocated 
to the areas as well as the derived densities represented by the 
surveyed volumes and reported tonnages. Differences between 
the Volksrust Formation and the Vryheid Formation are depicted 
in Figure 10. 

Two uniquely different types of deposit are represented 
by the mining horizons used in this reconciliation exercise. 
Mining horizon 3 in the Volksrust Formation represents a thick 
interbedded coal seam deposit, which includes coal and shale 
and requires beneficiation to separate the two main lithologies. 
The shales could be regarded as a contaminant but they need 
to be mined together, thus would constitute the raw reserve 
with respect to mineable run-of-mine tonnages. Mining horizon 
6 in the Vryheid Formation, however, is classified as part of a 
multiple seam deposit; the coal portion can be extracted without 
beneficiation and can thus be considered as an in-situ Reserve. 

Table III represents summaries of the weighted averages 
for the four data-sets relevant to the mining horizon 3 units, 
depicting tonnage differences and overestimation percentages. 

In Table III, overestimation percentages are attributable to 
completely different areas, bench thicknesses, densities, and 

volumes planned and staked as opposed to the raw material 
actually mined. The most important difference, however, lies 
between the as-mined data and the surveyed data. In Table IV the 
areas, volumes, bench thicknesses, and relative densities for the 
model, staked, and as-mined scenarios have been equalized in 
order to compare the four scenarios on the same basis, the only 
difference being the tonnage for the surveyed material and its 
resultant density. This shows a difference of 17.41%, which could 
be attributable to the voids in the matrix, which implies that the 
solid matrix contributes only 82.59% to the final density.

In Table V the areas, bench thicknesses, and in-situ tons 
derived from raw density data are compared with surveyed areas 
and derived tonnages as well as dispatch values of tonnages 
sent to beneficiation plants. The dispatched tonnage divided by 
the surveyed tonnage show a loss of 17.89%, which may be 
indicative of voids in the original raw material which had not 
been taken into account in a geological loss factor. The actual 
density of the material dispatched to the various plants was  
1.35 g/cm3, as opposed to the 1.65 g/cm3 used for planning or 
raw density for these blocks. 

Finally, both the theoretical values obtained from a sample 
used illustratively and the reconciliation data pertaining to far 

Figure 9—Locality map illustrating the respective mining strips, mining units, and mining horizons evaluated, with locations of boreholes over the entire area
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larger mining blocks, which in the case of mining horizon 3 
comprise several samples in the vertical sequence and mining 
horizon 6, which is purportedly a relatively pure dull coal bench, 
have exhibited voids in the range of 16% to >17%. 

Discussion
The initial requirement in the SAMREC Code pertains to an in-
situ density of the resource material for tonnage estimations of 
‘mineable tonnes in situ’. The term in-situ requires the inclusion 
of all the matrix components, i.e. the solid matrix, moisture, 
voids, or gases contained within the matrix in order to ascertain 

the tonnages of the raw material in its natural in-situ state. 
SAMREC should specify that tonnes in-situ must be reported on 
an air-dry basis.

Groundwater levels, porosity, and permeability would greatly 
influence the in-situ density of the material being assessed. 
By implication this requires exploration core to be impeccably 
preserved on recovery so that the adventitious moisture content 
may be accurately determined in the laboratory. Consider the two 
scenarios in Figure 11. In the first, illustrating an exploration 
borehole intersecting a coal sequence below the groundwater 
table, the probability of the core retaining the moisture is 
relatively good, provided that it is impeccably preserved on 
recovery. In the second example, a purported dry borehole, 
the core may still contain some moisture, relating initially to 

   Table IV

   Comparison of planning, survey, and mining data-sets 
on the same basis

             Calculated values for surveyed area and volume 
 Area Thick RD Volume Tonnage

   Model 149 998.33 16.23 1.85 2 434 125.76 4 503 132.66
   Staked 149 998.33 16.23 1.85 2 434 125.76 4 503 132.66
   As mined 149 998.33 16.23 1.85 2 434 125.76 4 503 132.66
   Surveyed 149 998.33 16.23 1.53 2 434 125.76 3 719 131.90
   As-mined tonnage difference    784 000.76
   As-mined % overestimation    17.41%

   Table III

   Mining Horizon 3 in the Volksrust Formation
             Summary of initial reported values 
 Area Thick RD Volume Tonnage

