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Editorial Board

Journal Comment
Sampling and Analysis: Best Practice in African Mining

In this edition of the Journal a selection of the papers
given at the conference ‘Sampling and Analysis: Best
Practice in African mining’, held in Johannesburg from
4–6 June 2013, is presented.
The main objective of the conference was for the
companies that are involved in the African mineral
industry to present the procedures that they use for
sampling and analysis, from exploration through face
sampling and grade control to their processing plants
and the final products that are sent to market.
The critical importance of sampling, mass
measurement, and chemical analysis is explained in the
paper ‘From metal to money: the importance of reliable
metallurgical accounting’ by Dr D. Seke. These
measurements are required for metallurgical
accounting, and affect issues of corporate governance
and compliance with codes and regulations that have
been introduced to improve transparency in the
reporting of financial statements of mining companies.
As an example of the application of the codes,
particularly of the AMIRA P754 code for metallurgical
accounting, the author considers the overall
metallurgical accounting process and the confidence in
the measurement of inventories for a typical
hypothetical platinum company. The reporting of
inventories, which for the typical platinum company
amount to between 10 per cent and 20 per cent of the
annual throughput, is required in the financial
statements of public mining companies – hence the
importance of improving the confidence in their
determination.
An overall summary of sampling in the South
African mining industry was given in the keynote
address by R.C.A. Minnitt. This review highlights two
differing approaches to sampling, namely:
➤ The application of the Theory of Sampling,
originally proposed by Pierre Gy, to sampling of
precious and base metal products
➤ The application of ISO standards for sampling of
bulk commodities, or where ISO standards are not
available, procedures agreed in terms of contracts
between buyers and sellers. In addition, many
operations apply their own standards for
sampling, mass measurement, and metallurgical
accounting. Increasingly, companies are adopting
the AMIRA Code of Practice, which is mentioned
in the paper ‘Metal accounting and corporate
governance’ by Gaylard et al.

▲
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With regard to these two approaches there are two
meanings to the word ‘sample’.
In Gy’s definition a sample is part of a lot, often
obtained by reunion of several increments or fractions
of a lot. (Sampling of Particulate Materials, Elsevier
1979). In other words a sample in the Gy context is a
single entity.
By contrast, in statistical terminology, a SAMPLE
(in upper case to distinguish it from the single entity
sample) is a set of individuals or items selected from a
parent population to provide information about its
distribution (Collins Dictionary of Statistics, 2005).
In the Theory of Sampling, the fundamental error
(FSE) of a sample is estimated. The FSE has the
dimensions of variance, but variance has no meaning
for a single sample. However, after calibration against a
series of statistical SAMPLES, the FSE is taken to be the
variance of the SAMPLES and it models the changes in
variance with grade, particle size, and mass of samples.
In terms of its financial contribution to the South
African mining industry, coal is the leading mineral
commodity (28 per cent of total revenues) followed by
PGMs (22 per cent), gold (20 per cent), and iron ore
(17 per cent).
‘Sampling the coal chain’ by P.E. Hand is a broad
overview of the role of sampling and analysis in the
coal chain, from the start of a coal project to getting the
coal out of the ground, upgrading it into the correct
product, and to its eventual use by a (hopefully)
satisfied customer. In the design of coal mines,
sampling often comes low in the priorities, and cutting
out such ‘fripperies’ is often cited as a way to save
money. However, as Hand points out in the
conclusions, the costs of sampling pale into
insignificance in comparison with the cost of not
sampling. The coal industry is large and errors of
quality or yield can very quickly translate into huge
losses. The South African coal industry has been
known historically for the consistency of coal
production in terms of tonnage and quality, even
though the absolute coal quality is not as good as other
producers. The drive for proper sampling and worldclass laboratory services must continue in order to keep
South Africa competitive.
The comment that sampling often comes low on the
list of priorities for the mining industry in general is
echoed in the paper ‘Mechanical sampling –a
manufacturer’s perspective’ by Steinhaus and Minnitt.
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of an accounting period, which is usually a month, a
large number of ‘samples’ are taken and the standard
deviation of the mean of the statistical SAMPLE is
within acceptable limits.
In both the gold and platinum mine operations,
long term balances between the ore sampled by crossbelt sampling and the actual gold or platinum produced
were within acceptable limits. This indicated that the
potential biases of the cross-belt sampling are
manageable. It is significant that there were no
detectable differences between the cross-belt sampling
of ore from different reef types.
For gold mines there is a lack of agreement
between gold called for from underground using chip
sampling and the gold accounted for using cross-belt
samplers. However, as shown by Fourie and Minnitt in
their paper ‘The simulated chip-sample model as a
method for quantifying error and bias in sampling thin
carboniferous reef types’, chip sampling of stope faces
is an inadequate measure of gold grade because of the
inherent difficulties in extracting samples from
quartzite reefs interspersed with soft carbonaceous
gold seams. It is significant that the mine call factor
(MCF), which is a comparison between gold called for
underground and gold produced, is higher for those
reef types that are more homogeneous, for example the
VCR or Elsbergs, as compared to reefs with carbon
seams where the soft carbon is extracted preferentially
in chip sampling.
My personal view is that the lessons learnt from
cross-belt sampling of run-of-mine ore could be applied
to in-stope sampling to obtain a better estimate of ore
that is broken than that obtained with chip sampling.

H. Bartlett
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This paper emphasizes the need for sampling
equipment manufacturers (SEMs) to apply the results
and recommendations of research, and of the various
ISO standards and codes, to the design of samplers in
order to obtain unbiased samples. However, in some
cases little provision is made for sampling and quality
management at the design phase of a project. The need
for this is then recognized only when a product
consignment or mineral grades are out of specification
or unacceptably low. At this stage, sampling equipment
has to be retrofitted or the buyer’s quality assessment
accepted at unknown cost to the seller.
The paper ‘Platinum proup metals: best practice
sampling methods, assay techniques, and quality
control’ by K. Lomberg overviews current practice for
sampling and analysis in the platinum industry from
exploration to final metal production. In ‘Mogalakwena
Platinum Mine: a world-class PGE, Cu, Ni mine’ R.
Brazier describes the use of RC (reverse circulation)
drilling to sample ore in a large open-pit mine. The
sampling results are used for medium-term planning as
well as for loading control to assign the despatch of
rock to waste, plant feed, or intermediate stockpiles.
A particular challenge is the sampling of ore at the
shaft head. The shaft head is the ore custody transfer
point, where the ownership passes from the mining to
metallurgical operations. It is important that the grade
and tonnage of ore is measured there, to monitor the
efficiency of underground operations and to determine
the quantity of metal produced at each shaft and
delivered to the processing plant.
Typically the ore is run-of-mine after a primary
crushing and screening stage to a top particle size of
250 mm. In some mines, it is sampled with cross-belt
samplers of various designs that have been retrofitted
onto existing belts. From a theoretical point of view
these samplers are not ideal because fines can be left
on the belt after the cutter sweeps the increment into
the sample chute and especially large particles are not
included for safety reasons.
Korff, Bartlett, and Minnitt describe the application
of cross-belt sampling for gold ores in their paper ‘The
allocation of gold production from multiple shafts
feeding a common treatment plant using run-of-mine
sampling of ore deliveries’. A similar cross-belt
sampling technique for a platinum mining operation is
described in ‘Mine to metal: a practical balance for a
large platinum producer’ by Liebenberg and Bartlett. In
both cases, the variance expected for an individual
‘sample’ or increment is high. However, in the course

Professor Emeritus status conferred on
Wits Mining Professor Huw Phillips
6 November 2013 - Johannesburg

After 27 years as a full professor at the School of Mining Engineering at the University of
the Witwatersrand, Huw Phillips has been honoured with the status of Professor Emeritus
for his outstanding contribution to the University.
He was also recently named as the 2013 winner of the South African Institute of Mining
and Metallurgy’s prestigious Brigadier Stokes Memorial Award for his unique input to the
industry over many years.
‘Professor Phillips has excelled at everything he had been asked to do within the School
since his appointment as Head of Mining Engineering in January 1986,’ said Professor Fred
Cawood, current Head of the School. ‘His main contributions have been in the areas of
research – where he successfully supervised 19 PhDs and 40 MScs.
Professor Huw Phillips of Wits
Mining School
‘He gave the School tremendous service during his 25-year tenure as Head of School.
His standing in the profession is extremely high, and he was recently honoured by the
Institute of Mine Surveyors of South Africa, the Mine Ventilation Society of South Africa,
and the International Society of Mining Professors.’
Professor Phillips stepped down as Head of School at the end of 2009, but continued as the Chair of Mining Engineering
until his retirement in 2012. He continues to work in a post-retirement capacity, supervising postgraduate students,
implementing the new mine ventilation area of postgraduate specialization, and
serving on the School’s executive committee and editorial boards.
Professor Phillips began his career with an electrical engineering degree,
working for the National Coal Board, the agency tasked with running the coal
mines of the UK. He soon returned to his studies, this time in mining
engineering at the University of Newcastle-upon-Tyne.
His work focused on improving the productivity of the country’s collieries
through mechanization – at a time when some underground operations still used
pit ponies to haul coal and equipment. He then became involved in research into
tunnelling, a field in which important strides were being taken at that time.
Professor Huw Phillips receiving his Professor
Emeritus Certificate from Head of the Wits School
But underlying much of his growing expertise was a pre-occupation with
of Mining Engineering Professor Fred Cawood
health and safety. He had grown up in village just six kilometres from Aberfan,
where a tragic coal-tip slide in 1966 killed 144 people – 116 of them
schoolchildren. He had arrived home from university on the day of the disaster for a family function, and took part in the
recovery operations alongside hundreds of local residents.
When he took up a lecturing post at the University of New South Wales in Australia, this provided an outlet for these
concerns. Although productivity in the Australian coal mining industry was much higher than in the UK, this had resulted in
growing health and safety hazards such as higher methane and dust levels, and even underground explosions. He began
working on designs that would address these health and safety issues.
After spending his sabbatical leave in South Africa in 1981 with the
Chamber of Mines Research Organisation (Comro) – then the largest
private research establishment in the southern hemisphere – he returned
in 1985 as Chamber of Mines Professor of Mining Engineering at Wits, to
become Head of Department later the same year.
‘There was overwhelming support in the School Executive for
recommending the award of Professor Emeritus status to Professor
Phillips,’ said Professor Cawood, ‘and it is befitting that the university has
now bestowed this honour.’
Seen at the celebratory function (left to right) were:
Mr Michael Livingstone-Blevins, Chairman,
METF Committee; Professor Frederick Cawood,
Head of School of Mining; Professor Emeritus Huw Phillips,
School of Mining Engineering; Mrs Beatrix Phillips; and
Professor Ian Jandrell, Dean, Faculty of Engineering and
the Built Environment.
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ompliments of the season to all SAIMM members, and may 2014 be
a safe, prosperous, and productive year. I trust that you and your
entʼs
d
i
families had a well-deserved and enjoyable break.
s
e
Pr
Sampling
and metal/metallurgical accounting is something I have
er
Corn
been involved with ever since I started my career in the mining
industry. Initially, in the production environment, it was about where
do we need to sample, can we sample there, will the sample be manual
or automatic, how often do we sample, and what should the sample size be.
Attention then turned to sample preparation – how do we filter the samples, how do we dry the
samples, how do we reduce particle size when required, and how do we split the samples? After all this
the samples still had to be assayed, which inevitably led to further headaches. When you throw in some
weightometer data, then metal/metallurgical accounting starts to take shape. This then leads to the big
debate between mining engineers and metallurgists regarding tons delivered to the plant versus tons
processed by the plant and mine head grade versus plant head grade. Both sides will have their sampling
and statistical arguments, but at the end of the day the actual physical amount of saleable product
remains undisputed.
My next encounter with sampling was the marketing of samplers, which involved reviewing existing
sampler installations and proposing new ones. This had its fair share of challenges, especially when the
client was not sure about their sampling requirements. This logically led to being involved with the
design of sampling and measurement facilities for new plants. This became very frustrating when clients
would query the number of sampling points – their response was generally why not just sample feed and
product and then estimate the rest? Clearly metal/metallurgical accounting and sampling for diagnosing
process problems did not feature in their list of plant requirements. Then of course the client wants to
reduce plant capital cost, and what’s the first item to go? Sampling points, naturally.
I can, however, say that today sampling and metal/metallurgical accounting are taken seriously by
most mining companies and are no longer regarded as merely ‘nice to have’. The recent SAIMM
conference on sampling is testimony to this view. I do believe, nevertheless, that we need to be careful
about taking a ‘one size fits all’ approach to sampling in the mining industry. While some sampling
concepts can be applied across all commodities, one must not lose sight of grade differences. One gram
per ton in a gold or platinum mine is a far cry from 50 per cent iron in an iron ore mine.
The development of technology has supported the wider acceptance and application of sampling and
metal/metallurgical accounting. For example, online sampling and analysis of many commodities has
made plant control so much more effective and allows the rapid pinpointing of process problems.
Communication between geology, mining, and metallurgy as regards sampling and metal accounting
has improved considerably in that alignment has been achieved. The requirements of the individual
discipline are taken into account as well as the overall mine requirements. The relationships between
run–of-mine ore grade and ore types and those of product recovery and grade are better understood and
more effectively taken into account.
Therefore, I can conclude that sampling and metal/metallurgical accounting is alive and well in the
South African mining industry. In addition, the SAIMM will continue to support ongoing development in
these areas via conferences and Journal papers.
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CSMI boosts research plans for 2014
3 December 2013 – Johannesburg

S

outh Africa needs to keep an eye on whether policy, laws, and practice are supporting its aim of sustainable development in
mining and industry – and this is going to need more applied research across disciplines.
Such research is already underway at the Centre for Sustainability in Mining and Industry (CSMI), part of the School of Mining
Engineering at Wits University, and is being expanded as part of its new research focus in 2014.
The CSMI is recognized globally as a centre of excellence in Africa for the training and education of managers, practitioners, and
regulators in sustainable development. ‘Having established itself over the past decade as an education and training centre of excellence
in safety, health, environment, and community engagement (SHEC), the CSMI is now focused on accelerating its research mandate,’
said programme manager Nancy Coulson.
‘The research not only meets the national need for reflecting on policies and strategies, but also provides longevity to our training
programmes at the CSMI, ensuring that what we teach remains rooted in current industry and social issues,’ said Coulson.
The CSMI offers a range of SHEC-related courses at Master of Science (MSc) and certificate level, as well as short courses, for
practitioners throughout Africa.
Matching its research areas with its educational focus, the centre explores three main fields: environment and sustainable
development; occupational health and safety; and society and engagement.
‘Each of these ”clusters”supports a range of research activities,’ said Coulson. ‘Also, we are committed to understanding the
linkages between each cluster, and to collaboration with other centres which are outside of our particular disciplines.’
Governance and regulation is an important theme across clusters, so legislation and policy frequently come under scrutiny.
‘We are interrogating the Mine Health and Safety Act, for instance,’ said Coulson. ‘As an example of outcomes-based health and
safety legislation – which originally came out of the United Kingdom in the 1970s – this law has been implemented in SA now for the
best part of 20 years. However, we need to examine how this type of legislation translates in the South African context.’
An important aspect of the Act was to entrench risk management and worker participation in the daily practice of mining
operations. The CSMI has two PhD students registered in this area of work, to examine if the law’s outcomes are in fact unfolding in the
way that was envisaged by legislators.
‘Most of the research in this field is currently coming from the UK, Canada, and Australia, while very little is being done locally,
which presents a huge opportunity to the Centre,’ she said. ‘T the CSMI is initiating applied research that could inform the ongoing
assessment of our laws and policy. What we’ve observed is that amendments to the Act get recommended, but there is insufficient
underpinning research to validate proposals.’
Coulson stressed that the applied nature of the research is vital to the CSMI mandate, as it needs to feed into the policy process and
help frame solutions to challenges facing industry and society.
‘We are clear that our research should be interdisciplinary, as the solutions to many of the issues facing sustainability cannot be
found in one discipline alone. We need to continue working across disciplines, and the CSMI prides itself on highlighting the linkages
between traditionally separate fields of investigation.’
Management of the environment, another key focus area for the Centre, is also being researched in terms of regulatory
effectiveness. The impact of mining on the environment has always been regulated operation-by-operation, as each site must ensure
that its activities comply with its particular license requirements.
‘This does not necessarily translate into the best management of the environment, because the natural environment is more
commonly a regional issue,’ Coulson explained. ‘You find ‘mining intensity’ in many regions, such as Mpumalanga or Rustenburg, yet
our regulations are not allowing us to manage this regional environment effectively.
‘One approach to understanding how the regional impacts of mining might be better managed over time is by examining changes to
the landscape. We have a PhD registered in this area, which is focused on the impact of mining on the landscape of the Welkom area –
using geographical information systems (GIS) to track the changes since before gold was mined there.’
The multidisciplinary focus is important here too. In the Welkom study, for example, the research will look not just at
environmental changes to the landscape, but also at human settlement patterns, and what communities in that area report and
remember about the changes over time.
To do this, the CSMI collaborates with research groups such as the Society, Work and Development Institute – also at Wits
University – to tap into the methodologies they use in working with communities and their body of knowledge on how communities in
South Africa are shaped.
‘We do this because, while there are natural limits to what you can extract from nature, that’s not the only important aspect of
sustainability,’ said Coulson. ’We also need to talk about a sustainable society, sustainable communities, and sustainable business
models.’
Stakeholder engagement is another key research focus.
‘One form of engagement we’ll be looking at is in the area of artisanal and small-scale
mining (ASM), which is gathering more attention now in southern Africa,’ she said. ‘The
sector is a source of livelihood in many communities, but is also precarious and sometimes
characterized by conflict. This may occur where a licence is awarded to a company by national
government on a site where artisanal miners are already operating. Artisanal miners are often
considered as a significant social risk for large-scale mining companies.’
The ASM research will not be limited to South Africa but will extend to other Southern
African Development Community (SADC) countries. CSMI’s researchers have already done
substantial work on ASM in the Democratic Republic of Congo, in the context of
understanding stakeholder engagement and corporate social responsibility.
‘We are excited about the ASM research focus as it creates the opportunity to network and
learn across the SADC region,’ said Coulson. ‘There have been initiatives in SADC to
harmonize the approach to mining within the region – including a better understanding of the
Nancy Coulson, programme manager, CSMI
challenges of ASM – and we hope to feed our research into this process.’
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From metal to money: the importance of
reliable metallurgical accounting
by D. Seke*

Metal inventories are usually reported in financial statements of
mining companies. However, the value of these inventories can be
reliable only if the metals in stock are measured within acceptable
tolerances. Reliable metal balancing requires accurate mass
measurement, sampling, and chemical analysis.
Many mining companies are usually unable to validate the
accuracy of metals in inventories at the end of their financial year.
This is mainly due to poor mass measurement, sampling, and
chemical analysis practices. This has an adverse impact on
metallurgical accounting and metal valuation. In addition, it puts a
lot of stress on external auditors, who have the duty to recommend
the approval of the financial statements to the board of directors.
Although a full value chain of metal reconciliation includes the
accuracy of Mineral Reserve definition and grade control at the mine,
this paper discusses the implementation of best practices for mass
measurement, sampling, and chemical analysis at processing plants.
This is an important aspect of sampling and reconciliation that is
required in order to improve the reporting of inventories in the
financial statements of public mining companies.
Keywords
metallurgical accounting, corporate governance, sampling, analysis.

Introduction
Metal inventories are usually reported in
financial statements of mining companies.
However, the quantification of valuable metal
contents in platinum group metal (PGM)bearing products has historically been a
challenge for PGM producers. Many systems
and processes have been introduced to reduce
variance and improve accuracy in the quantification of metal inventories.
According to the SAMREC Code (SAMREC,
2009) and the JORC Code (JORC, 2004), public
companies are also required to review and
publicly report on their mineral resources and
ore reserves at least annually. A company
must also promptly report any material
changes in its mineral resources or ore
reserves. SAMREC (2009) has defined a
‘Mineral Resource’ as a concentration or
occurrence of material of economic interest in
or on the Earth’s crust in such form, quality,
and quantity that there are reasonable and
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Synopsis

realistic prospects for eventual economic
extraction. The location, quantity, grade,
continuity, and other geological characteristics
of a mineral resource should be known, or
estimated from specific geological evidence,
sampling, and knowledge interpreted from an
appropriately constrained and portrayed
geological model.
According to SAMREC (2009) and JORC
(2004), mineral resource estimates are not
precise calculations, being dependent on the
interpretation of limited information on the
location, shape, and continuity of the mineral
occurrence and on the available sampling
results. Therefore, mineral resources are
usually subdivided, in order of increasing
geological confidence in respect of geoscientific
evidence, into inferred, indicated, and
measured categories (SAMREC, 2009). A
‘Measured Mineral Resource’ is that part of a
mineral resource for which tonnage, densities,
shape, physical characteristics, grade, and
mineral content can be estimated with a high
level of confidence (SAMREC, 2009). Since
processing plants usually receive measured
mineral resources from mining for further
beneficiation into intermediate products or
refined metals, a key objective of mineral
reserve estimation is the successful extraction
and delivery of a mineral resource for
processing at the estimated grade.
Mining reconciliation is the comparison of
an estimate (a mineral resource model, a
mineral or ore reserve model, or grade control
information) with measurement information or
the official production from a processing or
treatment plant (Morley, 2003). Mining

From metal to money: the importance of reliable metallurgical accounting
reconciliation and grade control cannot be reliable if
processing plants have inadequate sampling systems. AMIRA
(2007) defined ‘Metallurgical Balance’ as the determination,
through measurement, analysis, and computation, of the
magnitude of each component of interest across an entire
plant (Primary Accounting), or across each section of a
process flow sheet (Secondary Accounting). According to
AMIRA (2007), secondary accounting can be used to help
identify where process inventory is located, where time lags
are involved, or where any measurement problems exist,
thereby improving primary accounting.
However, Pitard (1993) believes that a large majority of
the sampling systems found on the market today, selected
and installed by engineering firms, transgress the most
elementary rules of sampling correctness. With the need to
comply with tight corporate governance and financial
regulations, the mining industry has to rely on correct
sampling and analysis of valuable metals.
Following accounting scandals at some public companies,
there have been increased requirements for financial
statements to comply with corporate governance principles
and practices. Regulations such as the Sarbanes-Oxley-Act of
2002, the Disclosure & Transparency Rules, the UK Corporate
Governance Code, and the King III Code and King Report of
2009 are used by various listed mining companies when
reporting to stakeholders.
Although a full value chain of metal reconciliation
includes the accuracy of mineral reserve definition and grade
control at the mine, this paper will discuss some aspects of
corporate governance and the implementation of best
practices for mass measurements, sampling, and chemical
analysis at platinum group metals (PGMs) processing plants.

Overview of corporate governance
This section summarizes sections of the Sarbanes-Oxley-Act
of 2002, The UK Corporate Governance Code, the King Code
of governance, and the AMIRA Metal Accounting Code that
can be used to improve transparency in the reporting of
financial statements of mining companies.

Sarbanes-Oxley Act of 2002 (SOX)
The Sarbanes-Oxley Act of 2002 (SOX) is a Public Law 107204 that was passed by the US Congress and signed into law
by President George W. Bush on 30 July 2002 (US Securities
and Exchange Commission, 2002). SOX introduced major
changes to the regulation of financial practice and corporate
governance in the United State of America. SOX was enacted
in response to accounting and management scandals at major
American listed companies such as Enron, Tyco International,
and WorldCom. The main objective of SOX was to protect
investors by improving the accuracy and reliability of
corporate disclosures (US Securities and Exchange
Commission, 2002). The Act is based on the ‘comply or else’
approach – all companies, regardless of their size, have to
comply, and those that fail to comply by the due date are
penalized.
The Sarbanes-Oxley Act of 2002 established many new
requirements, including those governing the composition and
responsibilities of audit committees. SOX is arranged into
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eleven titles. As far as compliance is concerned, the most
important sections of SOX can be summarized as follow (US
Securities and Exchange Commission, 2002):
➤ The CEO and CFO carry a primary responsibility for
company reports filed with the US Security Exchange
Commission (SEC). They have to certify the financial
reports, and report on the completeness and accuracy of
information contained in the reports, as well as the
effectiveness of underlying controls
➤ Management has to assess the effectiveness of internal
controls over financial reporting
➤ External auditors have to attest to management’s
representations and to report directly to the Audit
Committee
➤ The company’s auditors cannot also provide
consulting services for the company
➤ Penalties of fines and/or up to 20 years’ imprisonment
for altering, destroying, mutilating, concealing,
falsifying records, documents, or tangible objects with
the intent to obstruct, impede, or influence a legal
investigation
➤ Penalties of fines and/or imprisonment for up to 10
years on any accountant who knowingly and wilfully
violates the requirements of maintenance of all audit or
review papers for a period of 5 years.

The UK Corporate Governance Code
The first version of the UK Corporate Governance Code was
published under the Cadbury Report in 1992. The Cadbury
Report, also known as the Report of the Committee on the
Financial Aspects of Corporate Governance, was a response to
major corporate scandals associated with governance failures
in the UK. Subsequent to the Cadbury Report, two more
versions of the UK Corporate Governance Code were
published by the Financial Reporting Council (FRC) in 2010
and 2012, respectively (Financial Reporting Council, 2010,
2012).
According to the Financial Reporting Council (2012), the
‘comply or explain’ approach is the trademark of corporate
governance in the UK and has been in operation since the
Code’s beginnings. The London Stock Exchange requires all
companies with premium listing in the UK, whether they are
incorporated in the UK or elsewhere, to state whether they
are complying with the Code and to give reasons for any
areas of non-compliance. However, smaller listed companies
may judge that some of the provisions are disproportionate or
less relevant in their case. Some of the provisions of the Code
do not apply to companies below the FTSE 350. However,
such companies are encouraged to adopt the approach in the
Code (Financial Reporting Council, 2012).
Since the Code is based on the ‘comply or explain’
approach, it recognizes that an alternative to following a
provision may be justified in particular circumstances if good
governance can be achieved by other means (Financial
Reporting Council, 2012). However, the reasons for
alternatives should be explained clearly and carefully to
shareholders. The explanation should indicate whether the
deviation from the Code’s provisions was limited in time and
when the company intended to return to conformity with the
Code’s provisions (Financial Reporting Council, 2012).
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The Code is based on five main principles that include
leadership, effectiveness, accountability, remuneration, and
relations with shareholders (Financial Reporting Council,
2010, 2012). The principles relevant to this paper can be
summarized as follows:
➤ Each board should have an audit committee composed
of non-executive directors
➤ The board should present a fair, balanced, and
understandable assessment of the company’s position
and prospects
➤ The board should establish formal and transparent
arrangements for considering how they should apply
the corporate reporting, risk management, and internal
control principles and for maintaining an appropriate
relationship with the company’s auditors
➤ The audit committee should monitor the integrity of the
financial statements of the company and any formal
announcements relating to the company’s financial
performance, reviewing significant financial reporting
judgements contained in them.

the financial statements included in the integrated
report
➤ The audit committee should engage the external
auditors to provide assurance on the summarized
financial information
➤ The audit committee is responsible for recommending
the appointment of the external auditor and overseeing
the external audit process.

In addition to the ‘comply or explain’ requirement in the
Listing Rules, the Code includes specific requirements for
disclosure which must be provided in order to comply
(Financial Reporting Council, 2012). Failure to comply may
render a board or individual director liable at law.

In light of the three codes of governance summarized in
this paper, it is believed that the audit committee, external
auditors, and executive management of various mining
companies may behave differently depending on the location
of their primary listing and/or physical location of operations.
The integrity of metallurgical accounting reports in
general, and metal inventories in particular, can be adversely
affected by poor mass measurement, sampling, and chemical
analysis. According to AMIRA (2007), the mining and
metallurgical industry had recognized that accounting for
metals across processing plants was not generally performed
at a level required by currently acceptable corporate
governance practices. The AMIRA P754 research team
believed that it was important to emphasize on the need for
metal accounting to be conducted to the level of financial
accounting standards with respect to auditability and
transparency (AMIRA, 2007).

The King Report on Governance for South Africa and
the King Code of Governance Principles (King III)

AMIRA P754 Metal Accounting Code of Practice and
Guidelines: Release 3

The Code of Governance Principles for South Africa 2009,
also known as King III Code, was released in September
2009. King III has two documents: a Code of Governance
(Institute of Directors in Southern Africa, 2009a) and a
Report on Governance (Institute of Directors in Southern
Africa, 2009b). The King III Code was supposed to substitute
the King II Code on 1 March 2010. According to the Institute
of Directors in Southern Africa (2009a), the update to the
King II Code issued in 2002 came about due to changes to
many pieces of South African legislation, specifically the
Companies Act No. 71 of 2008, more stringent legislation in
certain jurisdiction, and changes in global corporate
governance standards and expectations of stakeholders.
The ‘comply or explain’ principle has been changed to the
‘apply or explain’ principle. King III applies to all entities
regardless of the manner or form of incorporation or
establishment, whether public, private, or the non-profit
sector. In situations where the board or those charged with
governance decide not to apply a specific principle and/or
recommendation, this should be explained fully to the
entity’s stakeholders. Failure to meet a recognized standard
of governance may render a board or individual director
liable at law.
The main principles of the Code related to this paper can
be summarized as follow:

The Code of Practice for Metal Accounting is the outcome of
the AMIRA P754 project, which was put in place in order to
improve metal balancing and reconciliation (AMIRA, 2007).
The third version of the Code of Practice for Metal Accounting
was released in February 2007. The Code has ten principles
and focuses on the need for all activities in the areas of mass
measurement, sampling, sample preparation, and analysis to
be carried out accurately and with an acceptable level of
precision (AMIRA, 2007).
Since in-process inventory data is quantified by operation
managers and then submitted to the finance department for
further metal valuation, the following four principles of the
Code (AMIRA, 2007) should be taken into consideration:
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➤ The board should act as the focal point for and
custodian of corporate governance
➤ The board and its directors should act in the best
interests of the company
➤ The board should ensure that the company has an
effective and independent audit committee
➤ The audit committee should review and comment on

➤ The metal accounting system must be based on
accurate measurements of mass and metal content. It
must be based on a full Check in - Check out system
using the Best Practices as defined in this Code, to
produce an on-going metal/commodity balance for the
operation. The system must be integrated with
management information systems, providing a oneway transfer of information to these systems as
required.
➤ In-process inventory figures must be verified by
physical stock-takes at prescribed intervals, at least
annually, and procedures and authority levels for stock
adjustments and the treatment of unaccounted losses
or gains must be clearly defined.
➤ Target accuracies for the mass measurements, the
sampling and analyses must be identified for each
input and output stream used for accounting purposes.
The actual accuracies for metal recoveries, based on
the actual accuracies, as determined by statistical
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analysis of the raw data, achieved over a company’s
reporting period must be stated in the report to the
Company’s Audit Committee. Should these show a bias
that the Company considers material to its results; the
fact must be reported to shareholders.
➤ The metal accounting system must ensure that every
effort is made to identify any bias that may occur, as
rapidly as possible and eliminate or reduce to an
acceptable level the source of bias from all
measurement, sampling and analytical procedures,
when the source is identified.
In order to improve the transparency and auditability of
metallurgical performance of mining companies, the Code has
recommended that members of the risk/audit committee,
senior corporate and operational management, and plant
operation and laboratory staff be familiar with the AMIRA
P754 Code and its attachments (AMIRA, 2007).

Platinum group metals companies
South Africa is the world’s largest producer (approximately
80 per cent) of platinum group metals (PGMs). Anglo
American Platinum, Impala Platinum (Implats), and Lonmin
are the three major producers of PGMs in the world. These
three companies have a vertically integrated operational
structure that includes mining, concentrating, smelting, and
refining, similar to that of Kisevolo Platinum (Figure 1).
Anglo American Platinum Limited is a member of the
Anglo American plc group and is the world’s leading primary
producer of PGMs. Anglo American Platinum is listed on the
Johannesburg Securities Exchange (JSE), and its mining,
smelting and refining operations are based in South Africa
(Anglo American Platinum, 2012).
Impala Platinum, the second largest world producer of
PGMs, has its primary and secondary listing on the JSE
Securities Exchange and London Stock Exchange, respectively (Implats, 2012). Implats’ main operations are situated
in South Africa.
Lonmin is the third largest world producer of PGMs, with
operations situated in South Africa. The company is listed on
both the London Stock Exchange and the Johannesburg
Securities Exchange (Lonmin plc., 2012).
Both Anglo American Platinum and Implats are guided by
the principles of the King III Code of Corporate Governance,
the South African’s Companies Act of 2008, and the JSE
Listings Requirements (Anglo American Platinum, 2012;

Implats, 2012). Being an English-incorporated company with
a premium listing on the London Stock Exchange; Lonmin is
subject to the UK Corporate Governance Code published by
the Financial Reporting Council in June 2010 and its
supporting guidance (Lonmin plc., 2012).
All three companies have been using the AMIRA P754
Code of metallurgical accounting in order to improve
transparency and auditability of metallurgical performance.
The quantification and valuation of metal inventories of a
typical PGM producer will be discussed in the following
section.

Quantification and valuation of metal inventories
According to the AMIRA P754 Code, physical stocktakes and
the determination of the plant stocks and total process
inventory are an integral part of metal accounting (AMIRA,
2007). The operational processing of metal inventories, and
ascribing value to either metal inventories or cost of sales,
should be fundamental processes of mining companies. These
are core to understanding business trends and financial
performance, and fundamental for both internal reporting to
management and for external reporting to shareholders and
market analysts. Every mining company should conduct its
stocktake at least once every year. The stocktake should be
audited by both internal and external auditors.
Metal inventories, as reported in annual financial
statements of a typical PGM company, Kisevolo Platinum,
which produces approximately two million ounces of PGMs
per year, are presented in Table I.
Metal inventories presented in Table I were valued at the
lower of cost and net realizable value as required by the
International Financial Reporting Standards (IFRS). Table I
indicates that metal inventories can represent approximately
10 to 20 per cent of the company’s annual revenue. In
Table I

Financial value of Kisevolo Platinum’s metal
inventories at year end

In-process metals ($ million)
Refined metals ($ million)
Metal inventories ($ million)
Metal inventories / revenues

2008

2009

2010

2011

2012

311
92
403
13%

278
79
357
20%

276
121
398
17%

200
80
280
10%

220
125
345
15%

Figure 1—Kisevolo Platinum’s value chain
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Metal inventories at the smelter
The distribution of metals inventories at the smelter is shown
in Table III. It can be seen that furnace stocks, converter
stock, and slag plant stocks contain the majority of metal
inventories. Kisevolo Platinum’s smelter has two distinct risk
areas with regards to the accuracy of in-process inventories:
➤ A low- risk area where material is essentially in
flotation concentrate and converter matte
➤ A high- risk area where stockpiles of reverts and
high -value intermediate products (mainly converter
slag) are stored for future processing.
Flotation concentrate and convert matte are properly
sampled at the smelter custody transfer points. These custody
transfer point are equipped with suitable mass measurement
equipment (weighbridges and platform scales) and
automated samplers.
However, stockpiles are often the largest source of error
in metal accounting, both in estimating the dry mass and
even more so in calculating the metal content. Even if the
volume is surveyed by sophisticated techniques, accurate
samples for bulk density and moisture are impossible to
obtain and these values are variable.
Prior to 2010, Kisevolo Platinum’s smelter used to survey
all slag and reverts stockpiles in order to quantify the amount
of metal in inventories. In 2010, external technical auditors
recommended that reverts and converter slag be weighed
using the slag plant weighbridge. These materials were also
crushed. The extremely heterogeneous nature of revert
materials made them highly prone to segregation and major
sampling errors.
In 2008 and 2009, the uncertainties with regard to the
smelter’s in-process inventory were mainly due to the quality
of mass measurements and the sampling systems used
during stocktake. The smelter improved the mass
measurement of stockpiles by weighing rather than
surveying of reverts and converter slag. This has significantly
decreased the uncertainty of the stated weight numbers, in
comparison to applying a volume and a bulk density to a
stockpile. The sampling system within the plant was also
improved by installing suitable sampling points in the slag
concentrator plant and a new sampler for the converter matte.
The Journal of The Southern African Institute of Mining and Metallurgy

These sampling points are properly maintained by dedicated
staff members.
Since 2010, all slag has been collected by truck and
weighed on the slag weighbridge, which is fully automatic.
The slag is stored in different stockpiles, depending on the
type, before being fed to the mill in the slag concentrator. All
material removed from the converter aisle is weighed on the
slag weighbridge and returned to stock in the smelter.
Although a running stocktake has become the accepted
norm for stocktake methodology at the smelter, with the
plant running as normal through the event, sampling and
analysis of reverts still pose the biggest challenge due to the
lack of a suitable certified reference material (CRM) on the
market. In an ideal world, the best way to handle reverts
would be to reprocess them at a rate similar to that at which
they are produced.

Metal inventories – base metals refinery (BMR)
The distribution of metals inventories at the base metals
refinery (BMR) is shown in Table IV. It can be seen that in
general, the vast majority of BMR inventory is in metal in
process (MIP) within the plant.
Kisevolo Platinum’s BMR has two areas of risk with
regards to the accuracy of PGM inventories:
Table II
Distribution of the in-process inventories (PGM oz) within various
business units of Kisevolo Platinum at year-end

Concentrators
Smelter
BMR
PMR
Total

2008

2009

2010

2011

2012

3%
45%
35%
18%
100%

4%
41%
39%
16%
100%

5%
37%
39%
19%
100%

6%
49%
30%
15%
100%

5%
47%
31%
17%
100%

Table III

Distribution of metal inventories (PGM oz) within
the smelter of at year-end

Concentrate stocks
Furnace and converter stocks
Slag plant stocks
Inventory in matte
Smelter inventory

2008

2009

2010

2011

2012

15%
54%
18%
13%
100%

18%
44%
16%
22%
100%

10%
15% 19%
51%
47% 45%
25%
23% 22%
14%
15% 14%
100% 100% 100%

Table IV

Distribution of metal inventories (PGM oz) within the
BMR at year-end

Inventory in matte
Metal in process (MIP)
within the plant
Inventory in PGM
concentrate
BMR inventory
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2008

2009

2010

2011

2012

22%
71%

10%
77%

42%
53%

21%
65%

34%
57%

7%

3%

6%

14%

9%

100%

100%

100%

100%

100%
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addition, approximately 72 per cent of metal inventory was in
process, while 28 per cent was in refined metals. While
refined metals can be quantified accurately, in-process
inventory is usually subject to errors due to mass
measurements, sampling, and chemical analysis. Therefore,
reporting on inaccurate metal inventories, without proper
explanation, can mislead the board and senior executives
when reporting on the financial position of the company.
Table II shows the distribution of physical quantities of
in-process inventories within various business units of
Kisevolo Platinum at the end of each financial year. Table II
shows that approximately 80 per cent of in-process
inventories were at the smelter and at the base metal refinery
(BMR) at the end of each financial year. A high level of
uncertainty in the quantity of metal inventories can result in
inaccurate valuation.
This paper will focus on the measurement of inventories
at the smelter and BMR because of the high value of metal
inventories locked in these two business units.

From metal to money: the importance of reliable metallurgical accounting
➤ A low-risk area where material is essentially in
converter matte and PGMs concentrate
➤ A high-risk area where values are in intermediate
products (slurry, solution, and residues). These metal
inventories are still in process within the BMR plant.
Converter matte is sampled using the smelter’s sampling
system, as discussed in the previous section. Inventory in
PGM concentrate is sampled and analysed at the precious
metals refinery (PMR). The primary sampling systems at the
smelter and PMR are adequate for metallurgical accounting.
The quantities of metal in converter matte and PGM
concentrate are validated by internal measurements within
the BMR using the ‘home-and-away’ philosophy.
Prior to 2009, the BMR had inadequate sampling systems
(neither mechanically correct nor designed according to
sampling theory principles) in place for effluents, nickel
sulphate, copper, or autoclave vents. The solids derived from
process intermediates such as cell slimes, scrap copper, slurry
bags, or contaminated crystals could not be sampled with a
high degree of confidence, purely because of the particle size
distribution, variations in particle density, and associated
PGMs. In addition, stocktake used to be carried out with the
plant having very high slurry and solutions inventories.
When the BMR had very high slurry and solution
inventories, tanks could not be emptied or the contents
pumped from one tank to another to filter out contained
solids. As solids tend to stratify in tanks or containers, no
matter how good the mixing, the reported assays are
dependent on the sample location. The large uncertainty
range was proportional to the inventory. Therefore, despite
the best attempts at procedural correctness, the metal
inventories of the 2008 financial year were uncertain.
Since 2009, the BMR has adopted a bubble stocktake
methodology, with the plant ceasing operations for the period
of the stocktake. Wherever possible no liquor is taken onto
stock as the sampling of liquors is inherently less accurate
than the sampling of solids. With decreased liquor levels
down to the 30-40 per cent range prior to the stocktake, it is
possible to filter nearly all slurries in tanks. Sampling of
solids is carried out within acceptable levels of accuracy. The
large number of empty vessels or vessels with clear solution
makes the inventories of these process vessels certain. In
addition, the BMR has installed suitable sampling equipment
at all secondary metallurgical accounting points in order to
improve the accuracy of MIP.

Conclusion and recommendations
At Kisevolo Platinum, the organization and coordination of
stocktakes reside with the metal accounting department. Once
the metals in inventories have been quantified using accurate
mass measurement and analysis, the valuation of metal
inventories is carried out by the finance department. The role
of the external and internal auditors is to ensure that the
stocktake procedure is followed and to validate materials
transactions, stocks, and associated calculations. Any
deviation from the procedure is noted and reported to the
audit committee.
Based on the distribution of metal inventories with the
various business units, it is recommended that Kisevolo
Platinum focus on improving the accuracy of in-process
inventories around the smelter and the base metal refinery
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(BMR). The biggest improvements associated with past
versus recent stocktaking at the smelter lies with the
weighing rather than surveying of reverts and converter slag.
The BMR should continue to minimize the levels of liquor
inventories during the ‘bubble stocktake’.
A statistical analysis shall be undertaken by the
metallurgical accounting department to establish the levels of
confidence and precision of metal inventories and
metallurgical balances across the plants.
The auditing culture has to be adopted by managers of
various operations. There is a need for more communication
between finance, operations, and metallurgical accounting in
order to improve the accuracy and reliability of metal
inventories reported in the financial statements.
Although most of these recommendations are known to
plant operations worldwide, there is a need for a firm
commitment to a culture of accountability among all participants in the measurement and analysis of metal inventories.
Each participant must take responsibility, in collaboration
with all others, for carrying out a fundamental role in this
process. Inherent in the drive towards improving the accuracy
of metal inventories is not only the need to comply with good
governance, but also the opportunity to achieve a greater
level of effectiveness in the production of saleable metals. For
the accuracy of metal inventories to improve, senior
management will need to focus more on the appropriate
checks and balances.
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Sample support size and spacing
determination for resource development of a
marine placer gold deposit
by P. Saravanakumar†Z*, G.J. Brown†, and G. van Eck*

Successful resource development for a marine placer gold deposit
requires continuous sampling throughout the life of mine. The cost of
sampling marine placer gold deposits is exponentially more expensive
than for terrestrial placer and non-placer gold deposits and thus
warrants a comprehensive cost-effective sampling strategy. The
optimum sample support size depends on expected gold grade,
desired confidence limit, and shape and size of the gold grains. The
optimum sample spacing depends on the continuity of the deposit,
required confidence limit, and cost-benefit analysis of a sampling
programme. The current study combines sample support size and
spacing determination for resource development of a marine placer
gold deposit. The study used two methods to calculate the sample
support size – modified Gy’s formula and the approach pioneered by
Clifton et al. (1969). Using historical drillhole data, a geostatistical
simulation of a representative geological/mineralization domain was
created on an extremely dense grid. The simulation realizations were
validated using statistical, spatial, and graphical methods. Additional
sample support sizes were then created by combining adjacent
simulation nodes to form double, quadruple, and octuplet multiples of
drill diameter sizes. The simulations were sampled at three different
spacings: 100 m x 100 m; 50 m x 50 m; and 25 m x 25 m and then
each sample set estimated into 50 m x 50 m blocks with ordinary
kriging. A comparison between the actual and estimated block results
was then carried out and the confidence of each sampling pattern
(sample spacing and sample support size) determined. A cost-benefit
analysis was then used to determine the optimum sampling strategy
for the marine placer gold deposit.
Keywords
sampling, support size, spacing, marine placer gold.

Introduction
A placer deposit is a naturally occurring
phenomenon in which detrital or residual
material containing valuable minerals is
accumulated through weathering of the source
rocks and mechanically deposition either on
land or in large water bodies such as lakes or
oceans. Primary mineral elements such as
gold, silver, and diamonds are examples of
placer materials. Cronan (1980) classifies
placer minerals into two broad groups: namely,
heavy mineral placers and light heavy mineral
placers, based on the specific gravity of the
minerals. Minerals such as cassiterite,
platinum, and gold are high specific gravity
The Journal of The Southern African Institute of Mining and Metallurgy

➤ Source rocks containing valuable
minerals (light heavy and heavy
minerals)
➤ Weathering of the source rocks to
release the valuable minerals
➤ Transportation of the valuable minerals
released by the weathering process and
subsequent redistribution by natural
processes
➤ Concentration of transported material on
the basis of size, shape, and density
either on the land or in large water
bodies such as lakes or the sea
➤ Preservation of concentrated material
and protection from natural redistribution or re-transportation through the
ambient environment.
Cronan (1980) identified the important
economic near-shore marine placer deposits
known at that time. The significant
marine/beach placer deposits are diamonds
found along the west coast of South Africa and
Namibia; gold and cassiterite deposits in
Egypt; ilmenite, rutile, and zircon deposits in
southern India and Sri Lanka; cassiterite
deposits along the coasts of Indonesia,
Malaysia, and Thailand; rutile, zircon, and
cassiterite deposits along the Tasmanian coast;
gold, ilmenite, and rutile deposits along the
South Island coast of New Zealand; and gold
deposits along the Alaskan coast.

*
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†Z* Mineral Resource Consultants, Cape Town,
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Hotel and Conference Centre, Cradle of
Humankind, Muldersdrift, South Africa.
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minerals with specific gravities ranging from
6.8 to 21. The light heavy minerals are rutile,
ilmenite, zircon, monazite, and diamond, with
specific gravities ranging from 3.5 to 5.3. In
general, there are five requirements needed to
form placer deposits.

Sample support size and spacing determination for resource development
Successful resource development of a marine placer gold
deposit requires continuous sampling throughout the life of
mine. The cost of sampling marine placer gold deposits is
exponentially more expensive than for terrestrial placer or
non-placer gold deposits and thus requires a comprehensive
cost-effective sampling strategy. The gold in a placer
environment is in the form of discrete particles and
consequently the representivity of samples depends on the
grain size and shape, as well as the quantity or density of
gold grains. The spatial relationship between samples is
dependent on the representivity of the samples and the
continuity of the mineralization. Thus the optimization of a
sampling campaign includes both sample support size and
sample pattern. The optimum sample support size depends on
expected gold grade, desired confidence limit, and shape,
size, and coarseness of the gold grains. The optimum sample
spacing depends on the continuity of the deposit, required
confidence limit, and cost-benefit analysis of a sampling
programme. The objective of this study is to optimize the
design for planned future sampling campaigns.

Nome – marine placer gold deposits
The city of Nome is situated at 64°30’N latitude and
165°30’W longitude in the state of Alaska, USA. Nome is
100 km south of the Arctic Circle on the southern coast of the
Seaward Peninsula where Norton Sound becomes part of the
Bering Sea. According to Garnett (2000), the west-northwest
– east-southeast trending coastline on which Nome is sited
forms the southern boundary of a 6 km wide coastal plain at
the foot of glaciated hills. A unique marine gold deposit is
situated immediately offshore and displays all the important
features of offshore placer gold deposits. This deposit was
successfully mined by Western Gold Exploration and Mining
Company Limited Partnership (WestGold) from 1987 to 1990,

using a large bucket ladder dredge – the BIMA. The vast
extent of the Nome gold deposit has been documented for
over 100 years by numerous authors, most notably Metcalf
and Tuck (1942), Nelson and Hopkins (1972), Tagg and
Greene (1973), Rusanowski (1989, 1991), Bronston (1989,
1992), Kaufman and Hopkins (1988), Howkins (1992), and
Garnett (2000). Most of the authors studied the gold distribution and the sedimentary processes occurring along the
Nome coastline. However, the unified geological model was
developed by the geologists employed by WestGold.
Weathering of a complex suite of metasedimentary,
sedimentary, and volcanic source rocks from the Kigluaik
Mountains in the Seaward Peninsula, primarily along fault
zones, liberated particulate gold, which was eroded,
transported, and deposited by glaciers. The till and moraines
left by the glaciers on the coastal plain and on the sea floor
were subjected to reworking by wave action when the
shoreline transgressed and regressed over the coastal plain in
the past and by the present day influence of longshore
currents and storms. This resulted in the formation of relict
lag gravels that overlie the glacial deposits in the offshore
environment (Nelson and Hopkins 1972). The basement
hosting the offshore sediments dips in a south-easterly
direction and is thus shallow in the western inshore part of
the area, where a thin auriferous gravel lag sits directly on
the bedrock.
Current understanding of the offshore geology at Nome is
drawn largely from the work done by WestGold. The area has
been divided into a number of broad geological zones
(Figure 1). The Central Core and West Flank are interpreted
as the terminal moraine of the Nome River glaciation period
(the last glaciation to cross the coast), which consists
predominantly of till and has been eroded to form a gravel lag
on its surface. Seaward of the Central Core, the Marine Fringe
is a complex sequence of reworked material overlying marine

Source: WestGold sampling data

Figure 1—Nome offshore samples and geological zones
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muds. High-energy sand and gravel facies form an apron of
clastic sediments overlapping the edges of the Central Core
and West Flank. The Thrust Zone is a mound of marine
sediments sub-parallel to the Central Core which resulted
from muds being pushed and sheared ahead of the advancing
ice mass. It is draped with sediments deposited either by a
floating ice sheet containing erratics or as pro-glacial
outwash eroded and transported from the Central Core. The
Transition Zone is an extensive area of mature gravel and
sand interbedded with mud. This zone marks the transition
from the diamict of the Central Core (north and east), the
open marine environment (south), and the coarse clastic
sediments of the West Flank. Sediments infilling the concave
structure are interpreted to be of marine origin. The East
Flank Zone is situated east of the Central Core and consists of
high-energy shallow marine deposits.
WestGold and its predecessors conducted numerous
offshore sampling campaigns over the years. The existing
sample data-set of 3503 boreholes (Figure 1) was made
available in Excel spreadsheet format by the Department of
Natural Resources (DNR), Alaska. Reverse circulation (RC)
drilling, using a Becker drill, was conducted by Shell in the
1960s, followed by Asarco in the early 1970s. WestGold
(initially known as Inspiration Gold) conducted its first
drilling through the ice in 1987, and over the next couple of
years then conducted successive winter drilling programmes
off the ice and summer drilling programmes off a vessel. All
these programmes utilized a Becker RC drill. A doublewalled, hollow 5.5 inch outer diameter and 3.25 inch internal
diameter drill pipe, with an eight-tooth crowd-in bit was used
in each of the drilling programmes (Bronston, 1989). Each
hole was drilled in 1 m increments. After each metre of
penetration, the drill pipe was flushed with water and air,
forcing the sediments inside the pipe to the surface. The
sediment-water slurry was passed through a cyclone and
laundered to reduce its velocity prior to collection. The
sediment from each 1 m interval was collected and stored in
individually labelled, clean sealed 20-litre buckets. After
panning the sample, the visible gold was manually picked
and grouped into five separate size fractions (Table I) as
defined in the gold key devised by Bronston (1989), using
gold obtained during the BIMA’s 1986 production test
season. The number of gold grains in each of the size
fractions was counted and recorded. The gold grade was
calculated per sample using the weight of the gold grains
picked after panning and the volume of the sample. The gold
grains from each hole were combined and assayed and

redistributed to respective samples based on the gold grain
count and weight. Based upon the WestGold geological model
and data, sample support size and sample pattern studies
were undertaken to optimize future sampling.