   Model 220 414.00 15.84 1.85 3 491 357.76 6 459 011.86
   Staked 225 836.00 16.02 1.85 3 617 892.72 6 693 101.53
   As mined 150 858.00 16.14 1.86 2 434 848.12 4 522 987.95
   Surveyed 149 998.00 16.23 1.53 2 434 125.76 3 719 131.91
   Model to surveyed tonnage difference   2 739 879.95
   Model % overestimation    60.84%
   Staked to surveyed tonnage difference   2 973 969.63
   Staked % overestimiation    44.43%
   A-mined tonnage difference    803 856.04
   As-mined % overestimation    17.77%

Figure 10—Waterberg coal deposit types, relating to the Volksrust Formation (left) and the Vryheid Formation (right)

MINING HORIZON 3 TYPE DEPOSIT MINING HORIZON 6 TYPE DEPOSIT
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interstitially trapped water, to structural or inherent moisture, or 
moisture introduced during drilling. These values should also be 
ascertained since they will influence the overall apparent relative 
density of the material.

Another aspect to be taken into consideration relates to the 
time elapsed and possible changes to the in-situ environment 
between the exploration phase and actual mining of the deposit.

Consider an exploration borehole that may have been drilled 
several years earlier, prior to any mining activities, but is now 
in a position where an opencast mining operation has advanced 
closer to the borehole, on which the original determinations 
were done Groundwater has drained from this area into the 
mine’s sump over the years and is now at a level below some 
of the coal seams, and the mining benches have been exposed 

to the ambient atmospheric and climatic conditions for several 
years, thus rendering them effectively dry. Information with 
regard to in-situ densities determined during the exploration 
phase and used for mineable tons in-situ determinations will 
no longer be valid since the moisture content in the subsurface 
environment has changed over time. If, however, the densities 
were determined on an air-dry basis initially, the reference base 
and subsequent changes in moisture content or water content will 
have no influence.

What would the in-situ moisture content of this material be? 
Assuming this is the same borehole as shown in the first scenario 
(Figure 11), the moisture content in the upper benches may be 
the same as for the borehole drilled through a dry area, similar 
to the one shown in the second scenario. Surely it is no longer 
feasible to use the values initially obtained for an in-situ density, 
especially if they were derived using the Archimedes principle 
method? The most logical value to use would be representative 
of the air-dry relative density, which at least partially conforms to 
the material being mined. This value would allow more credible 
Resource and Reserve tonnage estimations and an improved 
planned volume of material to be extracted in order to satisfy 
budgetary predictions. 

Conclusions
 ➤   An intimate knowledge of the physical nature of the matrix 

is a prerequisite, since porosity of the matrix components 
contributes to the complexity.

   Table VI

   Comparison of planning, survey, and mining data-sets
             Summary of reported values 
 Area Thick RD Volume Tonnage

   Model 15 805 4 4.05 1.64 63 950 6 10 487 24
   Staked 15 523 5 3.73 1.64 57 837 3 94 770 5
   As mined 21 235 7 2.93 1.64 62 222 0 102 019 6
   Surveyed 21 236 2 2.93 1.64 62 222 0 10 197 18
   Dispatch 21 236 2 2.93 1.35 62 222 0 83 790 8
   Probable voides   17.89%
   Solid matrix   82 11%

   Table V

   Bench 6 blocks with as-mined reported values as well as the final survey results
   Block No.       As-mined reported dats Model Model              Survey measured data             Dispatch reported tonnages

 Seam As-mined As-mined Equivalent as-mined Archimedes Surveyed Surveyed GG3 GG2 Toal despatch 
  area bench thick in-situ tons raw RD volume tons   tons

   B06/92/01 Bench 6 12 049 3.51 70 614 1.67 42 284 70 614 109 727 489 110 217
   B06/92/02  10 926 3.92 70 614 1.65 42 797 70 614 82 095 1 309 83 404
   B06/92/03  3 256 2.70 14 520 1.65 8 800 14 520 91 196 1 476 92 672
   B06/93/01  31 934 3.56 188 867 1.66 113 775 188 867 56 746 813 57 559
   B06/93/04  15 018 3.18 78 417 1.64 47 815 77 938 57 176 1 151 58 328
   B06/93/05  10 751 3.47 61 108 1.64 37 261 61 108 70 092 1 633 71 725
   B06/93/06  36 800 2.85 169 828 1.62 104 832 169 828 75 194 661 75 855
   B06/93/07  15 273 3.10 77 246 1.63 47 390 77 246 77 423 1 194 78 616
   B06/93/08  1 241 3.20 6 501 1.64 3 964 6 501 100 049 1 194 101 242
   B06/94/06  69 319 2.26 255 861 1.63 156 970 255 861 51 522 3 447 54 968
  B06/94/07  5 791 2.82 26 621 1.63 16 332 26 621 51 522 1 799 53 321

Figure 11—Two exploration scenarios

Scenarion 1 Coal measures below groundwater level Scenarion 2 Essentially dry- no groundwater influence
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 ➤   Neither the Archimedes-determined SG nor RD determined 
by pycnometry are suitable for in-situ Resource tonnage 
estimation unless the samples were impeccably preserved 
and the moisture content determined.