Sample size determination
Two approaches were considered to determine the appropriate
sample support volume for the Nome offshore gold deposit.
Firstly, an approach using the modified Gy’s formula by
Royle (1986) is used to calculate the required sample volume.
3

where V is the volume required, D is specific gravity of gold,
f and g are size and shape factors, d is the coarsest 90%
percentile gold grain diameter, A is expected grade, and e is
the sampling error. The values used to calculate the sample
volume are shown in Table II. The expected gold grade is
assumed to be 1 g/m3 based on previous production history.
All of the gold grains are assumed to be free gold (liberation
factor of 1) and flaky (shape factor of 0.2). The size range
factor (g) is the ratio of the sieve aperture that retains 5%
oversize to the aperture that passes the 5% undersize
material, and is assumed to be 0.2. The coarsest gold grain is
assumed to be 1 mm in size.
Secondly, an approach pioneered by Clifton et al. (1969)
was undertaken. Reproducible gold analysis from placer
deposits is likely to be affected by the presence of gold
nuggets, resulting in what is termed the ‘nugget effect’.
Making assumptions about the gold particle distribution, the
‘effective grain size’ of nuggets can be determined (where
‘nuggets’ refers to gravimetric recoverable particles) for the
deposit type. Then, the relationship between sample size (or
mass) and gold grade can be determined to achieve representative samples (50% accuracy, 90% of the time) based upon a
simple ‘equant grain model’ and Poisson statistical
assumptions.
As the gold particle size distribution for the Nome
offshore placer deposit is unknown, two gold particle models
were assumed from the available information:
i. A fine distribution based on a modal gold size of
between 300 μm and 425 μm (Garnett, 2000) and a
nugget diameter of 357 μm
ii. A coarse distribution based on a nugget diameter of 1
000 μm (Nelson and Hopkins, 1972).

Table II

Variables used for sample size calculation
Table I

Colour size Tyler screen
group
size
1
2
3
4
5

-20 to +35
-35 to +48
-48 to +65
-65 to +100
< -100

Tyler
mm
0.422
0.295
0.211
0.152
<-0.152

Average particle Average particle
diameter in mm
weight in mg
0.97
0.74
0.46
0.38
0.12

1.7
0.6
0.2
0.06
0.004

Source: Bronston (1989)
The Journal of The Southern African Institute of Mining and Metallurgy

Gy’s formula

Values

Gold specific gravity (g/cm3)
Expected gold grade (g/m3)
Desired 90% confidence limit
Mean squared sampling error
Shape of the gold grain
Size range factor
Liberation factor
Coarsest gold grain in mm
Specific gravity of orebody

19
1
0.5
0.0625
0.2
0.2
1
1
2

Source: Authors
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WestGold Gold Grain Count (Colour) Standard

Sample support size and spacing determination for resource development
For both models, a flatness index of 30% and gold
fineness of 90% (Garnett, 2000) were assumed. Based on the
two gold particle assumptions, relationships between sample
size and gold grade were calculated to obtain representative
samples.

Sample spacing determination
Considering only the upper 1 m drill composite, a twodimensional geostatistical simulation of the Central Core zone
of the Nome offshore deposit was created on an extremely
dense grid. Drill-holes from the Central Core (Figure 2) were
selected to parameterize the simulation. The de-clustered raw
gold results (mg/m3) were transformed into gaussian values
using Hermite Polynomials. A variogram was modelled using
the de-clustered gold results. One hundred non-conditional
realizations using Turning Bands were created for a 1.96 km2
domain (the planned annual production area). The
realizations were validated using statistical, spatial, and
graphical methods recommended by Leuangthong et al.
(2004). Additional sample support sizes were then created
from the dense simulation grid nodes by combining adjacent
nodes into double, quadruple, and octuplet sets to create a
range of sample sizes (1.56 inch radius Becker drill; 3.11
inch radius drill sample; 6.2 inch and 12.4 inch radius drill
samples). The simulations were sampled at three different
spacings (100 m x 100 m, 50 m x 50 m, and 25 m x 25 m)
and then each sample set (4 sample sizes x 3 sample
spacings) estimated into 50 m x 50 m blocks with ordinary
kriging. A comparison between the actual and estimated
block results was carried out and the confidence of each
sampling pattern (sample spacing and sample support size)
determined. The relationship between the distribution of the
100 realizations of the actual and estimated blocks could then
be used to assess the merit of each sampling pattern.

Cost-benefit analysis
A cut-off grade of 400 mg/m3 is assumed for the cost-benefit
analysis. The variables used for the cost-benefit analysis are
tabulated in Table III. Sampling costs per hole and mining
costs per hour were both assumed to be US$10 000. A gold
price of US$1500 and mining rate of 550 m2/h were also
assumed. The overall cost-benefit analysis determined the
optimum sampling strategy to be used for the marine placer
gold deposit. The rate of return and NPV are calculated
excluding the initial capital investments.

Results and discussion
The volume required for a representative sample for an
expected average grade of 1 g/m3 with 50% precision and
90% confidence limit is 0.03366 m3. Assuming a specific
gravity of 2.0 t/m3, then the required sample mass is 67 kg.
Figures 3 and 4 shows the required sample sizes depending
on the expected gold grade, for a fine and coarse gold particle
distribution. The required sample size increases when the

Table III

Variables used for cost-benefit analysis
Variable

Value

Unit

Orebody thickness
Specific gravity
Sampling costs per hole
Gold price
Mining costs/hour
Mining rate
Mining factor
Cut-off grade

1
2
10 000
1 500
10 000
550
0.9
400

m
US $
US $
US $
m2/h
mg/m3

Source: WestGold sampling data

Figure 2—Central Core top 1 m sampling results
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of 10 samples were considered as outliers. The variogram
fitted in gaussian space has a nugget (60%) and two
spherical structures with a 454 m range (Figure 8). A
realization of the spatial simulation is shown in Figure 9, and
the spatially replication of the input variogram is shown in

Figure 3—Required sample size for different grades and grain sizes
based on Royle, 1986

Source: WestGold sampling data

Figure 5 – Histogram of sampling results for Central Core top 1 m

Figure 4—Required sample size for different grades and grain sizes
based on Clifton et al., 1969

Table IV

Summary statistics for Central Core top 1 m
samples grade (mg/m3)

Source: WestGold sampling data

Figure 6—Log of mg/m3 versus normal probability
Count (samples)
Minimum
Maximum
Average
1st quartile
2nd quartile
3rd quartile
Standard deviation
Coefficient of variation
Skewness
Kurtosis

1 401
0
30 679
811
72
264
779
1 751
2.16
7.04
82.25

Source: WestGold sampling data

The Journal of The Southern African Institute of Mining and Metallurgy

Source: WestGold sampling data

Figure 7—Cumulative coefficient of variation versus gold grade
VOLUME 114

JANUARY 2014

11

▲

gold grain size increases and/or the gold grade decreases.
Conversely, the sample size decreases when the gold grain
size decreases and/or the gold grade increases.
The mean grade of the samples from the Central Core is
811 mg/m3 with a standard deviation of 1751 mg/m3. The
grade distribution is highly skewed (skewness 7.04) and
coefficient of variation of 2.16 (Table IV and Figure 5).
Outliers were identified using Parker’s (1991) distribution
approach and visual identification (Figures 6 and 7). A total

Sample support size and spacing determination for resource development

Figure 8—Variogram model for Central Core

Figure 9—A geostatistical realization of a simulation

Figures 10 and 11. Instead of calculating and modelling
variograms for each sample realization, a single realization
was chosen and a standard variogram model defined per
sample campaign. By adopting this approach the subjectivity
of variogram modelling between realizations is excluded from
the kriged estimates. Variograms for 100 m x 100 m for
different support sizes are shown in Figure 12. As expected,
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the nugget effect decreases when the sample size increases,
as well as with the improvement in the structure of the
variogram.
Using a cut-off grade of 400 mg/m3, the domain can be
classified into ore (where the estimates are above the cutoff), or waste (where the estimates are below the cut-off).
The percentage of estimated ore can then be compared to the

The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 10—Reproduced variogram for east-west direction

Figure 11—Reproduced variogram for north-south direction

The Journal of The Southern African Institute of Mining and Metallurgy

Some of the waste (actual simulated value less than
400 mg/m3 but estimated value greater than 400 mg/m3) is
also misclassified as ore during the classification process due
to the estimation error. As expected, the percentage of waste
classified as ore is reduced as the sample size and spacing
increases. The 100 m x 100 m spacing for all sample sizes
misclassifies 15% of the waste as ore (Figure 14). The
percentage of misclassification reduces only for 25 m x 25 m
with 3.11, 6.22, and 12.4 inch radius drill sampling.
The trumpet curve for the ratios (estimated value/
simulated value) for the planned annual mining area of
1.96 km2 for different sample size and spacing is shown in
Figure 15. A sample spacing of 100 m x 100 m with 3.11,
VOLUME 114
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actual amount of ore from the simulation. In Figure 13 the
percentage of ore estimated from the different sample sizes
and patterns is compared to the actual simulation ore
proportion of 57%. The percentage classified as ore increases
with the increase in sample size and spacing. However, the
increases are marginal when sampling density is increased
from 50 m x 50 m to 25 m x 25 m spacing. The 100 m x
100 m sampling pattern can achieve an ore classification
proportion of only between 42% and 49% for all sample
sizes. The 25 m x 25 m sampling pattern for all sample sizes
achieves 50% to 54% classified as ore. The classification
accuracy for ore as ore (estimates are above the cut-off) is
tabulated in Table V.

Sample support size and spacing determination for resource development

Figure 12—Variogram models used for 100 m x 100 m sample spacing

Figure 13—Classification summary for ore as ore for the 400 mg/m3 cut-off

Table V

Classification accuracy for ore classified as ore
Sample Size
1.56
3.11
6.22
12.4
1.56
3.11
6.22
12.4
1.56
3.11
6.22
12.4
Actual

▲
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Spacing

Ore as Ore

Classification Accuracy

100 x 100
100 x 100
100 x 100
100 x 100
50 x 50
50 x 50
50 x 50
50 x 50
25 x 25
25 x 25
25 x 25
25 x 25
Actual

41.74%
46.19%
48.72%
49.19%
47.16%
50.11%
51.92%
52.37%
49.93%
51.75%
53.68%
54.60%
57.04%

73.18%
80.98%
85.41%
86.24%
82.68%
87.85%
91.03%
91.81%
87.54%
90.72%
94.11%
95.73%

JANUARY 2014
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6.22, and 12.4 inch radius drills is considered good enough
to generate the Parker (1998) estimation confidence of
Indicated Resource to ±15% accuracy for annual production.
100 m x 100 m sampling with a 1.56 inch drill would fall
outside this criterion.
The cost-benefit analysis is used to select the optimum
sample size and spacing for the Nome marine placer gold
deposit. Table VI shows the average grade, total ounces, total
revenue, and total costs for estimated and simulated (treated
as actual) for a cut-off grade of 400 mg/m3 using a 3.11 inch
radius drill and different sampling patterns as an example.
Using the area to be mined based on the classification
accuracy (ore as ore, waste as ore), sampling and mining
costs, and gold price, the total estimated revenue can be
calculated for each sampling pattern. Profit/loss, various
The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 14—Classification summary for waste as ore for the 400 mg/m3 cut-off

Figure 15—Trumpet curve for different sample size and spacing for the 400 mg/m3 cut-off

The Journal of The Southern African Institute of Mining and Metallurgy

The 50m x 50m sampling spacing reduces the rate of return
by 50% but increases the confidence by approximately 50%
when compared against the 100 m x 100 m sampling pattern.
In summary, a 100 m x 100 m sampling pattern with any
sample size above 1.56 inch radius drill is considered
accurate enough to produce the Parker (1998) estimation
confidence for an Indicated Resource.

Summary
This study used ‘Gy’s formula modified by Royle’ to calculate
the sample size required for a marine placer gold deposit with
an average grade of 1 g/m3 for a 1 m thick orebody on the
seafloor where the coarsest gold grain is expected to be 1 mm
in diameter, and concludes that the minimum sample size
should be 0.03366 m3 (67 kg). This minimum sample size
was also confirmed by the Clifton et al. (1969) approach. A
two-dimensional Turning Band non-conditional geostatistical
simulation for 1.96 km2 test area was created for the Central
Core geological zone. The simulation was sampled at 100 m x
100 m, 50 m x 50 m, and 25 m x 25 m spacing with 1.56,
3.11, 6.22, and 12.44 inch radius drills and estimated into a
50 m x 50 m grid. The comparison between simulated
VOLUME 114
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ratios (actual/estimated profit, profit/revenue actual,
profit/total costs), NPV, and rate of return can be calculated.
The total revenue estimated ranges from US$38.6 million
(2 5 m x 25 m sampling pattern) to US$38.4 million (50 m x
50 m sampling pattern). The mining costs range from
US$20.6 million (25 m x 25 m sampling pattern) to US$21.8
million 100 m x 100 m sampling pattern). However, the
sampling costs range widely, from US$31.3 million (25 m x
25 m sampling pattern) to US$1.9 million (100 m x 100 m
sampling pattern). The ratio of actual profit and estimated
profit calculated for 100 m x 100 m sampling pattern is 85%,
with a rate of return of 52%. Even though the ratio of actual
profit and estimated profit for the 50 m x 50 m sampling
pattern is higher (95%) than for the 100 m x 100 m sampling
pattern, the rate of return is well below that of the 100 m x
100 m sampling pattern (28%). The 25 m x 25 m sampling
pattern results in a loss, hence no ratios were calculated.
The trumpet curve (Figure 15) and cost-benefit results
(Figure 16) show that a 100 m x 100 m sampling pattern
with any of the 3.11, 6.22, and 12.4 inch radius drills yields
the required Parker (1998) estimation confidence of Indicated
Resource and higher rate of returns. The 25 m x 25 m
sampling patterns for all sample sizes yield a negative return.

Sample support size and spacing determination for resource development
Table VI

Cost-benefit analysis for 3.11 Inch radius drill
Cut-off grade of 400 mg/m3

100 x 100 sampling

50 x 50 sampling

25 x 25 sampling

Simulation

Ore as ore Waste as waste Waste as ore Ore as ore Waste as ore Ore as ore Waste as ore Actual ore Actual waste
Total blocks
Min
Max
Average
STD
COV
Block size
Total area
Thickness
Specific gravity

784
784
216
81
516
381
362
218
77
68
0.212
0.311
2 500
100x100 samples
1 960 000
50x50 samples
1
25x25 samples
2
Sampling costs
per hole
3 920 000
1 500
10 000
550
0.90

Tons
US $ /ounce
Mining costs/hour
Mining rate
Mining factor

784
68
196
119
24
0.202
196
784
3 136
10 000

784
252
568
393
74
0.189

784
49
138
86
15
0.177

784
272
566
406
69
0.171

784
34
68
49
8
0.157

784
316
600
447
67
0.149

784
468
184
337
67
0.198

Ore as ore Waste as waste Waste as ore Ore as ore Waste as ore Ore as ore Waste as ore Acutal ore Actual waste
Min in %
Max in %
Average in %
STD in %
Average grade estimated
Average grade actual
Total ounces estimated
Total ounces actual
Total revenue estimated
Total revenue actual
Mining costs
Sampling costs
Total costs
Profit/loss estimated
Profit/loss actual
Profit/loss difference
Ratio (actual/estimated profit)
Profit/revenue actual
Profit/total costs
NPV
Rate of return

27.55%
65.82%
46.19%
9.81%
790
831
20 704
21 782
38 430 575
36 309 098
21 860 455
1 960 000
23 820 455
14 610 121
12 488 643
2 121 478
85%
34%
52%
11 353 312
52%

10.33%
48.60%
27.81%
8.66%
247
219
3 903
3 460
5 854 676
5 189 274
9 910 000

8.67%
25.00%
15.15%
3.06%
572
282
4 916
2 424
7 374 156
3 635 734
5 399 091

32.14%
72.45%
50.11%
9.45%
785
823
22 323
23 380
38 346 316
37 927 584
21 787 273
7 840 000
29 627 273
8 719 043
8 300 311
418 732
95%
22%
28%
7 545 738
28%

6.25%
17.60%
11.03%
1.95%
518
305
3 242
1 905
4 862 523
2 857 633
3 929 545

34.69%
4.34%
72.19%
8.67%
51.75%
6.29%
8.82%
0.99%
820
477
817
336
24 068
1 701
23 992
1 199
38 653 922
2 551 815
37 785 785 1 798 423 38
20 683 182
2 242 273
31 360 000
52 043 182
-13 389 260
-14 257 396

40.31%
76.53%
57.04%
8.50%

59.69%
23.47%
42.96%
8.50%

786
25 428
142 620

-12 961 269
-27%

Figure 16—XY plot of confidence limit and rate of return for the 400 mg/m3 cut-off ore classified as ore
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Sample support size and spacing determination for resource development
(treated as actual) and estimated grades reveals that 100 m x
100 m sampling with 3.11 inch, 6.22 inch, and 12.4 inch
radius drills is sufficient to generate an estimation confidence
of an Indicated Resource using the Parker (1998) guidelines.
The cost-benefit analysis showed that a 100 m x 100 m
sampling pattern with 3.11, 6.22, and 12.4 inch radius drills
yields positive rates of return.
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The ‘simulated chip-sample model’ as a
method for quantifying error and bias in
sampling thin carboniferous reef types
by D. Fourie* and R.C.A. Minnitt†

A brief history of channel sampling in South African gold mines is
followed by a chronicle of different sampling events and sampling
methods that used the traditional ‘hammer and chisel’ approach as
well as diamond core extraction of the sample. The problems
associated with each method of sample collection are documented
and the use of a laser scanner to measure the exact volumes of
sample material extracted from a correctly delimited sample site are
considered. Areas where increment delimitation errors (IDEs),
increment extraction errors (IEEs), increment weighting errors
(IWEs), and increment preparation errors (IPEs) occur were
investigated. A ‘simulated chip sample model’ is introduced and
provides the basis for comparing the percentages of error introduced
as a result of improper sampling. The heterogeneity experiment
showed that reefs that are more homogenous tend have lower
extraction errors than the more complex carbon-rich reefs, which may
contribute to understanding the poor mine call factor on mines
exploiting the latter types of reef.
Keywords
channel sampling, chip sampling, error, bias, modelling.

Introduction
The current protocol for underground channel
sampling practiced on most South African gold
mines is the collective result of work done
during the last 100 years. The historical
development of the chip sample in the South
African gold mining industry has been well
documented by Cawood (2003) and shown to
be aimed at extracting a reef specimen that will
allow the best possible measurement of grade
at that location. These protocols are still
practiced on most of the South African gold
mines today, where the preferred tool for
sample extraction is the hammer and chisel.
The large number of samples required for
estimation, as well as the difficult
underground environment and conditions,
favour chip sampling because it is fast, costeffective, and is still considered a good
sampling practice.

Historical work
The gold mining industry relies on channel
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sampling of the stope faces to provide an
indication of gold grades that can be
anticipated in the reef that lies ahead of the
production crew. This is essential for
evaluation processes, and where selective
mining is practiced it also provides the
necessary information about whether the reef
should be extracted or left in situ. In effect, a
series of continuous channel samples collected
from a raise or stope face may be thought of as
a highly heterogeneous, one-dimensional
stream that is cut at regular intervals, rather
than a static two-dimensional face. The
purpose of the project reported in this paper
was to undertake channel sampling using the
current method of choice – the hammer and
chisel – and to see if the sample demarcated
could be extracted accurately. The aim was to
see if the current in situ channel sampling
protocol could be achieved in practice
underground.
Poor sampling practice has for a long time
been considered to be among the reasons for a
poor mine call factor. A number of investigators have tried to demonstrate that poor
sampling is indeed responsible for overestimation, especially in the narrow
carboniferous-type reefs. Cawood (2003)
stated that ‘The literature survey revealed that,
given the nature of narrow carboniferous-type
reefs, traditional gold mine sampling
techniques are likely to over-estimate the gold
content in the reef by as much as thirty per
cent’. This was based on the observation that
samplers tend to oversample the soft reef
portions and undersample the hard host strata.

The ‘simulated chip-sample model’ as a method for quantifying error and bias in sampling
Magri and McKenna (1986) as well as Lerm (1994)
examined a variety of ‘sampling tools’ but they expressed
reservations about the ability of such tools to extract an
unbiased sample. These investigators favoured the ‘rock saw’
above standard chip sampling because of the ability to extract
a more representative sample once the outlines of the sample
had been delimited using the rotary diamond saw. De Jager
(1997) and Storrar (1981) were aware of this limitation with
the sampling tool, saying that ‘a reasonable approximation is
generally accepted to be satisfactory.’ During the late 1970s
and early 1980s a non-destructive X-ray technology for
analysing the gold grade, known as the Gold Analyzer, was
strongly promoted through the Chamber of Mine Research
Organisation (COMRO). However, the inherent variability of
the reefs is such that statistical evidence to demonstrate the
superiority of one method over another was inconclusive
(Lerm, 1994). All the investigators mentioned above
recommend that that the sample mass should be increased,
especially when sampling thin, narrow carbon-rich reefs to
obtain a larger sample support. Most of them also
recommended renewed efforts in regard to training and
supervision of the sampling process.

Sampling correctness
The only way of ensuring that a sampling protocol has
minimal error is to make sure it complies with the principles
of sampling correctness, and to test its practical implementation underground. The principles of correct sampling
require that ‘every part of the lot has an equal chance of
being selected in the sample and the integrity of the sample is
preserved during and after sampling’ (Smith, 1987, p. 19).
Smith (1987) further says that correct sampling is achieved
by correctly defining the sample to be taken, and then
physically obtaining the sample that has been defined. She
also mentions that if any part of the lot becomes inaccessible
or if the sampling tool fails to collect a sample correctly
defined, the rules of random sampling have been
compromised and this can introduce a bias.
Pitard (2009) also stresses the importance of complying
with principles of sampling correctness, warning that during
this important phase of sampling, additional error may be
introduced, which is cumulative. These errors are the most
dangerous and include the increment delimitation error (IDE),
the increment extraction error (IEE), the increment
preparation error (IPE), and the increment weighting error
(IWE).

footwall unconformity. This is overlain by clean coarsegrained gritty quartzites. Above these quartzites a second
unit, frequently less well developed, is present. This second
upper unit appears to be better developed in the south of the
mine area.
Two facies types have been recognized in the area. The
first is known as the Black Chert Reef (BCR) facies. The other
is the Lorraine Reef, which is universally present in the
extreme north of the mine area and it is typically a thin
oligomictic quartz pebble lag which also contains carbon,
pyrite, and gold mineralisation. Overlying this lag are
distinctive white cross-bedded placer quartzites and a poorly
developed upper cycle may also be present.
A total raise length of 20 m was sampled at 20 cm
intervals with an additional section every 50 cm. The channel
width ranged from 0.5 to 1.5 cm and a total of 120 samples
were chipped with a sample width of 7 cm (2 cm footwall +
reef + internal quartzite) (Figure 1).
Descriptive statistics provided in Table I suggest a
lognormal distribution for these samples, a fact that is
confirmed by the shape of the histograms for the grade
shown (Figure 2a).
The strong variability of gold grades for samples taken
less than 20 cm from each other is a function of the nugget
effect and is expected for this type of deposit (Figure 2b).
The standard sampling protocol (Harmony Gold Mining
Company Limited, 2006) requires that the sample must be
rectangular in shape with solid square corners and should be

Figure 1—Diagram depicting the sample composition

Table I

Descriptive statistics of the 120 samples chipped
from the development raise

Challenges of underground sampling
A development raise situated in the northern Leeuwbosch
area of Harmony’s Tshepong mine was selected for this
project. The Basal Reef member or Basal Reef Zone (BRZ) is
the sequence of quartzites and subordinate conglomerates
that lie on an unconformity surface marking the top of the
UF1 Zone 1 footwall quartzites of the Welkom Formation.
The top of the BRZ is represented by the overlying Harmony
Formation, either as the Khaki Shale member, or locally the
Waxy-brown Leader Quartzite (WBLQ) member. The BRZ
across the Tshepong Mine area is a stratabound unit varying
from 40 cm to over 200 cm in thickness. The BRZ typically
comprises a basal conglomeratic unit that sits on the UF1
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Statistic
Mean grade (g/t)
Standard error (g/t)
Median (g/t)
Mode (g/t)
Standard deviation (g/t)
Sample variance (g/t)2
Kurtosis
Skewness
Range (g/t)
Minimum (g/t)
Maximum (g/t)
Sum (g/t)
Count
Confidence level (95.0%)

Value
70.10
4.87
57.56
28.57
53.34
2845.30
1.94
1.37
266.63
0.24
266.87
8412.49
120
9.64
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Figure 2—(a) Lognormal distribution of raise chip sampling data, and (b) variability of grade in the development raise

chipped to an even depth. Out of a total of 120 samples
chipped not one sample met the prescribed standard, to be
exact not one sample chipped matched any of the other
samples chipped in terms of shape, composition, volume, or
mass. The standard tool of choice on most of the gold mines
is still the hammer and chisel (Figure 3a). The hardness of
the reef and its host rocks was too much for the hammer and
chisel. The sampler and his team tried as best they could, but
only managed to remove material that was already fractured
or loose. The author did not observe any sample that was
removed from a solid area on the face, and any attempt to do
so only resulted in a white spot where the chisel had chipped
the surface of the rock. Such a chipped white spot is shown
inside the yellow marked sample in Figure 3b.
The hardness of the rock prevented any samples from
being collected at this exact location shown in Figures 3b and
4b. As a result, the sample position had to be moved continuously to the left until the rock was sufficiently fractured to
allow a sample to be collected. According to a sampler, ‘We
do not trim the section to be sampled, otherwise it’s too
difficult to collect sample material’.
Obstructions such as piping and services are other factors
affecting the team’s ability to take proper samples. Although
the face may have been accessible in some places, these
kinds of obstructions made it impossible to swing a hammer
and use a chisel to do the sampling. In places the reef contact
The Journal of The Southern African Institute of Mining and Metallurgy

Laser scanner
The Faro laser scanner was used to scan the face before and
after each sample was chipped (Figure 5). This ‘before’
(Figure 6a) and ‘after’ (Figure 6b) comparison is a useful
visual tool for comparing the actual shape and size of the

Figure 4—(a) A narrow carbon-rich zone exposed just below the
hangingwall, where the team managed to collect a 1.5 cm wide carbonrich sample that contained the highest grade in the raise, and (b) an
example of the irregular sample shapes removed during the chipping
process because of the hardness of the reef
VOLUME 114
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Figure 3—(a) A hammer, chisel, and dish, the preferred tools for
sampling on the gold mine, and (b) a white spot on the right side of the
picture and inside the demarcated sample area where the first attempt
to chip reef material was made. The very hard and solid state of this
particular position on the face made extraction impossible and the
sampler decided to move a little to the left; here the sampler managed
to chip out some material but insufficient for a sample. The sampler
again moved and chipped from another position even further along the
face

was very close to the hangingwall, which meant that the crew
had to build a temporary scaffold in order to take a sample.
Blast-induced fracturing may also influence the integrity of a
sample. Loosened pieces of rock outside the delimited sample
area can dislodge during the hammering and chipping
process and fall into the collection pan, so becoming part of
the sample. The ambient temperature in excess of 30°C with
very high humidity means that the sampling team has to
function for protracted periods in difficult physical conditions.
This leads to a significant decline in the team’s ability to
perform high quality sampling activities continuously. Some
members of the sampling team began chipping single
samples from a variety of positions and members began to
quarrel among themselves as fatigue and heat exhaustion
took their toll.
The commonly reported error of oversampling the softer
carbon-rich reef was observed only at one sampling section
(Figure 4 a). The reef contact for this particular section was
on the hangingwall contact and the entire sample mass was
removed from the soft contact at a sample width of about
1.5 cm. The grade of 266.2 g/t returned for this section was
the highest of all the 120 samples, and if this grade is
allocated to an incorrect width of 7 cm then the true cmg/t
value would be overstated by almost 467%.

The ‘simulated chip-sample model’ as a method for quantifying error and bias in sampling
all of the aspects defined in principles of sampling
correctness. Instead of achieving a representative groove
(channel) at regular intervals, samplers are performing a

Figure 5—Faro laser scanner used to measure the actual volume and
three-dimensional shape of material removed during the chipping
process

sample removed during the chipping process (Figure 6). This
scan represents a portion of the raise between 5.3 m and 7 m.
The irregular shapes of samples that were removed during
chipping process are clearly visible in Figure 7.
The irregular shapes in Figure 7 depict the actual volumes
of sample material determined by the scanner as having been
removed during the chipping process. The white squares
represent the demarcated samples and red irregular shapes
are the boundaries of the actual sample material removed.
It is interesting to note that for some of the samples
demarcated, no material was removed, suggesting that the
material was collected at a different position. Not a single
sample extracted complied with the required geometric shape
defined in the protocol. This means that there is significant
extraction error associated with the process. The first sample
on the diagram at the 5.5 m position missed the reef contact
completely, and this observation is supported by the very low
grade of 0.239 g/t for this sample (see variability plot,
Figure 1b).

Figure 6—(a) Point cloud of the area scanned before sample extraction,
and (b) point cloud of the area after sample extraction

Figure 7—A software plot of points generated by the Faro laser scan.
The irregular shapes of the samples removed highlight the difficulties
experienced in extracting pre-defined sample shapes from hard quartz
reefs

Alternative tool tested
The alternative sampling tool tested for this project is the
DD130 diamond coring tool from Hilti, which is capable of
drilling and extracting sample core with diameters of 8–
162 mm. The tool’s capabilities were tested on surface and it
managed to drill a 15 cm core with a 65 mm diameter from a
basal reef slab in less than 15 minutes (Figure 8). Apart from
the fact that the tool is heavy and cumbersome, underground
testing proved difficult because the power supply for the
coring tool was incorrect, there were difficulties mounting the
drill in a confined space, and the combination of water and
electricity creates a serious safety hazard.
Once these problems had been resolved, it was possible to
extract only five fractured samples in a period of three days.
The natural fracturing on the softer carbon contact is clearly
visible in the photograph (Figure 9b), and the samples tend
to break along this contact, resulting in most of the exposed
carbon being washed away (Figure 9a). In view of these
constraints it is felt that core drilling is not a viable substitute
for the current chip sampling process.

Figure 8—Drilling core samples from reef material on surface was
successful and promising. It was possible to extract a 15 cm length of
core in less than 15 minutes

Findings
The practical implementation of the sampling protocol with
the current tools of choice, the hammer and chisel, failed in
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Figure 9—(a) Highly fractured core sample, and (b) blast-induced
fracturing visible on the softer contact
The Journal of The Southern African Institute of Mining and Metallurgy
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Increment delimitation error (IDE)
In order for a sample to be correct, every increment making
up the composite sample must have exactly the same chance
as every other increment of becoming part of the sample. This
principle can be upheld only when sampling zero- or onedimensional lots. While the stope face may be thought of as a
continuous one-dimensional lot, it is not a lot that can easily
be sampled or cut. In our understanding of particulate
sampling, one-dimensional lots are usually confined to a
conveyor belt, where the particulate nature of the materials
on the belt means that they can easily be sampled using
cross-belt or cross-stream samplers. In the case of a solid in
situ stope face, the only portion of the face that has a chance
of being sampled is that which is immediately exposed in the
face (Figure 10). Samples to be collected from such a lot may
be considered to be equiprobabilistic, but the physical
constraints on their extraction make equiprobabilistic
sampling almost impossible.
The difficulties associated with sampling in the given
environment are amplified due to the limitations of the
sampling equipment, because only portions of the exposed
face that are fractured or soft enough can be extracted; other
exposed portions on the face that are solid are unlikely to
become part of the sample.
Marking of the section or sample to be sampled is just a
routine operation, and even if the sides of the channel sample
are carefully demarcated it is not possible to chip the material
within the channel sample to an even depth. Instead,
samplers actually undertake a form of grab sampling on
selected areas of the ‘stream’ determined by how fractured it
is. They will even collect sample material outside the
demarcated sampling area. The deviation of the sample shape
and volume extracted from that specified by the sampling
standard contributes significantly to the bias of the sample.

Increment extraction error (IEE)
This error occurs when the sampling tool is selective or
unable to extract a sample of the correct shape and volume as
defined by the sampling standard. The sampling equipment
must be able to extract the correctly delimited sample. A
comparison between sample mass extracted and sample mass
required is also a good indication on the IEE (Figure 11).
During the sampling exercise samplers did their best to
comply with the requirements of the sampling standards. The
mass that was expected to be extracted according to the
sample dimensions of 10 cm x 7 cm x 2 cm and at a relative

Figure 10—The underground stope face actually represents a heterogeneous one-dimensional ‘stream’. The vertical lines represent the
sample section
The Journal of The Southern African Institute of Mining and Metallurgy

density of 2.78 was 389 g, whereas the actual mass collected
ranged from 166.6 g to 677.3 g with an average of 362.7 g.
This means that 65% of the samples were below the specified
mass. Images from the Faro scan also show the highly
irregular shapes that result from using a hammer and chisel
as a means of extracting a sample from the hard
conglomerate reef (Figure 6). This relatively simple sampling
exercise provided a clear indication that it is not possible to
meet the specifications of the current sampling standards, in
terms of mass, volume, and shape, using the commonly
applied hammer and chisel.

Increment preparation error (IPE)
IPEs are introduced between different stages of the sampling
process or sample handling, and arise because of contamination, material losses, changes in the physical composition
of the sample, human error, ignorance, carelessness, fraud,
and even sabotage. IPEs observed during the sampling
exercise were related mostly to contamination by fragments
or pieces of reef that were dislodged from around the area
being sampled. In cases where the reef is very hard the
hammer is used directly on the reef face to loosen material
for the sample, increasing the chance of contamination and
sample loss (Figure 12).

Figure 11—Due to the thin nature of the reef all the samples
demarcated had the same dimensions and density and are therefore
expected to be of equal weight. The variability of the individual mass of
the samples collected is an indication that a pre-defined sample mass
cannot be adequately collected using the ‘hammer and chisel’
approach

Figure 12—Sample loss clearly visible when the chipper is using a
hammer to collect sample
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variation of ‘grab sampling’ at irregular intervals. All the
errors observed during the underground sampling process
have been classified according to the taxonomy of errors
identified in the Theory of Sampling.

The ‘simulated chip-sample model’ as a method for quantifying error and bias in sampling
It was also observed that when the sampler had collected
sufficient material in the sample dish, he would select some
of the bigger pieces, breaking them into smaller pieces by
hitting them with the chisel on his leather glove. He then
selects pieces, mostly waste, to be discarded until he believes
he has sufficient sample mass. Breaking the bigger pieces on
the leather glove also increases the possibility of contamination as fine gold grains can be trapped in the leather and
the seams of the glove. The collecting dish is cleaned after
each sample, thus there is very little chance that fine gold will
adhere to the metal surface of the dish compared to the
leather glove. Sample losses of one form or another were
observed at most stages of the sampling process.

Increment weighting error (IWE)
The hardness of the reef in most areas means that extracting
an acceptable sample is very difficult indeed. Because the
reefs are very narrow in some places it may be necessary to
take only a single sample to represent the section, but
elsewhere thicker reefs may have to be sampled using
multiple composited samples, as shown in Figure 13a. A
section across a composite reef, such as that shown in Figure
13a, should be a cleanly cut sample across the entire channel
width. Instead, because of the hardness of the ore, the section
consists of scattered portions of reef extracted in a haphazard
way (patches shown in black) with highly irregular shapes
and sizes (Figure 13b). Poor extraction or recovery for each
individual sample extracted and then composited may lead to
a bias generated by an IWE (Pitard, 2009, p. 158).

can’t improve it’. Only if the observed IEE is converted into a
quantitative measure will it be possible to convince people of
the bias associated with this sampling method.
‘It is easier to perceive error than to find truth, for the
former lies on the surface and is easily seen, while the latter
lies in the depth, where few are willing to search for it.’
(Johann Wolfgang von Goethe).

A moment of enlightenment
A single sample of 16 cm (Figure 14a) collected from the face
during the sampling project was cut into two individual
samples, sample A (shown in Figure 15a) consisting of a
footwall waste and reef portion, and sample B (shown in
Figure 15b) consisting mostly of internal quartzite.
The sample diagram (Figure 14b) indicates that this
particular sample does not correctly represent the sample
width (or volume). The portions shown in red and green
colours are the under-represented areas of the reef and
footwall , while the blue area indicates over-representation of
the internal quartzite.

Quantifying the error
Observation of the underground sampling process
demonstrated that sample extraction using a hammer and
chisel is beset by IDEs and IEEs, but finding a method of
quantifying the errors remained a challenge, especially in the
light of Lord Kelvin’s comment, ‘If you can’t measure it, you

Figure 14—(a) Sample with irregular shape that was cut into two subsamples, and (b) a diagram of the sample (a) that was collected
underground, with the colours showing the areas of under- and overrepresentation

Irregular shapes
of chip samples
extracted

Drill core

Section demarcated
for chip sampling

Figure 13—Diagram simulating the extraction capabilities between (a) a drill core (grey), and (b) the irregular shapes and sizes of the chip sampling (black)
in a thick heterogeneous reef type. Sample extraction using the drill core method may achieve 100% recovery, whereas the chip sampling method has poor
recovery, as well as mixing of samples with different recoveries, which are likely to introduce bias
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The dimensions of 10 cm x 7 cm x 2 cm for the simulated
sample are based on current protocols. The sample is then
subdivided into its observed underground lithology with an
internal quartzite width of 4 cm, an average reef width of 1
cm, and a footwall width of 2 cm (Figure 16).
The reef portion is assumed to be homogenous at a grade
of 150 g/t. Table IV provides a calculation on how the perfect
sample was constructed. The results from the perfect sample
can now be used as the base to test the error involved with
incomplete or over-extraction of any of the units making up
the sample.

Figure 15—(a) Sub-sample A consisting of reef plus footwall, and (b)
sub-sample B consisting of internal quartzite

The sample width for the internal quartzite was approximately 10 cm and for the footwall plus reef portions it was
about 6 cm. The two samples were weighed and assayed and
the result was weighted according to the sample mass. The
reef plus footwall sample (Figure 14a) returned a grade of
143.7 g/t and the internal quartzite (Figure 15b) delivered a
grade of 0.2 g/t. The remaining pulps of the two samples
were combined (Sample C) and bottle-rolled for 48 hours
before being assayed. Sample C returned a grade of 14.81 g/t.
The original sample would have returned a grade of 14.81 g/t
over a sample width of 16 cm, giving a value of 237 cmg/t
(Table II). The combined results for sample C is lower than
that of the individual Samples A and B, as shown in Table II.
This is acceptable and standard procedure, but the same
sample having been cut into two sub-samples and sent for
analysis, sample A returned a value of 0.2 g/t over a width of
10 cm, and sample B returned a grade of 143.7 g/t over a
width of 6 cm. The combined value for the two individual
samples is 864 cmg/t, a difference of 365% (Table III).
Both values returned from the laboratory are correct and
are representative of the material submitted. The actual error
is introduced as a result of allocating this value back to a
three-dimensional shape or volume. This simple example is a
clear indication that error is introduced if a width is applied to
an irregular-shaped sample and is a classic example of IWE.
Perfect extraction of the 16 cm width would have returned a
different grade altogether.
The ‘moment of enlightenment’ paved the way for the
following experiments to quantify the error associated with
poor extraction. An obstacle in the quantification of error
associated with a specific tool is the uncertainty of the value
introduced by the inherent variability of the reef – namely the
nugget effect. The only solution to this dilemma would be to
simulate the ‘perfect chip sample’ at a known grade, which
we refer to as the ‘simulated chip sample model’ (Figure 16).
Different scenarios of over- or under-extraction possibilities
can be simulated and compared to the actual grade and the
difference or error can be expressed as a percentage.

Table II

Comparison of the grades for Samples A and B with
that of the composite Sample C

Sample C (Sample A + Sample B)
Total
Average g/t

g/t

Width (cm)

cmg/t

14.81

16
16

237
237

14.81 g/t

Table III

Comparison of the two individual samples A and B
g/t

Sample A (internal quartzite)
Sample B (reef and footwall)
Total
Average g/t

Width (cm) cmg/t Percentage
difference

0.2
143.7

10
6
16

2
862
864

365

54.01 g/t

Figure 16—Construction of the ‘simulated chip sample model’
representing the perfectly extracted chip sample for comparison with
the actual samples extracted during the underground project

Table IV

Simulated chip sample model based on the actual reef composition

Internal quartzite
Reef
Footwall
Total
Average

Width

Height

Depth

Rd

Mass

g/t

Weighted cmg/t

10
10
10

4
1
2
7

2
2
2

2.78
2.78
2.78

222.4
55.6
111.2
389.2

0
150
0

0
8340
0
8340
150
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Figure 17—Six scenarios to test the effect of incomplete extraction on the expected grade of a sample

Figure 18—Six scenarios to test the effect of over-extraction on the expected grade of a sample

Probability of under- or over-sampling
There are numerous reasons that could be called on to
explain the over- or under-sampling of each component of
the ‘simulated sample’, and quantification of each percentage
deviation from the perfect sample is not possible. For this
exercise, however, it was decided to simulate six possibilities
for under-sampling (Figure 17) and six possibilities for oversampling (Figure 18).
The six probabilities will quantify how the error would
change as a result of over- or under-extraction of these units
in different combinations. The differences in values are then
expressed as a percentage error.
Different extraction errors are simulated for each
component of the perfect sample and the difference in value
is then compared back to the expected grade and expressed
as an error, which may be positive or negative. This
simulation will give some indication on the percentage error
introduced with poor sample extraction, especially for this
type of reef with this specific reef-to-waste ratio. The third
dimension (the depth) was kept constant for this exercise,
but in reality it is also considered a factor that could influence
the error associated with poor extraction. The percentage
errors generated due to improper extraction for the different
probabilities shown in Figures 17 and 18 are summarized in
Table V.
This exercise confirms the effect that poor extraction
alone can have on the credibility of a sample value. Any
deviation from a pre-defined sample size, shape, and volume
will introduce error. In this specific example, ‘extraction error
2’ as calculated in Table V, the true expected value can be
overstated by as much as 75%, and understated by as much
as 46.15% in ‘extraction error 6’. A closer look at ‘extraction
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error 2’ in Table V reveals that the waste portions are underrepresented.
It was mentioned earlier that picking of reef and
discarding of waste from the sample after the sampling
activity was completed is a common behaviour. A sampling
team that consistently performs reef-picking at the sample
level will introduce enormous biases to the assay results.
This exercise indicates that the error incurred with the underextraction of certain units of a sample may be more severe
than that found with the over-extraction of the same units.

Importance of sample shape
It was mentioned previously that the irregular shapes of
samples extracted are a major source of bias and error. Any

Table V

Percentage error associated with improper
extraction
Extraction

cmg/t Under-extraction cmg/t Over-extraction
% Difference

Perfect extraction
Extraction error3
Extraction error2
Extraction error4
Extraction error6
Extraction error5
Extraction error1
Average error %
(Min %)
(Max %)

150
175
263
95
81
117
210

0
16.67
75
-36.36
-46.15
-22.22
40
3.85
-46.15
75

% Difference
150
131
105
185
210
166
117

0
-12.5
-30
23.53
40
10.53
-22.22
1.33
-30
40
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sample that deviates from the rectangular shape, even though
the aspect ratio may change, will introduce bias. Initially it
was thought that the irregular shapes were responsible for
the error because they varied in mass and volume and
basically constitute a different support. Although the
underground drill core exercise failed to deliver any
acceptable core for assay purposes, it was decided to test a
theoretically correct piece of core that was drilled horizontally
to see if it would pass as being a representative sample.
Most underground drilling, except for cover drilling, is
aimed at intersecting the reef perpendicular to the bedding,
whereas in extracting core samples from a near-vertical stope
face the drill penetrates the reef parallel to the bedding. This
drilling orientation combined with a highly heterogeneous
reef type introduces extraction errors that would make this
method unsuitable, even if a perfect cylinder of core is
extracted. This is better explained with the aid of a diagram
representing a core sample that is drilled horizontally into a
vertical stope face and parallel to the bedding, that hosts a
thin 1 cm reef in the middle of the core (Figure 19a). The
core diameter is 7 cm.
The blue and green areas in Figure 19a are underrepresented portions of the footwall and internal quartzite for
that particular core sample; the sample would be biased
towards the reef portion with the waste portions being underrepresented and would probably overestimate the actual
grade. In Figure 19b the core sample has the same shape,
volume, and dimensions as in Figure 19a, but the reef is now
positioned closer to the bottom of the core barrel. The areas
of green and blue, as well as the portion shown in red which
refers to the reef, are the under-represented portions.
A simulated chip sample model was calculated for
the theoretical core values expected in Figure 19a and
Figure 19b. The only difference between the two diagrams is
the position of the reef in the core. Perfect extraction of the
core is assumed at a depth of 2 cm for both examples, thus

they would be equal in volume mass and shape. The area for
the waste portion and the area for the reef portion were
calculated and multiplied by the grade to obtain the average
grade for both the core samples and the square 7 cm x 7 cm
samples. The grade for Figure 19a was 26.10 g/t (Table VI)
which is an over-estimation of 21.8% compared to the actual
grade of 21.43 g/t. Figure 19a indicates that the reef was also
positioned close to the center of the core and would introduce
an over-estimation bias.
The grade for Figure 19b is 20.65 g/t (Table VII), which
is an under-estimation of 3.6% compared to the actual grade
of 21.43 g/t. The actual grade calculated for the square 7 cm
x 7 cm sample does not change even if the position of the reef
within it moves up or down. The values for the round core
samples are sensitive to the position of the reef within the
sample itself. It is concluded that even with perfect core
extraction the very shape itself introduces error and cannot

Figure 19—(a) Diagram illustrating the extraction error introduced by
the round shape of the core when drilling parallel to the plane of a
stratified reef; the blue and green portions represent the shortfall of
material as a result of the round shape of the sampling tool. (b) The
sample shape and volume is exactly the same as in a), but changing the
vertical position of the reef indicates that the under-represented areas
are significant for the different portions of the sample, especially the
reef portion

Table VI

Simulated chip sample model based on the actual reef composition for the core sample (Figure 19a)
Sample composition
Internal quartzite
Reef
Footwall
Total
Average (weighted on mass) core
Average (weighted on width) square

Width

Area cm2

Depth

Rd

Mass

G/T

Weighted cmg/t on mass

Weighted cmg/t on width

3
1
3
7

15.9
6.7
15.9
38.5

2
2
2

2.78
2.78
2.78

88.404
37.252
88.404
214.06

0
150
0

0
5587.8
0
5587.8

0
150
0
150

26.10
21.43

Table VII

Simulated chip sample model based on the actual reef composition for the core sample (Figure 19b)

Internal quartzite
Reef
Footwall
Total
Average (weighted on mass) core
Average (weighted on width) square

Width

Area cm2

Depth

Rd

Mass

G/T

Weighted cmg/t on mass

Weighted cmg/t on width

5
1
1
7

29.5
5.3
3.7
38.5

2
2
2

2.78
2.78
2.78

164.02
29.468
20.572
214.06

0
150
0

0
4420.2
0
4420.2

0
150
0
150
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Sample composition

The ‘simulated chip-sample model’ as a method for quantifying error and bias in sampling
be considered an acceptable sampling alternative to the
traditional rectangular sample extracted using a hammer and
chisel.
This error would be aggravated if on a thicker reef it had
been necessary to drill multiple composited core samples.

Heterogeneity experiment
By changing the reef-to-waste ratio in the models of possible
over- and under-extraction shown in Figures 17 and 18, it
was found that the percentage extraction error changed
accordingly. Further experimentation revealed that the
percentage error tends to decrease as the sample composition
become more homogenous. ‘Extraction error 1’ (Table V), is
used to explain the rationale behind this exercise (Table V;
Figure 20). The initial simulated chip sample model had a
reef-to-waste ratio of 14.29% based on a 1 cm reef and 6 cm
waste portion and incomplete extraction, resulting in an
extraction error of 40% compared to that for reef-to-waste
ratio (Table VII). The reef thickness was increased slightly to

1.5 cm and the waste decreased to 5.5 cm, and this resulted
in a reef-to-waste ratio of 21.43%. The simulated chip sample
model was updated with this new information (reef and
waste changes) and a new expected grade was calculated.
The same incomplete extraction was simulated and resulted
in an extraction error of 28.33% compared to the perfect
sample, or base case for the simulated chip sample model.
This process of increasing the reef width was repeated for
‘extraction error 1’ until it reached total homogeneity or
100% reef. The same was done for the remaining under- and
over-extraction errors, and the results are shown in Table VIII
and Table IX.
This exercise confirms the possibility that the percentage
extraction error decreases as the sample becomes more
homogeneous, reaching only about 10% when the reefto-waste ratio for under-extraction’ is more than 78%
(Table VIII) and for the ‘over-extraction’ at around 42%
(Table IX). This may well explain why shafts mining the
more homogenous reefs i.e. VCR, A, and Elsburgs can

Figure 20—Diagrammatic representation of the changes in extraction error for ‘extraction error 1’ in Table V moving from a highly heterogeneous (left) to a
very homogeneous (right) composition. The total homogeneity represents a 100% reef-to-waste ratio and an extraction error would have zero influence on
the true actual grade. The extreme heterogeneous example (on the left) represents a sample–to-reef ratio of 14.29%, resulting in an extraction error of 40%

Table VIII

Comparison on the effect of under extraction on a sample that increase in homogeneity
Reef-to-waste Ratio %
Reef (cm)
Footwall + Internal Quartzite
Perfect Extraction
Extraction Error3
Extraction Error2
Extraction Error4
Extraction Error6
Extraction Error5
Extraction Error1
Under Extract(Min %)
Under Extract(Max%)
Sum of the errors

100.00% 92.86% 85.71% 78.57% 71.43% 64.29% 57.14% 50.00% 42.86% 35.71% 28.57% 21.43% 14.29%
7.000
6.500
6.000
5.500
5.000
4.500
4.000
3.500
3.000
2.500
2.000
1.500
1.000
0.000
0.500
1.000
1.500
2.000
2.500
3.000
3.500
4.000
4.500
5.000
5.500
6.000
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-1.28
-2.78
-4.55
-6.67
-6.02
-5.21
-4.17
-2.78
-0.83
2.08
6.94
16.67
0.00
0.96
2.08
3.41
5.00
6.94
9.38
12.50
16.67
22.50
31.25
45.83
75.00
0.00
-2.10
-4.55
-7.44
-10.91 -11.62 -12.50 -13.64 -15.15 -17.27 -20.45 -25.76 -36.36
0.00
-0.59
-1.28
-2.10
-3.08
-4.27
-5.77
-7.69
-10.26 -13.85 -19.23 -28.21 -46.15
0.00
1.71
3.70
6.06
8.89
8.02
6.94
5.56
3.70
1.11
-2.78
-9.26
-22.22
0.00
2.31
5.00
8.18
12.00
12.78
13.75
15.00
16.67
19.00
22.50
28.33
40.00
0.00
-2.10
-4.55
-7.44
-10.91 -11.62 -12.50 -13.64 -15.15 -17.27 -20.45 -28.21 -46.15
0.00
2.31
5.00
8.18
12.00
12.78
13.75
15.00
16.67
22.50
31.25
45.83
75.00
0.00
1.01
2.18
3.57
5.24
5.84
6.59
7.56
8.85
10.66
13.37
17.89
26.93

Table IX

Comparison on the effect of over extraction on a sample that increase in homogeneity
Reef-to-waste Ratio %
Reef (cm)
Footwall + Internal Quartzite
Perfect Extraction
Extraction Error3
Extraction Error2
Extraction Error4
Extraction Error6
Extraction Error5
Extraction Error1
Over Extract(Min %)
Over Extract(Max%)
Sum of the errors

▲
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100.00% 92.86% 85.71% 78.57% 71.43% 64.29% 57.14% 50.00% 42.86% 35.71% 28.57% 21.43% 14.29%
7.000
6.500
6.000
5.500
5.000
4.500
4.000
3.500
3.000
2.500
2.000
1.500
1.000
0.000
0.500
1.000
1.500
2.000
2.500
3.000
3.500
4.000
4.500
5.000
5.500
6.000
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.96
2.08
3.41
5.00
4.51
3.91
3.13
2.08
0.62
-1.56
-5.21
-12.50
0.00
-0.38
-0.83
-1.36
-2.00
-2.78
-3.75
-5.00
-6.67
-9.00
-12.50 -18.33 -30.00
0.00
1.36
2.94
4.81
7.06
7.52
8.09
8.82
9.80
11.18
13.24
16.67
23.53
0.00
0.51
1.11
1.82
2.67
3.70
5.00
6.67
8.89
12.00
16.67
24.44
40.00
0.00
-0.81
-1.75
-2.87
-4.21
-3.80
-3.29
-2.63
-1.75
-0.53
1.32
4.39
10.53
0.00
-1.28
-2.78
-4.55
-6.67
-7.10
-7.64
-8.33
-9.26
-10.56 -12.50 -15.74 -22.22
0.00
-1.28
-2.78
-4.55
-6.67
-7.10
-7.64
-8.33
-9.26
-10.56 -12.50 -18.33 -30.00
0.00
1.36
2.94
4.81
7.06
7.52
8.09
8.82
9.80
12.00
16.67
24.44
40.00
0.00
0.36
0.77
1.26
1.85
2.06
2.32
2.65
3.10
3.72
4.66
6.21
9.33
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The ‘simulated chip-sample model’ as a method for quantifying error and bias in sampling
maintain mine call factors close to 100% even though they
use the same sampling technique. Although they probably
incur the same extraction errors as other shafts, the inherent
nature of their reefs means that the effects of heterogeneity
are not as severe as those experienced on the mines
exploiting thin carbon reef types.
The maximum percentage extraction error is always
higher than the lowest percentage error and may indicate an
inherent bias due to this specific reef composition of thin reef
surrounded by waste. This exercise also seems to confirm the
suggestion made by Lerm (1994) that oversampling or
increased sample mass are prone to lowering the percentage
extraction error on average, which is also evident in
Figure 21.