 ➤   An idea of moisture content at the time of the Archimedes 
determination can be formulated by determining the 
volume required to support the derived SG. The difference 
between the initial volume and the determined volume 
would be indicative of the moisture content at that time.

 ➤   Pycnometer density would also require a reconstruction 
of the sample to its original state with regard to the initial 
volume of the sample.

 ➤   The air-dried, crushed, and screened masses reconstituted 
can be used with the original sample volume to give a 
representative air-dry RD.

 ➤   The representative air-dry RD value can be validated by 
utilizing both the AAD methodology and the Gray method, 
substituting the inherent moisture content. The AAD 
method would give an absolute dry density, which would 
then be adjusted by the inherent moisture content to 
provide an air-dry RD.

 ➤   This RD does not represent the in-situ RD but gives an 
accurate value for the matrix material to be recovered. 

 ➤   The in-situ RD is applicable only when densities are 
determined immediately before mining, due to the changing 
environments with regard to the movement of groundwater 
and the time elapsed between original exploration and 
actual mining of the material.

Recommendations
It is recommended that SANS/SAMREC set a standard for the 
reporting of Coal Resource and Coal Reserve tonnages based the 
type of deposit, and specify air-dry tonnages for the Mineable 
Resources. These tonnages would be derived from the air-
dry density of the resource matrix material, which is far more 
representative of the resource, in this case mineable coal, than a 
density derived for so-called in-situ values, including entrapped 
adventitious moisture. Water does not generate revenue! 
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NATIONAL & INTERNATIONAL ACTIVITIES
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Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za

2022
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Wits Club, Johannesburg 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za 

27 February–3 March 2022 — TMS Furnace Tapping 2022 
Anaheim, California, USA 
https://www.tms.org/AnnualMeeting/TMS2022/Program-
ming/Furnace_Tapping_2022/AnnualMeeting/TMS2022/Pro-
gramming/furnaceTapping.aspx?hkey=718f6af7-1852-445c-
be82-596102913416

20–27 May 2022 — ALTA 2022 Nickel-Cobalt-Copper,  
Uranium-REE, Gold-PM, Lithium & Battery Technology  
Online Conference & Exhibition  
Perth, Australia, Tel: +61 8 9389 1488 
E-mail: alta@encanta.com.au 
Website: www.encanta.com.au

14–16 June 2022 — Water | Managing for the Future 
Vancouver, BC, Canada 
https://www.mineconferences.com

Website: http://www.saimm.co.za

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

24–25 August 2022 — Battery Materials Conference 2022 
Misty Hills Conference Centre, Muldersdrift,  
Johannesburg, South Africa 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za 

8–14 September 2022 — 32nd SOMP Annual Meeting and  
Conference 2022 
Windhoek Country Club & Resort, Windhoek, Namibia 
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 

15–20 September 2022 — SDIMI 2022 10th Internationl  
Hybrid Conference 
Windhoek Country Club & Resort, Windhoek, Namibia 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za 

28–29 September 2022 — Thermodynamic from Nanoscale  
to Operational Scale (THANOS) International Hybrid  
Conference 2022 
on Enhanced use of Thermodynamic Data in Pyrometallurgy 
Teaching and Research 
Mintek, Randburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

24–27 October 2022 — 8th Sulphur and Sulphuric Acid  
Conference 2022 
Contact: Gugu Charlie  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: gugu@saimm.co.za 
Website: http://www.saimm.co.za

2-4 November 2022 — PGM The 8th International  
Conference 2022 
Sun City, Rustenburg, South Africa 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za

2023
13–15 June 2023 — Copper Cobalt Africa In Association with 
The 10th Southern African Base Metals Conference 
Avani Victoria Falls Resort, Livingstone, Zambia 
Contact: Camielah Jardine  
Tel: +27 11 834-1273/7 
Fax: +27 11 838-5923/833-8156  
E-mail: camielah@saimm.co.za 
Website: http://www.saimm.co.za 

2021 
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The following organizations have been admitted to the Institute as Company Affiliates