Conclusion
Experimental work, not only ours, but that of others in the
past, has shown that the chip sample method that has been
used in South African gold mines since their inception is
flawed in its ability to extract a perfect sample. The
‘simulated chip sample model’ provides a theoretical example
of the perfectly extracted chip sample. The model was used to
demonstrate that the tools of sampling, namely hammer and
chisel, are inadequate to perform acceptable extraction and
constitute the source of virtually all error.
The heterogeneity experiment confirmed that the error
and bias associated with poor extraction are more severe
when a sample composition is highly heterogeneous, and
become almost negligible when the sample composition
becomes homogeneous. This is an indication that the chip
sample method can be used on certain reefs like the Elsburgs
and VCR with great success, but it signals a warning that
chip sampling is not the recommended method for sampling
thin carboniferous reefs and the results should be treated
with caution.
There is a presumption that the error generated from chip
sampling method will cancel itself due to the large number of
samples collected. This can be true only if there is no bias
introduced during the sampling stage. Picking of reef and
discarding of waste from the sample after sampling will

introduce enormous biases to the assay results. This exercise
indicates that the error incurred with the under-extraction of
certain units of a sample may be more severe than that found
with the over-extraction of the same units.
Other methods for sample extraction have been
considered and were also found to be inadequate.
However, we must also accept that the hammer and chisel
is the only method that allows us to collect samples in a very
difficult environment and until now there has been no
alternative method. If we accept this, then the only solution is
to understand the limitations of the method and try to deal
with it on a case-by-case basis and try to minimize the
errors.
In conclusion, the following important lessons were learnt
during this experiment when sampling thin carboniferous
reefs:
a. It is essential to minimize waste in the sample
b. It is essential that the entire reef marked out is
included in the sample, i.e. that the IEE is minimized
c. Samplers and chippers should be periodically retrained
on quality standards and sampling
d. The chipped area should be re-measured if possible
e. Discarding of waste portions should be stopped
because it may introduce bias
f. Actual chipped mass should be compared to theoretical
mass
g. For this specific reef type it is better to oversample
rather than under-sample;
h. Supervisors should perform regular Planned Task
Observations (PTOs) on samplers.
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Figure 21—The percentage extraction error does decrease as the
sample composition become more homogeneous
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Determination of sampling configuration for
near-shore diamondiferous gravel occurrence
using geostatistical methods
by J. Jacob*, C. Prins†, and A. Oelofsen*

Synopsis
Diamondiferous linear beaches in Mining Area No. 1 have been the mainstay of Namdeb’s diamond production for more than 80
years. Most of the onshore beaches have been mined out, but in recent years mining has been extended offshore into the surf
zone through a process of beach accretion. A total of 61.6 million carats has been produced from the gravel beaches since their
discovery in 1928, and Mining Area No. 1 is considered to have great remaining potential from areas currently submerged under
water.
To date, the surf zone has remained largely unexplored due to the consistently strong winds, currents, and large waves
which make access to this area extremely difficult. This paper describes the processes used in developing a practical methodology
for exploration of the surf zone in a domain extending approximately 22 km long in a northwest–southeast direction and 0.3 km
wide in a perpendicular direction adjacent to the current Mining Area No 1.
The vigorous surf zone poses multiple technical challenges in terms of obtaining geological and diamond information. In
order to access the area for sampling, a jack-up walking probe drill platform (PDP) with a 5-inch diameter reverse-circulation
drill has been developed to carry out exploration drilling in the dynamic surf zone. The hydraulically driven platform has eight
legs, each of which is 18 m long. Four of the legs are in fixed positions on the fore and aft sides of the platform. The other four
moveable legs are fitted to sliding frames attached to the port and starboard sides of the platform. The sets of fixed and moveable
legs can be raised and lowered by hydraulically powered jacking stations. By alternately lifting and lowering the sets of fixed and
moveable legs in conjunction with the frames moving back and forth horizontally, a walking action is performed by the PDP. The
platform can walk at a speed of 10–15 m/h, depending on weather and footwall conditions.
Optimization of sampling for diamondiferous gravel occurrence in Mining Area No.1 was undertaken through creation of a
virtual orebody on which different sample configurations were tested. The input data for the construction of a virtual orebody
comprises a set of drilling data, collected from recently accreted areas directly adjacent to the 22 km × 0.3 km target domain. The
input drilling data covers only 34% of the domain, and for the purpose of this study, a single realization is deemed to be
sufficient.
The texture obtained from using only the drilling data to construct a simulation did not make geological sense; hence it was
necessary to make use of analog data in order to improve the simulation. The first analog data used consists of the gully patterns
found in the metasedimentary Precambrian bedrock footwall. Gullies are, in general, gravel filled and it is fair to assume that
gully patterns form a subset of the total gravel occurrence. Total gravel occurrence includes marine terraces (governed by sealevel stands) above bedrock peaks, together with gravel within gullies below bedrock peaks. The second analog ‘data’ introduced
is through the use of ‘expert interpretation’. The indicator drilling data is interpreted by expert opinion and the
2-dimensional result is hand-sketched, digitized, and then pixelated. The pixelated data set is then used as input for variogram
calculation.
This study cannot provide a single definite optimization result as the nature of the data does not permit this. The use of
different validation approaches (conditioning data, where available; expert interpretation; and gully pattern data), however, can
give a very good indication of how to balance sampling effort with de-risking aspects related to geological continuity.
Work undertaken by sampling the simulation will give an assessment of the relative probabilities of determining gravel
occurrence in the study area. This study showed that a 50 m × 400 m cross-configuration will be a good initial sample spacing for
highlighting areas where gravel may be absent, and further infill drilling may be required.
The relative efficiency of a 50 m × 400 m cross off-set sampling configuration has been demonstrated using a trumpet curve
versus sampling effort when using kriging as the estimation method.
Keywords
sampling configuration, marine diamonds, orebody simulation.
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Determination of sampling configuration for near-shore diamondiferous gravel
Introduction

Methodology

The world-class diamond placer along the southern Namibian
coast (Figure 1) is characterized by raised and submerged
gravel beach terraces and bedrock-controlled trapsites. As the
diamond resources on land are being depleted, the focus is
shifting towards gravel deposits under the sea in the nearshore surf zone. To date, the surf zone has remained largely
unexplored due to the consistently strong winds, currents,
and large waves which make access to this area extremely
difficult. This paper describes the processes used in
developing a practical methodology for exploration of the surf
zone in a domain extending approximately 22 km long in a
northwest–southeast direction and 0.3 km wide in a perpendicular direction adjacent to the current Mining Area No 1.
To optimize sampling for diamondiferous gravel
occurrence in the surf zone areas, a virtual orebody is
required on which different sample configurations can be
tested. The input data for the construction of a virtual
orebody comprises a set of drilling data, collected from
recently accreted inshore areas directly adjacent to the 22 km
× 0.3 km domain. The input drilling data covers only 34% of
the domain, and for the purpose of this study, a single
realization is deemed to be sufficient.

In order to access the area to allow delineation and sampling
of diamondiferous gravels covered by the sea, a jack-up
walking probe drill platform (PDP), with a 5-inch diameter
reverse-circulation (RC) drill, has been developed to carry
out exploration drilling in the dynamic surf zone (Figures 2
and 3). The platform weighs 195 t, its deck measures 12 m ×
12 m, and it is designed to withstand 144 km/h winds
combined with a 5 m swell. It can operate in up to 7 m water
depth in calm seas, and drill through more than 30 m of
sediment. A 2 m air gap must be maintained between the
base of the platform and the top of the waves. The platform is
connected to land with an aerial ropeway system which has a
maximum extension of 350 m and which is used to transfer
personnel to and from the platform. The hydraulically driven
platform has eight legs, each of which is 18 m long. Four of
the legs are in fixed positions on the fore and aft sides of the
platform. The other four moveable legs are fitted to sliding
frames attached to the port and starboard sides of the
platform. The sets of fixed and moveable legs can be raised
and lowered by hydraulically powered jacking stations. By
alternately lifting and lowering the sets of fixed and
moveable legs in conjunction with the frames moving back

Figure 1—Location map showing the portion of ML43 (Mining Area No. 1) that is the study area
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➤

➤

➤

➤
➤
➤

the input data and generate ‘expert interpreted’ data
and parameters for later use in the process of creating
the simulation
The data was kriged to obtain an overall perspective of
gravel occurrence and the results used to validate the
simulation outcome
Parameter determination was undertaken using the
input data and ‘expert interpretation’ data to create a
conditional indicator simulation
The acceptability of the simulation realization was
assessed against geological understanding and
available data
A ‘measure of success’ was determined so that the
different sample configurations could be compared
A sample optimization study was performed
Conclusions were drawn and a decision was made as to
what would be considered an efficient sample configuration

Data

Figure 2—The probe drill platform in the surf zone

The gravel occurrence data used in the simulation is sourced
from a combination of onshore aircore, GB50 hydraulic grab,
and BG36 auger drilling from Mining Area No. 1. The drilling
covers an elongated, roughly north-south, coast-parallel strip
about 22 km long and 0.30 km wide. For this sample
optimization study the data was rotated in order to create a
strictly north-south domain and to improve the efficiency of
simulation and subsequent analysis. The relative data
positions remain unchanged. After the rotation, the input
data was simplified to consist of a location coordinate and an
indicator value representing the presence or absence of
diamondiferous gravel.
High water lines (HWL) are shown for 1997 and 2011 in
pink and red (Figure 4) and the expected HWL for 2020 is
shown in blue (based on CSIR accretion models). Beach

Figure 3—Schematic of the aerial ropeway system (ARS) and probe drill
platform (PDP)
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Figure 4—An oblique aerial photograph showing shifting high water
lines (HWL) caused by beach accretion. Black dots schematically
represent onshore drilling activities on recently accreted areas
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and forth horizontally, a walking action is performed by the
PDP. The platform can walk at a speed of 10–15 m/h,
depending on weather and footwall conditions.
Knowledge and experience gained over many years of
onshore exploration was used to simulate and optimize an
exploration plan for the surf zone areas. The following
methodology was utilized to combine the different sources of
input data into the process of creating and analysing the
simulation:
➤ A review of the input data was undertaken to assess
the aerial coverage, spatial clustering, and location of
the data relative to the study area
➤ An exploratory data analysis considered the statistics
of the data and the percentage split of the gravel/nogravel indicator data
➤ Variography testing was carried out, based on input
data and geological interpretation
➤ A hand sketch was used to capture the interpretation of

Determination of sampling configuration for near-shore diamondiferous gravel
accretion is an on-going outflow of mining activities. The
task at hand is to determine a drill configuration to establish
diamondiferous gravel occurrence for the areas currently
under water for resource generation purposes. The PDP will
be applied to drill in the area currently under water (between
the 2011 and 2020 HWLs (Figure 4)).
Linear beach deposits show greater continuity in the
direction along the coast as opposed the direction normal to
the coastline. Hence the onshore drilling data accumulated on
an accreted ‘sand spit’ is ideal for simulation purposes in a
long narrow coast-parallel strip. The input data used for the
simulation comes from areas where most recent accretion
occurred (i.e. there is dry land for conventional RC and largediameter BG36 drills to operate on – illustrated by the black
dots in Figure 4). These patches of beach accretion are
limited to and governed by the proximity of recent mining
activities. This is the reason why the input data covers only
34% of the simulation domain of 22 km × 0.3 km.

Variogram parameters obtained from different data-sets
are summarized in Table I. All variogram models are
spherical unless indicated otherwise. The C0 value for all data
sets is 0. The C1 and C2 values for the drilling and ‘expert
interpretation’ data is similar at 0.6 vs 0.625 and 0.3 (+C3
(0.1) = 0.4) and 0.375.
In general, analysis of data from previously mined areas
shows that about 70% of diamonds occur below bedrock
peaks of gullied (fixed trapsite) Precambrian footwall, and

Yellow no gravel
Brown: gravel

Drilling data with hand drawn
interpretation

Green no gravel
Blue: gravel

Digitized hand drawn
interpretation

Yellow no gravel
Brown: gravel

Pixelated hand drawn
interpretation

Variography
The variography obtained using the drilling data is shown in
Appendix A (Figures A1 and A2). The simulated texture
based on the variogram structure and conditioning drilling
data did not make geological sense, hence additional analog
data is considered to supplement the variography interpretation.
The footwall underlying the diamondiferous beaches is
highly gullied Precambrian metasedimentary bedrock. In
general, the gullies are filled with gravel and it is fair to
assume that gully patterns, as shown in Appendix B,
represent gravel occurrence. Appendix B outlines variography
obtained from bedrock gully patterns. However, gravel found
in gullies is a ‘subset’ of the total gravel occurrence (as gravel
also occurs above bedrock peaks) and cannot be used in
isolation. This interpretation was undertaken to obtain a
sense of the short-range spatial behaviour and distances over
which gravel occurrence is correlated.
In order to further assess the nature of gravel occurrence
an ‘expert interpretation’ method is followed (Prins, 2011).
The indicator drilling data (Figure 5a) is interpreted by hand
(similar to interpretations involved when building 2- or 3dimensional geological volume models) by geologists with an
intimate knowledge of the deposit. In this case, the 2dimensional interpretation is digitized (Figure 5b) and then
pixelated (Figure 5c). The pixelated data set is then used as
input data to the variogram calculation and ultimate
modelling process (Figure 6).

1 pixel = 1.63 m

Figure 5—Steps followed in creating ’expert interpretation’ data (a-top,
b-middle, c-bottom)

(Experimental variograms based on 1 m lags)

Figure 6—Variogram based on pixelated indicator data

Table I

Variography parameters obtained from different data-sets
Data

Direction

Nugget (C0)

C1

C2

C3

Range 1

Range 2

Range 3

Drilling data

EW
NS

0
0

0.6
0.6

0.3
0.3

0.1
0.1

5
90

160
90

160
700

Gully pattern data

EW
NS

0
0

0.9
0.9

0.1
0.1

60
5

Exponential
60

Model

‘Expert interpretation
data

EW
NS

0
0

0.625
0.625

0.375
0.375

40
120
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Determination of sampling configuration for near-shore diamondiferous gravel
diamond occurrence is associated with gravel occurrence.
Swash gullies (parallel to the swash direction of the waves –
EW direction) are the dominant gully type in the study area.
It is thus fair to assume that there should be a correlation
between the gully pattern in an EW direction and gravel
occurrence.
The range of 60 m for the ‘gully pattern’ data in an eastwest direction concurs with the geometric ranges of 40 m and
80 m as modelled on the ‘expert interpretation’ data-set. The
gully pattern in a north-south direction has a very short
range as evident from the texture of the image (Appendix B)
of exposed bedrock. In reality there is, however, strong
continuity in overall gravel occurrence (marine terraces above
bedrock peaks) in a north-south direction governed by sealevel stands. It has been decided, therefore, to acknowledge
the variogram parameters observed from the conditioning
data and gully patterns, but the variogram obtained from the
‘expert interpretation’ will be used as a basis for kriging, and
to create the simulation, as the parameters are well aligned
with the geological interpretation.

Kriging
Kriging of the indicators using the drilled data with zero
(gravel absence) and one (gravel presence) is used as a
means of visual validation of the simulation outcome as well
as to obtain a perspective on the scale and continuity of
gravel occurrence. The input to the kriging is the indicator
drilling data and the variogram parameters obtained from the
‘expert interpretation’.
The output of the indicator kriging was re-proportioned in
the ratio of 0.77 : 0.23 to convert the kriging results back to
indicators of zeros and ones, and to align the output with the

zero:one ratio observed in the data (Soares, 1990). The
visual similarity between the pixelated hand-drawn interpretation and the kriged result (Figure 7) is deemed to be
acceptable.

Simulation
After some experimentation, the most satisfactory simulated
texture is obtained when a 5 × 5 m cell spacing is used for
simulation. In order to simplify calculations related to the
sampling of the simulation, a 1 × 1m cell spacing is
preferable. Several attempts at reproducing the input
variogram from different realizations (on 1 × 1 m spacing)
did not give satisfactory results. Hence, both the drilling data
and the 5 × 5m simulated data are used in combination as
conditioning data (Tran, 1994) to create a simulation on a
1 × 1m cell size (Figure 8). This approach produced a
simulation realization with a spatial structure reasonably
comparable to the input variogram (Figure 9), albeit not

Pixelated hand drawn interpretation

1 pixel = 1.63 m
Yellow: no gravel Brown: gravel
Outcome of a kriged test

Figure 7—A comparison between kriged results and the pixelated
hand-drawn sketch, used for validation
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Figure 8—Simulated texture of gravel occurrence with conditioning data

Determination of sampling configuration for near-shore diamondiferous gravel
Figure 10 shows a trumpet curve with the different
sampling realizations and estimates for the proportion of
gravel for the entire simulated domain. The trumpet curve is
a relative comparison of one campaign against another and is
not meant to give a measure against a 15% accuracy
benchmark.

Use of kriging and correlation coefficients to rank the
efficiency of different sample configurations

Figure 9—Comparison between input variogram and 1 × 1 m and 5 ×
5 m realizations

perfect. The deviation from the original input variogram is
deemed acceptable in light of the type of study undertaken,
the approach followed, paucity of data, and inability to obtain
an acceptable variogram from the drilling data in creating the
simulation.
The zero:one proportion for the simulation is very close to
that of the conditioning data and the mean of the simulation
is 0.7875. The success of sample campaigns will be measured
against this average of 0.7875.

Two strategies of search criteria were used in estimating the
percentage gravel for blocks of 50 × 250 m through kriging
(based on 100 realizations created by offsetting). A small
neighbourhood, using not more than the nearest four
samples, and a second strategy, using up to 24 neighbours,
were used in the kriging. The estimates from the kriging
exercises were plotted against the ‘actuals’ determined from
the simulation and the correlation coefficients calculated.
Figure 11 shows a higher correlation coefficient when
comparing the kriged results, using a maximum of four
samples, than when comparing the kriged result using 24
samples against the simulated reality (except for the highly
dense sampling campaigns based on 10 × 100 m and 5 ×
50 m sample configurations). The 50 × 400 m C sample
configuration is interpreted to be relatively efficient.
Interpreting the results shows that a smaller search
neighbourhood has better correlation with ‘actual’ than using
a large search neighbourhood. Furthermore, the kriging
exercise confirms that reasonable results can be obtained
using a sample spacing of 50 × 400 m C.

Sampling of simulation and measure of success
Different sample strategies can be tested using the created
simulation to determine which best predicts gravel
occurrence. A measure of success of a sampling campaign is
required and for this, different scenarios were used.

Trumpet curve
Consider the outcomes of 100 sampling campaigns, each
using a different offset for the origin when sampling the
simulation. A different sample configuration for each of the
100 campaigns (Table II) is used and for each realization the
estimated percentage of gravel for the domain is plotted.

Table II

Different sample configurations used to sample the
simulation (C = cross)
100 m x 500 mC
50 m x 500 m
20 m x 500 m
50 m x 400 mC
50 m x 350 mC
50 m x 300 m
50 m x 250 mC

30 m x 400 mC
30 m x 350 mC
20 m x 400 m
30 m x 250 mC
25 m x 250 m
10 m x 100 m
5 m x 50 m

Figure 10—Trumpet curve showing comparison between different sample configurations. Red diamonds represent 90% confidence limits

▲

36

JANUARY 2014

VOLUME 114

The Journal of The Southern African Institute of Mining and Metallurgy

Determination of sampling configuration for near-shore diamondiferous gravel

Figure 11—Comparison of correlation coefficients for the simulated reality vs the average of the kriged result using a maximum of 4 and 24 samples

Summary and interpretation of results
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determine a relative efficient sample configuration.
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kriging, is also considered as being relatively efficient.
The 50 × 400 m C configuration will give a well-balanced
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The domain size is about 22 km in a north-south direction.
There are areas of up to 6 km in length with no data present,
with other areas having sufficient data to enable the use of a
lag spacing of 100 m.

Experimental variograms
The input drilling data comprises multiple spatial configurations, but, very roughly, the majority of data is spaced at
50 × 20 m.

East-west direction
The spacing of the various drilling campaigns varies in the
east-west direction. Multiple lag distances have been tested
in the variogram calculations in order to obtain the most
satisfying spatial structure in terms of detail and structure
stability. Lag spacings of 5 m, 10 m, and 20 m have been
used (Figure A1). The result from using a 20 m lag spacing,
is deemed to be the most stable structure, which also
represents the average structural shapes of the 5 m and 10 m
lag spacing. Due to the complexity in modelling the
variogram, the 5 m, 10 m, and 20 m data have been overlaid
to help guide the variogram fitting.
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Appendix A – Variography based on drilling data

Determination of sampling configuration for near-shore diamondiferous gravel

Figure B1 – Original and pixelated images of exposed bedrock showing
gully patterns
Figure A1—Experimental variograms in north-south and east-west
directions (using different lag distances)

Figure B2 – Experimental variograms in north-south and east-west
directions
Figure A2—Modelled variograms in north-south and east-west
directions

Modelled variograms
The best fit obtained to the experimental variogram points is
shown in Figure A2.
Although a model could be fitted to the experimental
variogram points, the parameters to enable a fit through the
points near the origin (distance close to 0 m), and the
geometric anisotropy did not make geological sense.
Considering other fits, for example modelling the nugget
effect value at 0.6 (plus geometric anisotropic structures),
would result in a simulation that will not have continuous
gravel occurrences, which would not be comparable to real
observations.
Geological knowledge of the continuity and size of gravel
occurrences needs to be introduced into the determination of
an appropriate variogram model. This is done through the
introduction of ‘expert knowledge’ captured as a hand-drawn
sketch.

Appendix B – Variography of gully patterns
An aerial photograph of exposed bedrock was used to create
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an indicator data-set of gravel/no gravel occurrence, in the
form of a pixel map. A variogram was calculated using this
interpretation of gullies as proxy to gravel occurrence and the
output analysed.
The practical range for an exponential variogram model is
interpreted as 3 × modelled range. In this case, the practical
range was determined as a 60 m range in an east-west
direction. (A scaling factor of 0.5 is used to translate the
pixels to real space and a range of 40 m was modelled).
It should be kept in mind that gully patterns represent a
subset of overall gravel occurrence. The range of 60 m in an
east-west direction broadly concurs with the ranges of 40 m
and 80 m as obtained from the ‘expert interpretation data-set’
calculated in an east-west direction. The gully pattern in a
north-south direction has a very short range, but this is due
to the texture of the above image of the exposed bedrock. In
reality, there is great continuity in overall gravel occurrence
in a north-south direction governed by sea-level stands.
The occurrence of gravel in bedrock gullies was analysed
to broaden the understanding of variogram behaviour, and to
help determine and double-check the reasonableness of
parameters determined from the ‘expert interpretation’. ◆
The Journal of The Southern African Institute of Mining and Metallurgy

Sampling the coal chain
by P.E. Hand*

Coal is a complex heterogeneous commodity that can be mined in a
number of ways and needs to be processed to a homogeneous quality
that satisfies the customer’s requirements, while attempting to
maximize revenues.
Only a small proportion of coal is suitable for metallurgical use.
Export coals cover a wide range of qualities and some coals can be
used optimally in the raw state for energy production. Critical quality
parameters vary and can be a combination of heat value, ash,
volatiles, sulphur, phosphorus, sizing, amongst others. The level of
beneficiation is generally dictated by the washability of the coal,
mining contamination, and the target product quality.
The steps in the coal chain covered in this paper comprise
exploration, mining selections, production, the washing process, and
product delivery. Many points of sampling are needed to maximize
yield at the correct quality, and some of these will be described in
the paper.
Keywords
coal chain, coal beneficiation, sampling.

Introduction
In the design of coal mines, sampling often
comes low in the priorities, and cutting it out is
often cited as a way to save money. However,
sampling is critical at all stages in the life of a
coal mine. This paper will address the role of
sampling from the first look at a reserve all the
way through to the ongoing relationship with
the market.
The coal chain is often described as
spanning from when the coal is placed onto a
mine’s product stockpile until it is loaded onto
a ship. While that approach encompasses a
number of laboratory issues, it fundamentally
involves a series of logistical and administration issues.
This paper is not intended as a litany of
ISO coal sampling and analysis standards. It is
a broad overview of the role of sampling and
analysis in the coal chain, from starting a coal
project, getting coal out of the ground,
converting it into the correct product, and to its
eventual, use, by a (hopefully) satisfied
customer.
The Journal of The Southern African Institute of Mining and Metallurgy

Geology
The first person requiring coal to be sampled
and analysed is usually the geologist.

Geological model
The geologist needs to build a geological
model, which is a spatial representation of the
coal in situ based primarily on small-diameter
core boreholes to comply with a standard such
as JORC or SAMREC. To achieve this,
boreholes are drilled, sparsely at first, but
increasing on a closely spaced grid, as the
build/no build decision point is approached
(Figure 1).

Small-diameter cores
Small-diameter core boreholes provide the
principal data for the determination of a
resource. The exploration geologist chooses
the sampling criteria, which include taking
samples of sufficient size for proper testing.

* Isandla Coal Consulting CC
© The Southern African Institute of Mining and
Metallurgy, 2014. ISSN 2225-6253. This paper
was first presented at the, Sampling and analysis:
Best-practice in African mining Conference,
4–6 June 2013, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind,
Muldersdrift, South Africa.
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Synopsis

Coal is a heterogeneous bulk commodity
and can be difficult to sample because it is
inherently made up of material with a range of
densities and sizes, even if it all has come
from a single source. From this, a representative sample may need to be taken when a
parcel of, say 50 000 t, is loaded into a ship.
The total error in a final analytical result is
generally taken as comprising 85% due to
sampling, 10% to sample preparation, and
only 5 % due to analysis. Sampling is therefore
the area in which most care should be taken.

Sampling the coal chain

Figure 1—Geological model showing yield variance at a particular quality derived from slim core boreholes

The analysis at this point is often done on raw coal only.
This can lead to a major problem later, when hopes of
washing to produce a higher-grade product would necessitate
re-drilling the reserve. This can be particularly galling, as
drilling is usually more expensive than the analysis.
Coal is low in density, thus a greater volume of sample
needs to be taken than for other minerals. However, coal
does have the advantage that densimetric or, in coal jargon,
washability, determinations are simpler as it is rare that
densities greater than 2.0 are required. The laboratories
doing the washabilities can use relatively benign and cheaper
chemicals. Washability data is critical for determining what
quality coal can be produced at what recovery or feed yield. A
typical approach involves the following steps:
➤ Logging and sampling by the geologist
➤ Usually wireline logging to ensure core recovery is
greater than 95% and to aid seam identification in a
multi-seam environment
➤ ‘Layers’, including both coal and ‘partings’, are
sampled to enable modelling of the mine production
characteristics, usually in lengths up to 2 m to ensure
adequate sample masses
➤ Each sample is crushed to a standard size (generally
-25 mm or -12.5 mm)
➤ Fines (-0.5 mm or -1 mm) are removed and analysed
raw
➤ Coarse samples are subjected to washability testing,
perhaps at SGs of 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9
➤ Typical analysis on each density fraction is proximates,
(proximate analysis is the determination of ash,
volatiles, inherent moisture, and fixed carbon),
calorific value (CV), and sulphur
➤ Additional analyses can be undertaken, either per
sample or on a composite made up from multiple
samples
➤ This information is used as a basis for developing
plans and cross-sections of the reserve.
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Market aspirations
Once the reserve is known, a determination can be made of
the type of coal that can be produced e.g. metallurgical,
export, local steam, relative to the likely plant yield and
therefore the economic viability (Figure 2). For example, a
very low phosphorus coal would usually be targeted at a
metallurgical market, but there are a wide range of qualities
and their importance can vary from site to site. In most cases,
the decision is based on what yield can be obtained based on
the primary qualities such as heat or ash content (Figure 2).
Generally, a preliminary decision can be made on the basis of
returns on revenue and marketability.
International coal markets have been more flexible on
what is acceptable in terms of coal quality than 20 or 30
years ago, but there are still a remarkable number of criteria
that coal has to meet even if the initial attributes are
acceptable – the grindability, ash characteristics, trace
elements etc. Each target product can be modelled after
positive initial results are obtained and an effective hierarchy
of test procedures is developed. Once the basic qualities and
yields show promise, then exploration can move to the next
level.

Large-diameter boreholes
Small-diameter core holes give very little indication of the
differences in washability for different size fractions, how the
material will break with handling and crushing, and if
crushing will liberate more coal. Large-diameter cores are
often drilled to obtain such information, which is particularly
helpful in coal preparation plant design. However, largediameter cores are often expensive, hard to handle, slow to
drill, and can have complex sample preparation and analysis
requirements.

Drop shatter
Drop shatter tests are done to simulate the dry breakage of
coal in mining, run-of-mine (ROM) sections, and ROM
stockpiling.
The Journal of The Southern African Institute of Mining and Metallurgy
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Wet tumbling
Wet tumbling simulates the wet breakage of coal in the
washing plant.

Particle size distribution
Particle size distribution (PSD) is impossible to estimate from
small-diameter cores as the top size is reduced to less than
25 mm or 12.5 mm. A better estimate can be made from
large-diameter boreholes.

Washability of multiple size fractions
Each size fraction, or at least coarse, small, and fine coals,
can be washed to determine their individual washabilities
(Figure 3).
In addition, larger coal can be washed, then crushed and
rewashed to determine the liberation characteristics, even
down to relatively small sizes

Large product composites for typical specification
determinations
The various size and density fraction samples can be
recombined to produce a composite product. This can be
analysed for all the characteristics required for a typical
specification and even for combustion and gasification
testing.

conditions at each face. Customers require a consistent coal
quality, so initial blending is the first part of the upgrading
process. Blending can be carried out both prior to and after
beneficiation. Additionally, careful mine planning can ensure
the operation can be maintained for as long as possible by
balancing different feed types.

Mine plan
A mine plan is developed on the basis of:
➤ The geological model
➤ Starting conditions
– Depth
– Mining height
➤ Mining equipment suitable for mining face.

Mine plan output
The first pass of a mine model often produces a mining
output that is consistent in terms of feed tonnage but varies
in product tonnage because of variations in yield at the
selected quality. The mining model therefore becomes a timebased representation of the geological model (Figure 6). The
different yields from different coals needs to be assessed, as
relatively small changes in yield can impact the overall
economics significantly.

Geological model in operation
The original geological model is a starting point, but it
becomes even more important and more accurate when the
mine is in production. The model is constantly updated by inpit drilling or underground face sampling, continuing
exploration drilling, and feedback from plant sampling.

Mining
At project stage, the geological model is interpreted and a
mining model or plan is developed (Figure 4).
Coal from different areas and different seams, or mining
horizons, can vary greatly (Figure 5), and furthermore, the
degree of contamination, both intra and extra mining
horizon, changes i.e. the amount of contamination within the
seam, as well as extraneously as a result of mining

Figure 3—Washabilities of large and small coal from a large-diameter
borehole
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Figure 2—Basic indicators of coal type

Sampling the coal chain

Figure 4—Example of an underground mine model

Feed blending
The ROM coal is crushed and is delivered to the washing
plant, preferably via a sampling plant. Normally, there should
at least be minimal stockpiling capacity, but sometimes even
this is not provided. It is ideal, though, as a minor plant
stoppage can quickly bring mining to a halt if stockpiling
facilities are limited.
Blending before the plant has the following advantages:

Figure 5—Variation in yield and qualities from different mine areas

Multiple faces are mined, if possible, to limit variations in
output, and the mining model is rerun until an acceptable
outcome has been developed. During operation the geological
and mine models can be updated using feedback of actual
qualities and yields from the washing plant.

➤
➤
➤
➤

Reduces feed size variability
Reduces feed washability variability
Allows sampling of feed to plant
Decouples the mine and plant operations.

A well-thought-out system can also allow feed-forward
control in a plant by pre-determining coarse and fine SG cutpoints. At the very least it should allow proper reconciliation
between expected and actual plant feed. This may be critical
if contractors are used for mining or plant operations. Again,
with a few percentage points on yield impacting the
economics, ensuring that the forecasts agree with the actuals,
and therefore having a reliable system, is critical in mine
design.

Multiple products
Figures 7 and 8 depict some aspects of the operation at
Grootegeluk Colliery, which over the years has been able to
delineate mining benches sufficiently well that dedicated
washing plants have been built to accept specific feeds in
order to produce multiple products with optimal efficiency.

Beneficiation
A washing plant’s design is normally based on expected feed
tonnages and an envelope of yields, i.e. from the geological
and mining models. Additional information is used from
sources such as large-diameter boreholes to determine, for
example, whether differential size washing should be used.
The plant design should cater for adequate sampling capacity
(Figure 9), but this is often incorporated as an afterthought.
Lack of sampling capacity is sometimes used to support
claims of great efficiency – inefficiency cannot be proven in
the absence of data.
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Figure 6—Time-based mine plan
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Figure 7—Grootegeluk bench identification

Figure 8—Grootegeluk bench-to-product flow chart
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Figure 9—Potential sampling points in a coal washing plant

Sampling the coal chain
Operational sampling
The shape of the washability curve of typical southern
African coal in particular, and in general for any coal that is
difficult to wash, dictates that over- and under-washing will
result in a lower yield than if a consistent quality is produced.
Product samples are normally taken to produce hourly
results for each product, e.g. coarse, small, fine, and total for
ash and CV only. These are then composited to give daily
samples that are analysed for proximates, CV, and sulphur.
Cumulative product quality graphs will show the operating
staff when the coal quality is moving out of product specification.
A particularly important analysis is that of percentage
total moisture. Almost all coal is transported and moisture is
therefore a cost. In addition, during the combustion of
thermal coal, some of the heat is wasted in the removal of
water. Penalties are normally applied by recalculating sales
tonnage to a moisture basis or by adjusting the air-dried CV
to a moisture-adjusted, heat-received base.
Typical samples produced, and some of the questions
they are used to answer, are outlined in the following
sections.

Feed composite
What yield should have been achieved from the target quality
and from the actual quality achieved? What should have been
delivered to the plant?

Product composite
Shows the variability in the coal produced and determines the
difference between the target quality and the quality actually
produced. It can also show how correlations between
parameters change as, certainly in the case of southern
African coal, CV, ash, volatile etc. relationships change from
seam to seam and area to area.

Discard composite
Determines whether misplaced material is within acceptable
limits, and if not, the reason. It also can be used to ascertain
whether a further stage of washing could produce another,
lower grade product. The retreatment of discarded material
has been a significant development over the last 20 years.

Magnetite quality
Ensures that the magnetite received is of the correct quality
so the washing units can operate efficiently.

Washing unit efficiency
Determines the efficiencies of baths, cyclones etc. The
standard EPM test is normally used.

qualities to be delivered, as well as the bonuses and penalties
that may apply so that revenue can be calculated. Each coal
analysis, particularly that of heat value, is normally
calculated on the basis of air-dry, gross as-received (i.e. at
the product moisture) or bone dry (i.e. moisture-free). The
values are therefore contingent on the accuracy of multiple
analyses.
For example, the formula to calculate net calorific value
as-received (NCVAR) is:

NCVAR (kcal/kg) = (ADCV- (0.212 * Hyd) (TM * 0.0245)) * (100 - TM) / (100 - IM) * 238.84
where:

ADCV
TM
IM
Hyd

= calorific value on an air-dried basis in MJ/kg
= total moisture %
= Inherent moisture (moisture remaining when coal
is in an air-dried state) %
= hydrogen, %

Typical specifications
These are developed during the project phase, but are
updated continually once the actual coal is being delivered.
An example of a reasonably comprehensive range of analyses
for a thermal coal is as follows:
➤ Moisture: total and inherent
➤ CV, ash, volatiles, fixed carbon %, sulphur reported as
air dry, as-received, and bone dry and fuel ratio
calculated
➤ Ultimate analysis, i.e. C, H, N, O
➤ Phosphorus, chlorine, Hardgrove Index
➤ Ash fusion temperatures, reducing conditions,
deformation, hemisphere and flow
➤ Ash analysis: SiO2, Al2O3, Fe2O3, CaO, MgO, TiO2,
Na2O, K2O, P2O5, SO3
➤ Fluorine (ppm) and chlorine/fluorine calculated
➤ Percentage base, percentage acid, base/acid, slagging
index, fouling index calculated
➤ Forms of sulphur: pyritic, organic, sulphate
➤ Size analysis
➤ Petrographic analysis: % vitrinite, % exinite, RSF,
inertinite, visible minerals, ROV random, ROV max.
➤ Trace elements: antimony, arsenic, barium, beryllium,
bismuth, boron, cadmium, chromium, cobalt, copper,
fluorine, gallium, germanium, Hg@450°C, Hg@850°C,
Hg in coal, lead, manganese, molybdenum, nickel,
niobium, rubidium, selenium, silver, strontium,
thorium, tin, tungsten, uranium, vanadium, yttrium,
zinc, zirconium
➤ Radionuclides: Ra, Th2281, K40, U238.

Reconciliation

Typically, coal is mechanically sampled before loading to
produce a composite sample for each train. For small
consignments or truck loading a composite sample will often
be taken over the course of the day, which is deemed to
represent the total quality for all small deliveries.

As with any operation, the monthly reconciliation of the ROM
produced versus the valuable coal that the plant has
discarded can often lead to contention. Accurate sampling
should at least reduce some of the wilder opinions and even
improve future operations.
Coal mines have usually provided on-site laboratory
facilities in the past, but these services are being increasingly
being outsourced to independent contractors.

Basis of calculation

On-mine reconciliations

Coal is sold against pre-agreed contracts that specify the

On-mine reconciliations are used to ensure that the coal

Products
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mined was what was planned and that the maximum amount
of coal was extracted, as well as to pay bonuses and
contractors.
Some of the reconciliations conducted are:
➤ Geological to mining
– What was received
– What was produced
– Why the difference?
➤ Mining to plant
– What was received
– What was produced
– Why the difference?
These reconciliations are all based on the samples that
have been taken throughout the relevant time period. They
reflect the accuracy of the system and the ability of the
mining department to actually mine as planned, which may
not always be possible.

The transport chain
This comprises what is often referred to as ‘the coal chain’:
storage and loading at the mine, transport to the port, and
loading of the ship.
Transport chains and how they are operated differ all
over the world. This is a driver of coal mining and plant
philosophy, and examples can be given for the difference in
philosophy of exporting from Richards Bay Coal Terminal
(RBCT) and from most Australian ports.
As previously stated, southern African coals are difficult
to wash due to the very high quantities of near-dense
material. It is best to wash these coals as close to the actual
quality required as possible to maximize yield. RBCT has very
large stockpiles so that multiple parcels can be loaded onto
ships from stockpiles for multiple mines.
Australian coal tends to be simple to wash, so a density
can be set and each day’s products stocked at the mine at
whatever quality has been produced. The port stockpiles are
generally small, so each mine rails to a ship, blending coal
onto trains as needed.
One system rails to stockpiles at the port, the other rails
to a ship at the port. Different systems, and different
philosophies, but both still need good sampling systems at
each end of the transport chain.
The various interactions in the transport chain can be
shown as follows.

– Analysis
– Consequences of failure to produce agreed qualities
• Reject a cargo …

Eskom
If Eskom is being supplied sporadically, the sampling may be
done on the mine or truck-top sampling may take place at the
point of delivery. In a tied mine, sampling is done on mine or
on the conveyors between mine product stockpiles and
Eskom stockpiles (Figures 10 and 11). Although the quality
may be more variable due to less washing, power stations are
still designed for a specific coal quality, so variations from
contractual specifications need to be minimized
Depending on the project stage, i.e. existing infrastructure
or completely greenfield, sampling will be done through a
falling stream or by using a hammer sampler on the belt.
Generally, hammer samplers are used as retrofits, but
whatever method is used, extensive bias testing is normally
carried out.
The sampling is often very sophisticated and has to
produce a representative, manageable sample from a large
mass, which can be used for the determination of physical
and chemical attributes.

Physical samples
Some analyses will be affected by crushing and the sample
must be taken with minimal degradation. Sub-sampling can
take place without crushing to the calculated representative
sample size. These types of analyses are:
➤ Particle size distribution (PSD)
➤ Moisture
➤ Abrasiveness.

Chemical analysis
The typical analyses for CV, proximates etc. will not be
affected by further crushing. So generally, stage crushing is
followed by further subdivision until the appropriate sample
mass is obtained that is representative for its final size.

Export
About 10% of the world’s coal is sold to export, usually by
sea. In an export scenario, the links that are set up and
sampling agreed and reconciled on a continuous basis are:
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Figure 10—Sweep arm sampler before Duvha power station
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➤ Mine to transporter
– Rail, trucks etc.
– Mass
– Moisture
➤ Mine to port
– Mass
– Moisture
– Quality determination
➤ Transporter to port
– Logistics
➤ Mine to customer
– Payment

Sampling the coal chain

Figure 11—A sample station designed to produce supplier, customer and referee samples for physical and chemical determinations

Sample apportionment
The two types of sample, physical and chemical, are very
different, and in addition, each sample is divided for delivery
to each customer, namely:
➤ Mine
➤ Customer
➤ Referee sample retained in case of disputes.

On-line analysis
There is a trend towards using on-line analysis, which in
many cases is justified. However, on-line analysis can be
misleading if the exact reason why it is being used is not
understood. A number of issues need to be examined:
➤ Calibration is against conventional sampling and
analysis, so those facilities must still be available
➤ For analyses other than ash and moisture the machines
need to use correlations, but coal in southern Africa is
sourced from multiple areas and mining horizons, so
correlations change constantly
➤ On-line methods for the determination of washabilities
are being developed to give yield, but not quality per
density fraction, so using them on plant feed is
pointless.
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Conclusions
The cost of sampling and analysis is often criticized, but
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compared to the cost of not sampling, it pales into insignificance. If only one party possesses the correct equipment and
procedures, any arguments about quality are won almost by
default. Manual sampling leads to generally inferior results as
well as being potentially unsafe, but in some cases may be
better than no sampling at all.
The coal industry is large, and errors of quality or yield
loss very quickly translate into huge losses. The South
African coal industry has been known historically for the
consistency of coal production in terms of tons and quality,
even though the absolute coal quality is not as good as that
from elsewhere. The drive to sample properly and run worldclass laboratories must continue in order to keep South Africa
competitive.
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Pitfalls in Vezin sampling for finely
crushed materials
by C. Kruger* and E. van Tonder*

Introduction

Anglo American Platinum has adopted a strategy of best practice principles
(BPP) for sampling, mass measurement, analysis, and metal accounting for
more than a decade now. When new plants are designed, the most suitable
sampling equipment and sampling protocols are implemented and material
flows and plant layouts are designed around sampling strategies. A few
years ago, a crushing plant for a high-grade matte stream was commissioned.
The design called for the high-grade material to be crushed to 95%
passing 2 mm, and the design allowed for a single-cutter primary Vezin
sampler taking increments from a gravity flowing stream at regular
intervals while filling a tanker for pneumatic offload at the base metal
refinery. This was a single point of sampling and analysis that would
measure the wanted output from the smelting complex and the input to the
refineries. In addition, the design incorporated the functionality to collect
increments in an ‘interleaved’ fashion from the Vezin sampler for internal
precision checks.
The metal accounting strategy for Anglo Platinum involves the ongoing
measurement of all inputs, outputs, and stock levels for all operations for
platinum group metal (PGM) and base metal (BM) content. Included are
yearly stocktakes, usually done on 1 February, across the smelters and
refineries (at least the base metal refinery). In the accounting period
immediately following the introduction of the new crushing and sampling
facility, a trend was developing whereby the absolute difference between
the physical stock and theoretical stock (PGMs predominantly) increased
for the two respective sites on an ongoing basis. The smelter showed an
increase in physical stock compared to the theoretical stock (sender) and
the base metal refinery showed an increase in theoretical stock against
physical stock. Because of this anomaly, an additional stocktake was held
in September for the period in question, and it was confirmed through the
physical stock measurement results that the PGM accounting problem was
indeed pointing towards the evaluation of the high-grade matte stream.
This paper showcases parts of the process that took place to explain
the poor accountabilities for the two sites. Previous results from the
sampler ratification process (of the interleaved sampling design) were reanalysed, a physical inspection was carried out on the sampling system
again, and the sampler performance was monitored (quality control
parameters) for the period.
From these investigations, it was found that airflows inside the Vezin
introduced the sampling bias. A change in sampling protocol was
introduced, as well as certain physical changes to the sampling equipment,
to eliminate the airflow and thus the bias conditions significantly. The
accounting period that followed the phased upgrading process showed that
the accounting between the smelter and base metal refinery had been
restored to within statistical limits (difference between physical and
theoretical stock below 5% relative to theoretical stock).
Keywords
sampling, metal accounting, Vezin sampler, sampler bias.
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The first step and best defence against any
sampling bias is the correct mechanical design
of the sampling rig and the correct sampling
protocol to be followed. From Anglo American
Platinum’s smelting operations a single stream
output of convertor matte goes to the base
metal refinery. When Anglo Platinum
optimized the metallurgical process at the
refinery, it resulted in a process change
whereby the crushed matte particle size
changed from 95% passing 27 mm to 95%
passing 2 mm. It also involved building a new
crushing plant and storage silo at the smelter
operation.
This process change provided the
opportunity to design and incorporate a new
sampling facility for this material stream.
Previously, this material with the nominal
particle size of 27 mm was sampled at the
discharge end from a conveyor belt feeding
into a silo at the refinery. The primary sample
that was collected was in the range of 1 t, and
material handling and sub-sampling was a
challenge.
The new process design would require the
pneumatic offload of finely crushed matte into
the new mill feed silos. From past experience,
sampling material under pressurized
conditions was not an option for consideration.
The new plant allowed for a product bin
(storage silo) at the smelting operations to
discharge under gravity, through a Vezin
sampler, into a tanker that can pneumatically
offload the material at the refinery. Mass
measurement and sampling for grade analysis
forms the basis of the transfer of this metal
accounting stream.

* Anglo American Platinum
© The Southern African Institute of Mining and
Metallurgy, 2014. ISSN 2225-6253. This paper
was first presented at the, Sampling and analysis:
Best-practice in African mining Conference,
4–6 June 2013, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind,
Muldersdrift, South Africa.
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Synopsis

Pitfalls in Vezin sampling for finely crushed materials
The sampling rig also allowed for interleaved sampling
i.e. retrieving two samples for each batch (tanker) of matte
dispatched. The initial ratification process for this sampling
rig indicated that the sampling system was sound and
conformed to best practice principles (BPP). However, the
accounting period following the introduction of the new rig
showed a trend whereby the relative difference between
physical stock and theoretical stock was increasing monthon-month and was outside accepted tolerances.

Original sampler design
A schematic of the sampling rig design can be seen in
Figure 1.

Mechanical design considerations for samplers
Vezin sampler mechanical design
Applying the principles of Pierre Gy, the following considerations were applied to the Vezin sampler’s mechanical design,
which also included BPP from Anglo Platinum in conjunction
with its suppliers.
➤ The sample cutter rotates in a horizontal plane perpendicular to the falling stream
➤ The cutter collects increments by cutting a complete
cross-section of the material stream
➤ The cutter travels through the stream at constant speed
(the cutter head should be driven by a gearbox with a
synchronous motor)
➤ The cutter speed at its extremity should not be greater
than 0.6 m/s
➤ The park position of the cutter should always be
furthest away from the stream
➤ The distance between the discharge pipe and cutter
opening should be less than 10 mm (or as dictated by
larger particles sizes)
➤ The cutter length should exceed the inlet by 15%
minimum on either side
➤ The minimum critical cutter width must be 10 mm or
three times the diameter of the largest particles of the
stream
➤ An inspection port should be available to enable
inspection of the cutter blades and the presentation of
the stream to the cutter
➤ The capacity (volume) of the cutter head should be at
least three times the sampler increment size
➤ The depth of the cutter at any point along its length
should be at least three times the diameter of the
largest particle to be sampled and in all cases not
shorter than 30 mm
➤ All surface slopes should be ≥ 70°
➤ The park position should have a ’cap’ when sampling
dusty materials; a thicker section of rubber or plastic
inserted under the Vezin lid to cover the Vezin cutter
opening and prevent the ingress of dust. The maximum
clearance between the cap and the cutter blade should
be 1 mm
➤ The cutter opening must be radial towards the point of
rotation
➤ The critical cutter width (where the inner part of the
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stream is cut by the sampler) should be a minimum of
3d +10, where d is the diameter of the largest particle
of the stream. In the case of fine materials the width of
the cutter at this point should be a minimum of 10 mm.