3M South Africa (Pty) Limited
AECOM SA (Pty) Ltd
AEL Mining Services Limited
African Pegmatite (Pty) Ltd
Air Liquide (PTY) Ltd
Alexander Proudfoot Africa (Pty) Ltd
AMEC Foster Wheeler
AMIRA International Africa (Pty) Ltd
ANDRITZ Delkor (Pty) Ltd
Anglo Operations Proprietary Limited
Anglogold Ashanti Ltd
Arcus Gibb (Pty) Ltd
ASPASA
Aurecon South Africa (Pty) Ltd
Aveng Engineering
Aveng Mining Shafts and Underground
Axiom Chemlab Supplies (Pty) Ltd
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
Barloworld Equipment -Mining
BASF Holdings SA (Pty) Ltd
BCL Limited
Becker Mining (Pty) Ltd
BedRock Mining Support (Pty) Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd
Bluhm Burton Engineering  (Pty) Ltd
Bond Equipment (Pty) Ltd
Bouygues Travaux Publics
Castle Lead Works
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing SA Pty 
Ltd
CSIR Natural Resources and the Environ-
ment (NRE)
Data Mine SA
Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
Duraset
Elbroc Mining Products (Pty) Ltd
eThekwini Municipality
Ex Mente Technologies (Pty) Ltd
Expectra 2004 (Pty) Ltd

Exxaro Coal (Pty) Ltd
Exxaro Resources Limited
Filtaquip (Pty) Ltd
FLSmidth Minerals (Pty) Ltd
Fluor Daniel SA ( Pty) Ltd
Franki Africa (Pty) Ltd-JHB
Fraser Alexander (Pty) Ltd
G H H Mining Machines (Pty) Ltd
Geobrugg Southern Africa (Pty) Ltd
Glencore
Gravitas Minerals (Pty) Ltd
Hall Core Drilling (Pty) Ltd
Hatch (Pty) Ltd
Herrenknecht AG
HPE Hydro Power Equipment (Pty) Ltd 
Huawei Technologies Africa (Pty) Ltd
Immersive Technologies 
IMS Engineering (Pty) Ltd
Ingwenya Mineral Processing (Pty) Ltd
Ivanhoe Mines SA
Joy Global Inc.(Africa)
Kudumane Manganese Resources
Leica Geosystems (Pty) Ltd
Longyear South Africa (Pty) Ltd
Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd
Magnetech (Pty) Ltd
Magotteaux (Pty) Ltd
Malvern Panalytical (Pty) Ltd
Maptek (Pty) Ltd
Maxam Dantex (Pty) Ltd
MBE Minerals SA Pty Ltd
MCC Contracts (Pty) Ltd
MD Mineral Technologies SA (Pty) Ltd
MDM Technical Africa (Pty) Ltd
Metalock Engineering RSA (Pty) Ltd
Metorex Limited
Metso Minerals (South Africa) (Pty) Ltd
Micromine Africa (Pty) Ltd
MineARC South Africa (Pty) Ltd
Minerals Council of South Africa
Minerals Operations Executive (Pty) Ltd
MineRP Holding (Pty) Ltd
Mining Projections Concepts 
Mintek
MIP Process Technologies (Pty) Ltd
MLB Investment CC
Modular Mining Systems  
Africa (Pty) Ltd

MSA Group (Pty) Ltd
Multotec (Pty) Ltd
Murray and Roberts Cementation
Nalco Africa (Pty) Ltd
Namakwa Sands(Pty) Ltd
Ncamiso Trading (Pty) Ltd
New Concept Mining (Pty) Limited
Northam Platinum Ltd - Zondereinde
Opermin Operational Excellence
Optron (Pty) Ltd
Paterson  & Cooke Consulting Engineers 
(Pty) Ltd
Perkinelmer
Polysius A Division Of Thyssenkrupp 
Industrial Sol
Precious Metals Refiners
Rams Mining Technologies
Rand Refinery Limited
Redpath Mining (South Africa) (Pty) Ltd
Rocbolt Technologies
Rosond (Pty) Ltd
Royal Bafokeng Platinum
Roytec Global (Pty) Ltd
RungePincockMinarco Limited
Rustenburg Platinum Mines Limited
Salene Mining (Pty) Ltd
Sandvik Mining and Construction Del-
mas (Pty) Ltd
Sandvik Mining and Construction 
RSA(Pty) Ltd 
SANIRE
Schauenburg (Pty) Ltd
Sebilo Resources (Pty) Ltd
SENET (Pty) Ltd
Senmin International (Pty) Ltd
SISA Inspection (Pty) Ltd
Smec South Africa
Sound Mining Solution (Pty) Ltd
SRK Consulting SA (Pty) Ltd
Time Mining and Processing (Pty) Ltd
Timrite (Pty) Ltd
Tomra (Pty) Ltd
Traka Africa (Pty) Ltd 
Ukwazi Mining Solutions (Pty) Ltd
Umgeni Water
Webber Wentzel
Weir Minerals Africa
Welding Alloys South Africa
Worley 



The intensified search over the past 
decade for alternatives to fossil-fuels as 
stores of energy has led to an exponential 
growth in the demand for batteries and 
research into battery technologies. The 
largest application by far has been in 
transportation, followed by electrical 
distribution grids. 

Of the raw materials required for battery 
manufacture, metals such as cobalt, 
manganese and vanadium are highly 
concentrated in southern Africa. The 
supply of lithium, on the other hand, 
is concentrated in Australia, Chile and 
Argentine. 

These activities have created both 
opportunities and challenges. 
Opportunities such as new value chains 
for the associated raw materials, with 
several production companies with battery-

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

The aim of this conference is to provide 
the opportunity for thought leaders in the 
global battery value chain to exchange 
ideas on recent developments in the fields 
of:

• Materials and high-purity intermediates 
for battery components

• Flow-battery electrolytes
• Processes for the recycling of batteries
• Market outlook and legislative 

implications
• Related case studies.

24-25 AUGUST 2022
MISTY HILLS CONFERENCE CENTRE, 
MULDERSDRIFT, JOHANNESBURG

BATTERY  
MATERIALS 
CONFERENCE 2022

Gugu Charlie  
Conference Co-Ordinator

FOR FURTHER INFORMATION, CONTACT:
E-mail: gugu@saimm.co.za 
Web: www.saimm.co.za



 
BACKGROUND
Fundamental knowledge of thermodynamic 
principles and data is important in 
understanding and improving processes 
used in the production of metals as well 
as in the design and development of new 
processes. This is particularly so given the 
fact that the production of metals from 
ores and/or secondary resources using 
pyrometallurgical processes involve complex 
thermochemical phenomena as a result 
of high temperatures and application of 
energy to materials. In most cases, however, 
pyrometallurgists do not fully appreciate 
the immense potential of thermodynamics 
to the design and operation industrial 
processes. This trend is worrying so as the 
engineering society is moving towards 
competencies focusing on a wide area of 
knowledge. The shift towards “Wikipedia 
knowledge” is a natural consequence of 
availability of huge amounts of information, 
but invariably, tends to occur at the expense 
of fundamental knowledge which forms the 
backbone of high quality thermodynamics 
teaching and research. In some instances, 
students and researchers tend to 
regurgitate derivations of thermodynamic 
equations with no indication of how such 
thermodynamic principles and data are 
to be put to practical use. To keep the 
interest and the dedication to the teaching, 
learning and application of thermodynamics 
principles and data, new teaching methods 
must continuously be developed with 
emphasis on how the fundamental 
knowledge is used in the research, design 
and operation of pyrometallurgical 
processes. 

CONFERENCE OBJECTIVES

Camielah Jardine,  
Head of Conferencing

FOR FURTHER INFORMATION, CONTACT:
E-mail: camielah@saimm.co.za
Tel: +27 11 834-1273/7
Web: www.saimm.co.za

2 DAY HYBRID CONFERENCE

28-29 SEPTEMBER 2022 - CONFERENCE 
VENUE - JOHANNESBURG (MINTEK)

INTERNATIONAL CONFERENCE  
ON ENHANCED USE OF THERMODYNAMIC DATA  
IN PYROMETALLURGY TEACHING AND RESEARCH 

THANOS
PROJECT THERMODYNAMICS FROM 

  NANOSCALE TO OPERATIONAL SCALE

The broad objective of the International Conference on 
enhanced use of Thermodynamic Data in Pyrometallurgy 
Teaching and Research is to enhance the use of 
thermodynamic data in pyrometallurgy teaching and 
research. The ultimate goal is to increase competitiveness 
of the South African pyrometallurgical industry by 
demystifying thermodynamics and equipping the 
industry to use thermodynamic principles and data in 
metal production. Hosted by the Metallurgy Technical 
Programme Committee of the Southern African Institute 
of Mining and Metallurgy, this conference will focus on 
two main pillars: (a) the enhanced use of thermodynamic 
tools and data and the understanding the fundamental 
reaction mechanisms in metal production, and (b) 
developing methods for teaching thermodynamics and 
enhancing the teaching and learning and availability 
of thermodynamic methods and data. The project is 
funded by the Research Council of Norway through the 
Programme for International Partnerships (INTPART) 
under the project “Thermodynamic from Nanoscale to 
Operational Scale” (THANOS). 