Rotary (secondary) splitter mechanical design
➤ The material to be sub-sampled/split should be fed
slowly and carefully into the feed hopper to avoid dust
losses
➤ The revolving speed of the turntable should be constant
and should not exceed 0.6 m/s at the point where the
cutter intersects the stream
➤ Each sample cup should take a minimum of 30 cuts
over the duration of the sampling campaign i.e. the
turntable should complete more than 30 revolutions
during the sampling campaign
➤ Material movement and discharge should be evenly
forward
➤ The distance between the exit of the feeder and the top
of the sample cups should be minimized to prevent
dust loss
➤ The vibratory speed of the feed launder must be
optimized for efficient splitting time but negligible dust
loss
➤ The total capacity of the sample cups should be
sufficient to contain the entire sample portion to be
subdivided.

Figure 1—Schematic design of Vezin sampler and the two rotary
splitters used to collect the interleaved increments from the Vezin
The Journal of The Southern African Institute of Mining and Metallurgy
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Description of sampling system
The matte is rich in PGMs as well as BMs, with Pt grades
between 1 300 g/t and 1 700 g/t. Matte ingots are cooled
down and broken into smaller portions. This material is then
crushed to <3 mm and loaded under gravity into a road
tanker for transport to the base metal refinery. During
loading the material is sampled by a primary Vezin sampler
(Figure 2), and the primary increment can be collected in an
interleaved fashion, each increment of which can be subsampled by two secondary 10-way rotary splitters. The
sampler has a single primary Vezin-type cutter that operates
intermittently. Individual primary increments are diverted in
an interleaved fashion to one of two hoppers using an
oscillator to direct a flexible tube carrying the sample to one
or the other of the hoppers (Figure 3). The two sets of
accumulated interleaved increments are individually divided
in dedicated 10-way splitters (Figure 4). The sampling
system for the matte includes a dust extraction cabinet that
extracts dust from the whole cabinet region above the
hoppers receiving the primary increments. Dust collected (if
any) is directed to the tanker receiving the batch for transport
to the base metal refinery.
A minimum of 2 kg sample from the rotary splitter is
bagged. The full contents of a splitter cup will be collected
and no scoop or dip sampling will take place. When a sample
from each road tanker (for the day) has been collected, the
variable split sample divider (VSSD) will be used to make up
a daily weighted composite of 2 kg. The weighted composite
sample is then rod milled to 95% passing 75 μm. After
milling, the sample is split 10 ways to render 200 g aliquots
for analysis at the laboratory.

The methodology and data analysis discussed in the
following section was provided by sampling consultant Dr
Geoff Lyman.

Sampler ratification methodology
The analytical relative standard deviation (RSD) is calculated
by analysing twin stream data. All samples were analysed in
twin stream, generating an A and a B assay. This information
shows how much the analysis contributes to the difference
between the two daily weighted composite samples (compiled
with the two interleaved sub-samples). The analytical RSD
was calculated as follows (note: WCM is the material code for
the matte stream):
[1]

[2]

Original ratification of the sampling rig

Figure 2—Primary Vezin sampler
The Journal of The Southern African Institute of Mining and Metallurgy

Figure 3—Oscillator to direct a flexible tube channelling the sample into
the respective hoppers

Figure 4—10-way splitter used for the sub-sampling of the interleaved
samples
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The methodology included quantification of the total
uncertainty in sampling this material by making use of
interleaved sampling. In addition, the contribution of the
analytical uncertainty was also determined. A sampling
constant programme was also developed by Dr Geoff Lyman
for Anglo American Platinum in order to determine the effect
of the intrinsic heterogeneity during sampling of this
material.

Pitfalls in Vezin sampling for finely crushed materials
The combined analytical RSD for both the WCM2 and
WCM3 sample was calculated as follow:
[3]

The SD for the interleaved sampling (between WCM2 and
WCM3) was determined. Because the combined analytical
RSD was compared with the SD of the difference, it was
multiplied by √2.

exceed 2% (Lyman, 2010), but in practice the target of 2% is
ambitious, especially where the sample size is very much
smaller than the bulk batch. If the sampler proves to be
proportional, then bulk weighted compositing can be used to
make up the daily weighted composite. By weighing all the
sample cups of the rotary splitter, the total mass of the
primary sample can be determined. If this value is then
divided by the total mass of material in the road tanker, the
percentage cut for the primary sample can be obtained. The
percentage sample cut (before and after modifications to the
sampler) will be discussed further in the next section.
[5]

[4]
[6]
The F-test was also conducted to determine if there was a
significant difference between the analytical SD and the SD
between the two samples. At 95% confidence the difference
will be significant only if the probability value (p-value) is
less than 0.05.

Summary of ratification results
The analytical RSD for platinum (Pt) for the WCM2 sample
was 0.72% and for the WCM3 sample 0.78%. The combined
analytical RSD was 0.75%.
There was little difference between the analytical
uncertainty (RSD of 1.06) and the interleaved sampling
(1.12%). The F- test also indicated that there was no
significant difference. Thus the distributional heterogeneity
and the analytical variance are similar. Modifying the
sampling system by, for example, increasing the number of
cuts would not improve overall precision.
The sampling constant showed a RSD of 0.146% (Lyman,
2010)) which is much lower than the distributional heterogeneity (1.12%) and the analytical uncertainty (1.06%).
Thus the effect of the intrinsic heterogeneity on the overall
uncertainty in WCM material was of very little significance
and collecting a 2 kg weighted composite sample at 3 mm
was sufficient.
Thus, the ratification process concluded that the sampling
rig produced representative samples and no further
optimization was needed. The results could, therefore, be
used with confidence. This was subsequently contradicted by
the accountabilities seen for the respective sites after the
introduction of the new sampling rig.
The variance in stock (physical – theoretical) as a
percentage of plant throughput was +5.2% for the smelter
and -2.0 % for the base metal refinery on Pt.

Physical inspection and investigation into the Vezin
sampling rig
A literature review was conducted on Vezins in general and a
physical inspection of the Vezin sampling rig carried out. Part
of this process entailed an examination of historical quality
control data of the sampling rig where the percentage sample
cut is monitored. Sampler proportionality is determined by
calculating the percentage cut of sample relative to the total
mass in the road tanker. If the sampler is proportional, this
percentage cut should be consistent and its RSD should not
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Literature review
Cleary and Robinson (2009) indicated that closer scrutiny of
the conditions inside the Vezin was required. Pitard (1989)
suggested that Vezins sometimes need to run at 0.3 m/s or
0.45 m/s rather than 0.6 m/s as specified by Gy’s rules. It
was for that reason that they investigated the effects of
several factors on extraction ratio and sample bias. They
conjectured through discrete element modelling (DEM),
having investigated other possible bias mechanisms, that the
observed bias could be due to the effects of air motion
generated by the Vezin rotation on very fine particles.

Physical audit
A physical inspection revealed that a ‘vacuum’ exists inside
the Vezin. It was difficult to lift the inspection lid while
sampling and loading of the tanker took place. This was
confirmed when the inspection was extended to the open
discharge end of the flexible sample hose. Through normal
observation, each sample increment appeared to be
discharging without any difficulty into the respective
receiving hoppers of the 10-way rotary splitters.
However, on closer inspection it was found that the
material fall through the Vezin sampler caused the backsuction of fines from the sample increment. With the
entrapment of air within the material stream as it passes
through the Vezin, a vacuum is created inside the Vezin. This
imbalance can be rectified only by allowing air back into the
Vezin. This additional air cannot enter through the closed and
dust-sealed Vezin inspection lid or from the product silo
itself. The only other open circuit is the cutter and sample
discharge pipe with an open-end discharge.
For each increment that was taken, a percentage of the
very fine material was sucked back into the Vezin through
the sample pipe and cutter, with the coarser, denser particles
continuing to the sample. This confirmed the existence of a
bias in the matte sampling due to sampler design and airflow
conditions.
From the investigation and scrutiny of quality control
data (Figure 5), a change in trend for the percentage sample
cut is apparent well before any changes to the Vezin were
made. It was established that the dust extraction system
connected to the retractable loading spout (below the
The Journal of The Southern African Institute of Mining and Metallurgy
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long-term plan is to automate the hopper outlet valve
in conjunction with the relevant interlocks
➤ The discharge of the sample into the hopper was no
longer open-ended. An airtight lid has been installed
(Figure 8) to prevent any dusting from the sample.

Table I

Size-by-size analysis for crushed matte stream
Sieve size [μm]

Figure 5—Changes in percentage sample cut due to event changes

+1.18 mm
+850
+600
+425
+212
+106
-106

PGM grade [g/t]

[%] Mass retention

1527
1625
1828
1887
1902
1454
528

20.73
22.03
9.92
8.16
20.29
11.53
7.32

sampler) was off-line. When this was repaired, it created
additional suction below the Vezin and increased the vacuum
inside the Vezin. The percentage sample cut (before and after
modifications to the sampler) will be further discussed in the
next section. The changes introduced to the Vezin sampler
design also resulted in a step change in quality control data
trend for the percentage sample cut.
The discharge of each increment into the hoppers also led
to dusting and loss of fines from the sample. This aggravated
the situation.

Particle size distribution and size-by-size analysis
Table I indicates the grade variation for the size fractions
associated with this crushed matte product. It is clear that the
very fine particles have a significantly lower Pt grade. If the
fines are removed from the sample increment, the sample will
be significantly biased and the evaluation of this material
stream will overstate the PGM grade (as the lower grade
particles are removed from the sample).

Design changes to the Vezin sampling rig

➤ A vent was installed in the primary Vezin sampler lid to
act as a breather (Figure 6)
➤ Only single-point sampling would be conducted.
Interleaved sampling would no longer be required.
Original ratification between the two interleaved
samples showed no significant sampling error. The
reason for this was that the error (removal of fines)
was relatively similar for both interleaved sample
increments. Thus, the rig design for interleaved
sampling was flawed
➤ An intermediate hopper (Figure 7) was installed
between the Vezin and the 10-way rotary splitter. It
has a manual outlet valve and the objective is to collect
the whole primary increment while loading the tanker.
On completion of primary sampling, the valve will be
manually opened to discharge the primary sample into
the feed hopper of the 10-way rotary sampler. The
The Journal of The Southern African Institute of Mining and Metallurgy

Figure 6 – Vent / breather in Vezin lid

Figure 7—Intermediate hopper between primary Vezin and 10-way
splitter hopper
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With this newly acquired knowledge, that the airflow (inside
the Vezin and through the cutter head and sample discharge
pipe) was causing the selective removal of fine particles from
each sample increment, thus biasing the sample, modifications were introduced to eliminate the impact.

Pitfalls in Vezin sampling for finely crushed materials

Figure 8—Airtight lid to prevent any dust loss/ingress

Results from the modifications, as indicated by
percentage sample cut
From Figure 5, it is easy to identify two step changes in the
percentage sample cut. For step change A, it was established
that the dust extraction unit connected to the loading spout
was not operational. When the dust extraction unit was
switched on, it created additional suction and increased the
vacuum inside the Vezin and aggravated the sampling error.
It is for that reason that the average sample mass reduced
from that point onwards, until step change B.
At step change B, the modifications to the Vezin sampler
(vent) and the new sampling strategy were introduced. The
installation of a vent and operating the sampling system as a
closed circuit resulted in the sample mass increasing by 12%
from 61.099 kg to 69.477 kg. After implementation of the
changes the percentage coefficient of variation improved as
shown in Table II.

It is not suggested that this was the only factor
contributing to the sampling bias experienced; however, it is
believed that it was the biggest contributing factor.
Designing sampling equipment is complex, and material
characteristics must be carefully investigated to understand
the relationship between the equipment, equipment design,
the material itself, and flow characteristics.
The first step would be to investigate the material
properties. The impact of dusting and grade association with
particle size was known beforehand, but the effect of air flow
inside the Vezin was not recognized up-front. Additional
characteristics such as flowability, moisture, particle size, and
stream size, to name only a few, must be investigated to
ensure the correct equipment and plant design is matched
with the material. The correct sampling equipment and
equipment set-up must be identified and the plant equipment
designed around these requirements. Attempts should not be
made to fit sampling equipment into spaces ‘left open’ during
plant design.
The next step would be the graphical design and
calculations to ensure the correct sizing of the sampling
equipment and that it conforms to sampling theory. Factors
such as the sampling constant must be determined to ensure
the correct quality assurance is in place (sampling protocol).
Ensuring the engineering around the sampling rig allows for
the equipment to operate within the design specifications.
The third step is to inspect the equipment prior to installation to ensure that the manufacture conforms to specifications and sampling theory.
The fourth step is cold (if possible) and hot commissioning. This is where most projects stop.
The fifth step (and probably the most important) is to
conduct an intense ratification process with a sound experimental design and the monitoring of results over an adequate
period. It is difficult to measure for bias because the luxury of
installing two different sampling systems for the same
material stream is too expensive. It is for this reason that
quality control parameters must be put into place, which
should be trended on an ongoing basis. In conjunction, the
analytical / metal accounting data should be monitored to
determine if there is any reason to doubt the sampling
equipment.

Conclusion
A new sampling rig had been implemented for the sampling
of a high-grade matte material at Anglo American Platinum.
Prior to installation a full ratification campaign was
undertaken and passed. Subsequent to installation of the new
rig, a significant variance in the smelter and base metal
refinery accountabilities was noted, indicating that a bias
existed. Following investigation, it was confirmed that a bias
existed in the matte sampling due to airflow conditions
within the sampler.

References
CLEARY, P.W. and ROBINSON, G.K. 2009. Some investigations of Vezin sampler
performance. Proceedings of the Fourth World Conference on Sampling
and Blending, Cape Town, South Africa, 21-23 October 2009.
pp 219–229.
GY, P.M. 1979. Sampling of Particulate Materials, Theory and Practice. Elsevier.
LYMAN, G.J. 2010. Personal Communication to Anglo Platinum.
PITARD, F. 1989. Pierre Gy’s Sampling Theory and Sampling Practice.
CRC Press. ◆

Table II

Improvement in coefficient of variation

Before
After

▲

52

JANUARY 2014

Average sample cut, %

Standard deviation

Coefficient of variation. %

0.183
0.210

0.039
0.010

21.497
4.941
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Best practice sampling methods, assay
techniques, and quality control with reference
to the platinum group elements (PGEs)
by K. Lomberg*

In this paper the process of sampling and assaying as it relates in
particular to the platinum group elements (PGEs) is presented. A
discussion of the geology of PGE deposits is included to provide an
understanding of the mineralization that is considered necessary
prior to sampling, as this has a direct bearing on the mineral resource
estimate and also the selection of an appropriate mining cut. The
discussion includes the selection of the sampling technique (drilling
or face sampling), the size of the sample relating to the requirements
of the laboratory, the potential mining cut, as well as a reference to
sampling theory. The selection of an assay technique that is
appropriate and will yield the optimal result based on sample
turnaround, precision, accuracy, and cost is then considered.
Examples are drawn from work undertaken on the Bushveld Complex
(Merensky Reef, UG2 Chromitite Layer, Platreef) and Great Dyke
(Main Sulphide Zone). A discussion of the appropriate QA/QC
programme includes the chain of custody, CRM selection and the
QA/QC process.
Keywords
sampling, assaying, QA/QC, platinum group elements.

Introduction
The exploration and exploitation of platinum
group element (PGE) deposits is extremely
challenging due to the very low ore grades,
which can approach the detection limits of the
assay techniques, as well as factors such as
the significant nugget effect. This emphasizes
the need for a good understanding of the
geology of the deposits and the reef mineralization in order to choose appropriate
exploration techniques, and the application of
industry standard sampling and assay
techniques when developing these projects or
mines.
The foundation of mineral resource
estimation is a geological model and valid
data. The data that form the basis of an
estimate includes geological logs, borehole
collar positions, downhole surveys, and assay
data. Where underground data is utilized, face
sampling data would be used and would have
the same characteristics as drilling data i.e.
The Journal of The Southern African Institute of Mining and Metallurgy

Introduction to the geology of PGE
deposits of southern Africa
PGE-dominated deposits occur in large layered
intrusions, such as the Bushveld Complex
(South Africa), the Stillwater Complex (USA),
and the Great Dyke (Zimbabwe).

* Coffey Mining SA Pty Ltd.
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Metallurgy, 2014. ISSN 2225-6253. This paper
was first presented at the, Sampling and analysis:
Best-practice in African mining Conference,
4–6 June 2013, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind,
Muldersdrift, South Africa.
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position of the cut, the associated geology, and
the assay data. The data is interpreted and
used to develop a geological model. The raw
data is examined, various statistical analysis
undertaken to understand it, and possible
relationships between the assay data and the
geology considered before being incorporated
into a mineral resource estimation. This
estimate relies on the well-established
understanding of the geology and the
recognition of the economic horizons,
continuity of the mineralization, controls on
the mineralization, and ore genesis.
A mineral resource estimate for a PGE
deposit has many aspects in common with
other deposits, but also has its own unique
aspects. Notably the estimate relies on the
determination of a mineralization zone or
mining cut because the grade is dispersed
vertically across a number of horizontally
stacked stratigraphic units and lithologies.
Thus the determination of the marginal grade
cut-off and the optimization of the mining cut
must be considered in the light of ’the realistic
expectation of eventual economic extraction’
(SAMREC, 2009). This constitutes an integral
step towards the mineral resource estimate and
is informed by the methodology and protocol
of the sampling. Inappropriate sampling could
produce a poor mineral resource estimate
result.

Best practice sampling methods, assay techniques, and quality control
Bushveld Complex
The mafic rocks of the Critical Zone of the Bushveld Complex
host layers rich in PGEs, chromium, and vanadium, and
constitute the world’s largest known resource of these
metals. The Merensky Reef, which is developed near the top
of the Critical Zone (Figure 1), can be traced along strike for
280 km and is estimated to contain 60 000 t of PGEs to a
depth of 1 200 m below surface. The pyroxenitic Platreef
mineralization north of Mokopane contains a wide zone of
more disseminated style platinum mineralization, along with
higher grades of nickel and copper than those occuring in the
rest of the Bushveld Complex.
The Critical Zone also hosts all the chromitite layers of the
Bushveld Complex, up to 14 of which have been identified.
The most important of the chromite cycles for PGE mineralization is the upper unit, the UG2 Chromitite Layer, which
averages 1 m in thickness.

PGE mineralization
The Merensky Reef has historically been the most important
Au, PGE (Pt, Pd, Rh, Ru, Os and Ir) and base metal (Cu and
Ni) producing layer in the Bushveld Complex. The Merensky
Reef varies considerably in its nature, but can be broadly
defined as a mineralized zone within, or closely associated
with, the ultramafic cumulate at the base of the Merensky
cyclic unit.
In addition to the PGE mineralization associated with the
Merensky Reef, all chromitites in the Critical Zone at times
contain elevated concentrations of PGEs. The UG2 Chromitite
Layer is the only chromitite layer that is significantly
exploited for PGEs at present.

ization characteristics of the Merensky Reef can be correlated
with the nature of the footwall. For instance, where the
footwall is noritic, the PGE mineralization does not typically
extend more than a few centimetres into the footwall,
whereas when the footwall is an anorthosite, fine-grained
sulphides with good PGE mineralization are frequently
present for approximately 40 cm and more erratically to about
a metre below the lower chromite layer. The PGEs
encountered in this horizon are predominantly PGE-iron
alloys and PGE-sulphides. A number of schematic grade
profiles are presented in Figure 2.
The importance of the sampling protocol applied is to
define the grade profile from which a mining cut can be
interpolated.

UG2 Chromitite Layer
The UG2 Chromitite Layer typically consists of a basal
pegmatoidal feldspathic pyroxenite (up to 0.5 m thick) which
frequently contains chromite stringers and which is overlain
by the Main Chromite Layer (30–140 cm thick). A middling
pyroxenite of a few centimetres to 6 m separates the Main
Chromite Layer from the alternating chromitite and
pyroxenite layers commonly referred to as the leaders or
triplets.
The PGEs are associated with sulphides that are
interstitial to the chromite grains. The mineralized zone itself
is defined by the sharp basal contact with the footwall
pyroxenite and the sharp contact at the top of the main
chromitite layer. The grade profile typically peaks at the base
and top contacts (Figure 3).

Merensky Reef
The Merensky Reef is typically a feldspathic pegmatoidal
pyroxenite, bounded top and bottom by thin chromitite
layers. The chromite layers have variable thicknesses up to
some 5 cm with one being generally thinner or absent. The
pegmatoidal feldspathic pyroxenite (pegmatoid) contains
interstitial subhedral pyrrhotite and chalcopyrite blebs. The
pegmatoid consists of cumulus bronzite crystals, typically
10–20 mm in diameter. The plagioclase feldspar is interstitial.
The immediate hangingwall is a feldspathic pyroxenite
(bronzite) typically 1–2.25 m thick, which grades upwards
into a norite. Phenocysts of diopside (±20 mm) are present
within the feldspathic pyroxenite. The hangingwall typically
contains sulphides (pyrrhotite and chalcopyrite) for some
50 cm from its basal contact with the Merensky Reef. The
footwall characteristics are variable because of the various
noritic, anorthositic, and harzburgitic footwall lithologies.
The grade profile is concentrated around the pegmatoidal
feldspathic pyroxenite with the highest PGE concentration
associated with the chromitites (Figure 2). The grade is not
restricted to a single lithology or to a stratigraphic unit but is
dispersed over a number of units, although typically centred
around the chromitites and pegmatoidal felspathic pyroxenite
of the Merensky Reef. The rocks immediately adjacent to the
pegmatoidal pyroxenite are mineralized with PGEs. The tenor
typically decreases further from the chromitite stringers and
pegmatoidal pyroxenites.
Sulphide mineralization extends into both the immediate
hangingwall and footwall. In some cases the PGE mineral-
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after Viljoen and Schürmann, 1998

Figure 1—Generalized stratigraphic column of the Rustenburg Layered
Suite, Bushveld Complex
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Figure 2—Schematic grade histograms of the Merensky Reef

Figure 3—Schematic grade histograms of the UG2 Chromitite Layer (courtesy of Anglo Platinum Corporation Limited)

Platreef
In the Northern Limb, the Platreef occurs proximal to the
The Journal of The Southern African Institute of Mining and Metallurgy

basal contact of the Bushveld Complex with the country rock,
typically as a thicker zone (up to 30 m wide) containing
disseminated sulphides and mineralized (Figure 4). Where
the Bushveld Complex is in contact with the Archaean granite
and sediments of the Transvaal Supergroup floor rocks, the
Platreef is developed. The contact between the Rustenburg
Layered Suite and footwall rocks in the northern limb is
transgressive, with the Platreef in contact with progressively
older rocks of different lithologies from south to north.
The Platreef is a series of pyroxenites and norites,
containing xenoliths/rafts of footwall rocks. It is irregularly
mineralized with PGEs, Cu, and Ni. The Platreef (senso
stricto) has a strike extent of some 30 km, whereas PlatreefVOLUME 114
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The mineralization is generally associated with the Main
Chromitite Layer. However, the mining method generally
requires mining of the leaders as the lack of cohesion
between the chromitite and pyroxenite typically results in
falls of ground, which are both dangerous and also dilute the
mining cut. A pragmatic approach is to mine the overlying
leaders at the same time. The sampling protocol allows the
determination of the grade profile for the mining package and
provides important information on which strategic mining
decisions are made.

Best practice sampling methods, assay techniques, and quality control
The MSZ is a lithologically continuous layer, typically
between 2 m and 3 m thick, that forms an elongated basin.
It generally contains iron-nickel-copper sulphides, while
elevated PGE concentrations occur towards its base
(Figure 5). Peak values for the PGEs and base metals are
commonly offset, while the ratio between platinum and
palladium also varies vertically. It is often difficult to visually
identify mineralization in the MSZ. As a result, the identification of the MSZ is reliant on the identification of the
geochemical signature and the identification of the base of
the MSZ (BMSZ). This point can be identified by looking
down the sequence for where the sulphide mineralization
ceases. The geochemistry reflects this with sudden drops in
sulphur and associated base metal mineralization.
The optimal mineralized part of the MSZ is very difficult
to identify. Therefore the application of a suitable protocol to
the sampling can allow the identification of the MSZ and the
interpolation of the optimal mining cut.

History of sampling and grade control

Source: Wilson and Chunnett, 2006

Figure 4—Typical geochemical traces of the Merensky Reef

The protocols currently considered industry standard are
based on the work done by a number of geologists working
for the two major mining houses – Anglo Platinum and
Impala Holdings – during the last 50 years. Considering that
until the early 1980s very little information was disseminated
by JCI and Gencor, the companies that predated Anglo
Platinum and Impala, the methodologies developed were
remarkably similar. The current best practice guideline is
virtually the same with variations in sample length,
numbering, and assay technique being the most significant
differences.
The practices have been developed with both mining and
exploration in mind. On the operating mines, the mining cut
instruction requires that the mining cut for the Merensky
Reef be determined. This is based on the sampling of the

style mineralization occurs over the 110 km strike length of
the northern limb (Kinnaird et al., 2005). The Platreef varies
from 400 m thick in the south of the northern limb to <50 m
in the north. The overall strike is NW or N, with dips 40–45°
to the W at surface with the dip becoming shallower downdip. The overall geometry of the southern Platreef appears to
have been controlled by irregular floor topography.
Similar to the Merensky Reef, the importance of the
sampling protocol applied is to define the grade profile from
which a mining cut can be interpolated (Figure 4).

The Great Dyke
The significant mineralized zone of The Great Dyke is the
Main Sulphide Zone (MSZ). The Dyke is divided vertically
into an ultramafic sequence, dominated from the base
upwards by cyclic repetitions of dunite, harzburgite, and
pyroxenite, as well as an upper mafic sequence consisting
mainly of gabbro and gabbronorite (Wilson and Prendergast,
1989; Prendergast and Wilson, 1989).
Contained within the ultramafic sequence is the P1
pyroxenite, directly below the mafic-ultramafic contact. The
P1 pyroxenite in turn hosts economically exploitable
quantities of PGEs in the MSZ, which is generally 10 to 50 m
from the top of the ultramafic sequence.
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Source: Brown (2008)

Figure 5—Schematic geochemical profiles of the MSZ
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Mineralogy
Merensky Reef
The PGE mineralogy is associated with the base metal
sulphide mineralogy. These sulphides, which constitute about
1-5% of the rock, consist of pyrrhotite (FeS1-x) (40%),
pentlandite ((Fe,Ni)9S8) (30%), and chalcopyrite (CuFeS2)
(15%). In addition, trace amounts of millerite (NiS), troilite
(FeS), pyrite (FeS2), and cubanite (Cu5FeS4) are also present.
The major platinum group minerals (PGMs) are cooperite
(PtS), braggite ((Pt,Pd)NiS), sperrylite (PtAS2), and PGE
alloys, although in some areas minerals such as laurite
(RuS2) can be abundant (Schouwstra et al., 2000). On the
Western Bushveld Joint Venture (WBJV) nearly 40% of the
total PGMs are sulphides larger than 1000 μm2 in size
(Muller, 2010)

UG2 Chromitite Layer
The UG2 Chromitite Layer consists predominantly of chromite
(60–90% by volume) with lesser silicate minerals (5–30%
pyroxene and 1–10% plagioclase) (Schouwstra et al., 2000).
Other minerals present in minor concentrations include
phlogopite and biotite, ilmenite, rutile, magnetite, and base
metal sulphides. The PGMs present in the UG2 Chromitite
Layer are characterized by the presence of abundant PGE
sulphides, They consist predominantly of laurite (RuOsIr),
cooperite (PtS), braggite (Pt, Pd, NiS), and an unnamed
PtRhCuS. The PGMs reach an average size of only approximately 12 μm, with particles larger than 30 μm being
extremely rare (Schouwstra et al., 2000). They occur in
association with the base metal sulphides and silicates. Only
the mineral laurite exhibits a preferred association with the
chromite grains.

Platreef
The major PGMs consist of PGE tellurides, platinum
arsenides, and platinum sulphides (Schouwstra et al., 2000).
There appears to be a link between the rock type and the type
of PGMs, with serpentinites being characterized by a relative
enrichment in sperrylite (PtAs2), and the upper pyroxenites
being characterized by more abundant PGE sulphides and
alloy. PGE alloys generally dominate mineralization closer to
the floor rocks (Schouwstra et al., 2000). Common base
metal sulphides include pyrrhotite, pentlandite, chalcopyrite,
The Journal of The Southern African Institute of Mining and Metallurgy

and pyrite, and with the PGMs frequently occurring enclosed
in or on grain boundaries of these base metal sulphides
(Schouwstra et al., 2000).

Main Sulphide Zone
The MSZ contains between 0.5% and 10% sulphides,
represented mainly by pyrrhotite, pentlandite, and
chalcopyrite in about equal proportions, as well as
subordinate pyrite. The PGMs are typically included in
pyrrhotite or chalcopyrite, sometimes in pentlandite, or they
may occur at sulphide/sulphide or sulphide/silicate contacts,
or within silicates. PGMs intergrown with pyrite are
extremely rare. The suite of PGMs found in the MSZ includes
(Pt,Pd)-bismuthotellurides (50.1%), sperrylite (19.0%),
cooperite/braggite (8.5%), the PGE-sulpharsenides hollingworthite (RhAsS), platarsite (PtAsS), irarsite (IrAsS), and
ruarsite (RuAsS) (11.9%), laurite (RuS2) (5.0%), Pt–Fe alloy
(2.4%), as well as some less common PGMs (Oberthur et al.,
2012). Grain sizes range from < 5 to 50 μm in general, but
may reach up to 480 μm in the longest dimension (Oberthur
et al., 2012).

Sampling methodology
Borehole core
The sampling protocol is determined by the requirement of
the sampling. The sample sizes and intervals must be
appropriate for the deposit and the grain size of the material
being sampled as well as the intention of the sampling
programme. The need to provide standard ’support’, in a
geostatistical sense, needs to be considered when designing a
sampling programme, especially as compositing based on
sample length can be expected in the estimation. Equalizing
sample length is not the only criterion for standardizing
sample support. Factors such as angle of intersection of the
sampling to mineralization, sample type, borehole diameter,
drilling conditions, recovery, sampling/sub-sampling
practices, and laboratory practices all affect the ‘support’ of
the sample. Typically sampling is undertaken to support a
mineral resource estimate or to define an optimal mining cut.
Sampling is generally undertaken on half core with a
sample size of 15–25 cm in length from BQ (36.4 mm
diameter) or NQ (47.63 mm diameter) core. The taking of
samples of varying length is unavoidable due the nature of
the intersections and the variability of the mineralized
stratigraphy or lithology. Sample lengths of up to a metre are
generally used to confirm the lack of mineralization or
occasionally to sample a complete lithological unit.
The sampling procedure begins with the drilling of the
core. Complete core recovery over the sampling zone is
required. This is not always possible as a result of the natural
fractures in the core. Recovery of over 95% is generally
acceptable and should form part of the commercial agreement
with the drilling contractor. The core must be transported
from the rig site to the core yard. It is imperative that core
samples are not unduly damaged during transit. The chain of
custody should be properly documented
At the core yard, the core should be checked and marked
according to the drill depths. Thereafter the core must be
logged according to industry logging standards. The logs
should include descriptions of the lithotype, major and minor
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JANUARY 2014

57

▲

underground excavations. The determination of the mining
cut for the UG2 Chromitite Layer is not required as the
mining cut is typically defined based on the lithology rather
than the grade alone. An additional criterion is the
geotechnical analysis of the hangingwall. The final mining
cut therefore considers the grade, metal content, and the
geotechnical aspects of the chromite layers in the
hangingwall. These are sampled as they are grade-bearing,
albeit lower than the main chromitite layer, and are
associated with a weak hangingwall due to the lack of
coherence between the pyroxenite and chromite. This
geotechnical phenomenon is generally unsafe and as a result
the layers of leader chromitites are mined together with the
main chromitite layer. However, in the project phase the
details of the grades of these leaders need to be understood
prior to the application of the mining factors.

Best practice sampling methods, assay techniques, and quality control
fractures (including infilling), and the presence of sulphide
mineralization (including the prominent sulphide mineral
types). The logging detail should be at the level required for
this type of mineralization. Once the core is logged, the
sampling protocol is applied and the samples marked out.
Samples should be taken so that they are justified to the
major lithological contacts with on average an overlap of 2 cm
of material being taken in the footwall and hangingwall of
economic zones or mining cut. The exact sample size and
frequency must take cognisance of suitable geochemical and
geological knowledge of the deposit and mineralized horizon.
A number of samples are taken into the footwall and
hangingwall of economic zones or mining cut as the grade is
distributed into the hangingwall and footwall. Sample breaks
are made on the basis of geology, and where possible, natural
breaks in the core are used to separate samples if they are
approximately perpendicular to the core axis.
The core is then split along its length through the low
point of the contact dip using a diamond saw, by an
appropriately trained assistant, in preparation for bagging.
Half core samples are cut to length, and half of the core is
then bagged and sealed with its sample number ticket both
inside the bag and attached to the outside. There is a debate
as to whether natural breaks be used in preference to cut
breaks. The debate includes consideration for the loss of
material when cut or the understanding that different
samples lengths constitute different support when
undertaking a mineral resource estimate. The remaining half
core should be suitably marked and kept in the core tray for
future reference (Figure 6). Heavy-duty plastic sample bags
must be used, and these should be discarded by the
laboratory after sample preparation. Sample bags must not be
re-used. Once properly labelled, sealed, and documented the
samples can be dispatched to the laboratory.
Once the sampling has been completed, it is advisable to
photograph the core while both wet and dry. This should be
mandatory when whole sampling is necessary. Core should
be retained to allow comparison of the assay data with the
geology, for other geological studies (density, magnetic
susceptibility, structural etc), for additional sampling (1/4
core), and as a record of the drilling. This is invaluable as it
allows consideration for aspects of the mineralization that
need to be understood and communicated to the mining
engineers and process engineers.

Reef. The sample interval is frequently widened further away
from the Merensky Reef proper.

Sampling of the UG2 Chromitite Layer
Sampling of the UG2 Chromitite Layer is dependent on the
character of the reef encountered. The reef is measured from
the top chromitite contact (top of leader) to the base of the
main chromitite layer and divided into fairly even sample
intervals of approximately 20 cm (again these may range
from 15 cm to 25 cm). Where a leader layer is present, it is
treated as a separate sample if the leader and pyroxenite
parting are of suitable thicknesses – approximately 15 cm
each. If the leader and parting are thin, they are included
together in a single sample. A parting will therefore either be
sampled separately or included with the leader, and is never
included with the main chromitite layer. Where additional
pyroxenite lenses are developed in the UG2 Chromitite Layer,
these are sampled separately if of significant thickness (>15
cm). Finely disseminated chromite grains and chromitite
stringers in the immediate footwall to the main chromitite
layer should be included with the basal sample (these often
carry extremely high grades). Sampling is extended well into
the footwall of the UG2 Chromitite Layer.
A comparison undertaken by Platinum Australia (S.
Hunns, personal communication) on the UG2 Chromitite
Layer showed that there was little difference in the grade over
the stratigraphic unit. The advantage of this approach is that
it provides the grade directly and the overall cost will be less
because fewer assays are required. However, where some
optimization or decision-making with respect to the cut is
made, the use of smaller sample intervals is best.

Sampling of the Platreef
The grade profile of the Platreef may be difficult to determine
(Figure 7). As a result, sampling tends to be extensive to
identify the mineralized horizon and allow for the optimal
mining cut.
A common way to assist and to try and keep assay costs
down is to use an indicator element. Commonly the base
metals (Cu or Ni) are used. However, this correlation,
although understood academically, needs to be proven or
demonstrated before being used (Figure 8).

Sampling of the Merensky Reef
For the Merensky Reef, the potential mining cut as well as
the amount of hangingwall or footwall in the cut needs to be
determined. Sampling is extended from well above to well
below the reef in order to completely close off the mineralization. The smaller the sample length the better definition
can be made, as the result is that the effective decisionmaking is being made at the edge of the mining cut where
the grade is lowest and closet to the detection limit.
The Merensky Reef is measured from just above the
upper chromitite stringer to just below the lower chromitite
stringer. The interval is then divided into even samples of
approximately 20 cm in length; although individual sample
thickness may range from 15 cm to 25 cm. All chromite
associated with the upper and lower chromitite stringers is
included in the top and bottom samples of the Merensky
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(Source: Kameni Platinum Holdings Ltd)

Figure 6—Photograph of wet core with samples marked out on core
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Figure 8—Platreef: example of the relationship between PGEs and base
metals

Sampling of the MSZ
In the case of the MSZ, the determination of the BMSZ is
critical to the determination of the mining cut due to the lack
of geological markers. As with other PGE-bearing horizons,
the smaller sample size is best for decision-making, but
needs to be balanced with the cost, as well as the ability to
accurately assay the smaller samples. The sample size of
15–25 cm is considered appropriate and allows for significant
accuracy in determining the BMSZ and therefore a valid
mining cut determination. The sample size is often increased
where some understanding of the mineralization exists –
however, additional data may be required to confirm that the
mineralization does not extend beyond the generally
recognized.

Underground sampling
Underground sampling is intended to mimic borehole core.
The standard underground sampling protocols are generally
similar to those used for core. Differences relate to the access
to the underground face and the equipment limitations.
Traditionally, underground sampling has been undertaken
with a hammer and a cold chisel. This method has been
The Journal of The Southern African Institute of Mining and Metallurgy

Blast-hole sampling
Blast-hole sampling is undertaken in open pit operations
such as Mogalakwena Platinum Mine. The blast-holes are
sampled and analysed prior to charging with explosive. This
is a valuable procedure as it allows determination of grade
and therefore indicates to which stockpile the material should
be dispatched. The blast-holes are designed and drilled for
blasting purposes with 310 mm, 250 mm, and 165 mm size
bits.
As a percussion or rotary drill rig is drilling, the chips
generated are flushed out of the blast-hole with compressed
air. The process is dusty (when dry) and muddy (when
waterlogged). Samples come out in the kerf between the rod
and the rock walls of the hole. Six 2.5 m samples are
collected for every 15 m of blast-hole. One-kilogram (1 kg)
samples are submitted for geological (density, PGEs, Cu, Ni)
or metallurgical (floatation and hardness parameters) characVOLUME 114
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Figure 7—Example of a grade profile of the Platreef (after McDonald
and Harmer, 2010)

recognized to entail inherent sampling errors and therefore
the use of diamond saws has been considered as an industry
standard. However, the logistics of getting a pneumatic saw
to the face and finding a suitable connection for the
compressed air has made it difficult to implement uniformly.
Underground or face sampling is generally undertaken in
development ends and in the gullies, advance strike gullies
(ASGs), and headings of the stope panels. It is seldom
undertaken in the stope faces themselves as the stope faces
generally provide only a limited part of the geology to sample.
In addition they may be logistically very difficult to sample as
getting equipment into and out of stope faces can be
extremely hard work. During trial mining, including
development, stope and metallurgical sampling may be
required.
A location for ease of sampling and preferably with no
structural discontinuity is selected and the position
determined from the underground survey controls. The
sample method requires the use of a diamond saw to cut the
sample channels grooves, which are then chipped out with a
chisel. The channels should be 5 cm wide and 2 cm deep. The
identification of the important lithologies is required to
provide the reference from which the sampling is justified. A
2 cm overlap into the hangingwall and footwall lithologies is
included with the top and bottom reef samples to ensure
consistency with the diamond drillhole sampling.
Marking continues with samples divisions across the
economic unit, according to the requirements of the sampling
programme or protocol. Starting from the bottom, grooves are
cut at these sample divisions with numbering of samples
consecutively from the top or bottom as required by the
individual protocol.
Prior to sampling, the faces should be cleaned of recent
weathered material so that the sample is representative of the
actual mineralization. Sampling from the bottom is
considered best to reduce contamination. Overbreak into the
sample above must be avoided. Samples are put into clean
plastic bags of a suitable size. The bags and contents must be
properly labelled with reference to the documented location
and sample position.
The method of sampling and the marking and cutting out
of the sample channel must be similar to that used for core
sampling.
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terization. These results are used to determine the nature of
the direct feed and/or stockpiling destinations for the blasted
muck.
In the last couple of years, Mogalakwena has been
replacing blast-hole drilling with reverse circulation (RC)
drilling. Beyond 2013, all production sampling at
Mogalakwena will be from RC drilling. RC drilling involves
using a sampling rig to drill for samples independent of blastholes and thus entails an extra cost.
RC drilling involves blowing chips from the bit face and
transporting them through the centre of the rods (in an inner
tube) and out to a sampling unit on the side of the rig. The
sampling unit is a basically a series of cyclones to settle the
chips and dust before dropping them down an auto-splitter
system. RC drilling samples are always dry as the design
allows compressed air to hold back the water even in
waterlogged situations.
The quality of samples with the RC drilling method
(minimum contamination, minimum human interference, and
automatic splitting) justifies the extra drilling cost when
compared to blast-hole sampling. RC sampling also goes
beyond just one bench (15 m) although the 2.5 m sampling
interval is maintained
RC drilling is significantly faster (time) than and costs
significantly less than diamond drilling. Diamond drilling is
still used for exploration drilling only.

Sample size
The weight of the sample should be 230–420 g (BQ core) or
410–710 g (NQ core). The weight is important as it relates to
the applicability of sampling theory as well as the practical
requirements of the laboratory and the specified analytical
technique. The recommendation is always to utilize as much
sample as possible for fire assay and hence wherever possible
a 50 g aliquot is recommended. Other duplicates are required
as well as backup pulp samples in case issues occur with the
assay or as a requirement for duplicate analysis of every
sample.
An aspect to be considered is the ’nugget effect’.
Geostatistical theory assumes that there should be no
difference between a sampled value and a potential repeat
sample at the same location (Clark, 2010). Included in the
variation of the grade between contiguous samples are
aspects of the mineralization, geological features, grain size,
etc. as well as any ‘random’ sampling variation that might
occur due to the method by which the sample was taken, the
adequacy of the sample size, the assaying process, etc.
Platinum deposits typically have high nuggets effects i.e. two
samples taken close to each other are likely to have different
PGE concentrations, probably due to the very small grain size
of the platiniferous mineral, the random distribution of the
sulphide mineralization in the host rocks, and the low
concentration of the precious metals. The normal approach to
understanding the level of the nugget effect is to ensure
sufficient sampling. The sampling protocols adopted routinely
in the industry have over time been demonstrated not to
introduce a bias or influence in relation to the nugget effect.
The sample preparation and communition protocol is very
sensitive the grain size of the precious metals (Lomberg,
2007). The use of a nomogram can show that the size of the
mineral grains can influence significantly the liberation of the
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PGE during the analytical procedure (Figure 9) (Lomberg,
2007). Au is particularly sensitive due to its much lower
concentration.

Analytical techniques
PGEs
The chemistry of this special group of elements makes their
determination at low concentrations in geological samples
difficult. However, the PGE industry and the commercial
laboratories have developed methods, procedures, and
protocols that allow the determination of these elements,
even at these levels, to be undertaken with a degree of
precision and accuracy. This is necessary to support the
mining value chain.
The most common form of commercial PGE analysis is
fire assay using a number of different collectors to
concentrate or capture all of the precious metal. Pulverizing of
the samples is undertaken to achieve 85% -75 μm in size.
The Pb-fire assay method involves fusing the sample with a
flux mixture at ±1000ºC. The resultant melt separates into
two immiscible phases, namely a glassy slag (which contains
the aluminosilicates and base metals, and is discarded) and a
denser phase (including the PGEs collector, which sinks to
the bottom). The critical aspect is that the PGE are strongly
partitioned into this collector phase, from which they may be
subsequently separated for analysis. Thus the selection of the
collector is an important decision to be made in the analytical
process.
Lead collection is used extensively as it is suitable for the
determination of Pt, Pd, Rh, and Au. As these are the major
precious elements of the Merensky Reef and UG2 Chromitite
Layer the use of Pb as a collector is widespread in the
industry. The use of Pb as a collector and the reporting of
these elements as a sum is common practice, especially on
mining operations. More emphasis on the individual elements
or prill split has resulted in the use of other collectors in the
analysis, such as silver as a co-collector, which helps prevent
volatile losses during the cupellation stage. The practical limit
of detection is 0.1 ppb (Pt) and 0.5 ppb (Pd), although the
detection limits used for mine samples is much higher;

Figure 9—Example of a sampling nomogram for the UG2 Chromitite
Layer (after Lomberg, 2007)
The Journal of The Southern African Institute of Mining and Metallurgy
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➤ Ease of handling large sample weights, which can deal
with low analyte concentrations and address nonhomogeneity and the ‘nugget effect'
➤ Assurance of quantitative collection of all the PGEs
(NiS-fire assay) and their complete separation from
base metals and other matrix elements.
The few disadvantages of the fire assay procedures are:
➤ Large reagent blanks due to the presence of PGEs in
the chemicals utilized during sample decomposition
and solution preparation (e.g., nickel powder is known
to contain appreciable amounts of PGEs and so blank
fusions are performed on a regular basis to check for
this)
➤ Selection of suitable flux composition is an important
aspect and the tendency to generalize flux weights
often lead to erroneous results
➤ The experience of the assayer has a critical role in
successful assaying and the technique therefore
requires skilled personnel.
Despite this, NiS-fire assay is probably the preferred preconcentration method for analysis of PGEs in geological and
related materials because of its versatility and broad range.
Recently other collectors have been used to provide
alternatives to NiS-fire assay. The reason for the use of other
collectors relates to the difficulties of NiS-fire assay, and the
cost and the time required. These collectors have allowed the
reporting of good (precise and accurate) results and so are
more widely available with some commercial laboratories.

Base metals
The emphasis of this paper is on the PGEs. However, base
metals (Cu, Ni, and Co) are important components of the
mineralization. They contribute to the revenue and so need to
be assessed in an appropriate manner. For the sake of
completeness some discussion is included here. The level of
base metal that is being considered is an order of magnitude
lower than that in a primary base metal deposit. Therefore
the analytical method must have a lower level of detection.
The Journal of The Southern African Institute of Mining and Metallurgy

Below is a list of analytical methods used for the determination of the base metals. The list is not exhaustive as the
analytical technique chosen should be considered based on
its applicability to the task at hand. The selection of the
analytical method should include consideration of accuracy
and precision, detection limits, expected concentration, and
sample matrix.
➤ Pressed pellet and X-ray fluorescence (XRF)—XRF is a
non-destructive analytical technique used to determine
a full range of light to heavy elements by pressed pellet
disc. This technique is suitable for large numbers of
samples (usually at ppm levels) where the matrix of the
material is generally consistent, such as Cu and Ni
determination for the Merensky Reef, UG2 Chromitite
Layer, and Platreef
➤ Aqua regia leach—Aqua regia will digest chalcophile
elements in particular, although elements associated
with silicates and more refractory minerals may be only
partially digested. The concentration may be
determined by atomic absorption spectrometry (AAS)
or inductively coupled plasma-optical emission
spectroscopy (ICP-OES)
➤ Four-acid digestions—Four-acid digestion provides a
total dissolution of most elements except for a few such
as Cr, V, and Ti. The concentration may be determined
by ICP-OES or inductively coupled plasma-mass
spectroscopy (ICP-MS).
➤ Sodium peroxide fusion—Sodium peroxide fusion with
an ICP-OES finish provides total analyses of base
metals but at the expense of higher detection limits and
lower precision due to the high sodium salts in
solution. Generally detection limits are in the region of
20 to 50 ppm
➤ Wet chemistry consists of titrimetric and gravimetric
techniques, and is more suited to concentrates or
percentage-level base metals.
It is also important to consider the sulphide-soluble Cu or
Ni as well as the total concentration. This is especially true as
Ni commonly substitutes into olivines and so is not
recoverable. A partial leach (such as acetic acid) that does not
mobilize silicate-hosted material reporting sulphide Cu and Ni
would be appropriate.

Quality assurance/quality control
The current investment environment requires the reporting of
exploration results against the international reporting codes
(SAMREC, JORC, etc.). Owners, promoters, investors, and
other interested stakeholders require that the results of the
exploration be reported with confidence. Mineral exploration
and mining companies have to de-risk their projects from
inception right through to production. Investment risk can be
lowered and confidence in the results promoted by the
implementation of quality assurance and quality control
(QA/QC) programmes (Lomberg, 2013).
The application of a QA/QC procedure aims to confirm
both the precision and accuracy of assays and is used to
ensure that they can be confidently relied upon and thus
reduce the risk of a project. The QA/QC programme identifies
various aspects of the results that could negatively influence
the precision or accuracy of the assay data.
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0.1–0.5 ppm. The practical reasons are the cost, the volume
of analyses required, and the use of the results on a mine
where the in situ grades are >3 g/t 3PGE+Au.
The best alternative until relatively recently was the NiS
collector and fire assay. The technique was used more
extensively in the metallurgical environment due to the
accuracy required. Geological samples were until the 1990s
rarely submitted to NiS-fire assay. The method differs from
Pb-fire assay as all the PGEs are collected in the nickel
sulphide. The advantages are that there is complete collection
of the entire range of PGE and that there is no cupellation
step in which some PGEs may be lost. As a result the method
is widely considered to provide slightly higher total PGE
results. The limits of detection for PGEs provided by
commercial laboratories are typically in the range of
0.02 ppm to 0.005 ppm. The analytical detection limit may be
0.1 ppb (Pt) and 0.5 ppb (Pd) if required. However, the the
deposit would not economic at grades that low, and so the
higher detection limit is a realistic approach given sample
volumes and cost.
The fire assay method has the following advantages (Rao
and Reddi, 2000):

Best practice sampling methods, assay techniques, and quality control
In order to do this, control samples are inserted into the
sampling stream. The control samples recommended should
comprise two different certified reference materials (CRMs), a
blank, and a duplicate within every 20 samples submitted.
The CRMs are reference samples with a known (stastically)
element abundance. The CRMs should have a composition
(matrix) similar to the range of rock types being analysed to
ensure that the quality control programme is valid (Méndez,
2011). When choosing which standards to use, the
methodology being employed by the laboratory to analyse the
samples should be identical to the method used to certify the
standard. Finally, the CRMs should include one that has
analyte concentrations close to the anticipated average
concentration of the deposit and one at or close to the
marginal or cut-off grade. A blank is a standard with an
abundance of the elements of interest below the level of
detection of the analytical technique. The duplicate is a
second split of a sample taken at a particular stage of the
sampling process; e.g. field or pulp duplicate. The intended
aim is 5% coverage for each of the control sample types. The
inserted quality controls should allow the identification and
reporting of ‘non-conformance’ or ‘out of control’ processes
during the analytical process (Noppe, 2008). Further control
on data integrity is required through submittal of pulps to a
referee laboratory at a recommended frequency of 1 in 10
(10%). These check assays are compared with those of the
primary laboratory and any bias monitored and eliminated as
well as potential analytical errors at the principal laboratory
identified. It is very important to remember that exactly the
same assay methodology must be employed by the umpire
laboratory to ensure an accurate comparison and that
standards also be submitted within the real samples to ensure
the accuracy of the umpire laboratory. To maximize the
comparison between the two laboratories, the pulp residues
submitted should be chosen at random from the data-set and
cover the entire grade range being reported. QA/QC samples
should be inserted as per the protocols adopted for the
sampling programme. The quality control data should be
analysed on an ongoing basis and queries addressed to the
laboratory.
By using this density of QC samples, it is possible to
identify samples that had been swapped, missing samples,
and incorrect labelling among other aspects. The value of a
good QA/QC programme is that it identifies potential
weaknesses in the sampling procedure or sampling errors and
allows the geologist to correct or minimize them before they
can adversely influence the assay data. These errors may
include incorrect sampling, poor sub-sampling methods, and
errors due to the sampling equipment (e.g. core cutting,
invalid splitting methods etc).
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Conclusion
The use of the appropriate sampling methodology can ensure
that valid data is collected that allows the estimation of a
mineral resource and the selection of a mining cut for a PGE
deposit. These methodologies have been established over an
extended period and proven to be practical and pragmatic
The basis for an appropriate sampling regime is a
thorough understanding of the deposit and its mineralization.
Related to this is the appreciation of the anticipated
exploration methods, mining methods, and metallurgical
process flow sheet.
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Sampling in the South African minerals
industry
by R.C.A. Minnitt*

Synopsis
Although not fully accepted in South Africa, the Theory of Sampling
originally proposed by Pierre Gy is fast becoming the cornerstone of
sampling practice throughout the world. The growing acceptance of
Gy’s Theory of Sampling in South Africa can be attributed to a
number of factors, chief amongst them being the development of a
tradable mineral asset market, the promulgation of the Mineral and
Petroleum Resources Development Act (MPRDA), the growing
number of commercial and academic courses that are offered on
sampling, and the regulation of the industry through internationally
acceptable guidelines and rules for reporting and trading in mineral
assets. The size of the South African minerals industry and the
dependence of our economy on mineral production have also meant
that correct sampling is of key importance to mineral trade. ISO
standards have been the principal guides for producers of mineral
bulk commodities who produce to customers’ specifications, whereas
Gy’s insights have been most readily accepted by precious and base
metals producers whose product is sold into metal markets.
Understanding of small-scale variability is essential in the precious
and base-metal industries, but detailed studies of the effects of
heterogeneity have not been as productive in the bulk commodities.
Sampling practices at different stages of mineral development from
exploration, face sampling and grade control, ore processing and
handling, metallurgical sub-sampling, point of sale sampling, and
sampling in the laboratory are considered in the gold, platinum,
ferrous metal, and coal industries. A summary of the impact of poor
sampling in these industries is presented. Generally it appears that
poor sampling practice is most likely to erode mineral asset value at
the early stages of mineral development. The benefits of good
sampling are considered, especially with regard to the financial
implications of bias and error on large and consistent consignments
of bulk commodities.
Keywords
theory of sampling, sampling errors, ISO standards.

cuttings from reverse circulation or blast-hole
drilling, to the collection of dust and fine
particulate products of drilling and rock
cutting. The focus in dealing with sampling
issues is to use the principles from the Theory
of Sampling as a template against which to
compare different sampling practices. The
paper is not aimed at identifying either best or
worst practice, but tries to present an impartial
view of what sampling practices are prevalent
in the gold, platinum, non-ferrous metals,
ferrous metals, and coal industries. The focus
is on sampling practice in South Africa, and
where possible, to indicate the levels of
compliance with the globally accepted
principles of the Theory of Sampling as laid
out by Gy (1979, 1982, 2003). It is clear that
many practitioners, particularly in the bulk
commodities trade (coal, iron ore, manganese,
chrome, and vanadium), apply the principles
of sound sampling practice through application
of the ISO standards. These standards uphold
all the principles of sampling as espoused in
the Theory of Sampling, although they do not
apply the terminology, such as the
Delimitation Error, Extraction Error,
Preparation Error and so forth, as prescribed in
the Theory of Sampling. As the Theory of
Sampling gains acceptance it is more than
likely that the associated terminology will also
be incorporated in the international mineral
resources and reserves reporting codes and
codes for metallurgical balance reporting.
A number of events in the preceding three
decades of South African political, economic,
and regulatory history have driven interest,
awareness, and recognition of the importance
of sampling in the minerals industry to the
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This paper provides a brief review of sampling
issues covered in a more extensive consideration of the state of sampling practice in the
South African minerals industry (Minnitt,
2010). The term ‘sampling’ here is taken to
include all types of sampling in the minerals
industry, from face or chip sampling of solid
ore in mining operations, through cross-belt,
cross-stream, or cross-ram sampling of
streams of broken ore or slurry, sampling of

Sampling in the South African minerals industry
forefront of concerns. Firstly, the unbundling of mineral
assets and the commercial activity in mineral asset markets
in the early 1990s introduced a heightened awareness of
mineral development valuations – all of which are reliant on
sample values. Secondly, growing foreign control of South
Africa’s mineral assets also stimulated trade in mineral
assets, and with that a necessary focus of attention on
sampling and related issues. Thirdly, the promulgation of the
Mineral and Petroleum Resources Development Act (Act 28 of
2002) (MPRDA) provided opportunities for historically
disadvantaged entrepreneurs to invest in mining operations.
A total of 25 867 applications for prospecting and exploration
rights were received by the Department of Mineral Resources
(DMR) since 2004 (Department of Mineral Resources, 2009).
Due diligence studies and re-evaluation of many older
operations meant that sampling took on a new importance. In
the mid-1990s interest in sampling was stimulated as a result
of a number of short courses presented by Geoff Lyman,
Dominique Francois-Bongarçon, Francis Pitard, and more
recently by Kim Esbensen. Most of these courses were
presented through the Geostatistical Society of Southern
Africa in the School of Mining Engineering, at the University
of the Witwatersrand, although these consultants have also
presented many in-house courses to private mining
companies. In a number of cases this led to the identification
of individuals who then took on the role of the sampling
‘champion’ for their companies, much to the benefit of
company and individual. Finally it is probable that the single
most important event to stimulate the strengthening of
mineral industry-related institutions and with it an interest in
sampling, particularly in countries with vibrant minerals
industries, was the Bre-X affair in the late 1990s. This
episode exposed weaknesses in these institutions’ ability to
rightly guide and control the reporting of mineral resources
and reserves. This brought the processes of sample taking,
quality assurance and quality control (QA/QC) practices, the
creation of guidelines for fledgling codes, due diligence, and
the critical role of the sample audit trail into sharp focus. The
event also galvanized the already growing interest in
sampling and Gy’s Theory of Sampling in southern Africa
and fomented an interest in the sampling-parallel topic of
quality assurance and quality control (QA/QC) (Minnitt,
2010).
The checklist and guidelines in the South African Code for
Reporting of Exploration Results, Mineral Resources and
Mineral Reserves (SAMREC, 2007: Table I) for reporting
relevant information and assessment criteria in public reports
require that Mineral Resource and Mineral Reserve estimates
be supported by disclosure of sampling methods, sample
preparation, analyses, quality assurance and quality control,
and the integrity of the database. The range of issues about
the way sampling is undertaken and reported is wide. They
include sampling method, sample collection, validation,
capture and storage, sample preparation, and sample analysis
(Table I, Sections T3.1 to T3.4), data capture and storage,
validation and integrity, QA/QC practices, and policies
affecting sample retention (Minnitt, 2010). Downstream, this
affects the way in which listing companies disclose sampling
techniques along lines set out in Section 12 of the
Johannesburg Securities Exchange Listing Rules. A
description of the nature and type of sampling, the precise
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location, unique numbering of each sample, and measures
taken to ensure representivity must be reported. For all
sample types, the nature, quality and appropriateness of the
sample preparation techniques must be indicated, including
quality control on all subsampling stages and measures taken
to ensure that the sampling is representative of the in situ
material collected. Requirements in regard to subsampling
and non-core samples and their treatment are to be disclosed.
Furthermore:
‘A view must be expressed as to whether the sample sizes
are appropriate for the grain size of the material being
sampled. The results of selected intersections must be verified
by both independent and alternative personnel, and the use
of twinned holes, deflections or duplicate samples must be
reported. With respect to assaying, the laboratory used and
its accreditation with SANAS must be stated. Laboratories
not yet accredited, should be able to demonstrate that their
application for accreditation is not older than one year from
the date of publication of the report. Accreditation,
application for accreditation, and/or rejection of accreditation
by international standards, such as ISO 9000, must be
disclosed. The nature, quality and appropriateness of the
assaying and laboratory procedures, and whether the
technique is considered partial or total, should be explained.
The nature of quality control procedures adopted must be
highlighted (e.g. standards, blanks, duplicates, external
laboratory checks) including whether acceptable levels of
accuracy (ie lack of bias) and precision have been
established.’ (Minnitt, 2010, p. 2).
Reporting codes have enhanced the importance of
sampling in the mineral industries even though the Theory of
Sampling and Gy’s formula for the Fundamental Sampling
Error are not mentioned per se. While sampling practice and
laboratory performance are consistently emphasised in both
the SAMREC code and the JSE Listing Rules, scant attention
is paid to the very important aspects of material characterization, large-scale variability in the plant, and the specifications and performance of sampling equipment, which are
the main generators of sampling bias. This deficiency is in
need of attention.

Economics of South Africa’s minerals industry
The Department of Mineral Resources (DMR) reports that
research by Citigroup indicates South Africa’s non-energy
mineral reserves are worth $2.5 trillion, making her the
world’s richest country (Department of Mineral Resources,
2009, p. 7). The four most economically important products
are gold, platinum, ferrous metals, and coal, and these are
shown with their primary sales values for 2009 in Figure 1.
South Africa accounts for 88 per cent of global platinum
group metals (PGMs) reserves, 80 per cent of manganese, 72
per cent of chrome, 32 per cent of vanadium, and 13 per cent
of gold. South Africa’s exploration budget of R220 million in
2009 placed her 10th in line behind the big spenders,
amounting to about 3 per cent of the global exploration
budget (Department of Mineral Resources, 2009).
In 2009 South Africa’s mining industry employed about
500 000 people or 2.9 per cent of the country’s economically
active population (Figure 2), and about 1120 jobs were
provided through 112 new small, micro, and medium
The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 2—Total and local mineral sales compared to employment and
wages from 1988 to 2009 for the South African industry

enterprises (SMME). Apart from the readjustment in 2008,
Figure 2 also shows a steady increase in both local and
foreign mineral sales, the latter increasing faster than the
former.
South Africa’s mineral diversity and abundance is
demonstrated by the fact that 53 different minerals were
supplied from 1 548 mines and quarries to 80 countries in
2009. Gold was produced from 53 mines, platinum-group
metals from 45 mines, non-ferrous metals from numerous
mines, ferrous mineral ores were produced at 32 mines, coal
from 108 mines, and diamonds from 395 mines, all as
primary commodities and as value-added ferroalloys at 23
metallurgical works during 2009. Since 2003 there has been
a steady increase in revenue from mining (Figure 2), but
revenues from processed minerals in 2009 (R46.8 billion)
were down almost 50 per cent on 2008.
These economic highlights simply emphasise the fact that
South Africa’s economy is deeply reliant on the mining
industry. Even though it is seventh in line after manufacturing, electricity, financial services, tourism, communications, and construction as a contributor to national GDP,
mining is still the economy’s largest employer (Figure 2).
Thus, despite a general lack of appreciation of its relevance
and importance, sampling in the mining industry plays a
major role in establishing mineral resource value and we do
well to pay attention to it. Since sample values form the basis
for many major financial decisions, the manifestation of
sampling errors and bias can have considerable implications.

Theory of Sampling and the ISO standards
Pierre Gy’s Theory of Sampling (ToS) (Gy, 1979, 1982, 1983,
2003) was the central subject at the First World Conference of
Sampling and Blending (WCSB1) held in Denmark in 2003,
entitled ‘50 years of Pierre Gy’s Theory of Sampling’
The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 1—Value of South African mineral outputs in ZAR billion; note
the dominance of gold, platinum, coal, and iron ore

(Esbensen, 2003). Since then world conferences have been
held every second year, with WCSB6 being planned for 2013
in Lima, Peru. Generally there seems to a separation between
the applications of ISO standards and ToS in the minerals
industry. ISO standards have been applied mainly in regard
to the international trading of bulk commodities, while the
ToS finds its most important applications in the precious and
base metal sectors. The rise and popularity of ToS as a means
of identifying, categorizing, and minimizing sampling errors
has not overshadowed the importance of the ISO-linked
methods and equipment that are embedded in the minerals
industry. The ISO is in a strong position to incorporate and
accommodate the benefits available through the ToS.
The sampling process aims at ensuring that a sample
bears all the representative characteristics of the lot from
which it was taken. Diversions from this goal arise during
increment collection due to the characteristics of the material,
the equipment used for increment extraction, the handling of
increments after collection, and finally the analytical process
itself. The combination of errors from these sources identified
by Gy (1992, 2003) and Pitard, 1993) is termed the Total
Sampling Error (TSE), shown in disaggregated form in
Table I.
The sampling protocol along the lot-to-aliquot route is
generally understood by process operators, but it is rare to
see the total lot-to-aliquot process documented and displayed
in such a way that it can be followed irrespective of the
person involved. Each step in the protocol involves the
application of tools or technology to particulate materials. The
design and application of such sampling equipment must be
implemented such that the principle of sampling correctness –
‘all fragments must have an equal probability (p) of being in
the sample’ – is upheld for each volume of observation at
each step of the protocol. The incursion of bias due to the
four errors DE, EE, WE, and PE can be avoided only if p is
maintained when the lot is presented to the sampling
equipment. Sampling equipment should not be selective
either in terms of fragment size, shape, or density, and
increment sizes must be proportional to the mass of the lot
presented for sampling. Contamination, loss of mass, or
chemical alteration of material increments during crushing,
milling, screening, drying, filtering, and transportation
between sample selection events, must be avoided (Pitard,
2009).
The defining framework within which the protocol is
constructed is referred to as the sampling nomogram. This is
a staggered series of comminution and mass reduction
processes applied to the broken ore and designed so that
changes in the variance of the FSE with changes in fragment
size and increment mass can be followed. The nomogram is
constructed so that the FSE should not exceed 10 per cent
precision at any point along it. The two constants K and
alpha (α) are determined through an experimental process of
calibration for each specific ore type (Francois-Bongarçon
and Gy, 2002a, 2002b). These values are then substituted
into a modified version of Gy’s formula and form the basis
for compiling a nomogram.
The importance of the International Organization for
Standardization (ISO) standards in providing stable
guidelines for sampling prior to the widespread dissemination
of the ToS is referred to by Minnitt (2010). This organization
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Table I

Taxonomy of sampling errors in regard to material characteristics, plant processes, sampling equipment, and
analytical procedures

Total Sampling
Error

Sources of error

Nature of error

Material characterization
(sampling uncertainties)

In situ Nugget Effect (INE), A function of the occurrence and distribution of
nuggets in the host rock to be sampled
Fundamental Sampling Error (FSE). Related to compositional heterogeneity
due to the material properties of the lot
Grouping and Segregation Error (GSE). Related to distributional heterogeneity
due to grouping and segregation in the lot
Increment Delimitation Error (IDE or DE), Geometry of outlined increment is not
completely recovered; can be completely eliminated
Increment Extraction Error (IEE or EE), Material extracted does not coincide
with the delineated increment; can be completely eliminated
Increment Preparation Error (IPE or PE), All sources of non-stochastic variation
after extraction of the material; error should always be nil
Increment Weighing Error (IWE or WE), May be relevant or not, depending on specific context
Short-range Process Integration Error (PIE1)
Long-range Process Integration Error (PIE2)
Periodic Process Integration Error (PIE3). Random, time, and cyclical fluctuations,
usually sub-divided into random and non-random effects
Analytical Error (AE), All sources of error associated with materials handling and
processes in the laboratory

Sampling equipment and
materials handling
(sampling errors)

Plant process and procedures
(combined sampling
uncertainties and errors)
Analytical processes
(mainly sampling errors)

Source: Gy (1992, 2003), Pitard (1993, 2009)

was established in 1947, at about the time that Pierre Gy
began to develop the underlying concepts and ideas for the
ToS. Although not restricted to the minerals industry, the ISO
standards represent minimum requirements for product
quality and provide definitions, terminology, and concepts for
effective quality management in the trading of mineral
commodities and products. According to Cook (2010) the
main aim for the ISO is to facilitate trade by institutionalizing
attitudes towards quality that are based on right policy,
procedures, records, technologies, resources, and structures.
The benefits to ISO-registered suppliers are product differentiation through superior quality products and a measure of
customer loyalty because their expectations in regard to
quality are being considered. The ISO provides carefully
researched off-the-shelf standards for sampling-related
issues in mining and quarrying (73.020), coals (73.040),
metalliferous minerals and their concentrates (73.060), nonmetalliferous minerals (73.080), and equipment for
processing of minerals (73.120) (Minnitt, 2010).
The application of ISO standards also appears to rest on
an important distinction between precious/base metals and
bulk commodities. Generally, precious and base metals are
sold into metal markets where prices are fixed through a
number of different methods, but all are related to the
balance between supply and demand. In addition, because
precious and base metals can be produced to a ‘five-nines’
standard, there is very little in the way of product differentiation in the market place. For the bulk commodities,
however, once a supplier-customer relationship has been
established, linkages between producer and consumer are
likely to be much stronger. The producers of ferrous metals,
for example, produce to meet fairly inflexible customer
specifications that are established before the product arrives
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at the port of destination. The ISO provides a valuable
standard and basis against which international trading
partners can measure product specifications.

Sampling at South Africa’s mineral deposits
The economic significance of gold, platinum, ferrous metals,
and coal (Figure 1) to South Africa’s export earnings forms
the basis on which the sampling practices in the industry
were investigated. For each of the four principal mineral
products the sampling procedures and processes during
exploration, face sampling and grade control, ore processing
and handling, and metallurgical subsampling of solids and
slurries are considered in tabular form in the following
sections. The influence and effect of the two main sampling
errors, Fundamental Sampling Error (FSE) and the Grouping
and Segregation Error (GSE), as well as the biases that arise
due to the Delimitation, Extraction, Preparation, Weighting,
and Analytical errors, are noted. The possible magnitude of
each error or bias for the mineral product at each stage of
sampling is estimated on a scale of one to ten and the
sampling practices are graded in this way. While the impact
of laboratory practices is shown in the tables, the issues of
sampling in the laboratories for these minerals are dealt with
elsewhere in this paper.

Sampling gold deposits
For more than 100 years the gold mining industry has
applied itself to a variety of aspects of sampling, particularly
face sampling, which are controlled by strict, documented
protocols for sampling at all stages of gold production. The
methods and reasons for good sampling, including health and
safety measures are provided in detailed standard operating
The Journal of The Southern African Institute of Mining and Metallurgy
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procedures (SOPs), or codes of practice, for example Internal
underground chip sample standards (Flitton, Bernard, and
Spangenberg, 2009). Monitoring of sampling sites,
underground and on surface, during regular planned task
observations (PTOs) by company sampling champions
ensures that protocols, standards, and SOPs are adhered to.
Most large mines have information management systems that
verify data through checks and approvals (Minnitt, 2010).
Details of sampling in gold mining operations are
summarized in Table II.

Face sampling
The run-of-mine gold content and day-to-day economic
viability of South African gold mining operations is
maintained through a grade control process that relies on
chip sampling of mineralized rock faces. Training for the
practice and procedures for channel sampling of the stope
faces for samplers and surveyors is provided as part of the
Mine Surveyors Certificate of Competency (Department of
Minerals and Energy), through technical colleges, the
Chamber of Mines, and mining companies.
The sample mass, sample spacing, sample size, and the
ratio of sample mass to the gross mass as the critical factors
determining the representivity of samples were described by
Storrar (1981). Various aspects of face sampling of the
Witwatersrand-type gold reefs has been investigated by
many (Watermeyer and Hoffenberg, 1932; Hoover, 1933;
Beringer, 1938; Jackson, 1946; Truscott, 1947; Sichel, 1947a,
1947b; Harrison, 1952; Krige, 1952, 1964, 1966; Rowland

and Sichel 1960; Whitten, 1966; Rowland, 1966; Storrar,
1981; Lerm, 1994) and are documented by Cawood (2004).
Although these insights were not ordered in a structured
taxonomy like that in the ToS, Cawood’s (2004) study of the
historical development of sampling practice on South African
mines suggests that a complete spectrum of sampling errors
equivalent to those that Gy identified were appreciated and
accounted for in the principles underlying sampling practice.
The combination of error and bias is generally not as
severe for the wider more homogenous reefs such as the
Ventersdorp Contact Reef (VCR) and Main Reef (Brokken,
2010) as it is for the narrow composite reefs (Carbon Leader,
Basal Reef, Vaal Reef). The latter reef types consist of a small
pebble conglomerate 10-20 cm wide, with a carboniferousrich layer, between 0.1 cm and 2 cm wide, at the base of the
reef. The carbon-rich layer may contain fly-speck or
columnar carbon that makes this narrow unit much softer
than the overlying quartz pebble conglomerates. The softer
carbon-rich layer may contain up to 90 per cent of the gold
mineralization and easily produces a 20 per cent
oversampling, something that Sichel (1947) and later
Harrison (1952) warned of. Even under ideal circumstances
channel samples are defined only in two dimensions and
owing to the hardness of the rock the most carefully
delimited samples can never be fully extracted. Sample
extraction using hammer and chisel is not acceptable, and
generally the sampling process is dictated by what is possible
in practice rather than the requirements of a prescribed
sample mass. The common use of accumulation values

Table II

Sampling in the gold mining industry
Sampling site and mechanism, sampling problems arising from site and mechanism

Error/ Impact

Exploration
Very detailed protocols for dealing with borehole cores. Use of diamond drill holes for exploration.
Random systematic or stratified sampling methods.

DE, EE/ High (7)

Face sampling and in-mine grade control
Authoritative sampling mode. Very well developed face sampling protocols. In situ sampling has the greatest potential to erode
value. Life-of-mine plans are based on in situ sampling. Any bias at this stage can seriously affects long-term forecasting and life
of mine plan. Large pebble conglomerate reefs (VCR) are easier to sample low mine call facror (MCF). VCR generally has a
higher MCF that thin carbon base reefs. Some reefs are thin, composite conglomerate-carbon reefs (Basal, Vaal, Carbon Leader).
Each component has very different sampling characteristics. Calculation of tonnages could be affected
Ore processing and handling
Larger operations have clearly defined sampling protocols for broken ore sampling, (BOS). Sample mass and number of
increments per unit mass clearly defined at go-belt sampler. Large composite samples are collected. Assay aliquots the same for
BOS and plant samples. BOS samples are reduced in size in preparation plant to produce assay aliquots. Optimized protocol for
stages of BOS sub-samples. Increment size and rate of collection carefully controlled by protocol.

FSE, DE, EE/
Extremely high
depending on
mining method (9)

FSE, GSE/ Med
high (6)

Handling procedure of broken ores causes softer materials to degrade and break up causing liberation and segregation of fine
gold. Composite sample collected from cross-belt sampler (go-belt sampler). Material is very coarse; up to 30cm. Segregation
and loss of fine gold during transport leads to low MCF. Coarse material extracted, fines left on belt.
Metallurgical sub sampling solids and slurries
Vezin-type cross-stream samplers and in-line, automatic cross-stream samplers:

EE/ Low (2)

Process sub-sampling solids and slurries
Detailed protocols for collecting, handling and analysing process control samples

PE/ Med (4)

Sub-sampling in the Laboratory
Face samples are pulverized and assayed. Data used for grade control and evaluation for short- and long-term forecasting.
Different protocols for handling BOS and face samples in laboratory. Face samples use 30g aliquots, BOS samples use larger
aliquots.Treatment and sub-sampling of broken ore samples (go-belt) more detailed and controlled by detailed protocols. BOS
samples are larger and assay procedures more carefully controlled than for normal face sampling protocol. Data used for monthto- month mining reconciliation, metallurgical balances and metal accounting. Detailed optimized sampling protocols are
designed and implemented.
Total

FSE/ med-high (5)

31/60 =50%
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(Source: Minnitt 2010, used with permission of AusIMM, 2013; See Table 1 for an explanation of FSE, GSE, DE, EE, PE, WE, and AE)
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(centimetre-grams per ton, cmg/t) means that different
densities (e.g. Ventersdorp Contact Reef uses 2.71 g/cm3
whereas Carbon Leader and C Reef use 2,78 g/cm3) are
applied to a reef width, rather than sample mass (Cawood,
2004).
Overstatement of sampling values is the principal
contributing factor to apparent loss and low mine call factors
on gold mines where narrow carbon-type reefs are mined.
Attempts to use single- or multiple-blade diamond saws have
made little difference to the overstatement of sampling
values, and nondestructive radiation analysis in the stope
face has not gained much acceptance (Lerm, 1994). ‘Despite
some small advances over the years, it is now nearly sixty
years on and there is still no mechanized tool that can take
the perfect sample at an even depth efficiently and economically’ (Cawood, 2004). Irrespective of how well samplers are
trained, face sampling differs from one sampler to the next;
even under the strictest supervision, uniform sample
extraction is almost impossible (Lerm, 1994, Flitton, 2010,
Minnitt, 2010).

Go-belt sampling
Although no studies have been reported, it is likely that a
good proportion of the softer, carbon-rich gold ores are
broken during the seven-fold handling from underground
workings to the plant. Much of the contained gold will be
liberated and either segregated or lost to the system. On
surface the ore is fed from the tip to the go-belt, sampled
using a cross-belt hammer sampler (Figure 4), and then
stored in a silo from where it is fed to the plant. The ore skips
are equipped with weightometers that provide a record of
tons hoisted. In terms of sizing, the first constraint occurs as
the ore is passed through the 30 cm x 30 cm grizzly, at the tip
in the underground workings or on surface, before reaching
the go-belt sampler.
Typically the go-belt sampler is the first point at which
both grade and tons are estimated in the reduction of gold
ores. Some gold mining companies characterize their ores by
means of heterogeneity tests, detailed deportment studies,
and calibration of the sampling constants (K and α). Such
studies provide the basic information for compiling an
optimal sampling protocol that describes the changes in
sampling variance as the mass of the samples is reduced as
recorded in the sampling nomogram. Studies indicate that a
composite sample collected at the go-belt should be 200 t to
500 t (Letsie, 2009). Variographic analysis of ore streams is
an important step in minimizing large-scale cyclical
variability due to process variations in the plant. Such
insights from the daily go-belt samples provide guidance for
the optimal size and timing of increment extraction, e.g. one
70 kg sample per 500 t of ore.
Go-belt samples provide an estimate of the total gold
produced from each reef every month. The go-belt sampler is
screened off to prevent either injury or interference with the
collection of the ore (see Figure 3). The two main factors
affecting representative sampling at the go-belt are sampling
frequency and sample mass (Spangenberg, 2007). At some
operations go-belt samplers are activated on a mass basis by
a weightometer, such that a single 200 t increment is
collected over a 24 hour period from 10 increments of about
20 kg each (Kelly, 2007). Generally, the increment mass for a
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representative composite sample should be determined from a
heterogeneity study. Information from go-belt sampling is
valuable if the results are used in a ‘fit-for-purpose’ manner.
Unfortunately, the inability to reconcile the geostatistically
evaluated call on gold from underground face sampling with
what is found on the go-belt has meant that go-belt samplers
have been decommissioned at several mining operations.
However, the experience at Harmony Gold Mining Company
is that RoM sampling can be used for monthly metal
accounting to allocate production to different shafts, despite
the high variance of go-belt sampling.
Moisture may affect the sample mass leading to a bias in
the sampling results, particularly if the proportion of fines is
high (Pitard, 2009, personal communication), but moisture is
usually measured on samples taken specifically for the task
rather than using material that is collected for assay
purposes.

Waste stream sampling
Material sent to the waste dump is analysed on a regular
basis using a stop-belt sampler consisting of a static steel
frame that exactly matches the profile of the stopped
conveyor belt. The frame is placed on a stopped belt, allowing
the total increment to be easily removed from the belt
together with all the fine material that accumulates at the
bottom of the belt; the ideal situation is shown in Figure 4.
The nominal top size of the waste rock is 150 mm and the
width of the cut is 50 cm, at least three times greater than the
nominal top size. The opening through which the sample is
delivered and collection chute are designed to minimize any
spillage or loss of sample (Spangenberg, 2009).

Figure 3—Go-belt sampler installation on conveyor belts from shaft
head (source: Letsie, 2009; Minnitt, 2013)

Figures 4—(a) Design and shape of the stop-belt sampler is correct, (b)
profile of the stop-belt sampler fits the shape of the belt exactly
(source: Kelly, 2007)
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Plant sampling
Sampling in the plant is used to ensure that in-plant
processes as well as flow rates, pulp densities, and pH
measurements are maintained within specifications. In
contrast, sampling for recoveries and efficiencies of
metallurgical balances ensures that gold entering and leaving
the plant is accounted for.
In gold plants, pulp head feed to the thickeners (thickener
overflow) is sampled using robust Vezin-type cross-stream
samplers to produce a daily composite made up of sample
increments collected every 15 minutes. Radial cutter blades
on Vezin samplers (Figure 5a) are radial along the full length
of the collector, but may accumulate a residue of pulp on the
blades immediately adjacent to the portion that cuts the
slurry stream. In some cases adequate and effective cleaning
mechanisms have been installed as shown in Figure 5b.
Turbulent flow of slurry along the edges of the launder at
the thickener underflow (Figure 6a) may generate a bias as
the cutter blades cross the stream at this point. Cross-stream
slurry samplers may be installed where the flow rate in the
launder is too high so that unbiased, representative samples
cannot be collected. While the cutter blades for sampling
device illustrated are not worn, the length of the blade is
inadequate for the flow rate (Figure 6b, Kelly 2007).
Residue pulp samples collected in the plant (final tail
sampler) are sent to the filter press and submitted for
analysis. Training in the simple aspects of sample correctness
and good sampling practice is essential if staff across the
plant are to be sensitized to the importance of sampling. In
any responsible position, untrained staff could potentially
generate biases during sample preparation because of a poor
understanding of the sampling processes involved.
Several samples are taken at different points in the
elution stream, most of which are extracted manually. In the

acid wash phase pH and Ca are determined before and after
the wash and during loaded carbon lifting. Loaded, barren,
and regenerated carbons are sampled by in-line carbon
samplers during the transfer from the acid wash to the
elution column, and during transfer from the elution column
to the kiln feed bin. Solutions from the electrowinning feed
and the barren electrolyte are sampled manually by an
operator at the electrolyte drain valve. Smelthouse bullion
and slag are manually sampled by drilling and increment
collection by an operator. Waste products, including carbon,
wood chips, and solids, are also sampled manually as
required.

Sampling platinum group metals
The 2 060 million–year-old Bushveld Complex contains 68
per cent of the world's economically viable chromite reserves
and 86% of all known platinum group metals. The Critical
Zone hosts the Upper Group (UG) chromitite layers, among
them the UG2 Chromitite Layer, which averages 1 m in
thickness, carries economically important platinum group
element (PGE) deposits. The uppermost unit of the Critical
Zone carries the PGE-bearing Merensky Reef, a feldspathic
pyroxenitic assemblage with associated thin chromitite layers
that rarely exceeds 1 m in thickness. Apart from faults and
dykes the Merensky Reef and UG2 Chromitite Layer are
characterized by potholes – slightly sunken, circular features
where lithological layers of economic significance are
completely or partially absent, causing geological losses of up
to 25 per cent. Chromitites of the UG2 Chromitite Layer
typically consist of fine-grained (1-2 mm) chromite (>80 per
cent) and interstitial feldspar (<20 per cent ), and accessory
interstitial pyrrhotite and chalcopyrite. The platinum group
minerals (PGEs) cooperite, braggite, sperrylite, and laurite are
typically very fine-grained, and hosted within the base metal
sulphides (Lomberg, 2009, Minnitt, 2010). A summary of the
sampling issues in the platinum mining sector identified in
this study is provided in Table III.

Exploration

Figure 6—(a) Turbulence created at the ‘lip’ (LHS of launder) will
introduce bias at this point, (b) cutter blades are not long enough to
match the flow rate (source: Kelly, 2007)
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Figure 5—(a) Vezin sampler splits the primary residue sample, and
(b) cleaning nozzle pointing at head grade sampling by cross-stream
cutter (source: Kelly, 2007)

Exploration borehole cores are treated with particular care in
that they are the primary indicators to prospective investors
of the value of the potential mineral development (Donlon,
2010). Borehole cores are split using a diamond saw and
half-core samples 15–20 cm long are taken within the UG2
Chromitite Layer, with slighter longer samples (up to 30 cm)
in the immediate hangingwall and footwall. Samples include
approximately 2 cm of hangingwall or footwall, the same as
in the gold mining industry. Samples are placed in a
numbered bag, documented, and dispatched to the laboratory
for analysis. The remaining split core is marked showing the
relevant sample numbers is stored for future reference
(Lomberg, 2009). Core samples, between 500 g and 600 g,
are crushed to 70% -2 mm and milled to 85% -75 μm, and
30 g and 50 g aliquots assayed by fire assay using lead
collection. PGE fire assays are undertaken locally, but Cu and
Ni assays (XRF) are undertaken abroad. QA/QC controls
ensure that PGE and base metal assay techniques are
appropriate for mineral resource estimates, and that the assay
techniques for recent drilling are compatible with the
techniques used for the historic data.

Sampling in the South African minerals industry
Table III

Sampling in the platinum mining industry
Sampling site and mechanism/ Sampling problems arising from site and mechanism

Error/impact

Exploration
Very detailed protocol for siting, drilling, and recovering core samples. Random systematic or stratified sampling methods.
Only mineralised portions of core are split, bagged and tagged. Samples are then weighed, crushed and LM2 milled to 80%
-75 μm. Samples are analysed for density, base metals and PGEs.
Face sampling and in-mine grade control
Authoritative sampling mode. Sample cut from block in face. Data used for evaluation and long-term planning and
comparisons with plant input measurements. Merensky and UG2 reefs significantly different. Distribution of grades varies
through the reef profile for both Merensky and UG2 reefs. Higher grades may occur near footwall contact, distribution is
inconsistent. Most serious impact on long-term planning and life-of-mine.
Ore processing and handling
Ore from various shafts are not batch processed, but mixed at random when delivered at the concentrator. Ore is
transported from shafts to the plant via conveyor belts, trucks or trains. Handling causes degradation with segregation and
loss of fine sulphides. Mixing ore and waste underground increases the material heterogeneity. Composite samples are
collected with cross-belt sampler (go-belt/hammer sampler). Bias due to incorrect sample extraction. Varying belt profiles
have a detrimental effect. Due to sample size it is very difficult to determine representative moisture, where dry mass may
be required. For run-of-mine material (top size approx. 300 mm) where material is very heterogeneous or mixed with waste up to
50 t of sample is required to minimise sampling constant. Minimum of 30 cuts per sampling campaign is required. Moisture
content of sample may be incorrect. Grade content of sample used only to calculate ounces split ratios, to allocate
concentrator product content back to shafts.
Metallurgical sub sampling solids and slurries
Batch transfers at smelters and refineries can be controlled via a semi-automated sampling system. The system software
can communicate with the PLC/weighbridge software etc. to do system checks and facilitate the use of barcode scanners.

DE, EE/ high (6)

DE, EE/ very high (8)

GSE/ medium (5)

DE, EE, PE/ medium (5)

Transfers and the associated samples can thus be traced via barcodes and electronic transaction identities creating a proper
audit trail and simplifying processes.
Moisture sample to determine dry mass.
Sampling for grade: at the concentrators a Cross-stream/Vezin or Vezin/Vezin sampler at the mill discharge/rougher feed
slurry line is used. At the smelters for concentrate wet cake material Auger sampling in tipper trucks/or Spiral samplers. At
the refineries interleaved Vezin samplers can be used.
Process sub-sampling solids and slurries
Instrumentation for online analysis can be used. Only measuring part of the stream. Data may be biased and can only be
used for trending. Mass and density meters. Requires a full upward flow. Difficult to calibrate representatively. Error in
measurement decrease as density decrease. Recovery decreases as density increases
Sub-sampling and analysis in the laboratory
Semi-automated sample preparation; samples can be prepared and analysed at robotic laboratory. Samples are labelled with
bar codes. Robotic laboratory then crush and mill samples to 80% -75 μm before analysis. The system software can
communicate with the PLC/weighbridge software etc. to do system checks and facilitate the use of barcode scanners. The
samples can be traced via barcodes and electronic transaction identities, creating a proper audit trail and simplifying
processes. Sample preparation protocols are designed to minimize preparation uncertainties. Milled or finely
crushed products are normally sampled, but where possible the sampling constant is determined, to further define the
nominal top size before sample size reduction. When weighted composite samples are required, Variable split sample
dividers (VSSD) are now replacing matte rolling and dip sampling.
Generic sample preparation protocol includes: drying in conventional oven at 110°C, lump breaking with lump breaker or
screen, rotary split to reduce sample size and collect representative sample for gradings (if required), use of VSSD to make up
daily weighted composite with an ideal mass, LM2 milling of individual samples or weighted composite to 95% passing 75 μm,
rotary split composite sample to provide sample for laboratory (normally between 200 g and 500 g). If sample has not yet
been milled to 95% passing 75 μm then Sieb mill sample. Selection of the final aliquot can be problematic especially e.g. if only
example 0.5g is needed for base metal analysis. Current practises involve matte rolling and dip sampling but the use of 3
dimensional tubular mixers and optimized micro-splitters are being investigated.
Total

GSE, DE, EE/ med-high
(6)

GSE, DE, EE/ med-low (4)

GSE, DE, EE/ low (2)

36/70=51%

(Source: Minnitt 2010, used with permission of AusIMM, 2013)

A recent comparison of chip sampling against reef
intersections in boreholes indicate that the chip samples
return higher grades than the borehole intersections by 35
per cent on UG2 and 30–40 per cent on Merensky Reef
(Mosholi, 2009).

Face sampling
The similarity in dip, thickness, and stratiform nature of the
reefs means that face sampling protocols for the platinum
mines and Wits-type gold mines are similar. Underground
chip sampling is undertaken for evaluation purposes on all
stope faces and reef development ends (winzes and raises) at
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sampling intervals of 2–6 m. Sample positions are carefully
marked off, using a chalk marker, as a channel perpendicular
to the dip of the reef and across the full width of the reef
(Figure 7a). The channel width of the sample is 20 cm, and
the full width of the reef, hangingwall to footwall, is
subdivided into 20 cm intervals. Sample borders are cut into
the face along two vertical guide lines using a circular rock
saw to a depth of approximately 4 cm; samples are then cut
along horizontal lines (Figure 7b). A hammer and chisel are
then used to chip, from the bottom upwards, about 500 g of
rock from the face with the rock fragments being collected in
a metal tray and transferred to a numbered sample bag
(Figure 7c, Hol, 2009).
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Sampling standards are maintained by careful training
and regular auditing of samplers, because the likelihood of
contamination and loss of material is high (Hol, 2009).
Although the sampling is made easier using diamond saws to
cut along the correctly delimited sample boundaries on the
exposed rock face, traditional sampling using a hammer and
chisel has been a preferred method since the opening of
South Africa’s precious metal mines in the late 1880s.

Go-belt sampling
The first sampling of ore on surface is by means of an
automated cross-belt (hammer) sampler that is activated by a
weightometer on a mass basis (Figure 8a and 8b). Although
standard cross-belt cutters may meet all the necessary
engineering specifications, one must accept that non-biased
sample extraction is not possible with this device because the
cross-belt cutter does not sweep close enough to the belt to
ensure that all the fines are removed (Figure 8c).
The fines invariably carry higher grades than the larger
lumps of ore and the extraction of larger fragments in
preference to smaller ones introduces a bias in the grade of
the samples. Poor adjustment, sub-standard installation, or
simple neglect may mean that the already-biased samples
incur additional bias (Mosimane, 2007). Time-based
increment extraction has the disadvantage that large
amounts or very little ore may be on the belt at the instant
the cutter is activated, and the efficiency and effectiveness of
the device is questionable. The mass of some increments may
be too small, giving rise to biased and inaccurate samples.

Plant sampling
Detailed mineralogical studies together with material characterization of the ores and precious metal assays provide the
database for the compilation of sampling nomograms that
allow one to minimize the FSE. Many such studies are
conducted, as recovery from both the Merensky and UG2
reefs depend critically on comminution and liberation of the
host sulphide minerals. Comminution protocols and sample
preparation are very sensitive to grain size because the
sulphides containing the PGEs are interstitial to the grains of
the chromitite host. The UG2 Chromitite Layer breaks along
grain boundaries and liberates the sulphides, which means
that fines on a UG2 mine typically have twice or three times
the in situ grade (Lomberg, 2007). The liberation of the
precious metals is a function of the liberation of host
sulphides, which in turn is a function of their grain size and
the chromitite-sulphide grain structure. Samples with lower
grades are more sensitive to the comminution protocol; this is
particularly true of lower grade gold mineralization.
Recoveries from the UG2 are lower than for the Merensky
Reef because of the poorer metallurgical flotation
The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 7—(a) Marked off sample section, (b) cutting sample from stope
face, and (c) chipping samples from stope face (source: Hol, 2009)

performance of UG2 ores. UG2 flotation concentrates still
contain entrained chromite; this in turn affects the
metallurgical behaviour of UG2 concentrates in the
downstream smelting process (Donlon, 2010).
Sampling departments at the larger mining operations
have well-designed and rigorously enforced codes of
sampling practice. Larger mining operations treat Merensky
and UG2 reefs separately using conveyors to deliver
Merensky and UG2 ore to their respective mills; smaller
operations simply process a combined stream of ore. Milled
products are sampled using a cross-belt hammer sampler to
provide management with shaft-specific indicators of
metallurgical balances and the effectiveness of grade control.
Sampling of the UG2 and Merensky reefs are considered
separately because of the large amount of by-product
chromite associated with the UG2 reef. Types of samplers
encountered in the plant at UG2 operations include
automated cross-belt samplers (Figure 8a), as well as manual
sampling of slurries, falling streams (chromite concentrate),
and tailings. Typically the plant is designed to separate PGEs
and chromite in UG2 ores by crushing and cleaning with
heavy media separation. Particle sizing of the crushed ore is
checked every 4 hours before it is milled; ore is acceptable if
75 per cent of a 3 kg sample passes -19 mm. Head grade and
moisture are measured on an eight-hourly, 12–15 kg
composite of increments taken by an automated cross-belt
sampler.
At some mines spirals are used to separate the chromite
and to produce a saleable metallurgical product. After primary
crushing, ores being conveyed to the silos are sampled on an
hourly basis using stop-belt methods. Increments are
accumulated over an eight-hour shift into a 10–15 kg
composite sample that is assayed for head grade and
moisture. Chromitite ores pass through a primary mill
followed by primary floatation that removes PGE-bearing
sulphides. Chromite is removed and the material flow is
subject to a secondary crushing followed by secondary
floatation for PGE-bearing sulphides.
Milled Merensky ore is sent to a primary flotation plant
where the ore is slurried with water and reagents. Once the
waste material is removed, the floatation concentrate and the
sinks (tailings) are sampled using a time-based cross-stream
cutter and a continuous Vezin sampler. Installation of the
equipment is done by the mine according to the manuals
provided by the manufacturers, who will provide equipment
guarantees only if they perform the inspection phase of the
installation; training and manuals for the use and
maintenance of the equipment are provided by manufacturers.

Sampling in the South African minerals industry
In summary, possible biases have been reduced by
considering the feed size, the feed rate, mill capacity, SAG
mill loading size, and the product size in the design phase of
comminution circuits. In the design of flotation circuits the
potential for sampling biases in slurries has been reduced by
considering feed rates and grade, froth flows and grade, and
the percentage solids. Spot checks for obvious defects,
contamination, broken parts, and sample masses are
performed at random on a daily basis by senior staff
members who record their findings on a checklist.

Summary for platinum deposits
Consistent training and exposure to courses given by leading
international experts over the past 15 years is bearing fruit as
practitioners and manufacturers incorporate concepts from
the ToS into plant designs and custom-built sampling
equipment used in both Merensky and UG2 plants. To
consolidate the advances in equipment manufacture, further
process optimization in platinum plants requires sampling
campaigns, mineralogical analysis, fractional analysis, data
analysis, and feedback. However a lack of management buyin, inappropriate flotation cell sizes, unstable feed characteristics, poor plant control, and skills shortage act as
constraints on such developments (Naidoo, 2010).
The cross-belt, rather than cross stream, samplers are
generally used on the run-of-mine ores before or after the
primary crush. Such samplers are easy to retrofit, cheap to
manufacture, and need no transfer point as for cross-stream
sampling (Naidoo, 2010). Cross-belt samplers are adjusted to
minimize the chance of damage to the conveyor belt while
taking the best possible sample. Segregation of coarse and
fine material occurs on conveyor belts during transportation
of material over a large number of idlers before sampling
(Robinson and Cleary, 2009). Consequently there tends to be
an over-representation of coarser material from the top of the
belt and the side of the belt nearest the sample chute, with a
substantial amount of finer material left on the belt. Such
samplers are not recommended (Lyman et al., 2009). Rotary
and Vezin-type samplers generally have good extraction
ratios and negligible bias under a range of operating
conditions (Robinson and Cleary 2009) so their use at the
plant is recommended.
The strongly biased nature of grab samples, as well as the
ease with which a cross-stream sampler can be fitted at a
transfer point on the conveyor from underground to stockpile,
should preclude the use of grab sampling, especially to
determine the head grade of feed to the plant (Lyman et al.,
2009). These investigators also suggest that the stop-belt
sampling creates undue strain on the belt, causing
overloading of the belt, spillages, and overflow into the
sample collected (Naidoo, 2010). In the same way the use of
spigots and pipes to manually sample slurry streams in the
chrome and tailings re-treatment plant should be replaced by
a sampling mechanism that will introduce turbulent flow.
This will break up the segregation that develops during
laminar flow and allow a more representative sample to be
taken (Robinson and Cleary, 2009). According to Naidoo
(2010), test work has indicated that in the flotation cells,
recovery decreases with higher density in the primary
thickener underflow (Valenta, 2009). It is therefore important
to keep a good check on densities, so the pitfalls in the
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current density measurement process (i.e. consistency of
sample mass, possible dilution and contamination) can be
avoided.
‘Over the last few years the largest of South Africa’s
platinum producers has improved its evaluation processes
through implementing strict corporate governance and Best
Sampling Practice. The ‘Home and Away Sampling’ strategy
allowed samples to be analysed at the Sender and Receiver
sites, and was convenient due to the geographic distribution
of plants in the eastern Bushveld Complex. However as the
operations expanded, maintaining sampling quality and
sample throughput was threatened, so that single-point
sampling and analysis in an ISO17025 accredited laboratory
was introduced. This facility was then upgraded knowing
that ‘the best defence against sampling bias is correctly
designed mechanical sampling.
‘Sampling protocols that define stages of comminution
and mass reduction, minimising and eliminating dust losses,
and monitoring of quality control parameters, for different
material streams have been introduced. Improved QA/QC for
sample preparation procedures, improved audit trails, and
electronic transfer of data became essential as the number of
samples to be processed has increased. Electronic
management of sampling protocols, sample bar coding, audit
trails, process variation, and statistical process control are
now standard procedures. New mechanical equipment (the
Variable Split Sample Divider) has been successfully designed
and developed to replace manual methods for compositing
weighted samples. Optimisation of the mass determination as
well as correct sampling of concentrate slurries has reduced
operational cost significantly …
‘…The likelihood of serious introduction of bias in the
analytical stages of sampling has been minimised … by the
installation of completely robotic systems that eliminate
human handling and intervention from the time the sample is
submitted to the time the grade appears as a figure on the
report document.’ (Minnitt, 2010).

Sampling ferrous metals
Manganese deposits
The Kalahari Manganese Field in the Northern Cape Province
hosts the stratiform manganese beds that occur in the banded
ironstone sediments of the Hotazel Formation in the
lowermost Postmasburg Group at the base of the Transvaal
Supergroup. Of the three sub-horizontal manganese beds,
only the lowermost (Mn1) is currently mined at Nchwaning
Mine. However, numerous small mining operations have
entered the market and are extracting ores from other units.
Experience has shown that of the 6 m thick beds, only a more
or less central 3.5 m mining cut in the lowermost unit
provides the optimal grade and recovery. The ISO 9000
standards for manganese sampling are strictly applied during
the stacking and reclamation of numbered, sized, and
sampled stockpiles that are about 300 t (Figure 9).
The ores being stockpiled are sampled using automatic
cross-stream samplers to collect mass-based increments.
Inspection of the cross-stream samplers indicated that they
obey the principles of correct sampling as per CSIRO (2000)
requirements. Each sample of a stockpile consists of 10
The Journal of The Southern African Institute of Mining and Metallurgy
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increments of between 150 kg and 170 kg to give a
composite sample of between 1.5 t and 1.7 t per stockpile
(stack); the sampling rate here is 0.64 per cent. This allows
extremely accurate grade control for all shipments from the
mine. The average size distribution for the manganese ores is
shown in Table IV. Products are typically split into lumpy (9–
75 mm) and fines (<9 mm) (Assmang, 2010).
Typical analyses of the fines and lumpy manganese ores
are listed in Table V.
A summary of the main issues in regard to sampling in
the ferrous metals industries, taken here to be represented by
iron and manganese, is presented in Table VI.
All exploration holes, 36mm BQ core, are drilled vertically
to intersect the three sub-horizontal manganese layers. Core
from all three seams is split, logged, and sampled at 50 cm
intervals so that the best 3.5 m composite section can be
identified. In-mine grade control is done by profiling of the
orebody for manganese and iron by marking off samples in a
30 cm wide vertical channel across the face. The channel is
divided into 30 x 30 cm blocks, the sample mass collected for

every 30x30 cm block being about 200–300 g. This means
that every mining cut (about 1300 t of ore) is covered by
12–15 samples with an average mass of 5 kg.

Table IV

Approximate size distribution of classified
manganese ores
Size fraction

%

-75 to -60mm
-60 to -32mm
-32 to -6mm
Fines: > -6mm
Fines: > -0.5mm
Slime:
Total

12%
27%
32%
19%
3%
7%
100%

Table V

Typical analyses of manganese ore grades
Element, %

47% fines

48% lumpy

48
11.4
6
0.05
0.19
0.39
5
0.7
<0.1
<0.1

49
10.5
4.5/6.0
0.05
0.17
0.35
4.9
0.7
<0.1
<0.1

Mn
Fe
SiO2
P
S
AI2O3
CaO
MgO
K2O
Na2O

Figure 9—Numbered and sampled manganese stockpiles ready for
blending

Source: Assmang 2010.

Table VI

Sampling in the ferrous metals industry
Sampling site and mechanism. Sampling problems arising from site and mechanism

Error/impact

Exploration and blast hole sampling
Very detailed protocol covering drilling method preference, material recovery, core drilling, percussion drilling, reverse
circulation (RC) drilling, transport of drilling samples, sampling, sample preparation, analyses, chain of custody,
administration, and metallurgical test work.

DE, EE/ High

Face sampling and in-mine grade control
Detailed protocol for in-pit mine-grade control. Random systematic or stratified sampling methods used for blast-hole and
reverse circulation drilling. Sample defined in 2D, Sample mass depends on depth drilled, every one or two metres. Sampling
of chips from blastholes using pie-slice catcher. Labour intensive, operator dependent. Data used for evaluation, planning
product specifications, and life-of-mine planning. Bias due to differences in sample support, incorrect delimitation and substandard
extraction of sample chips. Bias can influence long term planning or downgrade resource estimation and life of mine.
Ore processing and handling
Mass based, automated, cross-belt sampling of different sized streams after crushing and sizing.Bias introduced due to
excessive sampling of coarser material that typically has a slightly higher grade than the average of the stream. Samples split
17%:83% for sizing and grade, respectively. Screening may be inefficient if screen blinding occurs when fragment size is close
to screen size. Sample mass and number of increments per unit mass at go-belt sampler are clearly defined. Time-based
increment extraction.
Metallurgical sub-sampling solids and slurries
Cross-belt samplers are commonly used in the plant for monitoring size and grade. These can introduce significant bias in regard
to both sizing and grade. Cross-stream and belt-end samplers are used on three types of final products and the waste stream.
Sub-sampling in the laboratory
Very carefully controlled protocols for XRF and wet-chemical analysis.

DE, EE/ Very High

DE, EE/ Med

DE, EE, PE/medlow (4)

PE low (2)

Total

29/50=58%
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(Source: Minnitt 2010, used with permission of AusIMM, 2013)

Sampling in the South African minerals industry
In the metallurgical plant the ore is crushed, washed, and
screened to various sizes and then is stacked according to
size and grade. Processes in the plant are strictly controlled
using the ISO9000 standards for manganese sampling. The
run-of-mine ores are crushed to -150 mm, and are then
further crushed in a secondary crusher to -75 mm. A detailed
flow sheet of the process indicates that there are four main
products, namely -75 to 60 mm, -60 to 32 mm, -32 to 6mm,
and the fine-grained product, i.e., -6 mm fines. These sized,
sampled products are stockpiled in numbered 280––320 t
stacks (Figure 9), built by compositing ten loads of 25 t each
delivered by truck to the pile.

Sampling tower
The samples taken during creation of the stockpiles and
loading of the railcars are collected in sampling pots, each
holding up to 2 t of material (Figure 10a). Composite samples
from the stockpiles (1.5–1.7 t) and from the railcars (1.2 t)
are taken to the sampling tower, where they are reduced in
size and mass to a manageable size of about 200 g that is
sent to the analytical laboratory.
Samples arriving at the sampling tower are split 17 per
cent and 83 per cent by mass in a vertical splitter and the
smaller fraction is subjected to a size analysis using a series
of screens. The larger fraction (83 per cent) is then hoisted to
the top of the tower again and fed through the sampling
tower to reduce both size and mass, and about 200 g of
pulverized sample is sent to the laboratory for XRF and wet
chemical analysis. It is difficult to follow exactly what the
size-mass reduction processes in a typical sampling tower
are. The sampling towers are usually aged and there is no
certainty that equipment on the floors between the top and
bottom of the towers is functioning as it should.

Iron ore is stockpiled in designated beds as it arrives at the
port and is sampled using a radial arm sampler in a sampling
tower en route to the vessel for loading (Minnitt, 2010).

Exploration and grade control sampling
Extensions to the orebodies are explored with diamond
drilling at 50 m intervals and reverse circulation infill drilling
at 25 m centres. Detailed geological mapping of benches and
mining faces as well as drillhole information provides the
basis for outlining the orebody. Information for geological
orebody domaining, modelling, mine planning, and
production is provided by in-pit grade control drilling on a
25 m x 25 m grid to a depth of 40 m, and percussion drilling
to 12 m. Analysis of data allows a grade distribution block
model providing a geometallurgically cost-efficient pit layout
and quality control on ores delivered to the plant. Blast-hole
sampling provides the basis for classification of the ore types
as pure ore (58–67.5 per cent Fe), ore (50–58 per cent Fe),
and low-density material (26–50 per cent Fe) (Nel, 2010).
The grade of the blended iron ore products is initially
controlled during the open pit mining operation by
demarcating suitable run-of-mine ores for the primary
crusher. Both the beneficiation properties of the ores and the
content of iron and silica, together with the deleterious
element (K, P, S, and Al) content (Minnie, 2010, Minnitt,
2010) which are Kumba Iron Ore specific names (Nel, 2010).
Producing and blending an acceptable product of 64 per
cent Fe at 25 mm or 64.5 per cent Fe at 70 mm takes place in
the pit at the time of mining. The iron ore quality from
different mining faces (sites) is combined to indicate the
required proportion of ore from each face so that an

Loading station
The ores are loaded to open railcars via a loading station
(Figure 10b). Each railcar hold approximately 63 t of ore,
with two samples being collected every five railcars loaded.
This means that there are 10 increments of approximately
120 kg each, collected to give a composite sample of 1.2 t
representing 315 t of ore shipped. The sampling rate is 0.38
per cent; the ores are primarily shipped through Port
Elizabeth (Minnitt, 2010).

Iron ore deposits

Figure 10—(a) Pots holding up to 1.7 t of ore in which sample material is
collected in the metallurgical plant, and (b) railcar loading facility fed by
trucks moving material from blended stacks

South Africa’s iron-rich sediments of the Transvaal
Supergroup occur in the Northern Cape Province, adjacent to
the massive Kalahari Manganese Field, and in Thabazimbi in
Limpopo Province. South Africa’s main producers deliver
about 38 Mt/a from these mining operations (Mbendi, 2010).
The ores consist of laminated haematite ore and a
conglomerate ore. These originated through a combination of
primary and secondary haematization producing orebodies
that range is grade from 50 per cent to 68 per cent Fe.
Approximately 37.1 Mt per annum is railed to Saldanha Bay,
from where about 82 per cent is exported and the remainder
used locally. Export volumes have increased annually and
reached nearly 53 Mt of iron ore in 2012, with projections
that the total port exports will be 60Mt in 2012. Discharge at
the port is done in a dual line using a tippler (Figure 11b).

Figure 11—(a) Tippler in motion as 100 t of ore is discharged from a
wagon, and (b) cross-belt sampler on iron ore conveyor belt (source:
Kumba Iron Ore, 2010)
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acceptable product can be blended. The initial production is
fed to the so-called Taster Plant to test the beneficiation
characteristics of the RoM product, and the information is
supplied to the DMS plant where necessary changes are made
to enable planning of the blending beds. A 45 000 t bed is
stacked in two hours, so rapid turnaround time on sample
information is essential (Minnitt, 2010).

Sampling in the plant
Early determination of quality and composition of stockpiled
ore is compiled to produce an inventory of ores prior to their
dispatch to the plant for sizing and beneficiation. Lower
grade ores are washed by dense medium separation or
jigging to remove diluting contaminants. The final products
are sampled on a time basis by cross-belt samplers (Figure
10b) installed on all final product conveyors. The cross-belt
hammer samplers and the cross-stream cutter samplers are of
the highest quality and performance. Unfortunately, the
sampling is done on a time rather than a mass basis, which
may introduce significant bias to the results. It has been
suggested that the sampling revert to mass-based collection
of increments (Minnitt, 2010). Samples are split 18:82 for
sizing and chemical analysis. Size distribution of samples is
determined using a range of screens with apertures from 70
mm to 4 mm (Minnitt, 2010).
The process for sample handling is a robust, welldesigned system. Approximately 45 samples per day, made
up of sample increments collected in adequately sized,
electronically identifiable steel pots, are collected in the
metallurgical plant. Geoscan on-line analysers run 24/7 to
provide a very good result for iron ores that have been
washed and screened (Minnitt, 2010).

splitting stages to obtain a particle size smaller than 0.5 mm.
Compressed powder pellets are prepared from 150 g of
pulverized ore for a combination of wet chemical and XRF
analysis (Fe, Al2O3, SiO2, K2O, P, and S). There is very little
in the way of QA/QC, and although duplicate samples are
taken it is rare that duplicate analyses are made. There is
nothing in the way of application of certified reference
materials, duplicate analyses, or blanks in the analytical
process.

Port loading facilities
Manganese ore is exported through Port Elizabeth ore
terminal where it arrives by rail after a 30 h 1100 km
journey from Hotazel. In the marshalling yard railcar loads of
manganese ore are split on the basis of grade and conveyed
either directly to the ship or to the stacker-reclaimers where
stockpiles up to 460 000 t can be built. When required, the
reclaimers are positioned alongside the required grades and
extract the ore from the stockpiles and the ships are loaded.
For iron ores a calculated loading grade for the 200 000 t
vessel, against which the invoice is issued, is derived from
sampling that takes place as the vessel is loaded (Figure
12a), and this value is reconciled back to the original
blending bed value at the mine. Four stacker-reclaimers
manage the stockpiles (Figure 12b) with a capacity of 4.8 Mt;
the facility is capable of stacking seven different product
types.
Stockpiles are reclaimed at 8 000 t/h and the product is
delivered to the quay on two conveyors, where dual shiploaders can load up to 16 000 t/h. The new sampling facility
provides continuous sampling of iron ore streams being
loaded to vessels.

Sampling of blending beds

Sampling coal deposits

Blending beds of 100 000 t to 200 000 t are built on a
chevron arrangement and are sampled exactly according to
ISO chemical and sizing specifications every 2 hours as the
ore is stacked. Thus an accurate total composition of the bed
is reported to the plant quality control division. The fact that
iron ore is produced to strict customer specifications means
the ability to build, reclaim, and control stockpile
compositions is essential. Cumulative qualities using
weighted averages (analyses weighted with tonnages
produced) for each blending bed are used to meet customer
specifications. The consistency of bed blending and product
quality is determined during reclamation of the beds.
Sampling of the ore during loading of all railcars (34 200 t)
allows each car to be matched with the bed specifications.
The ore is then transported and stockpiled at the Saldanha
port loading facility (Minnitt, 2010).

The most extensive and currently productive coalfields occur
in the Witbank-Secunda-Carolina area, but the importance of
these fields will be eclipsed by the production anticipated
from the Waterberg coal deposits in the next five to ten years.
In terms of its global position South Africa is ranked fifth for
exports (60.5 Mt), sixth for reserves (30 408 Mt), and
seventh for production (250.6 Mt), in 2009 (Department of
Mineral Resources, 2011). The country hosts 7.4 per cent of
the world's total coal reserves. Of the total coal production
South Africa consumes 75 per cent locally and exports about
25 per cent. The 18 operating coal-fired power stations
owned by Eskom absorb about 65 per cent of the domestic
consumption to produce 240 300 GWh annually (Department
of Mineral Resources, 2010).

Sampling tower
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Figure 12—(a) Dual shiploaders at the Saldanha port loading facility,
and (b) stacker-reclaimers in the stockpile area at the Saldanha port
loading facility (source: Kumba Iron Ore, 2010)
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Samples collected in specially designed steel pots at sampling
stations throughout the plant report to a dedicated sampling
tower where both sizing and XRF analysis are undertaken.
The sampling tower is a recent and robust addition to the
mine’s capacity to monitor and control the iron ore products.
The mechanisms are largely automated and allow minimal
human intervention in the processes. Preparation for
chemical analysis consists of four consecutive crushing and

Sampling in the South African minerals industry
Total run-of-mine production increased to 317.3 Mt in
2009, but saleable coal production fell to 250.6 Mt under
depressed European markets. The depressed demand from
Europe means that the 50 per cent of South African coal
exports that Europe accepted until 2009 is currently being
sold off to eastern markets, with current prices (February,
2013) being around R85 per ton. Total sales value for coal
declined 12.6 per cent, with 75.3 per cent being sold locally,
while the remaining 24.7 per cent was exported. Coals are
beneficiated to export quality, low-ash metallurgical, and
steam coal and exported through Richards Bay (Figure 13a
and b; Department of Mineral Resources, 2011).
Sampling procedures for coal vary considerably
depending on what the analyses are to be used for, which
may include technical evaluation, process control, and quality
control for international trade. ‘Sampling of coal forms an
integral part of the coal production route, yet it is often a
misunderstood and underrated activity on collieries. It is a
vital aspect of ascertaining that the coal provided to the
customer is of the correct quality. Since large amounts of
money change hands based on results of samples, it is vitally
important that the activity of sampling be made
unambiguous and regulated – especially in the case of
international trade’ (De Korte, 2005).
Intersections of coal seams in diamond drill core during
exploration for new coalfields are analysed for calorific value
and washability. Bulk samples of coal are extracted as
rectangular blocks from the full seam thickness. At Richards
Bay commercial consignments of coal are checked for quality
as they move along conveyor belts towards the stockpiles.
Results from ‘stopped belt’ sampling are compared with
automated mechanical sampling devices during bias testing.
The choice of mechanical or manual sampling from moving
conveyor belts, stockpiles, or stationary wagons depends on
the accessibility of the lot. ISO 13909 (2001) and 18383
(2005) standards provide the protocols for representative
sampling by different methods, and are extensively applied in
South Africa. Sellers and purchasers may jointly modify the
sampling methods depending on costs and technical
constraints (Minnitt, 2010). A summary of the sampling
issues faced by coal producers and sellers is provided in
Table VII.

Application of international standards
Most coal quality parameters are determined using ISO or
ASTM standards. These are deeply embedded in the coal
industry, and while the concepts are virtually identical the
terminology and description of errors, such as the
Delimitation Error, Extraction Error, and Weighting Error as
used in the ToS are not used. However, a statement of the
basic principles of coal sampling by Johns (2010) suggests
that there is considerable agreement between ISO and the
ToS. General sampling, coal preparation, and bias testing,
mechanical sampling, and sample preparation are covered in
ISO 1988-1975 and ISO 13909-2001. Manual sampling,
sampling of stationary and moving streams, and sample
preparation are covered in ISO 18283-2005. According to the
ISO standards the number of increments and minimum mass
of increments per composite depends on the coal size. Johns
(2010) provided some additional recommendations in regard
to coal sampling that require cutters on sampling equipment
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to be at least three times the nominal top size of the coarsest
fragment, that cutter capacity should be sufficient to hold the
entire increment, and that the cutter velocity must be less
than 0.6 m/s (Minnitt, 2010).

Sampling at the open pit mine and port
The primary source of information for a new coal
development or extension is the exploration drilling. Very
specific sampling protocols govern the way in which such
samples are collected and the core is treated before, during,
and after sampling. This information is the basis for a
feasibility study that includes a layout of the minable orebody
and there is generally no further in situ sampling of the coal.
Once production commences the coal is reduced to -300 mm
in the primary crusher and delivered via conveyors to the
silos or stockpiles. A secondary and tertiary crush reduces the
coal to -120 mm and to -32 mm or less, respectively. The coal
is sampled on a daily basis during the building of the on-site
stockpiles to monitor the quality of production. There may be
two or three sites in the open cut from which coal is
produced. The coal is reclaimed from the stockpile and the
-32 mm to -0.5 mm coal is deslimed by removing the -0.5
mm material. The 0.5-32 mm product is then beneficiated in
heavy medium cyclones. After washing (removal of highdensity rock and inertite) the upgraded product is again
sampled as the stockpiles are built, mainly with respect to
sizing, but percentage ash and calorific value are also taken
into account. Coal from these stockpiles is then loaded on
trains destined for Richards Bay Coal Terminal (RBCT). At
Richards Bay the South African Bureau of Standards (SABS)
samples the coal on an hourly basis-using automatic
samplers at two transfer points, before the coal is loaded and
when the coal is being loaded into the ship (Johns, 2010).
The procedure for coal sampling requires firstly that the
coal quality parameters to be analysed be defined. The range
of variables includes calorific value (CV), percentage ash,
moisture, volatiles, sulphur, phosphorus, ash fusion
temperature, Hardgrove index, etc. The lot and its dimensions
should be defined, together with the required overall
precision on the analytical results. This should include a
determination or an assumption about the variability of the
coal and the variance associated with preparation and testing.
A choice as to the use of continuous or intermittent sampling
methods and equipment, as well as the method of combining
increments into composite samples, should be made. The
number of sub-lots, the number of increments per sub-lot
required to attain the desired precision, and the minimum
average increment mass must be determined. A decision as to
the sampling intervals and whether time- or mass-based
increments will be extracted must be stated. The nominal top
size of the coal and the resulting minimum mass of sample
must be ascertained.
Continuous sampling extracts a prescribed number of
increments from every sub-lot. In the case of manual
sampling a relatively large number of increments must be
taken, spread evenly over the whole lot. The average value of
a cargo can be established with reasonable accuracy if
sufficient samples are taken. Each sub-lot should be approximately the same size; however, for practical reasons
sometimes sub-lots of different sizes are used. The estimated
mean should have the correct precision. Intermittent sampling
The Journal of The Southern African Institute of Mining and Metallurgy
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Table VII

Sampling in the coal mining industry
Sampling site, mechanisms and procedures sampling problems arising from site and mechanism

Error/ impact

Exploration
Detailed protocols documented in regard to drilling operations, borehole core logging, coal seam sampling, sample submissions, data
entry, and geological modeling. Reports include coded log sheets, core recovery, and sample mass prediction. Protocol deals with every
facet of the drilling, logging, and sampling processes. Handling core, splitting, weighing, submission for analysis, proximate analyses.
(8)
Relative density estimated by categorizing coals. Coal quality is a critical component of decision making about resource use – thermal
coal or export quality. Sampling at the exploration stage can be critical because value can easily be destroyed or overlooked. Sample
Advice sheets record sampling intervals based on geology, quality, or lithology. Geological orebody models compiled from borehole
data are audited, updated, and validated annually. Geological model incorporating orebody structure and coal qualities is overlaid with
the mine plan Layout and the individual mining blocks.
Face sampling, blast-hole sampling, and in-mine grade control
Coal sampling procedure:All coal sampling instructions to operators must be based on the ISO standards, simple, easily understood,
and capable of only one interpretation. The sample must contain all the particle sizes and all the relative densities in the same
proportions as in the lot to be representative. Face sampling used on rare occasions, to confirm the coal characteristics for a specific
market, or to compare face sampling and borehole intersections in a specific pillar; generally the correlation is good. Typical variables
include moisture, sizing, volatile matter, calorific value, ash, sulphur, phosphorus and ash fusion temperature. Face sampling is
difficult and laborious to do correctly; a very stringent protocol must be used. Sample defined in 2D only. Delimitation and
Extraction errors. Blast hole chips and cuttings are laid out sequentially for every metre of drilling as heaps for logging and sampling.
Samples provide an early indication of coal quality - predicts the product specifications.

DE, EE, PE/
high-very high

DE,EE/high
(7)

Ore Processing and handling
Run of mine: Coal is delivered via conveyors to the silos or stockpiles. Coal from mine is crushed to -300mm in primary crush, and
DE, EE PE/med
sampled on its way to the beneficiation plant using a cross-belt hammer sampler, activated on a mass basis. Secondary and tertiary
(6)
crush reduces the coal to -120 mm and to -32 mm, respectively. May be two or three sites in the open-cut from which coal is produced.
Sampling rate depends on the required number of increments. Sampled for proximal analyses and efficiency testing.
Blending beds: After beneficiation (removal of high density rock and inertite), coal is again sampled (2-hourly composite) as the stockpiles
are built tomonitor the quality of production. Ensures sizing, % ash and CV are in-spec– done on a daily basis. Cross- stream samples
are taken from the lip of the screen for efficiency testing. Both tonnage and grade are used to cumulate an analysis for the stockpile that
is built to ensure it is within specification. Segregation as fines settle to the bottom of conveyor belt and perimeters of stockpiles. In old
stockpiles graded coals can cover the fines, or larger coal may be buried in excess fines, giving rise to pockets of varying grade.
Loading trains: Cross-belt hammer samples of final product are collected as the coal is loaded into the train. Screening panels for
sizing are operated vigorously enough to prevent blinding of the screens. Same procedure as coal is loaded to train bound for RBCT.
Segregation occurs during loading as fines settle to the bottom of railcars or trucks. Segregation is aggravated by vibration during transport.
Manual sampling: The reference method - stopped belt sampling-requires insertion of profile plates into coal ribbon and removal of all
coal between plates. Truck sampling takes increments from 0.3 m below surface. Only applicable to freshly loaded trucks of smalls or
duff if where no layer-loading has occurred. Other manual sampling involves use of probes, mechanical augers, quantum sampling,
ortrenching of compacted stockpiles.
Metallurgical sub-sampling of coal
Aspects to be considered include the inherent variability of the coal, the nominal top size, the minimum sample mass, delimitation,
extraction, and preparation errors, the number of sublots, and the number of increments to be taken per sub-lot. The dimensions
of the lot, the required overall precision, and the sampling intervals (time- or mass-based), must be considered. PGNAA analytical
results are more representative of the primary sample. Size of errors associated with mechanical sampling, provides strong motivation
for use of online scanners. Since 2000 Coalscan has been used for tariff purposes for moisture, CV, volatiles, and ash (Johns, 2010).
Port loading facility at Richards Bay Coal Terminal (RBCT)
Coal stockpiles are reclaimed and loaded on trains destined for Richards Bay Coal Terminal (RBCT). Coal discharged at train tippler.
In-going sampling by cross-belt samplers. At RBCT the South African Bureau of Standards (SABS) samples the coal on an hourly basis
using automatic cross-belt samplers at two transfer points, when the coal arrives at the terminal (in-go), and when it is loaded into
the vessel (out-going).

DE, EE, PE/
med-low
(5)

DE, EE, PE/low
(2)

Sub-sampling in the laboratory
Conducted under strictly controlled ISO conditions.

DE, EE, PE/low
(2)

Total

30/60=50%

(Source: Minnitt 2010, used with permission of AusIMM, 2013)

be collected from some of the sub-lots, but not from others,
but the same minimum number of increments should be
taken from every sub-lot that is sampled. Sub-lots for
sampling should be chosen at random, except if systematic
choice of sub-lots is demonstrated to be bias-free. If the
variation between sub-lots is too large, it may be necessary
to introduce continuous sampling to achieve the desired
precision (Johns, 2010).

is used by agreement between contracting parties when
frequently sampled coal has demonstrated a consistency in
type and quality. In such cases intermittent increments may
The Journal of The Southern African Institute of Mining and Metallurgy

Design of the sampling scheme
Written sampling instructions strictly based on the ASTM or
ISO standards are issued to sampling operators by
supervisors once the data requirements and the design of a
sampling scheme have been reviewed. The material to be
VOLUME 114

JANUARY 2014

77

▲

Figure 13—(a) Coal tipplers transferring coal at Richards Bay before (b)
being stacked on blending stockpiles
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sampled, the overall precision of results, the division of lots,
the basis of sampling, the bias of results, and the
requirements for test samples must be documented in the
instruction. Coal stockpiles at the mine site are reclaimed and
loaded on trains destined for RBCT. On arrival the coal is
discharged at the train tippler and is sampled at the in-going
sampling site before it is stockpiled in 68 Mt lots. The
stockpile is reclaimed and again sampled at the out-going site
on its way to the vessel. The South African Bureau of
Standards (SABS) is the sampling authority at RBCT,
sampling the coal on an hourly basis using automatic
hammer-type cross-belt samplers that are activated on a
mass basis (Johns, 2010).

On-line coal analysis
Prompt gamma neutron activation analysis (PGNAA)
technology has undergone extensive tests over a long period
of time, and has faced strong opposition from those with
interests in maintaining the existing quality control systems.
In 1999 Eskom appointed the CSIR to evaluate the results of
an initial test. The results indicated a better and more
representative analysis, the primary sample reduction being
about 1:120 with the scanner and 1:2 x 1010 in the
laboratory. The insight that at least 80 per cent of the
sampling error arises during the sampling event (even if
sampling is done properly) provides strong motivation for
installation of the on-line scanners, and since 2000 Coalscan
has been used for tariff purposes for moisture, CV, volatiles,
and ash (Johns, 2010). The advantages of the in-line scanner
are that it has no vested interest in the result, it requires no
training, it has no learning curve, it provides real-time data
for process control, it warns immediately of out-of-specification coal supply to power stations, and it has performed
well in regard to tariff purposes. The main disadvantage is
that there is no contingency plan for when the analyser is out
of action (Moodley and Minnitt, 2009).

Benefits of good sampling
The benefits of good sampling are difficult to quantify, but
there are numerous examples of the costs and losses, in some
cases amounting to millions of dollars, incurred by companies
when good sampling practice is compromised (Carrasco et al.,
2004; Carrasco, 2008; Johns 2010; Pitard, 2009; Tice, 2013).
Poor sampling practice will influence outcomes, evaluations,
estimations, and bottom line cash flows from the earliest
stages of mineral exploitation and extraction. For example,
Carrasco (2008) records losses of US$156 million over a tenyear period at a copper mine in Chile when the grade of
tailings was not properly ascertained. The introduction of
errors and bias as a result of poor sampling practice is
probably the main reason for failure to reconcile material
flows and balances when trying to account for the metal that
is finally produced. This especially true for precious- and
base-metal deposits where the metal produced is the outcome
of what should be a closed circuit in which all the inputs – a
known tonnage of ore with a known grade, and the outputs –
a known mass of tailings at a certain grade, are matched.
Persuading managers to spend the money to rectify the
problems, even when they are clearly identified, can be
challenging. Only when errors and bias are translated into
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monetary terms are managers able to identify with them
(Minnitt, 2010).
The possibility of eroding value from a ferrous metal
operation occurs in the early stages of exploration, extraction,
and grade control. At current metal prices a grade control
blast-hole evaluates a block of ground that is potentially
worth R140 000. If samples from such blast-holes are biased
or unrepresentative and if 50 such holes are drilled per day
the overall revenue at risk could be substantial. During the
evaluation stage the likelihood that a high-grade block (say
64.5 per cent Fe) could be classified as a low-grade block
(say 62.5 per cent Fe) could mean that the opportunity to
use the high-grade block as a sweetener for a number of
lower grade blocks is lost. In some cases the difference in
grade on which a decision as to how a particular block should
be utilized is based could be as low as 0.5 per cent. Where
mining projects are in the process of expansion, newly
installed capacity has to be filled by increased production,
and the larger tonnages are likely to come at slightly lower
grades and increased overall cost. Economies of scale and
new technologies should keep the mine profitable, but the
lower grades mean that accuracy and precision, especially in
the vicinity of cut-off grades, must be carefully guarded.
For gold and base metal mining operations, better metal
prices mean that ores with lower grades can be profitably
mined, but this also means that the limits on accuracy and
precision near the much lower cut-off grades is crucial,
especially as the workable limits of detection are approached.
Where selective mining is used the effects of sampling error
and bias can be especially severe (Minnitt, 2010).
Bulk commodities – chrome, iron ore, and manganese –
are produced to customer specifications that are generally
quite rigidly controlled, with payments for contained metal
based on the current price and penalties for out-of-specification sizing. Pricing for chromite varies between R580 per
ton for 34–37 per cent Cr2O3, and R720 per ton for 37-42 per
cent Cr2O3 so the difference in price of R150 per ton is based
on a 1 per cent difference in grade. At the margin a 3000 t
stockpile could be at risk for R450 000 if the analysis is
incorrect. Penalties of about 30 per cent are payable for outof -spec lots below 70 mm, so a lot selling for R500 000
could incur penalties of R150 000 (Minnitt, 2010).
Suppliers of manganese and iron ore usually settle within
0.5 per cent around the specified grade, usually 46 per cent
for Mn and 64 per cent for Fe. However, at the margins the
0.5 per cent difference can amount to R150 000 for a 40 000
t manganese consignment and R160 500 for a 150 000 t iron
ore consignment. The gain or loss within the 1 per cent range
of variability around the specification limits could be to the
supplier as well as the customer. On 50 such transactions in a
year the revenue at risk would be around R12 million for
manganese and R240 million for iron ore. As mentioned by
Minnitt (2010), the question is: how easy is it to make such
losses?
‘The back-of-the-envelope calculation by CSIRO (2000)
provides some insight. If during loading of the vessel a 2 t
composite sample is taken from the stream, a single 70 mm
particle weighing about 140 g is 0.00007 as a fraction of
the composite. So the larger particles are underrepresented by
less than one part in 10 000. If the average grade of a large
particle is 0.5 per cent Mn higher than the average for the
The Journal of The Southern African Institute of Mining and Metallurgy
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entire stream of ore, a single particle failing to enter the
sample cutter would cause a bias of this grade difference
(0.5 per cent Mn), times the proportion by which large
particles were under represented or 0.5 per cent Mn ×
0.00007 = 0.000035 per cent Mn. In order to make this up
to 0.1 per cent you only need 0.1/0.00004 = 2500 particles
or a loss of about 350 kg of material. Since lost material
simply re-joins the stream of material one would never know
about it.’ (Minnitt, 2010, p. 16).
The value of maintaining good mechanical and sampling
integrity for coal mining operations was described by Long
(2000). A modified example by Minnitt (2010) demonstrated
that an increase in moisture of 0.25 per cent or eight cents
per ton does not sound like a lot. However, this translates
into R8000 on a monthly sale of 100 000 t. The example
illustrates that poor sampling could equally favour the
supplier or the buyer, and that there is potentially great value
in maintaining good sampling integrity.

Generally, the risks to project value due to poor sampling
tend to be lower in the laboratory. The introduction of QA/QC
measures using blanks, duplicates, and standard reference
materials means that problems in the laboratory are identified
reasonably early, can be monitored, and are usually
addressed swiftly. As a general point there is a possibility
that the value of ferrous metals industry projects could be
more severely affected by errors and bias in all stages of
mineral developments compared to other mineral
commodities.
The importance of sampling in the minerals industries is
being acknowledged more and more, and the human and
financial resources needed to ensure good sampling takes
place at mining operations are being applied by the industry
at large. Corporate culture is changing, and in most mining
operations those who have been ready to take on the role of
champion for the cause of sampling within companies have
emerged.
It is also evident that the ToS has supplied a framework
within which the different aspects of sampling across the
minerals industries can be captured. In the precious and base
metal industries an understanding of the small-scale
variability, the Fundamental Sampling Error, and the
Grouping and Segregation Error is crucial in compiling a
meaningful nomogram and establishing a usable protocol. As
one moves towards the bulk commodities – the ferrous
metals and coal – the need for such detailed studies becomes
less important. Instead the use of ISO standards has proved
to be sufficient, although the principles of ToS are not to be
violated in any part of the minerals industry. The fact that
grades in precious and base metal deposits are usually
lognormally distributed, while the variables of interest in the
bulk commodities are normal or negatively skewed, also
tends to affect the impact and influence of sampling errors.
Other aspects that emerged in the 2010 study (Minnitt, 2010)
include the fact that precious metal deposits tend to be
overvalued (Krige, 1994), while bulk commodities tend to be
undervalued at the grade control stages. In the metallurgical
plants, however, it is the precious metals that are
undervalued and the bulk commodities that are overvalued.

Conclusions
The events of the past three decades have promoted
awareness of the importance of correct sampling techniques
and equipment. Managers are taking note of the potential
and hidden costs associated with poor sampling and rather
than retrofitting, which has had to take place in some cases,
new mineral processing plants are being designed with
state–of-the-art sampling equipment.
A summary of the main sampling errors at each of the
main stages of mineral development, from exploration to
point of sale, for the four main commodities examined here is
shown in Table VIII. The table is necessarily subjective, but
nevertheless shows some broad and interesting results. The
table suggests that the most vulnerable stage in the
development of mineral projects is early, during initial
feasibility and pre-feasibility studies. This is also true for
operating mines where the effects of unrepresentative
sampling could potentially put huge revenues at risk. For the
bulk commodities the revenue at risk is large for out-ofspecification product, but generally the standard deviations
around the specified grades are less than 0.25 per cent.

Table VIII

Sampling errors at different stages of mineral development
Stage of mineral development
and processing
Exploration
Face sampling and in-mine grade control
Ore processing and handling

Gold

Platinum

Ferrous metals

Coal

DE, EE/ High (7)

DE, EE/ High (6)

DE, EE/ High (7)

DE, EE, PE/ High to very high (8)

DE, EE/ Extremely high (9)

DE, EE/ Very high (8)

DE, EE/ Very High (9)

DE, EE/ High (7)

GSE/ Med-high (6)

GSE/ Medium (5)

DE, EE/ Med (7)

DE, EE, PE/ Med (6)

Metallurgical sub-sampling solids and slurries

EE/ Low (2)

DE, EE, PE/ Medium (5)

DE, EE, PE/ Med low (4)

DE, EE, PE/ Medium –low (5)

Process sub-sampling solids and slurries/
point of sale for commodities

PE/ Med (4)

GSE, DE, EE/ Med-high (6)

DE, EE, PE/ Low (3)

DE, EE, PE/ Low (2)

FSE/ Med-high (3)

GSE, DE, EE/ Low (2)

PE Low (2)

Low (2)

48%

51%

58%

50%

Sub-sampling in the laboratory
Impact score
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(Source: Modified after Minnitt 2010, used with permission of AusIMM, 2013)
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In general, the finer-grained portions of precious and
base metal material tend to contain the higher grades,
whereas the coarser fragments in the bulk commodities tend
to have the higher grades. Bulk commodities require
relatively little in the way of beneficiation to bring them to
saleable products according to customer specifications,
whereas precious and base metals require many and costly
steps in order to concentrate and recover the metals.
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Metal accounting and corporate governance
by P.G. Gaylard*, N.G. Randolph†, and C.M.G. Wortley‡

In the wake of the financial crisis that affected world markets in 2002,
there has been an increasing international focus on corporate
governance. Various corporate governance codes of practice have been
introduced, such as the Sarbanes-Oxley legislation in the USA, the
Combined Code in the UK, and King III in South Africa. This focus on
corporate governance has increased since the most recent financial crisis
in 2008, the effects of which are still being felt world-wide.
In the mining and minerals industry, reliable metal accounting is
essential to sound corporate governance and is also becoming a focus of
increased attention and concern, particularly as the figures generated by
the metal accounting system feed directly into the financial accounts of
mining companies. Mass measurement, sampling, and analysis provide
the input data for the metal accounting system and sound corporate
governance requires that the procedures used are based on best practice
and that the data generated is accurate and handled correctly,
transparently, and consistently to produce the accounting reports. The
AMIRA Code of Practice for Metal Accounting has been widely adopted
in the industry as a means to achieve this, and the compilers of the Code
have conducted numerous metal accounting audits at operations, both
in South Africa and abroad. These audits have shown that there is a real
need for such a code of practice.
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Introduction
Since the financial crisis in 2002 there has
been increased focus on corporate governance.
This has been reinforced by legislation such as
the Sarbanes-Oxley Act in the USA, the
Combined Code in the UK, and King III in
South Africa.
Because accurate and precise metal
accounting is a vital source of data for the
financial accounts of a mining/metallurgical
company, the need for a code on metal
accounting was recognized in 2001 and a team
was formed in 2003, under the sponsorship of
several major mining houses, to produce such
a code (the AMIRA Code of Practice for Metal
Accounting). This code has subsequently been
widely adopted in the industry and has been
used as the basis of audits of numerous
metallurgical plants both in South Africa and
abroad.
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Metal accounting
The AMIRA Code of Practice and Guidelines for
Metal Accounting (‘the Code’) has been
discussed in a previous paper (Gaylard et al.,
2009) and will not be covered in detail here.
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Synopsis

Apart from the requirement for corporate
governance, a further driving force for reliable
metal accounting is the growth of toll
treatment and joint ventures in the industry.
Suddenly, the transfer of material from the
mine to the concentrator, to the smelter, to the
refinery is no longer necessarily along the
value chain of a single company. This moves a
company from a situation where money is
being transferred from the left hand to the
right hand pocket, which already results in
heated arguments between the miner and the
metallurgist but does not particularly affect the
financial position of the overall company, to a
situation where real money is being paid for
an input to a plant and received for its output.
Added to this is the fact that in most toll
treatment transactions, the commercial
agreement is based on the expected recovery of
the metal(s) of interest, which requires the
treatment company to have an accurate
knowledge of this recovery. There are too
many examples of a relatively new toll
treatment company having an optimistic
expectation of their recoveries based on
previous poor metal accounting practices, and
consequently the agreed recovery is not
actually achievable. This results in a direct
financial loss to the company. Best practice in
metal accounting is, therefore, an even greater
requirement for toll treatment companies and
those in joint ventures.

Metal accounting and corporate governance
However, in the Code, metal accounting is defined as: ‘The
system whereby selected process data (pertaining to metals of
economic interest) is collected from various sources including
mass measurement and analysis and transformed into a
coherent report format that is delivered in a timely fashion in
order to meet specified reporting requirements.’
In line with this definition, the Code sets out a series of
principles of metal accounting which are worth repeating here
for ease of reference, as they encapsulate the entire discipline
of metal accounting and were compiled in consultation with
metal accounting practitioners in the industry and with
members of the international accounting profession.
1. The metal accounting system must be based on
accurate measurements of mass and metal content. It
must be based on a full check in-check out system
using the best practices as defined in the Code, to
produce an ongoing metal/commodity balance for the
operation. The system must be integrated with
management information systems, providing a oneway transfer of information to these systems as
required
2. The system must be consistent and transparent and
the source of all input data to the system must be clear
and understood by all users of the system. The design
and specification of the system must incorporate the
outcomes of a risk assessment of all aspects of the
metal accounting process
3. The accounting procedures must be well documented
and user friendly for easy application by plant
personnel, to avoid the system becoming dependent on
one person, and must incorporate clear controls and
audit trails. Calculation procedures must be in line
with the requirements set out in the Code and
consistent at all times with clear rules for handling the
data
4. The system must be subject to regular internal and
external audits and reviews as specified in the relevant
sections of the Code to ensure compliance with all
aspects of the defined procedures. These reviews must
include assessments of the associated risks and
recommendations for their mitigation, when the
agreed risk is exceeded
5. Accounting results must be made available timeously,
to meet operational reporting needs, including the
provision of information for other management
information systems, and to facilitate corrective action
or investigation. A detailed report must be issued on
each investigation, together with management’s
response to rectify the problem. When completed, the
plan and resulting action must be signed off by the
Competent Person
6. Where provisional data has to be used to meet
reporting deadlines, such as at month ends when
analytical turn-around times could prevent the prompt
issuing of the monthly report, clear procedures and
levels of authorization for the subsequent replacement
of the provisional data with actual data must be
defined. Where rogue data is detected, such as
incorrect data transfer or identified malfunction of
equipment, the procedures to be followed, together
with the levels of authorization must be in place.
7. The system must generate sufficient data to allow for
data verification, the handling of metal/commodity
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transfers, the reconciliation of metal/commodity
balances, and the measurement of accuracies and error
detection, which should not show any consistent bias.
Measurement and computational procedures must be
free of a defined critical level of bias
8. Target accuracies for the mass measurements and the
sampling and analyses must be identified for each
input and output stream used for accounting purposes.
The actual accuracies for metal recoveries, based on
the actual accuracies, as determined by statistical
analysis, of the raw data, achieved over a company’s
reporting period must be stated in the report to the
Company’s audit committee. Should these show a bias
that the company considers material to its results, the
fact must be reported to shareholders
9. In-process inventory figures must be verified by
physical stocktakes at prescribed intervals, at least
annually, and procedures and authority levels for
stock adjustments and the treatment of unaccounted
losses or gains must be clearly defined
10. The metal accounting system must ensure that every
effort is made to identify any bias that may occur, as
rapidly as possible, and eliminate or reduce to an
acceptable level the source of bias from all
measurement, sampling and analytical procedures,
when the source is identified.
In the textbook on metal accounting that was produced as
one of the deliverables of the AMIRA P754 Project ‘Improving
Metal Accounting’ (Morrison, 2008), metal accounting,
together with reconciliation, is further defined as ‘the
estimation of (saleable) metal produced by the mine and
carried in subsequent streams over a period of time. The
comparison of estimates from different sources over a defined
period is called reconciliation. Over the life of a mine, metal
accounting and reconciliation constitute an audit of the
mineral resource’.
The accounting process is also described (Morrison 2008)
as combining a broad range of technical areas, including
sampling and assaying; mass and volume measurements,
including stockpiles and precise flow measurements;
mathematical and statistical analysis; geological modelling,
for reconciliation to the mine; effluent characterization for
environmental monitoring and control purposes; and a
detailed knowledge of pyro- and solution-chemistry, where
smelters and refineries are involved.
The primary objective of the AMIRA P754 Project was to
improve the auditability and transparency of metal
accounting from mine to product and, by so doing, to assist
in good corporate governance. The project was initiated
shortly after some of the world’s greatest financial scandals
were exposed and there was increased awareness of the need
for better reporting standards in all spheres of business. In
line with this, the International Council on Metals and
Minerals (ICMM) developed a statement of ten principles of
good practice, three of which can be related directly to metal
accounting:
1. Implement and maintain ethical business practices
and sound systems of corporate governance
2. Implement risk management strategies based on valid
data and sound science
3. Implement effective and transparent engagement,
communication and independently verified reporting
arrangements with our stakeholders.
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➤ There was no standard procedure for metal accounting
➤ The function was often seen as ancillary to satisfactory
operation and was, as a result, handled by junior,
inexperienced technical staff or by clerical staff with no
technical background
➤ There was a lack of awareness and attention to the
precision of mass measurement, sampling, and
analysis
➤ Calculation of metal recoveries was often inconsistent
and open to distortion
➤ Measurement and reporting of metal lock-up figures
was inconsistent and established methods were often
changed to suit current reporting requirements
➤ There was perceived to be a potential for the manipulation of accounting figures
➤ Senior management and the boards of companies were
inadequately informed about the accuracy and
reliability of the metal accounting figures reported to
them and, by them, to the shareholders of their
respective companies.
The primary aim of the Code, therefore, was to provide a
set of standard generic procedures and guidelines for all
aspects of metal accounting, from measurement and sampling
to data handling and reconciliation and reporting of results.
The second aim of the Code was to facilitate risk management
by enabling an operation to quantify, manage, and minimize
the level of risk to which it could become exposed through
failures and shortcomings in its metal accounting system.
From these objectives, and from the basic principles listed
above, it is obvious that metal accounting must be a
component of a company’s risk management programme and,
as such, plays a major role in sound corporate governance.

Corporate governance
Wikipedia has the following definition:
‘Corporate governance involves regulatory and market
mechanisms, and the roles and relationships between
a company’s management, its board, its shareholders
and other stakeholders, and the goals for which the
corporation is governed. Lately, corporate governance
has been comprehensively defined as ‘a system of law
and sound approaches by which corporations are
directed and controlled focusing on the internal and
external corporate structures with the intention of
monitoring the actions of management and directors
and thereby mitigating agency risks which may stem
from the misdeeds of corporate officers.’
As mentioned above, the financial world was rocked by a
series of major financial scandals in the late 1990s and the
first few years of the 21st century, including cases involving
the mining industry. These scandals, and the financial crises
that followed them, prompted many governments to compile
codes of sound corporate practice to protect shareholders and
the general public from exposure to severe financial risk
caused by fraud and malfeasance on the part of company
management and directors. These codes were given legal
backing, compelling companies to comply, and leading to the
above definition. In the USA in particular, the code was
enshrined in the Sarbanes-Oxley Act, which requires that all
companies quoted on American stock markets will comply
with the law or face prosecution.
The Journal of The Southern African Institute of Mining and Metallurgy

The South African Institute of Directors has described the
Sarbanes-Oxley legislation as a ‘one size fits all’ act,
demanding mandatory legal compliance, and which is not a
logical approach because of the differing size of businesses
and the different conditions under which they operate. The
cost of compliance with the law is high and, in 2008 after six
years in which the Act had been in operation, the cost of
compliance with one section alone (404 – verification of
internal controls) was estimated to have been approximately
US$264 billion, and the total cost of compliance to have far
exceeded the entire costs involved in the write-off of the
assets of the three companies involved in the major scandals
that prompted the promulgation of the Act. Perhaps the most
significant and unquantified cost associated with the Act can
be attributed to the fact that boards of directors become
focused on compliance rather than on the strategic direction
of their business.
In the UK, corporate governance practices became defined
in the Combined Code, which itself was developed from the
Cadbury Report by Sir Adrian Cadbury. The Combined Code
informed the development of the King III Report, which was
published as a successor to the King I and II reports and was
prepared in anticipation of the promulgation of the new
Companies Act in 2010. The King III Report focuses on the
way in which companies have positively or negatively
affected the economic life of the communities in which they
operate, and how they work to enhance the positive aspects
of their operations and improve the negative aspects. It
provides companies with a recommended course of conduct
but allows for the selection of alternative practices, which
have to be explained and justified in order to ensure
compliance. The principles of good governance imply that
directors and management act in the best interests of the
company at all times and any failure to meet a recognized
standard of governance, even if not legislated, may render a
board or individual directors liable at law.
The King III report sets out a series of guiding principles
relating to the duties and responsibilities of the board of
directors: corporate citizenship (leadership, integrity, and
responsibility), risk management, internal audit, sustainability reporting and responsibility, compliance with laws and
regulations, managing stakeholder relationships, and
fundamental and affected transactions including conflict of
interest and disclosure of interests. Specific principles which
impact on metal accounting are:
1.2 The Company must act as and be seen to be a
responsible citizen
1.3 The Board must cultivate an ethical corporate
culture
1.4 Strategy, risk, performance and sustainability are
inseparable
1.5 The Board is responsible for risk management
1.11 The integrity of financial reporting
1.12 The effectiveness of internal financial controls
1.13 Full and timely disclosure of material matters
concerning the company
1.15 Establishing an effective compliance framework and
processes
3.4 The Audit Committee is responsible for the integrity
of stakeholder reporting of interim and final
financial results
4.3 Risk management must be practised by all staff as
part of their daily activities
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At the time, a number of common problems with metal
accounting were noted:

Metal accounting and corporate governance
4.8 There must be on-going risk assessments to ensure
the protection of the company’s reputational risk
5.1 The internal audit must be effective and risk-based
5.2 The internal audit must provide a written
assessment on internal controls,
performance and risk management.
Many of these principles are covered in the AMIRA Code
of Practice, including risk management, reporting, controls,
internal and external audits, protection of the company’s
reputational risk, and full and timely disclosure of material
matters. It follows, therefore, that a company operating in the
mining and minerals industry cannot have sound corporate
governance if there are shortcomings in its metal accounting
system. The authors of this paper were involved in the
compilation of the AMIRA Code and have since conducted
metal accounting audits at a variety of mining and mineral
operations in southern Africa and further afield. The
following section provides a number of examples of metal
accounting practices or failures that were observed during
these audits and which could negatively affect corporate
governance in the companies concerned and could constitute
a reputational and compliance risk.

Corporate governance: practical examples from
industrial audits
Until now, due to codes such as JORC and SAMREC, the focus
has been on the accurate estimate of reserves and resources,
but it is predicted that there will be a growing emphasis on
how efficiently and effectively that resource is treated
through a metallurgical process. In toll treatment the resource
is the purchased input material. This will require the
unbiased (with an acceptable precision) metal accounting of
all of the metals of commercial value, which means that the
three legs of the metal accounting tripod – namely mass
measurement, sampling/sample preparation, and analysis –
must all be unbiased, with known and acceptable precisions.

Sampling
It has been stated that a correctly designed, installed, and
maintained mechanical sampler will, over the longer term,
provide unbiased samples. Unfortunately, there are very few
examples where this harmony is achieved, and even fewer
where the precision of the sampling system has been
measured and known to be fit for purpose.
A regular example is the spear sampling of purchased, or
produced, flotation concentrate. During transfer of
concentrate by truck, segregation of moisture will occur.
Depending on the moisture level and distance travelled, this
will either result in the presence of free water, or the moisture
will move to the bottom of the concentrate bed. A spear
sampler, which can only sample the surface of the
concentrate, will always give a biased sample with respect to
moisture and probably other analytes as well. Consequently
the calculation of dry tons will be biased and the purchasers
of toll concentrates will have immediately placed themselves
at risk on receipt of the concentrate.
The most common examples of poorly designed
mechanical samplers are the use of parallel blades on radial
samplers, cutter gaps of less than 10 mm, and cutter speeds
far in excess of 0.6 m.s-1.
Because of their high density, minerals of economic
interest, such as base metal sulphides and those containing
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gold and the platinum group metals (PGMs), readily separate
from the gangue material. For example, in a process pulp
stream on a launder ahead of a cross stream sampler, these
minerals settle to the bottom of the launder. It is important,
therefore, that the cutter head is installed so as to collect the
drips from the bottom lip of the launder; otherwise the
sample will be biased low in relation to these minerals.
Pulp feed into a Vezin sampler is usually via an inlet pipe
from which the pulp stream flares out. The cutter head must,
therefore, be positioned as close as possible to the pipe in
order to sample the whole stream.
A major reason for biased samples is the complete lack of
maintenance of sampling installations. This has resulted in
numerous examples of partially or wholly blocked sample
cutter heads. There are also instances where the cutter head
has broken off or has been badly damaged. The miracle in
these situations is that the sample bucket still contains that
shift’s sample.
Contributing to dirty and blocked sample cutters is the
lack of a convenient water supply; if this is not available the
samplers will not be cleaned.
Of course the most important requirement is the regular
inspection, at least once per shift, of all sampling systems to
ensure that they are operating satisfactorily and are clean.

Sample management
Sample containers must be designed to retain the whole
sample, including moisture when this is an important
parameter. Samples of materials such as concentrate filter
cake have been stored in open containers for 8 hours at
temperatures up to 40°C when the moisture value is required
for the dry tons calculation. On receipt at the laboratory, all of
the moisture in the sample containers must be removed with
an adsorbent paper and added to the drying tray. Highsulphide materials must be dried at temperatures not
exceeding 105°C, because above this temperature there is an
increasing possibility that chemical changes will occur in the
sample, resulting in a biased moisture analysis. Drying at
200°C to shorten the drying time is certainly not best practice.
Consideration must be given to the size of the sample and
the distance it must be carried to the sample preparation
facility. This is best illustrated by stop-belt sampling of runof-mine (ROM) samples, which can require samples of
several hundred kilograms, and pulp samples, which are
often collected in 20 l buckets and are 75% full at the end of
a shift. These samples will not reach the sample preparation
facility intact if the distance is too far.
Sometimes pulp samples are pressure filtered on the
plant, as recommended, so that only a filter cake has to be
taken to the sample preparation facility. However,
occasionally newspaper or brown wrapping paper is used as
the filter medium rather than the correct filter paper. This will
bias the sample due to the loss of fines and the attempted
‘cost saving’ is completely lost in the waste of the cost of the
subsequent analysis.
Separate sample preparation areas are required for
samples of different grade materials because of the danger of
cross-contamination. After all, very little contamination is
required of a tailings sample at 0.5 g.t-1 by a PGM
concentrate at 50% for the tails to be significantly biased.
Dust loss will bias the sample, because the dust will
invariably be a different grade to the bulk of the sample. An
example of this is PGM-bearing converter matte, where the
The Journal of The Southern African Institute of Mining and Metallurgy
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fines were completely devoid of PGMs and their loss,
therefore, biased the remaining sample high. The use of
enclosed milling systems, such Sieb and LM2 mills, rather
than vertical spindle pulverizers, is to be encouraged.
Paper or rubber sheet rolling should be discouraged
because of the danger of dust loss during these operations
and the possibility of unmixing the denser mineral particles.
In fact, if the sample division is done using spinning rifflers
then the mixing of samples is unnecessary.
Analytical protocols detailing, for example, custody
transfers, sample quantities, analyses required, analytical
methods (with their expected accuracies and precisions), and
turnaround and storage times should be in place between the
customer and the laboratory for all samples received by the
laboratory.

Moisture and bulk density measurement

Analysis

There are some operations in which ore owned by one
company is treated by another. In these cases, the only
practical solution to measuring the mass of ore treated is inmotion rail weighing or conveyor belt weighers. This
equipment is capable of reasonable accuracies providing best
practices for selection, installation, and calibration as detailed
in the AMIRA Code and the textbook (Morrison 2008) are
followed and the equipment is kept well maintained and
clean, which is often not the case. An example has been
observed where a brick had been placed on the weighbridge
in order to boost the tonnage and produce a biased reading,
and cases of poor installation and housekeeping are common.
As this involves a custody transfer, this equipment
should be certified and material tests conducted to calibrate
the equipment. In some cases different ores are treated that
often have different properties and moisture contents and
may pass over the same mass measurement equipment in
batches. For toll treatment of ore, facilities such as calibration
bins and/or diversion chutes should be installed to conduct
bulk tests regularly, and moisture samples should be taken of
the different ores to avoid a biased allocation of dry tons to
the treated ore. On many audits conducted by the authors,
historic constant moisture values are assumed and yet a large
variation can be seen on observation. The assumed figure
can easily be incorrect by 1–2%, causing the dry tonnage to
be over- or underestimated by the same amount. Taking a
moisture sample requires either use of a suitable automatic
sampler or regular belt cuts adjacent to the belt weigher. The
latter method has the advantage of also providing a crosscheck on the tonnage read by the weigher.

Mass measurement
Accurate and unbiased mass measurement is as important as
correct sampling, sample preparation, and analysis in order to
measure the mass of the material being toll treated.
Unfortunately, this is often neglected or poorly conducted,
especially in determining the dry mass, and bias errors are
present. Incorrect determination of the mass will not only
cause over- or underpayment of the amount of metal
received, but can also give rise to erroneous recovery
calculations.
The treatment terms and metal recoveries of the various
materials of value are specified in commercial contracts. It is
quite common for the purchaser’s weights and analyses to be
accepted. However, it is vitally important for the mass to be
measured accurately at both supplier and purchaser.
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Mass measurement of concentrate
Toll treatment of concentrate is common in both the platinum
and base metal industries. The material can be transported in
tankers in a slurry form, as moist filter cake, or as a relatively
dry powder. It may also be transported considerable distances
by road, rail, and in bulk by ship. Material is usually weighed
several times during the transfer (on leaving the seller, at the
port on loading, on offloading at the receiving port, and at the
receiver’s plant). Most of this weighing will be on
weighbridges, which should be capable of good accuracy and
precision. In the case of transport by ship, a draft survey is
usually conducted and sometimes this is used as the
commercial mass for the transaction. Irrespective of the
contract terms, weighing should be conducted by both seller
and purchaser and the variance between the two monitored.
CUSUMS is a useful tool to carry this out.
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The laboratory is generally the only department in a
mine/metallurgical operation that routinely measures its
accuracy and precision by the use of certified reference
materials (CRMs), QC samples, and replicate analyses respectively. It is then regularly chastised because the values
achieved are not ‘good enough’, without any thought being
given to the mass measurement and sampling/sample
management stages of the metallurgical accounting chain.
Consequently, effort and cost is wasted improving the
analysis when this is already the best measurement, which
will have little effect on the overall variance of metallurgical
accounting.
Two areas where laboratories can improve their
operations are:
➤ Use of CUSUM graphs—Most laboratories use some
form of statistical analysis of their results, including
the use of Shewhart control graphs, but the use of
CUSUM graphs is much more sporadic. CUSUM graphs
are an excellent tool for detecting bias in an analytical
procedure and are recommended for routine use in
laboratories
➤ Calibration of analytical Instruments—Often driven by
the claims of instrument manufacturers, laboratories
have slipped into the bad habit of using too few
standards in the calibration of their analytical
instruments. Calibrations frequently use only two or
three standards, when the recommended minimum is
seven, and the calibration is further degraded by
having the top standard at least a factor of two above
the next closest standard.

It is rare in the industry that the determinations of moisture
levels and bulk densities of the material being treated are
representative of the mass being weighed. This is especially
true in the case of ores, concentrates, and granulated mattes.
In the case of ore, measurement is difficult and values are
usually assumed, and in the case of the others the sampling
is poorly performed and moisture changes occur. The position
is even worse in the case of the values used for stocks and
stockpiles to determine the mass. Bulk densities can easily
vary by 20% for the same material depending on the particle
size and distribution, method of dumping, degree of consolidation etc.

Metal accounting and corporate governance
The moisture content can change during transport, with
the material either drying out or gaining moisture, depending
on ambient conditions and exposure to the elements.
Moisture will also migrate to the bottom of the load. In the
case of slurries the solids will settle during transport. Thus
the material must be correctly sampled to yield a representative moisture content. It is not uncommon for biases to be
present as a result of poor sampling, as is shown in the
example in Table I taken from several shipments of concentrates.
The wet tons (WMT) received is consistently slightly
lower than the ’Survey’, the difference averaging 0.77% over
the nine batches shown, which is to be expected in a hot
climate and bearing in mind that the draft survey is being
compared with a weighbridge, which is likely to be more
accurate. However, the dry tons (DMT) are consistently
higher by an average of 1.55%, as a result of biased moisture
samples. Thus the receiver is accounting for about 1% more
concentrate than is actually received. The value of this is
significant. In addition, the recovery calculation is distorted.

Mass measurement of stocks
The determination of the mass of material in stock is a source
of many errors because it is impossible to measure the
relative density and moisture of stockpiles and other stocks,
even if a reasonable estimate of the volume is made (±5%).
Thus periodically there can be a relatively large adjustment to
the material in stock and metal balance. This results in errors
in the accountability calculations and incorrect measures of
performance. On occasion, the adjustment can be a tool to
conceal problems or improve the metal balance as shown in
this example in Table II of the month-end stock of reverts
material in a smelter.
The steady increase in grade allocated over the six
months is clearly artificial and will result in a substantial
write-off when the stock is eliminated. The estimate of the
tonnage of reverts will always be very inaccurate due to the
heterogeneity and variable bulk density, and the material is
impossible to sample unless it is crushed, weighed, and
sampled by a suitable automatic sampler. The only time an
estimate of stock of materials in a mining operation will be
accurate is when it is zero. Thus stocks should be run
regularly to zero by the use of parallel piles and the material
measured in and out.

Mass measurement of matte and other materials
Matte and other materials are usually weighed (in 2 t bags or
other containers) on platform bagging scales, which should
be capable of accuracies of 0.2% or better. However, in the
case of granulated matte it is not uncommon to observe the
bags being weighed at the seller while free water is still
draining from the bags. During transport, the residual
moisture will gravitate to the bottom of the bags, or if they
are stored in the rain the same occurs on receipt at the
purchaser. Often only grab samples are taken. Thus biases
can also occur similar to those shown for concentrate. It is
important that weighing is carried out and suitable samples
are taken by an automatic sampler by both seller on loading
and purchaser on offloading (the ‘home and away’ system).
The weights must be compared and monitored.

Recovery calculations
It is common practice for a recovery of the various metals to
be guaranteed and paid for in a toll treatment contract. A bias
in mass measurement will lead to incorrect recovery
calculations and may result in the purchasing company
bearing a financial loss. In the case of concentrators, the
tailings mass is usually not measured but is calculated from
the feed and product tonnages and assays. Thus it is even
more important in this case that the feed and concentrate
measurements are carried out correctly so that recoveries can
be calculated, as check-in check-out is not being performed.

Table I

Concentrate weights
Batch

1
2
3
4
5
6
7
8
9

Survey dispatched

Received

Difference

WMT

DMT

WMT

DMT

WMT

DMT

10 780.300
10 712.300
10 632.600
10 597.700
10 631.900
10 618.100
10 586.900
10 603.700
10 687.270
95 850.770

9 925.187
9 883.422
9 832.073
9 826.004
9 809.014
9 861.456
9 897.707
9 896.843
9 971.156
88 902.862

10 674.620
10 627.620
10 497.880
10 586.260
10 618.178
10 558.440
10 519.320
10 427.924
10 599.980
95 110.222

10 128.705
9 974.535
9 909.349
9 993.333
10 030.866
10 014.581
10 049.709
10 001.311
10 180.809
90 283.198

105.680
84.680
134.720
11.440
13.722
59.660
67.580
175.776
87.290
740.548

(203.518)
(91.113)
(77.276)
(167.329)
(221.852)
(153.125)
(152.002)
(104.468)
(209.653)
(1 380.336)

Table II

Smelter reverts stocks
Month
Reverts stock (t)
Grade (%Cu)
Copper (t)

▲
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1

2

3

4

5

6

64 419
30.7
19 730

63 729
30.7
19 518

49 186
32.6
15 791

43 926
33.8
14 836

45 064
34.5
15 558

49 306
35.2
17 749
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An example of a typical platinum concentrate toll treatment
contract was presented in an earlier paper (Gaylard et al.,
2012) which illustrates some of the problems associated with
toll agreements. Standard commercial terms for these
contracts are based on the receiver’s mass and moisture
measurements and analytical sample. The analytical sample
is split and analysed by both the shipper and the receiver.
Analytical results are exchanged on a pre-arranged date and
if the results do not agree within specified limits, settlement
is delayed until final metal values are agreed following reanalysis, analysis by an umpire laboratory, or by negotiation.
The specified limits for analytical settlement are referred
to as splitting limits, which are expressed as the maximum
allowable percentage difference between the analyses from
the two laboratories for each value metal. In the case of PGM
concentrates, for example, these splitting limits vary from
metal to metal, but the level of these limits is related to the
performance of the sampling and analytical systems. For
good corporate governance, it is essential that all parties to
such a toll treatment contract should be aware of the level of
financial risk to which each party is exposed with each
shipment of concentrate through the level of the defined
splitting limits. Clearly, the better the performance of each
laboratory, the closer will be the splitting limits and the lower
the risk associated with each shipment. However, improving
analytical performance may prove to be too expensive in
relation to the level of the risk involved, and the parties to the
agreement may decide, because of this, to accept wider
splitting limits. Nevertheless, corporate governance requires
that this determination must be made and the audit
committee must be satisfied that the risk is acceptable.
Another common problem with toll treatment of concentrates by smelters is control and measurement of concentrate
inventory. Reliable measurement of stockpiles is difficult and
the best measurement is obtained when the stockpile is
empty. Many operations audited do not allow for this and
only rarely have the opportunity to reduce their stockpile to
zero, usually resulting in an unpleasant surprise and a major
write-off of concentrate stocks, with a consequent negative
effect on the company’s balance sheet and financial results.
Often, the unaccounted figure is exacerbated by losses due to
wind and rain if the stockpile is not stored under cover.
Examples have also been observed of smelters that are
toll treating concentrate on terms related to their operating
performance and recoveries. However, the recovery figures
are highly suspect because of flaws in their metal accounting
systems, usually related to stockpile measurements. In
particular, smelters with large stockpiles of revert materials
have difficulty in arriving at a reliable recovery figure
because of the measurement problems associated with such
stockpiles, which are usually highly variable in composition,
while the size of the component particles makes sampling
extremely difficult. Smelters operating under these conditions
quote commercial terms that have to match, or better, those
of their competitors but, because of the shortcomings in their
metal accounting systems, their entire operation is exposed to
significant financial risk of which their senior management,
audit committee, and board are unaware.

Measurement and reporting of performance figures
In all metallurgical operations, plant recovery is normally
used as the prime measure of performance. However, there
The Journal of The Southern African Institute of Mining and Metallurgy

are a number of ways in which recovery can be measured. In
the AMIRA Code, for example, three suggested formulae for
calculating metal recoveries are proposed:

Theoretical recovery =
(Metal input — Metal in losses) x 100 [1]
÷ (Metal input)
Actual recovery =
(Sum of all useful or desired outputs) x 100 [2]
÷ (Sum of all inputs)
Built - up recovery =
(Sum of all useful or desired outputs) x 100 [3]
÷ (Sum of all outputs)
The Code does not prescribe which equation should be
used. However, the Code does call for consistency in the use
of such equations. Cases have been observed where the
recovery formula has been changed without adequate
thought or clearance from senior management, usually
resulting in the reporting of a higher recovery figure that
does not reflect any change in the performance of the
operation concerned. In many instances, these recovery
figures are reported in the published annual financial reports
of companies, and a change in the method of calculation
could expose the company to reputational and commercial
risk.
Recovery is often confused with accountability and,
again, the Code has two formulae for calculating accountability:

Accountability, % =
(Sum of all outputs + stock change) x 100 [4]
÷ (Sum of all inputs)
Or

Accountability, % =
(Sum of all outputs + closing stock) x 100 [5]
÷ (Sum of all inputs + opening stock)
Neither formula is prescribed, but Equation [4] is
preferred as Equation [5] can mask current performance if
the opening and closing stocks are significantly larger than
the inputs and outputs of the accounting period concerned.
Instances have been noted where plants report recovery
figures of 99% or greater, while at the same time reporting
accountabilities of 94%, for example. In other operations, or
in some cases, accountabilities have been adjusted to 100%
through the use of built-up head grade calculations, after
which recovery figures have been reported that can only be
suspect.
An illustration of what can go wrong if recovery
calculation formulae are changed without adequate thought
or investigation was provided by a base metal smelter that
was audited. The smelter treated concentrate from the incompany concentrator on the mine as well as concentrate
bought in from outside suppliers. The smelter produced a
matte which was shipped to a refinery. The smelter also
treated refinery scrap and residues as they arose. The smelter
defined first-pass recovery as:
First pass recovery = [6]

(M in matte) x 100 ÷ (M in conc. smelted)

Overall recovery was determined using the equation:

Overall recovery = (M in matte) x 100
÷ (M in concentrate smelted — [7]
change in M inventory
— M in inventory write-off)
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Toll treatment contracts

Metal accounting and corporate
In the above equations, M refers to the tons of value
metals contained in the relevant process stream.
The smelter flow sheet was then changed and the
majority of the slag stream was returned to the concentrator
for retreatment to recover the contained metal values
(Figure 1).
In order to give credit to the smelter for the resulting
improvement in recovery, the overall recovery calculation
method was changed to the following equation:

Overall recovery = (M in matte) x 100 ÷
(M in conc. smelted — [(M in slag x slag recovery) [8]
— increase in M in smelter stock]
This change resulted in an increase of approximately 4%
in the overall recovery for the year in which the change was
made. On examining the new equation it was realized that
both overall recovery equations were flawed in that an
increase in inventory would lead to an increase in recovery.
However, the revised equation was doubly flawed as an
increase in both slag generation and inventory would
combine to elevate reported recovery figures (Figures 2 and
3). In Figure 2 it can be seen that, keeping everything else
constant, as the metals content of the inventory increases, the
calculated overall recovery increases to a level in excess of
100%, while if the metals content of the inventory decreases,
the calculated overall recovery decreases. Similarly, Figure 3
shows that an increase in the quantity of metals reporting to
the slag stream leads to an increase in the calculated overall
recovery percentage, while reducing the amount of metal in
the slag lowers the reported recovery figure. Clearly, these
trends are counter to good operating practice.
As the overall recovery was quoted in the company’s
annual report, the calculation had to be re-visited as the
report would have reflected a significant increase in smelter
overall recovery, whereas the performance of the smelter had
deteriorated during the year in question. This could have had
a negative effect on the company’s reputation.

Summary and conclusions
Since the year 2000 there has been an increasing focus on
corporate governance to the extent that sound corporate
governance practices have been codified and made legal
requirements for companies operating in various countries. In
South Africa, we are fortunate to have the ’comply or explain’
approach of the King III report. As discussed, metal
accounting is an integral component of corporate governance,
and a sound metal accounting system facilitates risk
management, contributes to protecting the reputation of the

Figure 2—Overall recovery vs inventory change

Figure 3—Overall recovery vs metal in slag

company and also provides commercial advantages when
dealing with third-party companies, particularly when
commercial terms for toll treatment contracts are defined.
However, as shown in this paper and based on
observations made during metal accounting audits conducted
at a variety of operations, metal accounting systems are often
found to be poorly operated and maintained, so that data
generated by these systems is suspect. Because metal
accounting is often seen as ancillary to the routine operation
of a plant or mine, these shortcomings pass unnoticed but
can place the operation at risk. In particular, where an
operation such as a smelter is involved in toll treating or
buying in concentrate from third-party companies, it is vital
for the success and sustainability of that company that the
metal accounting systems applied at the smelter comply with
the provisions set out in the AMIRA Code of Practice for
Metal Accounting to ensure sound corporate governance.
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An overview of sampling best practice in
African mining
by I.C. Spangenberg*, and R.C.A. Minnitt†

The status of sampling practices in the gold mining industry in Africa
was determined as an initial step in a process to standardize sampling
practices in the mining industry. Twenty-one gold mines, twenty
metallurgical plants, and thirteen laboratories were rated for the
potential influence of the relevant sampling errors on each
component of the particular sampling system. The findings of the
study on the status of equipment, standards, procedures, and
management principles were presented in a dissertation
(Spangenberg, 20121) and are now used by AngloGold Ashanti’s
mines in the quest for correct sampling practices. The information is
also used to compile a guideline on leading practice procedures for
sampling methods in gold mining. This article is an overview of
sampling best practice found in African mining
Keywords
theory of sampling, best practise, sampling errors, sampling
standards.

Introduction
In a keynote address at the Sampling 2008
conference in Perth, François-Bongarçon
(2008) stated that the modern sampling theory
(the Theory of Sampling – TOS) is enjoying its
golden age, sixty years after its inception and
after alternate periods of acceptance and
rejection by the industry. Pollard et al. (2009)
explained that, from their experience in
industry, education, training, and professional
development, the minerals industry regards
sampling as an important part of its
operations, but often does not recognize the
differences between good and bad sampling
practices. Poor understanding of sampling
theory and how it should be applied, a
corporate cost-saving culture, especially
concerning technical issues that are not well
understood by executive management, and a
failure in the education of industry profes-
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sionals to develop an understanding of the
fundamentals and economic importance of
good sampling practice, were listed as reasons
for this.
A growing understanding and appreciation
of sampling theory and methods has led to a
new era in which mining companies are in fact
implementing new sampling procedures and
protocols. A comprehensive international
sampling standard for the mining industry
does not exist, but Minnitt (2007) suggested
that standardization through the identification
of structural problems and continuous
improvement of sampling processes should be
instituted at a national level in the interests of
optimal development of the national
patrimony.
Where necessary the principles of TOS are
referred to in the body of the paper. The total
sampling error (TSE) is the sum of all
sampling variances contributed by the errors
and bias-generating components in a sampling
protocol. Contrary to the popular belief that the
errors will ‘average out’, sampling errors are
additive and not self-compensating. Gy (1979)
subdivided the errors involved in sampling
into seven different classes without distinguishing between accuracy, precision of
measurement, or the natural variability of the
material being sampled. Although eleven
sources of sampling error have been identified
not all the errors were named by Gy (1979);
however, he did identify them in his writings.
The sampling errors that contribute to the nonrepresentativeness of samples were described

An overview of sampling best practice in African mining
by Holmes, (2009) and Pitard (2005, 2006), and are
presented in Table I. The sampling errors are grouped
according to the factors having the largest effect on them.
The aim of this paper is to document the current sampling
practice at a number of gold mines throughout Africa and
develop a system and standards for sampling practice at such
operations. To this end twenty-one gold mines, twenty
metallurgical plants, and thirteen laboratories were visited to
rate the potential influence of the relevant sampling errors on
each component of the particular sampling system. The
general commitment of each of the mining operations
mentioned in the thesis by Spangenberg (2012), to best
sampling practice at each stage of mineral development, is
described in this paper. The stages include exploration,
mining, broken ore sampling of materials on their way to the
plant, metallurgical plant sampling, and sampling in the
analytical laboratories. The response of management to
issues related to sampling problems is also considered. This
article concentrates on sampling practices only and
conclusions are drawn to establish best practice.

Exploration sampling
The concept of ‘correct’ sampling has to be linked to the
concept of the ‘lot’, used here to refer to a mass of material
from which a representative sample is to be extracted. A
sample can be referred to as ‘correct’ only if each and every
fragment in the lot has the same statistical chance as every
other fragment of being in the sample. The term ‘sampling
dimensions of the lot’ therefore refers to the way in which the
material is presented to the sampling equipment, and implied
in that is the notion that the resultant sample will be correct
or not. A three-dimensional lot, such as a large stockpile or
waste dump, is the worst possible lot shape from which to
extract a sample simply because the bulk of the lot is not
accessible to the sampling equipment, and can therefore
never yield a correct and therefore representative sample. An
example of a two-dimensional lot is typically that of a large
area of a slimes dam which has to be sampled, the only
reasonable way being to use an auger or reverse-circulation
(RC) rig to recover the material from the drill-hole. Although
the sample can never be truly representative of the lot,
because it can never be correct, this is the best we can do
without totally reclaiming the slimes dam and re-stacking it.
The best presentation of a lot is in a one-dimensional form,

where the material is presented to the sampling equipment, in
this case a cross-stream or cross-belt cutter, as a single
stream flowing off the end of a conveyor belt. Although
constraints on the sampling dimensions of the lot mean that
diamond drilling cannot obey the basic rule for correct
sampling, because the lot is defined in two dimensions and
the samples are extracted across the third dimension, drilling
is the only available means of obtaining estimates of the
grade at a given locality. This is true at the exploration stage,
in open-pit and underground mining operations, and in the
case where the grade of waste dumps, tailings dams, or other
three-dimensional lots is required (Holmes, 2009).
Diamond drilling is the primary sampling method
employed at the mines that have exploration programmes,
with shallow depth drilling programmes being undertaken
with RC drilling. Secondary sub-sampling of borehole core is
by splitting the core using either manually operated diamond
saws, more advanced semi-automatic units, or by guillotinetype splitters as shown in Figure 1. Guillotine-type splitters
have been used in the past but in the interests of better
representation have generally been replaced by diamond
saws. The chisel-type core splitter produces an imperfect split
and causes sample loss.
Cores from some reef types, for example Carbon Leader
reef or saprolite materials, have been known to disintegrate
during splitting of sub-samples, as shown in Figure 2.
Splitting borehole core by means of a diamond saw is
relatively easy but sub-sampling of broken core is open to
subjective selection by the geologist. In some cases it is better
to pulverize a complete increment of core before splitting.

Figure 1—Sub-sampling by means of a diamond saw (left) and a
guillotine (right)

Table l

Summary of origins and nature of sampling errors
Origin of errors

Nature of errors

Identity of error

Distribution of mineral in host rock
Compositional heterogeneity
Distributional heterogeneity

In situ nugget effect (INE)
Fundamental sampling error (FSE)
Grouping and segregation error (GSE)

Geometry of outlined increment is not recovered
Portion extracted is not the same as delimited increment
Non-random variation after extraction
Proportional sampling

Increment delimitation error (IDE)
Increment extraction error (IEE)
Increment preparation error (IPE)
Increment weighting error (IWE)

Small-scale variability
Large-scale non-periodic sampling variability
Large-scale periodic sampling variability

Process integration error (PIE1)
Process integration error (PIE2)
Process integration error (PIE3)

Analytical technique

Analytical error (AE)

Particulate nature of ore

Sampling and sub-sampling equipment
Handling of samples and sub-samples

Type of sampling process

Laboratory
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Figure 2—Borehole core from carbonaceous reef (left) and
saprolite(right)

The so-called in situ nugget effect (INE) is believed by
some to have significant influence on the results of sampling
of borehole core recovered from exploration drilling. The INE
is considered by Pitard (2009) to be characteristic of the reef,
and that the only way to improve the results from sampling is
to attempt to reduce the effect by drilling larger diameter
boreholes.
Elaborate exploration diamond drilling techniques,
including multi-tube wireline core retrieval systems, were
developed by Boart Longyear™ (2011) in 1958. These
consist of an inner tube group, which collects the core sample
during the drilling process and is independent of the outer
tube group, to extract core in difficult conditions. Such core
retrieval methods aid in reducing the influence of the IDE and
IEE. The FSE would take effect only once the core is broken
or pulverized, and it would have to be managed by ensuring
that the core is reduced to the correct fragment size and mass
before a sample is extracted. The potential influence of the
IPE is moderate when handling solid borehole cores and high
if the core is fragmented when it is recovered from the drill.
Francois-Bongarçon (2011) is firmly of the opinion that none
of the errors mentioned above are relevant at the stage of
sampling borehole core or collecting face chip samples from
an underground stope. Instead, he and Lyman (2011) believe
that retrieving channel samples and borehole core samples
could be referred to as ‘simply taking a measurement’ rather
than taking a sample per se. In their opinion it is only once
the core is broken that sampling errors and bias will be
incurred.
Allocations of capital expenditure based on the analytical
results from exploration samples are usually large, making it
imperative that suitable equipment be employed to recover
the largest diameter intersections of the reef that are
practically possible. Diamond saws or the automatic core saw
such as that developed by Almonte Diamond Pty Ltd (2011)
should be used to split the core, while broken or brittle core
should be pulverized before splitting.

operations, these items of equipment (Figure 3b) are usually
flawed. Usually the splitters have been welded together such
that the riffles lie immediately over one another, which
results in the sub-samples being biased. Multi-stage splitters
are also biased by design as the sub-sample from the
same side is always selected for splitting in the next step
(Figure 3c). Furthermore, failure to feed the cuttings evenly
into the riffle splitter also introduces a bias.
A variety of mass reduction sub-sampling equipment is to
be found at different mining sites, but these are generally
characterized by inherent imperfections and should be
avoided where possible. Such equipment includes:
➤ Stationary cone splitters such as that shown in
Figure 4a (left) with stationary collectors, where the
cone has to be level to prevent the possibility of preferential sampling. Rotating collectors as shown in
Figures 4c (right) work well in taking representative
samples when the levelling is imperfect
➤ Rotating cone splitters (Figure 4b), should be avoided
because the rotating cone imparts momentum, in
addition to gravitational forces, to the sampled
material, resulting in complex and uncontrollable flow
mechanics that produces a biased sample
➤ Stationary or rotating cone splitters with slots in the
cone as shown in Figure 4c (right) produce biased subsamples and should be avoided for the reasons given
above.
Decisions arising from the analysis of grade control
samples usually involve immediate- to short-term mining
decisions that direct the broken rock to the metallurgical
plant, to a marginal ore rock dump, or the waste dump. RC
drilling, rather than blasthole percussion drilling, should be
used for primary grade control sampling. While the dangers
associated with stationary cone splitters have been
emphasized, splitters with rotating radial collectors should
indeed be used for secondary or sub-sampling. The drill rig
should be equipped with with a cyclone, a drop box, and an
emission filter as shown in Figure 5. Sandvik Mining and

Figure 3—(a) Cyclone (left), (b) riffle splitter (middle), and (c) splitting
process (right)

Sampling in mining operations
Open-pit grade control sampling
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Figure 4—(a) Stationary cone splitter, which must be perfectly levelled
before use (left), (b) rotating cone splitter (middle), and (c) stationary or
rotating cone splitter with slots in the cone (right)
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RC drilling is the preferred primary sampling method in openpit mining operations. Once the broken RC drill cuttings are
recovered, several methods of secondary sampling are used.
RC rigs are usually accompanied by a cyclone (Figure 3a)
which is used to collect the borehole cuttings, usually at 1 m
intervals. Although the three-tier riffle splitter which is used
to reduce the sample volume can be found at many mining

An overview of sampling best practice in African mining
The AngloGold Ashanti standard for underground chip
sampling compiled by Kelly (2006), and revised by Flitton
(2009), contains the basic principles for cutting acceptable
channel samples. The standard lists the requirements for
good sampling practice as follows:

Figure 5—RC drill rig with a stationary cone splitter and rotating radial
collectors in operation

Construction (2008) have developed and patented such a
unit, the RotaPort™ cone splitter, which is functional in wet
and dry conditions. Material that hinders sub-sampling
should be collected per increment via the cyclone and sundried before splitting by means of a riffle splitter.

Underground grade control sampling
Pitard (2009) is of the firm belief that the INE, IDE, IEE, and
IPE will influence chip sampling, which is used for
underground grade control and selective mining. Harsh
underground environmental conditions that include working
in a confined space, as well as extreme heat and humidity,
make it difficult for the sampler to firstly define and secondly
extract a correct sample. Heat and humidity contribute to the
exhaustion of the sampler. The samples are collected from
advancing stope faces, which are farthest away from the
shaft. On arrival at the area to be sampled, the sampler has to
ensure that the work area is safe from possible falling rocks
and methane. Samples are measured off along the stope at
specified intervals and marked on the face. Extracting the
marked sample by chipping an exact rectangle from the solid
rock face and ensuring at the same time that all the rock
fragments are collected, is a laborious process. Recent studies
(Prinsloo, 2012) have shown that the samples collected are
either incomplete or over-chipped. The INE is aggravated as
the measured gold grade will be biased if the extracted
sample is incomplete or over-chipped.
In cases where large numbers of sizeable primary
underground chip samples have to be split using a riffle
splitter the potential for IPE is high. Where there are
insufficient riffle splitters to complete the tasks in the
allocated time the samplers become careless and simply pass
the sample through the splitter directly from the bag, leading
to spillage and the discard of rock chips that do not pass
through the riffles. The design of the splitter shown in
Figure 6 is correct in that the trapdoor of the loading pan
opens from the centre line and the sub-samples in this case
are unbiased if the correct procedures are followed.
Growing awareness of the TOS has meant that many
projects have been initiated at both surface and underground
mining operations to find ways of eliminating the sources of
bias that contribute to the IDE, IEE, IPE, and IWE. In
particular the discrepancies in grade that occur between the
shaft and the plant and lead to unacceptable mine call factors
have been targeted for investigation.
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➤ Sample area to be thoroughly clean. All pieces of loose
rock to be removed from the sampling area. Fines and
mud should be washed away with clean water
➤ Identification of individual reef components and
demarcation of sample areas. The reef must be
separated into different units based on its apparent
quality and geological differences. Sample widths
should not be less than 5 cm on thin carbon reefs and
7 cm on conglomerates, but less than 20 cm. A
waterproof crayon should be used and sharpened
frequently so that all lines are thin and clear. Each pair
of lines delimiting the width and length of a sample
must be parallel and drawn using a clino-rule. The
lines demarcating the width of the sample are drawn
parallel to the reef-waste contact while those
demarcating the length of the sample are drawn at right
angles to the reef-waste contact and should be marked
out 10 cm apart. The sample width should include 2 cm
of waste rock on either side of the reef band to ensure
that the full width of the reef is chipped and any
enrichment on the reef-waste contacts is included in
the sample
➤ Measurement of sample widths. This entails the
diligent measurement of sample widths to ensure an
accurate gold value calculation in cm.g/t. The width of
a reef is the shortest distance between the waste rock
on each side, i.e. at a right angle to the reef band
➤ Chipping of samples refers to the prescribed method for
actual sample collection. The demarcated area must be
chipped to a uniform depth of 2 cm. The moil should be
sharp to ensure cutting of the rock and to prevent
‘powdering’ by means of a blunt edge. The sample dish
should be held immediately below the sample being
chipped. The cutting edge of the moil should be covered
while chipping is in progress to ensure that the rock
chips are directed into the dish. All equipment should
be cleaned after each sample taken to prevent crosscontamination
➤ Delivery of samples. Once chipping of the sample is
completed it should be meticulously transferred to the
sample bag to eliminate loss and contamination.
Sample bags must be securely packed for transport
from the working place and eventually to surface

Figure 6—Riffle splitter with a manual sample dispenser correctly
placed along the mid-line of the riffles below it
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Broken ore sampling
Broken ore sampling is the action of removing an
appropriately sized fraction at an appropriate nominal
fragment size from a lot of broken ore in such a way that the
sample is representative of the lot for the physical properties
of interest. Broken ore from mining operations is sampled en
route to the metallurgical plant using a number of different
methods, including grab sampling from a stockpile or a
conveyor; a method that can never produce a representative
sample and is not described in this text. The more popular
and more representative sampling methods include stop-belt
sampling using a frame, and go-belt sampling by means of a
cross-stream cutter or hammer sampler.

Primary sampling
Stop-belt sampling consists of stopping the run-of-mine
(ROM) conveyor and collecting all the material within a
former, of correct dimensions, that is placed on the belt.
Samples collected in this way are usually taken from between
two increments collected by the cross-belt cutter and are used
to determine if there is a bias in automatic samplers (Gy,
1982). A stop-belt sampler is an inexpensive alternative to
installing a costly go-belt sampler and allows one to:
➤ Test the variability of the feed material to the plant
➤ Ensure correct sampling during an ore campaign
➤ Provide information on the optimal sampling frequency
that should be used when go-belt samplers are
installed.
A range of different stop-belt sampler designs are shown
in Figure 7. The width of the frame should be not less than
three times the top size of the crusher product fed to the
plant, and the blades of the frame should follow the curvature
of the conveyor belt over the entire width of the belt.
An example of a go-belt sampler can be seen in Figure 8.
Sampling ROM ore with a cross-stream or go-belt sampler
at regular mass intervals overcomes the costly and
impractical stopping of the belt and interrupting the shaft or
plant operation. The go-belt sampler, also called a hammer
sampler, is a robust instrument which is widely used in the

Figure 7—Different stop-belt sampler designs
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industry despite the many problems associated with it
(Pitard, 2005). Samples should be collected only on a mass
basis (and not a time interval) to provide for fluctuating mass
loads on the conveyor. Collection of a ROM sample increment
by the go-belt sampler should be initiated once a
predetermined mass of ore has passed over the weightometer.
A weightometer is a mass meter or weighing instrument that
is installed beneath a conveyor belt for the purpose of
continuous mass determination. It measures the amount of
ore on the conveyor passing a certain idler or number of
idlers included in a weigh frame. In general, the more idlers
on a weigh frame the less the effect of belt tension and
alignment and the longer the instrument will remain in
calibration. Figure 9 shows a single-idler weightometer, i.e.
one row comprising three idlers on a weigh frame. The
tachometer, which measures the speed of the conveyor, is
shown in the picture on the right. Together these instruments
provide the data for the mass per unit time calculation, i.e.
mass flow measurement. The semivariogram procedure (Gy,
1982) should be used to quantify segregation and determine
the optimum go-belt sampling frequency
At some mines the samplers operate on a time rather than
a mass basis. The variance of the IWE is a function of the
variation in the flow rate of the stream from which the
increments are collected. Samples should therefore be
collected on a mass basis rather than a time basis, as the
amount of ore on the conveyors varies. Furthermore, the IWE
is zero when the mass of the increment is constant. Some
mines have installed profile detector laser beams that prevent
the sampler from initiating the extraction of an increment if a
large rock is detected or while the profile of the ore on the
conveyor is either below or above certain predetermined
limits. Oversize material should be removed from the
conveyor to prevent damage to the sample collector and
conveyor belt.

Figure 8—A go-belt sampler (left), and the sample collector (right)

Figure 9—A single-idler weightometer on the left, and a tachometer on
the right
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➤ The operators should be motivated, trained, and
encouraged to maintain a high standard in sampling
practice
➤ Certified reference material (CRM) and blanks should
be inserted in batches of samples.
This standard for underground chip sampling also
discusses poor sampling practices such as contamination,
sample loss, and fraud, and is based on principles described
by Sichel (1947), Storrar (1987), and Cawood (2003).
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Secondary sampling
Sub-sampling of broken ore composites involves sample
mass and particle size reduction. However, the splitting at
different nominal top sizes, crushing, and comminution of
the ore should be done according to a specific protocol. The
variance of the FSE, σFE2, identified by Gy (1982), is the
absolute minimum sampling error for a given fragment size
and sample mass. It can be reduced by decreasing the
nominal fragment size or by increasing the mass of the
sample. The FSE variance can be calculated prior to the
sample being taken and is a means of determining the correct
sample mass. Minnitt et al. (2007) describe the 32-piece
sampling tree experiment and how to determine a sampling
protocol that will ensure that the FSE does not exceed a
predetermined precision at any stage of the sampling
procedure.
Rock dump sampling was not investigated as it is usually
part of an ad hoc sampling campaign and not included in the
metal accounting programme. Several stockpile sampling
methods are available, e.g. drilling, auger, excavation grab,
and belt sampling. Grab sampling provides information on
the sample itself and is unsuitable for any accounting
purposes, but it is usually an easy and inexpensive
alternative to other methods.

Plant feed sampling
The flow meter and densitometer are the principal
instruments for mass measurement in the metallurgical plant
and in the metal accounting system. Six of the mines
investigated do not use weightometers, but rely on flow
meters and densitometers to measure the amount of ore
delivered to the plants as these instruments have a smaller
margin of error than a weightometer. One mine uses a singleidler weightometer, 24% of the operations have two-idler-,
33% have four-idler-, and 10% have six-idler weightometers
for recording these measurements. Only six-idler
weightometers are considered sufficiently accurate for metal
accounting purposes. Weightometers should be calibrated
weekly using a zero test, i.e. an unloaded running conveyor,
and a static weight test, i.e. running conveyor loaded with
measured mass pieces or a calibrated chain as shown in
Figure 10 a and b.
Figure 11 shows broken ore being grab-sampled off a
moving conveyor belt by means of a spade. Such grab
‘samples’ can only be termed specimens, as they do not
conform to the principles of correct sampling in that particles
of broken ore at the bottom of the load on the belt have no
chance of being selected in the sample. Larger particles

Figure 10—Calibration of the plant feed weightometer using (a) the zero
test, and (b) a static weight test
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similar to the rock on the right hand side of the picture will
also never be collected from the moving conveyor.
Stop- and go-belt samplers have inherent structural
problems that contribute to the TSE even when correctly
designed.
Mechanical deficiencies of go-belt samplers are such that
they contribute to the IDE, IEE, and IWE, meaning that a
correct increment is hardly ever collected from a conveyor for
a variety of reasons:
➤ In correct operation of the go-belt sampler, the collector
should move through the stream at a constant high
speed, collecting a complete cross-section of the stream,
and stop away from the stream. The collector should be
self-cleaning such that a complete increment is
discharged and no material should remain in the
collector
➤ Motors should be adequately powered in order to drive
the collector at a constant speed through the material
on the conveyor. An example of an incorrectly designed
go-belt sampler is shown in Figure 12a: the collector is
stuck in the load on the belt.
➤ Motors should be adequately powered in order to drive
the collector at a constant speed through the material
on the conveyor. In Figure 12a the collector is stuck in
the load on the belt
➤ If the capacity of the collector is insufficient to hold the
increment, most of the material will be pushed off the
belt rather than being collected in a scooping action
➤ If material escapes from the sides of the collector and
an incomplete increment is collected, a large portion of
the increment remains on the belt after sampling as
shown between the lines indicating the trajectory of the
collector in Figure 12b. This particular IEE can be
partially mitigated by installing a rubber lip at the rear
end of the collector and by supporting the belt where
the cutter crosses it.

Figure 11—Broken ore on a moving conveyor is grab-sampled by
means of a spade

Figure 12—(a) Go-belt sampler in operation (left), and (b) material
remaining on the belt after sampling (right)
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The sampler should be enclosed as shown in Figure 13 to
prevent injury from flying rock chips. Inspection doors should
be available for access to all parts of the sampler. The
collector opening of a cross-stream sampler should be at least
three times the nominal top size of the particles and not less
than 10 mm for fine dry solids and a minimum of 50 mm for
wet solids. A rubber lip must be installed on the cutter edge
of a hammer sampler to ensure a clean sweep of the belt.
Support, in the form of a plate and idlers or just idlers, below
the conveyor (Figure 13) can assist the cutter in collecting
the fines from the belt.
The collector opening should be parallel or radial for
linear or Vezin-type collectors respectively and intersect the
stream at a right angle to the mean trajectory of the stream. It
is usual that fines remain on the belt whether the sample is
collected by the hammer sampler or the operator performing
stop-belt sampling. Stop-belt sampling is an interruption of
the production process and operators try to collect the sample
as quickly as possible to minimize the interruption.
Many operations have not planned for the increasing
demand on sample assays, and so equipment for preparing
broken ore samples, crushers, mills, rotary splitters, and
ovens are generally inadequate and timeworn. However,
some mines have requested up-to-date sampling protocols
and new equipment. François-Bongarçon (1995) proposed an
experimental procedure to determine the sampling parameters
for different ores at a specific average grade. These
parameters can then be used to construct the nomogram
which provides the protocol so that the FSE does not exceed a
predetermined precision at any stage of the sampling
procedure. Some mine managers are aware that the
fundamental error variance and a nomogram for their
particular ore type can be calculated, and that the nomogram
forms the basis for a well-founded sampling protocol once the
grade interval for the values reported has been determined.

Metallurgical plant sampling
This section includes head, residue, and bullion sampling.
Once broken ore has been milled it is slurried by the addition
of reagents and water and the slurry is sampled after
thickening en route to the leaching area. A variety of
methods are employed to sample the slurry, including grab
sampling, cross-stream launder samplers, in-line cross-

stream samplers, injector samplers (also called poppet
samplers), and in-line pipe diversions and probes. Mass flow
measurement using flow meters and densitometers in the
headlines takes place at 67% of the plants, while the
remainder of plants have poorly maintained slurry mass flow
equipment.
Primary sampling to obtain head and residue grades is
done using cross-stream samplers, which deliver unbiased
samples if the equipment has been correctly designed,
installed, operated, and maintained (Wortley, 2009). Crossstream launder samplers and 2-in-1 type samplers have a
collector that moves across the slurry stream at regular
intervals and samples the complete stream part of the time.
The 2-in-1 sampler consists of the primary cross-stream
sampler that is mounted in a vertical open-ended downward
flow line and a secondary Vezin-type sampler that is attached
to the unit. Examples of a cross-stream launder sampler and
2-in-1 sampler as manufactured by Multotec are shown in
Figure 14.

Grab sampling tools
Three metallurgical plants perform grab sampling and two
use poppet samplers. All the other operations use 2-in-1 or
launder samplers to collect cross-stream samples. The three
grab sampling tools shown in Figure 15 are used to collect
hourly specimens from the flow to the first leach tank at the
three different gold plants. The increments are composited
into a daily head sample.

Cross-stream cutters
Collectors of different cross-stream samplers are shown in
Figure 16 moving through the falling pulp stream. The cutter
on the left is engulfed by the slurry which flows over, under,
and out of the collector. The collector in the middle cannot
accept all the particles in the stream as the opening is covered
by a screen. The purpose of the screen is to prevent rock
chips from entering the collector and subsequently choking
the outflow line. These samplers are structurally incorrect as

Figure 14—(a) Cross-stream launder sampler (left) and (b) a 2-in-1
sampler (right)
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Figure 13—Support below a conveyor belt immediately below the
cross-belt cutter
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Figure 16—Examples of cross-stream slurry sampler collectors

not all the particles in the pulp have the same chance of being
selected in the sample. The cutter on the right is adequately
sized to accept the entire cross cut of the non-turbulent
stream.

point where the stream is intercepted. The blades should be
symmetrical and blunt with a flat area of approximately 0.75
mm. The outer slope of the blades should be at an angle of
approximately 70°. The capacity of the collector and the
discharge should be sufficient to cater for the entire cross-cut
of the stream. The operator should inspect the samplers every
2 hours. A checklist similar to Appendix 8 in Spangenberg
(2007) should be completed at the start and end of each shift.
An accounting sample is so important that every endeavour
should be made to repair a sampler breakdown within the
same shift in which it occurred. The sampling frequency
should be not less than once every five minutes (Bartlett and
Hawkins, 1987) to cater for variance in the pulp stream e.g.
fine carbon breakthrough.

Vezin and 2-in-1 samplers
Secondary sub-sampling of slurries is generally performed by
Vezin-type rotary splitters. Vezin-type sub-samplers are in
operation at 71% of the plants, and samplers that merely
imitate Vezin- and linear-type samplers, such as the flexible
discharge tube periodically moved by a piston and the
rotating tube divider, are usually biased and should not be
used. As with rotating sample dividers, these samplers are
biased because momentum is imparted to the flow of material
other than that due to acceleration of gravity, resulting in
complex and uncontrollable fluid mechanics conducive to
sample incorrectness.
For correct use of the cross-stream launder sampler, the
flow rate of the stream should be between 2 m/s and 10 m/s.
The stream in the launder should be non-turbulent at the
point of sampling to minimize splashing when the collector
moves through the stream. The collector size and drain
system should be adequate to accept the full flow during
sampling. The blades of the collector should be of stainless
steel and fixed parallel 10 mm or more apart. The collector
should start outside the stream and reach constant speed
before entering stream. The speed of the collector should not
exceed 0.6 m/s. The motor should be sized to maintain a
constant speed inside the stream. The collector should move
through the entire stream and stop outside the stream away
from any splashing. The collector should be adequately sized
to accept the entire crosscut of the stream. The collector
blades should move at a right angle to the stream.
A Vezin sampler is a uniformly rotating cutter that cuts a
vertical stream of material in free fall. Figure 17 shows the
collectors of a Vezin-type sampler, one of which has radial
cutter blades, the other being parallel. Since radial collector
blades conform to the requirements for a correct sampler, the
parallel blades on the right-hand cutter will collect biased
samples.
The inline 2-in-1 sampler and Vezin-type sampler must
be installed in a vertical gravity flow line. The cutter edges of
the collector should be radial with respect to the centre of
rotation and a minimum of 1 cm apart. The distance between
the stream discharge and the cutter edges should be more
than 2 cm. The angular speed of the tip of the collector
should be less than 45 cm/s for units with a diameter larger
than 60 cm and less than 30 cm/s for smaller diameter
samplers. The distance between the farthest point from the
axis where the stream is cut and the outer end of the collector
should be a minimum of 5 cm. The same requirement applies
to the distance between the inner end of the collector and the
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Cleaning of Vezin samplers
The collectors of the Vezin-type sub-samplers samplers
shown in Figure 18 were correctly designed, but a missing
cleaning cycle to keep the radial collectors free of accumulated
material means the sampler will collect an incomplete
increment and hence a biased sample.
An adequately sized inspection door should allow for
unobstructed viewing of the collectors. A set of spray nozzles
should be installed on each side of the stream in such a way
that the spray water covers the complete length of the blades.
Potable water should be used in the cleaning cycle. The
cleaning cycle should commence after each cut and only after
sufficient time has been allowed for the sample to pass the
secondary sampler. The secondary cleaning cycle should be
initiated manually once per shift when the sample container
is removed and the hatch of the holding bay is closed. A
pressure switch in the holding bay should interlock the cycle
to prevent accidental discharge of water into the sample
container.

Dry slurry sampling
Cascade rotary splitters and riffle splitters may be used to
split the dried slurry pulp. However, using a rotary splitter is

Figure 17—Radial (correct) and parallel (incorrect) collectors of a Vezintype sampler

Figure 18—Collectors of Vezin-type samplers clogged by accumulated
slurry material
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Bullion sampling
The bullion is dip-sampled by inserting the tip of a vacuumsealed glass tube into the melted bullion. The glass melts and
the vacuum sucks fluid metal into the tube, which is then
immersed in water to cool and solidify the sample. Drilling of
bullion bars is a laborious but more correct method. The bar
should be drilled right through in a randomly chosen position
and not where a ‘soft spot’ is found that can be easily drilled.
The bullion bar in Figure 19 was drilled 18 times. The drill
penetrated only a few millimetres as an amalgam of several
metals formed an extremely hard product that could not be
easily drilled with a hand-held unit. A mounted heavy-duty
drill is suitable for the task. Two metallurgical plants sample
bullion by means of dip sampling and 90% of the plants use
drilling. The bullion in the smelter and in the final bar
contains impurities in the form of metals and would therefore
be segregated.

Figure 19—(a) Bullion dip samples (left) and (b) a drilled bullion bar
(right)
The Journal of The Southern African Institute of Mining and Metallurgy

The bullion produced by the metallurgical plants is
delivered to refineries for purifying and marketing of the final
product. All the refineries sample the molten bullion by
means of dip sampling and the mines are compensated
according to these sample values. The dip sampling method is
an accepted industry standard, and even though it cannot
extract a correct sample it is considered better than partial
drilling of the bullion bar. Drill sampling is correct when the
bar is drilled right through in random selected positions.

Sampling in the laboratory
Aliquot selection is amongst the most important responsibilities of the analytical laboratory. The dip sampling method,
also known the Japanese slab cake method, for collecting an
unbiased sample of pulverized rock powder in the analytical
laboratory has been described by Pitard (1998) and FrançoisBongarçon (2002). The method consists of spreading the
powered material on a flat surface and taking as many
shallow scoops from as many localities as possible until the
mass of the aliquot is made up. The method shown in
Figure 20 is considered by most laboratories as best practice
since it ensures that the entire sample has an equal
opportunity of being selected as the portion for assay. Some
laboratories find the method too time-consuming and use a
simpler method described in the Anglogold Ashanti
Laboratory Guideline (Maree, 2007, p. 2). This specifies that:
‘Multiple portions of the sample are removed with a thinbladed spatula while holding the packet at an angle, running
the spatula down the entire side of the packet and lifting
upwards. This procedure is repeated until the desired aliquot
mass is obtained.’ The sample in the bag should not be
stirred in an attempt to mix it as this will promote
segregation of the high-density gold grains.
Both the dip and spatula sampling methods are timeconsuming and it is likely that the operator will follow a
simple route by pouring material from the packet
(Figure 21a) or by using a spoon (Figure 21b).
Sub-sampling in the laboratory is a point for discussion
in many audit reports. Laboratory personnel believe that the
crushed and pulverized sample is sufficiently well-mixed and
that an aliquot from the mill bowl or sample bag can be taken
using a spoon or spatula. A cascade rotary splitter is ideal
when there are few samples to be assayed, but far too timeconsuming to use in a production environment. The IPEs
have high potential influences on laboratory sampling
practice. The tilted packet method may be used by laboratories that analyse large numbers of samples, e.g. grade
control samples.

Figure 20—Examples of aliquot selection in a laboratory. (a) Dip
sampling method and (b) using a spatula along the full length of the
packet
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time-consuming considering the relatively small amount of
material that has to be split out. Sometimes moist filter cake
is divided by combining opposite slices of the cake that is
collected as a sub-sample before drying. About 30 per cent of
the plants reduce the mass of the primary head sample by
dividing the filter cake, and selecting a portion from a
coning-and-quartering sub-sample. Coning-and-quartering is
usually performed incorrectly as the dried pulp is only rolled
from the one side of the paper to the other. This action
aggravates the grouping and segregation of dense gold
particles rather than promoting proper mixing.
The influence of sampling errors on samples collected in
the plant is a concern as head grade sampling is the core of
the metal accounting system. Some companies have a code
for the reconciliation of produced grade and tonnage. These
codes demand due diligence in terms of mass flow
measurement and sampling for metal accounting purposes.
Three metallurgical plants perform grab sampling and two
use poppet samplers to collect head grade samples. Three
operations sample the pulp leaving the plant by means of
grab sampling and four plants use poppet samplers. These
plants collect biased samples and the potential effect of all the
sampling errors was rated at maximum. A few years ago,
AngloGold Ashanti and Multotec embarked on a programme
to develop a cross-stream sampler that conforms to the
theoretical requirements of a correct sampler (Spangenberg,
2007). The design was endorsed by François-Bongarçon and
has since been installed at 12 of the gold plants visited.
Incorrect sampling is inexcusable considering the impact of
decisions made based on incorrect sample values and the fact
that the technology and specialist advice are available.

An overview of sampling best practice in African mining

Figure 21—Examples of incorrect methods of aliquot selection in a
laboratory by (a) pouring the pulverized rock from the packet and (b)
scooping the powder from the packet with a spoon

Views of management relating to sampling
Codes of practice (COPs), standard operating procedures
(SOPs), and planned task observations (PTOs) are important
technical documents that should exist at a corporate level to
provide managers with an uncluttered way of thinking about
sampling practices. The COP defines the requirements for
sampling specific materials such as broken ore sampling,
slurry sampling for metal accounting, and grade control
sampling. The COP should specify design, installation,
operation, and maintenance requirements according to the
TOS. Where management pays attention to the COP the
guidelines can affect and influence sampling practice. COPs
exists in 76% of the mines visited. The SOP is usually a
complementary document to the COP and should be made
available to each sampler. It serves as an instruction manual
for the sampling operator and technician. Such documents
were found in all the mines that were guided by a COP. PTOs
are carried out by comparing the activities of the sampling
operator or technician against a checklist which is based on
the SOP. Any deviations from the SOP should be pointed out
by the observer. Corrective action may take the form of
immediate on-the-job training or formal training. The PTO
has a high potential effect on sampling practice and 71% of
the mines perform PTOs.
The costs of sampling installations and new equipment
are usually hard for management to accept because the
adverse effects of poor sampling practice never appear on the
balance sheet. The mining industry is replete with stories
about the adverse effects of trying to save money on
sampling equipment and installations. Management who are
aware of the importance of sampling variability and the secret
costs incurred due to poor sampling practice will ensure that
sampling equipment is installed, operated, and maintained at
an appropriate level. Financial constraints may have a
moderate to severe influence on sampling practice, and it was
found that 52% of the mines do not have capital to spend on
new sampling equipment. Mines in this position resort to
grab sampling and inexpensive alternatives such as poppet
samplers. In general managers are ill-informed with regards
to good sampling practice and are satisfied with advice about
sampling equipment purchases that resulted in savings
irrespective of the demands of TOS. Ten mines of the 21
mines visited had budgets to maintain existing samplers and
related practices, such as the purchase of standard reference
materials. Only 10% of the mines were in a position to design
and install new samplers to replace outdated equipment.
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Formal internal audits to ensure adherence to the COP are
carried out regularly at only 43% of the mines. Deviations
from the COP should be addressed at managerial level as the
economic impact of poor sampling can be enormous. External
audits should, as a minimum requirement, be carried out
annually by sampling specialists from outside the mining
operation. All the mines arrange irregular external audits.
While all the mines have on-the-job sample operator
training, it is imperative for the operations manager to attend
a formal sampling course. An appreciation of the TOS by
management will encourage a positive approach to elements
of management that influences good sampling practices, e.g.
the availability of capital for sampling equipment and training
of operators.
Usually a person who has attended one of the sampling
courses provided by international consultants and who has
developed a sound knowledge of the TOS can be groomed to
champion the cause of good sampling practice within the
mine. Such champions can teach operators in the workplace
how to operate and maintain a sampler, but only 43% of the
mines have such a person. Mines or companies that have no
individual competent in the principles of sampling should
seek advice from consultants, as is the case with 29% of the
mines visited. Equipment suppliers are often called on to
provide advice for companies installing new equipment, and
require a good level of understanding of TOS when advising
the client about equipment purchases and installation. Only
24% of the mines seek advice from salesmen.
In conclusion, management should be the driving force
behind good sampling practice. The lack of formal training in
sampling among managers translates into insufficient budget
for the design, installation, maintenance, and operation of
correct samplers. However, on most mines an awareness of
the importance of good sampling practice has led to the best
available sampling equipment being purchased and installed.
Unfortunately, this does not mean that the samplers are
always operated correctly. Designated persons on the mine
and in the company should ensure that the basic documentation that drives good sampling practice should be in order,
i.e. COP, SOP, and PTO. The necessary training and
inspiration for operators must come from the champions who
will also perform regular audits and PTOs.
The data in Table II presents the general picture of the
potential influence that the sampling errors might have on
the sampling systems in specific areas (Spangenberg, 2012).
The total potential influence of all the sampling errors on
all the sampling systems was an average 73.7%. The
potential influence of the relevant sampling errors is high in
all areas of sampling in this study except for exploration and
bullion sampling, where it was found to be moderate.
Although the potential influence of management and related
principles was rated as moderate, some elements have a high
potential influence on sampling practice e.g. COP, SOP, and
PTO.

Conclusions
The financial consequences of incorrect, poor, and
insufficient or no sampling can be devastating. A bad
blasthole sampling protocol that was erroneously
implemented cost a mine US$134 million over a 10-year
The Journal of The Southern African Institute of Mining and Metallurgy
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period (Carrasco et al., 2004). They also reported that
incorrect sampling of flotation tailings amounted to US$2
billion over a 20-year period for a specific mine. The recent
increases in the gold price would inflate these losses even
more in current monetary values. Only through the correct
application of the principles of TOS from exploration through
mining and metallurgical recovery to sampling of the final
product can we be certain that estimates of grade are
acceptable. A small financial saving in terms of the purchase
of sampling equipment now may end up costing the company
a fortune later. It could mean the difference between pursuing
the exploration results and building a mine or deciding that
the orebody is below the cut-off grade and the project is not
feasible. In both cases millions of dollars are at stake, as
explained in Minnitt (2007), in terms of capital expenditure,
employment opportunities, and foreign income.
It is recommended that the summary of rules, principles,
and leading practice found in the theory and current
operating procedures as summarized in Table III be adopted
as a basis for an international standard for sampling practice
in the gold mining industry. The table provides a summary of
the rules, principles, practice, and available technology.
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Potential percentage influence of sampling errors on sampling systems
Sampling errors

Sampling systems
Exploration

Open-pit

Underground

79
60
39
20
44
49

87
80
83
65
70
67

96
60
60
100
100
100

45

78
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INE
FSE
GSE
IDE
IEE
IPE
PIE
IWE
AE
Total

Broken ore

Head grade

Residue
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97
100
100
99
77
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85
69
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83
74
82
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79
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Bullion

Laboratory
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20
50

50

60
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55
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Table lIII

Basic elements of a sampling standard

Exploration
Open-pit grade control
Underground grade control
Broken ore

Metallurgical plant head and
residue pulp
Bullion
Aliquot selection in laboratory

Primary sampling

Secondary sampling

Technology available

Diamond saw

Boart Longyear
Almonte automatic core saw

RotaPort™ cone splitter

Sandvik
Sandvik

Variable split sample divider

Hammer, chisel, and clino ruler
Material Sampling Solutions

Diamond drilling
RC drilling
Chipping
Stop-belt (low volume)
Go-belt and cross-stream
(high volume)

In-house fabrication
Multotec (2012) hammer and Tru-Belt® sampler

Rotary splitter

Multotec

Cross-stream launder

Vezin

Multotec cross-stream cutter and Vezin

In-line 2-in-1

Vezin attached

Multotec 2-in-1

Mounted drill and glass tube dipping
Dipping or rotary splitter
(low volume); tilted packet (high volume)
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Mine to metal: a practical balance for a large
platinum producer
by H.E. Bartlett* and M.J. Liebenberg†

Introduction
This paper deals with the sampling and mass measurement for ore
delivered from a shaft to a processing plant and the contribution of the
data from these measurements to the metal balances from shaft deliveries
to final metal production.
Accurate measurement of the grade and tonnage of run-of-mine ore is
important for four main reasons;
➤ It enables the measurement of the production from different profit
centres to within statistically determined confidence limits for
daily, monthly, or annual averages. The profit centres could be
individual shafts within a mining complex or ore treated on a toll
basis
➤ The monthly production at shaft head is compared to the grades
and tonnage determined from underground sampling and mass
measurement in terms of a shaft call factor
➤ The sum of the production from the shafts is the input to concentrators. This input is a major part of the total input into a complex
with concentrators, smelters, and refineries. In terms of the Codes
of Practice for Metal Accounting the inputs are compared to
outputs and inventory changes to assess the efficiencies and
unaccounted losses or gains at the various stages in the flow of
metal from source to market
➤ On a daily or daily moving average basis, the grades and tons from
shafts are monitored and compared against these quantities from
underground measurements. This acts as a control on off-reef
mining, dilution, and other factors underground.
Accurate measurement of grade of ore at the shaft head has been a
challenge because of the large particle size. The conventional wisdom has
been that ore can be sampled accurately only after it has been milled to
give a slurry that is sampled as feed to a flotation process. However, when
the ore fed to a flotation plant comes from multiple sources each source has
to be sampled separately. So, relying on the grades determined using the
sampling of concentrator input with cross-stream slurry samplers is not an
option for determining the grade from an individual shaft.
Impala has developed a system for sampling and weighing run-of-mine
ore from multiple shafts. The system involves sampling the inputs to the
plants using cross-belt (hammer) samplers and weighing the deliveries
using in-motion railway weighing systems. Many samples are taken.
Individually they have a high variance but, as a consequence of the
averaging effect of large numbers and as shown by statistical analysis, the
mean results are fit for the purposes of daily grade control for shafts and
for monthly accounting of production from individual shafts.
In the metal accounting systems at Impala, the measurement of input,
including ore and toll-treated material is compared to the output in the
form of final metal and tailings losses, as well as any inventory change
that takes place, in order to determine a final metal balance from mill feed
to product. The calculated inventory is compared to that measured, and the
difference, or unaccounted- for metal, is then reported as a percentage of
input. The balances obtained over several years yields balances for
platinum that are below 1% imbalanced.
Keywords
metal balancing, platinum mines, AMIRA codes of practice, metal
accounting, sampling, run-of-mine ore, statistical analysis.
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For the metal balances at Impala, the first
principle of the AMIRA P754 Metal Accounting
Code of Practice (Amira International, 2007) is
applied. This principle is: ‘The metal
accounting system must be based on accurate
measurements of mass and metal content. It
must be based on a full check-in check-out
system’.
The balances across the process units were
calculated on the basis of this principle. All
data was analysed using classical statistical
techniques and procedures as described in
many textbooks (Moore and McCabe, 1998).
At Impala Platinum’s Rustenburg
operation, ore from both underground UG2
and Merensky reefs, as well as opencast
mining material, is transported by rail in 30 t
rail hoppers to the processing plants. These
hoppers are weighed using six in-motion rail
weighing systems, which are calibrated using
bridge scale units in order to achieve accurate
mass measurements.
The run-of-mine ore is unloaded via
transfer bins onto conveyors which, in turn,
feed jaw crusher units, producing an ore with
a typical top size of 200 mm. As the ore is
transported to ore silos in the plants, primary
samples are taken using three Multotec
hammer samplers. The primary samples are
crushed and split in stages to give samples
that are sent to the laboratory for analysis.
The mass and grade of ore from each shaft
is thus determined daily in order to monitor
shaft performance.
The composite of all the shafts is compared
to the mill circuit product samples, which are
taken using a cross stream cutter as a primary
sampler, and a secondary Vezin sampler rig to
collect shift samples.

* Hugh Bartlett Consulting.
† Impala Platinum Ltd.
© The Southern African Institute of Mining and
Metallurgy, 2014. ISSN 2225-6253. This paper
was first presented at the, Sampling and analysis:
Best-practice in African mining Conference,
4–6 June 2013, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind,
Muldersdrift, South Africa.
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The content of precious metal treated is then compared to
the content called for by the shafts and a shaft call factor is
determined on a monthly basis.
The measurement of input is compared to the output in
the form of final metal and tailings losses, as well as any
inventory change that takes place, in order to determine a
final metal balance from mill feed to product. The calculated
inventory is compared to that measured, and the difference,
or unaccounted metal, is then reported as a percentage of
input.

Process flow from ore deliveries-flow chart of ore
movements
Figure 1 gives a broad overview of the process flow from the
ore delivered by train from the shafts to the matte produced
from the smelter. The matte is transported to the refineries,
where the base metals and individual platinum group metals
are produced.
The key transfer points at which the metal contents are
measured by determining the mass and by taking samples,
for analysis:
➤ The output from each shaft’s determined from the mass
of ore measured on the train weighing system and the
grade determined from hammer sampling as the ore is
fed to the treatment plants
➤ The composite of the output from the shafts after
milling is sampled as input into the flotation plants (the
so-called MCP samples)
➤ The outputs from the flotation plants as concentrate
and flotation tailings
➤ The inputs to the smelter consisting of the flotation
concentrates from both Impala and from third parties,
and other toll treated products
➤ The outputs from the smelter, consisting of the matte
product which is sent for refining, and slag plant

Figure 1—Process flow diagram showing key transfer points from ore
to matte
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tailings. The slags from smelting are retreated to
produce concentrates which are recycled and a final
discard tailing.
There are many other sampling and mass measurement
points within the different processes for internal control, but
these have not been included for the overall monthly and
annual accounting.

Mass and grade of ore delivered from the shafts
The metal content of an ore flow stream is the product of the
dry mass of the ore and the grade of the ore as determined
from analysis of samples.
The ore is transported in train hoppers from the shafts to
the treatment plants. The net mass of every hopper is
measured using the ‘weighline’ in-motion train weighing
system. The wet mass is converted to a dry mass using
historical moisture contents.
The grade of ore from the shafts is determined from
assays of samples taken with cross-belt hammer samplers
after being crushed to about 200 mm top size.

Description of the weighline system
The ore is loaded by conveyor from the shaft bins into 30 t
rail hoppers. The mass of ore is measured on the belt with
belt weighers but the official mass is that measured on the
weighline system. There are in-motion train weighing
systems at the entrances to the plants. Every hopper going to
the plants is individually weighed and the total masses
accumulated per train, which has a span of eight hoppers.
Each train comes from a single shaft.
Once a week the system is calibrated by weighing a
hopper of known mass, and once every six months the
system is calibrated by an outside agency. The static
weighbridge against which the in-motion system is compared
is assized every eighteen months, the period for which the
assize certificate is valid. Static calibrations are also
performed if the known weight is beyond known limits.
By these means, the accuracy of tonnage measurement is
within ±100 kg per 30 t hopper.
A constant 5% moisture factor is used to correct wet mass
to dry mass. This factor is checked periodically by sampling
campaigns using a reverse function on the hammer sampler
to collect a single increment for moisture measurement.

Figure 2—Span of hoppers en route from shaft to plant
The Journal of The Southern African Institute of Mining and Metallurgy
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Figure 3—Schematic process flow diagram for hammer sampling

Although there is some variation in the moisture factor on a
sample by sample basis, the 5% average utilized appears to
be sufficiently representative of the monthly tonnage treated.

operate while a large rock was on the belt. To obviate this,
large rock detector systems are in place to prevent the
hammer from operating at that instant, and the sample action
is slightly delayed.

Description of hammer sampling

The Journal of The Southern African Institute of Mining and Metallurgy

Figure 4—0.45 m cutter on 1.35 m belt for primary sample. The cutter
sweeps an increment into the impact crushers

Figure 5—Indexed carousel used to collect samples crushed to 8 mm
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A schematic diagram of the process flow for the hammer
samplers is given as Figure 3.
After offloading from the hoppers the ore is crushed to a
top particle size of 200 mm. The output from the crushing
plant provides a steady feed on the 1.35 m belts to the mill
silos.
Multotec hammer samplers, fitted on elevated sections of
the belts, have cutters 0.45 m wide and sweep increments off
the belts at right angles to the belt (Figure 4).
The increments, which weigh between 150 kg and
200 kg, are fed by gravity into two stages of impact crushing
to reduce the top particle size to about 8 mm.
Rotating plate dividers are used to collect 4.25% of this
crushed material, with the reject being discarded onto an
existing conveyor.
When the hammer sampler operator is radioed
information on a particular locomotive, one hammer
increment is taken to clean out the system. Then five hammer
increments are taken per span of hoppers over a 15 to 20
minute time period as the locomotive is discharging. These
hammer increments are random and there is no reason to
suppose that there is a systematic grade variation within. The
five increments are collected into buckets on 20 position
indexed carousel which moves to a new position when the
next train of ore is sampled (Figure 5).
The buckets of sample, weighing approximately 27 kg,
are passed through a vertical spindle pulverizer to reduce the
particle size to 100 μm before splitting out samples for the
laboratory weighing approximately 2,2 kg on a 12-way rotary
divider.
Further splitting and pulverizing takes place in the
laboratory before the samples are analysed using their
standard procedures.
The nominal particle size of the ore being sampled is
200 mm, but on occasion larger particles occur. There is a
possibility that the cutters would be damaged if they were to

Mine to metal: a practical balance for a large platinum producer
Accordingly, very large particles will not be sampled. This
could give rise to bias if there were a substantial proportion
of very large rocks and they were of lower grade than the
general run-of-mine. This is not believed to be a material
problem because there are few large rocks.
Other potential sources of bias are:
➤ The cutters not cleaning off fine material from the belt.
Regular inspections and the fitting of rubber strips on
the cutter arms help control this problem
➤ Loss of dust during the crushing and splitting of the
increments. The crushers and their associated belts are
enclosed to prevent dust loss, and water sprays are
used to minimize the environmental hazard of dust.
There is no evidence to suggest that fine material left on
the belts or dust lost is substantially different in grade from
the bulk of the ore. Also, the masses are low relative to the
mass of the increments, 150 kg to 200 kg, so if there were a
bias it would be small.

Moisture measurement of run-of mine ore
The masses of ore determined by the weighline system are
corrected for moisture content using a 5% factor which is the
long-term average moisture content for both Merensky and
UG2 ore. This content is checked by taking belt samples that
are measured for moisture using the hammer sampler in
reverse mode to discharge an increment on the opposite side
of the belt to the crushing and splitting tower. The checks are
run at the beginning and end of the wet season. It has been
found that the moisture content could be between 4.7% 5.3%
as compared to the 5% used. The difference of 0.3% and
would cause an error of about this magnitude in the dry mass
calculations. This is within the confidence of the
measurement of wet mass and can therefore be ignored. If it
is found that the moisture content varies substantially from
5%, the factor is adjusted accordingly.

Precision and accuracy of belt sampling
Precision
The precision of sampling is a measure of the reproducibility
of sampling and is expressed as RSD%, which is the standard
deviation of repeated measurements divided by the mean and
expressed as a percentage.

These RSD% values are high, which shows that a single
hammer sampling result is not of much use. However, with
many measurements the RSD% reduces in the ratio of the
square root of the number N measurements of.

RSD% of mean =

RSD%
√N

In transferring ore to the plants there is usually more
than one span of hoppers per day per shaft, meaning that
there is more than one hammer sample result per day.
For the monitoring and control of shaft operations, 5-day
moving average results are used. The 5-day moving averages
consist of variable numbers of hammer sample results.
The monthly average results are used for reconciliations
between shaft and plant.
The RSD% values for daily, 5-day moving average,
monthly per shaft, and monthly for all the shafts are given in
Table II using estimates of the numbers of hammer samples
per period.
Table II shows that the precision of the 5-day moving
average is better than 5%, which is acceptable for shaft
monitoring. The monthly precisions of 2% for Merensky and
1% for UG2 for single shafts are adequate for monthly shaft
accounting.
Because of the large numbers of hammer samples taken
for all shafts, the average grade of ore from all shafts is
within 1%. This is compared to the flotation feed grades as
measured with cross-stream samplers.

Accuracy of hammer samplers compared with crossstream samplers of flotation feed
The accuracy of sampling can be assessed only by
comparison with samples which are deemed to be accurate or
free from bias. This is provided by comparing the averages
for all the hammer samples for all the shafts feeding into the
flotation plants to the results from cross-stream samples of
pulp after milling.
The ore that has been sampled with hammer samplers
(the feed to the flotation plants) is measured with crossstream samplers followed by secondary Vezin samplers. The

Table I

Precision of hammer sampling measurements

RSD%=Std.Dev/Mean *100
The RSD%s for five increments with the hammer sampler
for the Merensky and UG2 ores over a period of over a year
were determined by regression modelling and are presented
in Table I.

Sample
Merensky central plant
UG2

Number

RSD% single measurement

722
1010

17.24
13.24

Table II

Precision of averages of hammer samples
Merensky
Number in average

Hammer samples
Single sample
Daily average
5-day average
Monthly average
Average for all shafts per month
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2
10
53
350
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UG2
RSD% average

Number in average

RSD% average

17
13
5
2
1

1
3
15
94
440

13
7
4
1
1
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cross-stream cutters take an increment every 5 minutes and
the secondary samples are filtered, dried, and then split
before submission to the laboratory.
Considerable effort was put into the design of these
samplers and there has been much work done over the years
to optimize their operation in terms of cutting frequencies
and sub-sampling procedures (Bartlett, 2002). Accordingly,
these samplers are considered to be accurate.
Comparisons are made between the averages of the
hammer samplers and flotation feed samplers over two
different periods
The differences between flotation feed and hammer
samples are given in Table III.
Table III shows that any bias between the flotation feed
and hammer grades, is less than 1% which is within the
accuracy of the analytical methods. For all practical purposes
there is little, if any, bias between the MCP and hammer
sampler.

Overall metal balances
There is an ongoing programme to measure all inputs,
outputs, and stockpile changes at the processing plant.

Inputs
The major inputs into the concentrator at Impala are from
underground Merensky and UG2 ores. As previously
discussed, these ores are weighed using the weighline, which
is known to be accurate to ±0.3% and sampled using the
hammer samplers.
Toll materials are another major input into the processing
plant, and are treated at the smelter complex. These materials
are sampled and weighed on receipt at Impala using state-ofthe-art sampling methods and are fed to different sections in
the processing plant.
The concentrates from all the concentrators are sent to
the smelter thickeners. The grades of concentrate are
measured by sampling and assay. The masses are calculated
using the two- product formula.

On the basis of all the measurements, a metal balance is
constructed and this is compared to the output from the
refineries.
The annual balances for the previous 5 financial years are
given in Table IV. These balances are audited by PWC and the
imbalances are within the target range set by Impala.
The overall imbalances for platinum and palladium are
less than 1%.

Concluding remarks
Impala has developed a system for sampling and weighing
platinum ores with a particle size of 200 mm. Traditionally it
has been considered that material of this nature could not be
sampled accurately and that is necessary to crush or mill it to
a smaller particle size before sampling. However, this is not
an option for ore from multiple sources all feeding a common
treatment plant.
The Impala system for ore involves hammer samplers
taking increments from the feed belts into the flotation plants
as ore is being unloaded from rail hoppers. These individual
increments are crushed in two stages from the 200 mm
particle size to about 8 mm and a sub-sample extracted using
a rotating plate divider. The sub-samples for daily ore
deliveries for each shaft are accumulated in separate cans on
a carousel collector. The sub-samples are prepared and sent
to the laboratory for analysis.
This system differs from the system used for sampling
run-of-mine gold ore at Harmony (Bartlett, Korff, and
Minnitt, 2014). At Harmony, bulk samples consisting of
multiple increments taken with cross-belt samplers are
transported to a central sample preparation plant where they
are treated to give the final samples for analysis in the
laboratory.

Table III

Differences flotation feed and hammer sampling

Inputs
Matte
The only valuable output from processing is the converter
matte.
This is weighed in trucks as it is transported to the BMR
in Springs, where the matte is weighed by scale and sampled
using an appropriately designed sampling plant.

3 month period

12 month period

88
3.96
3.99
0.03
0.76

257
3.84
3.83
0.01
0.26

Number
Flotation feed, g/t
Hammer, g/t
Difference
Diff, %

Table IV

The only losses from the operations are in the form of
flotation tailings, which are sampled with cross-stream
samplers. The converter and furnace slags are recycled within
processing, yielding flotation tailings.
Stockpiles and accumulations within the processes are
measured on a monthly basis.
A metal balance is based on:
Output (Product at refinery+Residues)
= Input(Merensky,UG2, toll, and other) ± Stock change.
The Journal of The Southern African Institute of Mining and Metallurgy

Metal imbalances: audited
Platinum

Palladium

Year 1

60 Months

FY2008

60 Months

0.46%

0.43%

-0.99%

-0.04%

FY2008

48 Months

FY2008

48 Months

0.64%

2.52%

2.60%

-0.41%

Rhodium

Nickel
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With both systems the individual results are highly
variable and one has to use averages. For both systems the
average results, as demonstrated by statistical analysis of
operating data, are fit for the purposes of daily grade control,
monthly shaft accounting, and measurement of monthly total
input into processing plants to statistically determined
confidence limits.
At Impala, the imbalances, or unaccountability, for the 5year period that was considered between the input of ore and
toll material and output of metal from the refineries and
changes in stock was less than 1%, as audited by an auditing
company. This attests to the excellence of the measurement
and accounting systems.
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The allocation of gold production from
multiple shafts feeding a common treatment
plant using run-of-mine sampling of ore
deliveries
by H.E. Bartlett*, L. Korff†, and R.C.A. Minnitt§
Introduction
Previously, the grade of ore at the shaft head was taken to be equivalent to
the grade measured in the faces by means of chip sampling. The tonnage
mined from the stopes is determined from survey volumetric measurements.
Estimates of shaft head grade and tons include the grades and tons of waste,
development ore, sweepings from old areas, and other sources, not all of
which are sampled. The tonnage of ore delivered at the shaft is often
estimated using skip factors. These factors are subject to manipulation and
not all the skips are filled to the same level. Consequently, both the grade and
tonnage of ore delivered at shaft head are subject to a measure of uncertainty.
For many years, these uncertainties have led to disputes between shaft
managers and metallurgists over the reconciliation between shaft tons and
grade and plant tons and grade. These problems are compounded when
several shafts feed a central processing plant. Shaft bonuses and a shaft’s
profitability are affected by poor gold allocation methods. Without
measurement of the grade and tonnage from all shafts, a poorly performing
shaft could benefit at the expense of the other shafts.
In order to improve the measurement of grades and tonnage at the shaft
head, which is the custody transfer point between the mine and surface
operations, South African mining companies have developed a methodology
to measure the mass of ore from each shaft using rail weighing equipment,
and the run-of-mine grades delivered from each shaft using cross-stream
(go-belt) sampling.
Harmony Gold Mining Company has implemented the rail weighing and
go-belt sampling methods for their shafts.
This paper deals with the statistical tests on the procedures and control
measures that are in place to establish confidence in the gold allocations. The
metal accounting system for examining the allocations follows the first
principle of the AMIRA P754 Metal Accounting Code of Practice namely ‘The
metal accounting system must be based on accurate measurements of mass
and metal content. It must be based on a full check-in check-out system’. The
check-in is mass and grade of run-of-mine ore and the check-outs are the
plant input grades and the recovery and residue from the plant. The balances
between check-in and check-out are the subject of the statistical analyses,
which have been conducted using the classical statistical tests and procedures
that are generally used in all fields of endeavour.
It is concluded that the gold allocation procedures that rely on go-belt
sampling and rail weighing of ore from shafts has been successfully
implemented, and that the system, which has been in operation at Harmony
since 1993, has won general acceptance from stakeholders, with the gold
allocations being perceived as being fair to all. Apart from the on-mine issues
of bonuses and fair allocations, accurate metal accounting assists in the
broader issues of generating accurate production figures for management.
An added benefit of weighing and sampling ore at the shaft head has been
that shafts now have daily moving average grades, which are used for grade
control. The go-belt sample at the shaft head is the first accurate sample of
production in the value chain from face sampling to gold bullion.
Keywords
metal accounting, go-belt sampling, run-of-mine sampling, codes of practice,
AMIRA P754, train weighing, statistical analysis, gold split, allocation of gold,
metal balance, grade control.
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At Harmony Gold Mining Company, ores from
five different shafts and four different waste
rock dumps containing marginal ore are
treated in a common plant to produce gold
bullion, which has to be allocated to the
different sources.
Samples of run-of-mine ore with top
particle sizes of 250 mm are taken with go-belt
samplers from the conveyor belts feeding ore
to the rail hoppers used to transport the ore to
the treatment plant. The sample increments are
accumulated in bins, which are transported by
truck to a sample preparation facility. Here the
bulk samples (approximately 800 kg) are
successively crushed and split to provide eight
samples for fire assay at the laboratory.
The mean grades from all the sources are
multiplied by their tonnages to obtain the gold
content per month from each source. The
ratios of these individual contents to the total
feed to the plant are used to apportion gold
delivered from these sources. This process of
apportionment is called the ‘gold split’, which
is the management tool used to control and
monitor the gold produced at each shaft.
In the gold split there are three key
transfer points: firstly, ore deliveries from belt
sampling; secondly, ore into the plant from
thickener underflow sampling; and thirdly,
gold recovery in bullion plus residue. There are
also material balances that are measured
between the components of ore delivered from
the shafts and the thickener underflow in the
plant, as well as between the thickener
underflow and the recovery of bullion and
residue.

* Hugh Bartlett Consulting.
† Harmony Gold Mining Company.
§ School of Mining Engineering, University of the
Witwatersrand, Johannesburg, South Africa.
© The Southern African Institute of Mining and
Metallurgy, 2014. ISSN 2225-6253. This paper
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4–6 June 2013, Misty Hills Country Hotel and
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The allocation of gold production from multiple shafts feeding a common treatment plant
Ore flows from shafts to the plant
The metal accounting flow sheet indicating the five shafts
and four surface sources is shown in Figure 1. The run-ofmine ore, having a top particle size of about 250 mm is fed
by conveyors into rail hoppers for transport to the treatment
plant. Go-belt samplers sweep sample increments at fixed
tonnage intervals into sample bins. When the sample bins are
full they are transported by truck to the sample preparation
plant, where the bulk samples are crushed, split, and
pulverized to produce laboratory samples for assay.
Each of the rail hoppers carrying run-of-mine ore is
individually weighed en route to the plant using an in-motion
train weighing system (Figure 1). The rail weighing system is
calibrated frequently using two hoppers of known weight.
At the plant the mass of the ore is measured on belt
weighers as it is fed into the mill silos. The tonnage treated is
determined from flow and density measurements of pulp fed
to the plant. Daily reconciliations between tons delivered and
tons treated are performed taking silo levels into account.
The tonnage treated is the official mass. The official
masses from each of the sources are obtained by reconciliation between the total of the train weights after correction
for moisture content and the tons treated.
After milling, the slurries produced are sampled as
thickener underflow samples using cross-stream cutters
taking increments at regular intervals to produce composite
shift samples that are assayed in the laboratory. These
samples are of finely ground material, more than 95%
passing 150 μm. The samplers are of appropriate design and
take increments very frequently. Therefore the samples are
considered to be accurate measures of plant input. The grades

Figure 1—Metal accounting flow sheet
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obtained are the official grades of the output from ore
deliveries and the input to the metallurgical operations.
After the thickeners, the slurries are treated in the plant
to produce gold bullion, which is sent to the gold refinery,
and residue tailings, which are sampled in a similar fashion
to the thickener underflows. The tonnage of tailings is taken
to be the same as the plant feed, as the gold recovery process
results in virtually no reduction in the dry mass of ore.
In addition to the main outputs of bullion and residue
tailings, there are periodic outputs of returns from smelter
slag and assorted scrap gold. These outputs are measured
and recorded and are credited to the plant at the time the
returns are received from the refineries.
There is possibly an unknown and unaccounted for loss
in terms of theft and of gold in unmeasured streams.
An unmeasured change in inventory occurs in the milling
circuits, where gold accumulates behind the mill liners in
autogenous mills. This is a well-known phenomenon and is
controlled by appropriate design of liners and liner backings.
However, the mills are before the thickener underflow
samplers that give the official plant input figures. Therefore
the build-ups in the mills are not taken into consideration as
part of the metallurgical accounting.
There is a change of inventory in the plant in thickeners,
in the CIL plant, and in the smelthouse. The gold inventory in
the various sections is estimated at month end.

Methods used to examine balances
Monthly averages of the belt samples from all the gold
sources were calculated from operating data obtained over a
period of 10 months and the precision of these monthly
averages was investigated. Having obtained the precision of
the monthly averages of the belt sampling results, the
quantities of gold (kilograms) from all sources were
compared to the gold content of the thickener underflow fed
to the plant, the recovered gold bullion, and the plant tailings.
The statistical check-in check-out system recommended
in P754: Metal Accounting Code of Practice (AMIRA
International, 2007) was used in this study. Statistics for the
various inputs and outputs at the key custody and transfer
points were calculated using standard statistical methods.
A clear distinction needs to be made between the Theory
of Sampling (Pitard, 1989), as proposed by Gy (1982),which
applies specifically to broken ores, and sampling in general as
practiced in most fields of endeavour. Sampling is described
in many textbooks for different disciplines. One such
description is given in Moore and McCabe (1998). In Gy’s
Theory of Sampling, a sample is a single entity and is
obtained by the reunion of several increments and is meant
to represent the material from which it has been extracted
(Pitard, 1989). In contrast, a sample in most disciplines is a
group of individuals and is never a single sample. Whatever
the sampling method, an individual sample can never
represent the distribution of a population, which is
determined from the statistical sample.
According to the Theory of Sampling, an attempt is made
to take the ‘perfect’ sample and, from this single sample, to
model the variances that could be expected for the material
from which the single sample had been extracted. For the
statistical approach the individual samples are taken as they
become available and the variances in the materials are
The Journal of The Southern African Institute of Mining and Metallurgy
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Sampling of run-of-mine ore
There are three stages in the sampling of run-of-mine (ROM)
ore, namely the collection of primary increments by the crossbelt samplers, the mass and size reduction of the bulk
samples to obtain aliquots for the fire assays, and the fire
assays themselves.

Primary go-belt sampling
The ROM sample increments are extracted by a cross-belt
cutter, referred to as a go-belt sampler, with a cutter aperture
of 450 mm. The cutter traverses across the belt at an angle
calculated to minimize the disruption of the load on the belt,
and so that the angular speed of the cutter is matched to the
speed of the belt.
The cutter is programmed to sweep an increment off the
moving belt after a specified tonnage of ore, measured with
The Journal of The Southern African Institute of Mining and Metallurgy

belt weightometers, has passed over the belt. The tonnage
interval between increments is about 160 t, but this varies
from shaft to shaft. The width of the conveyor belts varies
between 450 mm and 600 mm at the different shafts, with
the primary increments having a mass of about 50 kg.
Sensors are fitted ahead of the cross-belt samplers to
detect large rocks on the belts, which would damage the
sweep arm if it were to attempt to collect them. The sampler
is also programmed not to sweep if there is no load on the
belt.
Various concerns arise from the operation of the go-belt
samplers, chief among them being:
➤ Fine material may not be completely removed and is
left on the bottom of the belt after the sweep. The
quantity of this material is minimized by attaching
strips of rubber on the trailing edges of the cutters
➤ Large rocks, over 300 mm in size, are not collected for
safety reasons, and this could cause bias if the large
rocks form a significant proportion of the feed and they
are different (lower) in grade than the bulk. The
proportion of large rocks is kept to a minimum for
process reasons, and therefore their effect on sampling
bias would be minimal relative to the precision of this
sampling method.
In operation, the cross-belt samplers take increments at
the tonnage intervals specified for the different shafts and
discharge them into 1 m3 bins that are left in place until they
are filled. Therefore there is more than one bin at those
shafts with high tonnages, whereas at the smaller shafts one
bin could take some days to fill.
On average the bins contain 800 kg or 16 by 50 kg
increments, which represents between 400 and 1000 t of ore.
The sample bins are transported by truck to the sample
preparation plant where the samples are dried, crushed, and
split in stages to obtain the samples for assay.
All samplers are inspected daily for wear on the brushes
and to ensure that the sweep arm takes a clean cut, leaving
as little fine material as possible on the belts.

Sample preparation plant
A belt sample of up to 1000 kg is received at the plant from
the shaft. The sample is passed through a 300 mm screen
prior to primary drying with infrared heaters. Primary
crushing to <70 mm is followed by secondary crushing to
<25 mm, after which the sample mass is reduced by 7/8ths.
At the primary splitter the 7/8ths of the sample is discarded
via a conveyor belt and 1/8th progresses to final drying.
Tertiary crushing to <6 mm is followed by secondary
splitting. Again, 7/8ths is discarded and 1/8th is of the
sample is pulverized to 80% <150 μm. At final splitting all
eight sub-samples are packed and sent to the laboratory for
analysis.
All samples are analysed at the Harmony laboratory,
which has SABS 17025 accreditation.
The sample ticket with the necessary information from
the shaft accompanies the sample throughout the process.
Empty bins are hosed out, while cleaning continues as part of
a procedure to avoid contamination. At regular intervals
grading analyses are done at the laboratory. A quartz sample
is processed weekly to monitor any possible contamination.
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calculated using statistical samples, each containing many
individual samples. The standard error of the means for the
statistical sample becomes progressively smaller with the
increasing number of individual samples. Also, according to
the central limit theorem in statistics, the distributions of the
means approach closer to normality even if the individual
samples are taken from lognormal or other skewed distributions. Therefore, with enough individual samples the
presence of outliers will have little effect.
Typically, a bulk sample that is sent to the sample
preparation facility at Harmony consists of 10 to 20
individual increments taken from the belt, and 30 to 40 bulk
samples per month are prepared for analysis using eight
assay aliquots. This gives 525 increments per month in 35
bulk samples with 280 assay determinations per month for a
single shaft.
The important statistics are the mean, or average, of all
the results and the standard deviation of this mean, which is
called the standard error of the mean. These statistics are
calculated for the statistical samples, which are comprised of
many bulk samples, which in turn are comprised of 10 to 20
increments extracted from the conveyor belts by the go-belt
samplers.
Although the means may be acceptable, there are
concerns that systematic biases could arises as a result of
inaccurate sampling, the loss of the fines from the belt, or the
failure of the cutter to extract larger particles. Such incidents
do occur, but since the cross-belt sampling is essentially a
random process, with enough increments, the effect of these
inefficiencies in the sampling procedure is not significant
provided the samplers are inspected and maintained.
Long-term biases would be detected by comparisons
between the average results from the go-belt samples and the
thickener underflow sampling in the plant.
The total variance of an overall sampling process requires
that the variances of the component steps – sampling, subsampling, analysis, and mass measurement – be summed.
This so-called component of variance analysis is performed
using the methods prescribed in analytical chemistry (Ellison,
Roslein, and Williams, 2000), which involves subdividing the
errors associated with sampling, sample preparation,
calibration, and the other steps involved in the analysis of
individual samples.

The allocation of gold production from multiple shafts feeding a common treatment plant
To ensure that a high standard of preparation is
maintained, each step of the procedure, which includes
adherence to safety standards, is checked by a supervisor.
The flow sheet for the plant is given in Figure 2.
Photos of the plant are shown in Figure 3. The primary
and secondary splitters have been replaced with Multotec
rotating plate splitters.

Statistics for ROM sampling
Precisions of single samples and of averages of
samples
Sub-sampling and assay variance
The relative standard deviation as a percentage (RSD%) is
defined as:

RSD% = Std. Dev/Mean*100%
The average grade for a bin sample is calculated from the
eight assays of the final pulverized samples, and the RSD% is
a function of grade, with low-grade ore (0.4 g/t) having an
RSD% of about 10% whereas higher grade ores (5 g/t) have
an RSD% of about 5%. As expected, the RSD% for the
averages of the eight sub-samples is much less than the
RSD% between bins.
The RSD% of the pulverized samples is for those samples
that have been split out of the bulk samples of the bins.
There are three stages of size reduction and splitting:

variance for a bin, with the current sample preparation
methods, is given by:

where:

VB
VS
V25
V6
V150/8

= Variance from bin to bin as measured
= Variance of go-belt sampling
= Variance of splitting at 25 m.
= Variance of splitting at 6 mm
= Variance of splitting at 150 μm divided by 8
(because eight assays are done).

The between-bin variance is determined by statistical
analysis of the grades of the bins and the variance of go-belt
sampling is estimated by difference.
V150 is determined as the square of the RSD% of the eight
assays on the final samples.
The RSD% of these assays is between 5% and 10% for a
single assay. With eight assays the RSD% of the mean would
be less than 2%. There is therefore no point in increasing the
number of assays of the pulverized samples.

➤ Primary and secondary crushing to 25 mm and splitting
out 1/8th
➤ Crushing to 6 mm and splitting out 1/8th
➤ Pulverizing the final 1/8th to <150 μm and splitting out
eight sub-samples on a rotary splitter. Single assays
are performed on these.
The variance (expressed as the square of RSD%) at each
stage is calculated. Since variances are additive, the total

Figure 2—Reduction of a belt sample of up to 1000 kg at 300 mm to
8 × 500 g at 80% < 150 μm in the Harmony sample preparation plant

Figure 3—Thumbnail photographs of the sample preparation plant
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However, the overall bin-to-bin variance, VB, could be
reduced by rationalizing the assay protocols and analysing
more than one split at the 25 mm and 6 mm splitting stages.
A proposed regime for sample preparation is given in the
nested design in Figure 4.
V25 and V6 cannot be determined for the existing flow
sheet for the sample preparation plant because all eight
assays pertain only to the pulverized <150 μm material.
At present the variances at 25 mm and 6 mm are included
in the bin-to-bin variance of the go-belt sampling. With some
changes to the flows in the sample preparation plant, as
indicated in Figure 4, it would be possible to split out two
sub-samples at the 25 mm stage and to split these into two
sub-samples at the 6 mm stage, and then to assay two
aliquots. In this way there would still be eight assays for
every bulk sample but the variance at the 25 mm and 6 mm
stages would be reduced by half and the total variance would
be:

In this way the bin-to-bin variance would be reduced
without any additional assays.
The bin-to-bin variance, VB, would be lower than the
30% RSD values that are now encountered if the proposed
changes to the sample preparation plant were to be adopted.
The magnitude of the reduction depends on the magnitudes
of V25 and V6.
There is a caveat to the proposed changes. The laboratories apply QC procedures to their results and high and low
results of the eight aliquots are eliminated. With the proposed
method of splitting there will be increased variance between
aliquots. No results should be deleted unless there is direct
evidence of a blunder, such as cracked crucible, sample swop
etc.

The semivariogram shown in Figure 5 indicates that there
is no autocorrelation at successive lags. The ‘nugget effect’,
which is the intercept on the y-axis at zero bin spacing, is
nearly the same as the mean variance. The nugget effect is
the variance at zero spacing and is the variance that would be
obtained for two samples immediately adjacent to one
another.
Because there is no correlation between bin samples, all
bin grades in a month would have an equal weighting and
the standard error of the means for a month can be estimated
from the average of the results.

Figure 4—Tree diagram to isolate components of variance for go-belt
sampling

Semivariogram of bin samples
The standard error of the mean expressed in relative terms is
the standard deviation divided by the square root of the
number of observations (N).

Std.Error=Std.Dev/√(N)
For this equation to apply there should be no autocorrelation of the data. The auto-correlation for the bin
samples was tested using a semivariogram (Table I).

Figure 5—Semivariogram of belt samples

Table I

Autocorrelation using semivariogram calculations

Grades of successive results
Differences at successive lags

Half variance of differences at successive lags

The Journal of The Southern African Institute of Mining and Metallurgy

Calculation

Result

A=A1 A2 A 3…. . An
D1=A1-A2 A2-A3 etc.
D2=A1-A3 A2-A4 etc
D3=A1-A4 A2-A5 etc
V1=(D1/2)2
V2=(D2/2)2
V3=(D3/2)2
.
.
.
Vn=(Dn/2)2

Plot V1 V2 V3 . . . Vn
Versus lag to generate the semi-variogram
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The allocation of gold production from multiple shafts feeding a common treatment plant
As shown earlier, the bin-to-bin variance is high, with an
RSD of about 30%, and the contributors to this include the
variance of go-belt sampling itself and the variances
introduced in the splitting stages at the sample preparation
plant. The variances of the sample preparation stages could
be minimized by performing replicate assays at these stages,
but are likely to be considerably less than the variance of the
go-belt sampling itself.
The sampling variance associated with an increment
taken from a lot includes the Fundamental Sampling Error
arising from the constitutional heterogeneity of the ores, as
well as all other sampling errors that may have accumulated
during the sampling processes. This variance is equivalent to
the nugget effect on the semivariogram in Figure 5. Methods
for calculating the mass of sample to obtain a minimum
specified variance (Pitard and Minnitt, 2009) and methods to
calibrate the well-known Gy formula relating variance to
mass of an individual sample and its particle size are by
Francois-Bongarcon and Gy (2002). Minnitt Assibey-Bonsu
(2009) and Bartlett and Viljoen (2002) have also applied the
calibration methods. However, the variance that is reflected
in the nugget effect provides no information about the
variance of the statistical sample from which the individual
sample has been drawn. Since the main requirement for metal
balancing is the variance of the statistical sample, it is
therefore necessary to calculate the actual variances from the
statistical samples of the grades.

As indicated above, the variance of go-belt sampling is
due mainly to the constitutional heterogeneity of the ores,
with contributions to the variance from other sampling errors
that arise when taking the primary increments. For example,
although every care is taken to sweep the belts clean when
the increments are taken there are times when material is left
on the bottom of the belt. Increments from the belt could also
be biased because not all size ranges are collected in the
single sample. However, these effects should be regarded as
second-order refinements in the light of the 30% RSD of gobelt sampling. On the basis of these considerations, there is
not much motivation to spend time and resources on
ensuring the go-belt sampler, or some modification thereof, is
taking a perfect cut as specified in the general rules for
sampler design.

Bin-to-bin variance and average RSD% per bin
Histograms of the distribution of the grades of the bins for
one of the shafts are shown in Figure 6.
The means for the individual data and for the monthly
averages are the same, but the standard deviation is reduced
in the ratio of the square root of the number of bins in a
month. There are outliers for the individual bins but none for
the monthly averages.
Descriptive statistics of the distributions for bin values
and monthly averages for the bins are shown for the different
shafts and sources of waste in Table II.

Figure 6—Histograms of distributions for the gold grade in individual bins and monthly averages
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Table II

Distribution of grades from different shafts
Distribution for ores from different shafts
n

mean

std

min

max

skewness

kurtosis

Shaft 1
Shaft 1

Bins
Months

501
11

4.70
4.72

1.46
0.38

1.52
4.40

12.82
5.54

1.18
1.47

3.17
0.97

Shaft 2
Shaft 2

Bins
Months

379
12

8.84
8.81

3.67
1.36

3.19
7.28

34.82
11.85

2.51
1.20

12.00
1.13

Shaft 3
Shaft 3

Bins
Months

1465
11

3.47
3.62

1.11
0.56

1.06
2.94

14.05
4.74

1.70
0.82

9.07
0.26

Shaft 4
Shaft 4

Bins
Months

1001
11

3.91
3.98

1.34
0.43

1.39
3.49

21.05
4.93

3.39
1.12

30.70
1.11

Shaft 5
Shaft 5

Bins
Months

458
11

3.87
3.87

0.84
0.29

1.65
3.41

7.63
4.43

0.89
0.43

1.53
-0.04

n

mean

std

min

max

skewness

kurtosis

Distribution for waste

WRD 1
WRD 1

Bins
Months

54
5

0.90
0.94

0.59
0.36

0.15
0.55

3.01
1.50

1.59
0.95

3.09
1.00

WRD 2
WRD 2

Bins
Months

92
11

0.47
0.47

0.36
0.12

0.03
0.32

2.18
0.62

2.67
0.10

8.32
-1.93

WRD 3
WRD 3

Bins
Months

328
11

0.42
0.42

0.24
0.06

0.06
0.33

1.71
0.50

2.42
-0.24

8.27
-1.41

RSD% per month for different shafts
For the gold split it is necessary to estimate the precision of
go-belt sampling for the average of all the bins sampled
during the month.
The RSD% per month is:

RSD% per month = RSD% per bin/√(Number of bins
per month)
The monthly precisions presented in Table III depend on
the precision per bin and the number of bins in a month. The
precision per bin is poor and the RSD is of the order of 20%
to 40%. However, there are a large number of bins per month
and the RSD% for the monthly means is reduced accordingly.
The tons of ore per bin are a calculation of the tons of ore
per month divided by the number of bins in that month.
The bins are not weighed but contain about 800 kg of
sample, which represents 10 to 20 individual increments
depending on the frequency and the belt loading. The
standard frequency is for an increment to be taken every
160 t, but this varies from shaft to shaft.

Gold split programme
Table IV is a typical gold split that is produced each month to
allocate tons and grade to the various shafts and surface
operations feeding ore to the central plant. The tons delivered
are determined on the train weighing system and are
adjusted for moisture content. Daily moisture samples are
The Journal of The Southern African Institute of Mining and Metallurgy

taken with the go-belt samplers separately from the bulk
samples sent to the sample preparation plant. The bulk
samples lose moisture while they are waiting to be
transported and they are also dried in the sample preparation
plant before crushing.
The mass of ore in the hoppers is checked by passing two
hoppers, one filled to the top with concrete and sealed and
the other half full, over the weighing system every day. If the
results fall outside the known weights the weightometers are
re-calibrated. Outside experts in weightometer calibration
also perform 6-monthly calibration tests.
A comparison is made between the dry tons delivered as
determined from the train weighing system and the tons
treated as determined by flow and density measurement in
the plant. The comparisons fall within 1% or 2%, showing
that the tonnage measurements are accurate.
The ‘shaft gold delivered’ is the gold content in kilograms
from a shaft calculated from the tonnage multiplied by the
monthly average go-belt sample grade. The confidence, at
one standard deviation or a probability of 68%, and the
kilograms from each source are calculated from the monthly
RSD% values for the different sources as given in Table III.
The waste RSDs are higher than the percentage RSDs from
the ore sources but their kilogram contributions are low
(highlighted region in Table IV).
The variance of the gold for each source is the square of
the RSD%. These variances are added for all sources and the
square root of the total is taken as the RSD% for all sources.
The overall confidence in the total gold delivered to the
plant from all sources was 21 kg in 1189 kg gold in a typical
month, giving an RSD of 1.8%. Over 12 months the RSD%
for go-belt sampling would be 0.5%, which is within the
confidence of the mass measurement and assays.
The ‘shaft gold’ for all sources is added to obtain the total
gold from the shafts and the ratios of the individual source to
the total yields the split between them.
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It can be seen from Table II that the means of the
individual results and of the monthly means are close.
The minimum values are increased, the maximum values
decreased, and the standard deviations reduced for the
monthly mean values.
The central limit theorem states that data from skewed
distributions tends towards a normal distribution as it is
averaged, and that the mean of the original distribution and
the average distribution will remain the same.

The allocation of gold production from multiple shafts feeding a common treatment plant
Table III

Statistics for the grades of ore from different shafts feeding the central plant
SHAFT

Month

Days

Tons per
month

Month
mean g/t

Std. Dev
g/t

RSD%
per bin

Number of bins
per month

Tons ore
per Bin

SHAFT 1

1

22

31630

4.47

1.43

32.1

33

958

5.6

SHAFT 1

2

29

38010

5.30

1.75

33.0

42

905

5.1

SHAFT 1

3

28

42990

4.46

1.30

29.1

49

877

4.2

SHAFT 1

4

31

45800

4.60

1.83

39.8

46

996

5.9

SHAFT 1

5

21

32360

4.48

1.18

26.3

37

875

4.3

SHAFT 1

6

35

57830

4.40

1.24

28.3

61

948

3.6

SHAFT 1

7

29

48630

4.55

1.58

34.7

51

954

4.9

SHAFT 1

8

31

46165

4.52

1.42

31.5

48

962

4.6

SHAFT 1

9

29

48202

4.61

1.22

26.5

51

945

3.7

SHAFT 1

10

27

38951

4.97

1.40

28.2

45

866

4.2

SHAFT 1

11

24

43703

5.54

1.24

22.4

38

1150

3.6

SHAFT2

1

23

11547

7.38

1.82

24.6

42

275

3.8

SHAFT2

2

18

10395

8.75

3.40

38.9

36

289

6.5

SHAFT2

3

18

11250

8.16

3.77

46.2

39

288

7.4

SHAFT2

4

6

2700

8.01

2.75

34.3

9

300

11.4

SHAFT2

5

23

13257

7.92

5.00

63.1

41

323

9.9

SHAFT2

6

17

8991

7.28

3.00

41.2

22

409

8.8

SHAFT2

7

19

10278

8.24

2.07

25.1

29

354

4.7

SHAFT2

8

21

10593

9.17

3.00

32.7

30

353

6.0

SHAFT2

9

27

13122

8.74

3.53

40.4

34

386

6.9

SHAFT2

10

21

11601

11.85

5.00

42.2

29

400

7.8

SHAFT2

11

22

13275

10.74

3.09

28.7

39

340

4.6

SHAFT2

12

20

10296

9.52

3.10

32.5

29

355

6.0

SHAFT3

1

20

50609

3.65

0.99

27.2

127

398

2.4

SHAFT3

2

28

83222

3.21

0.90

28.1

214

389

1.9

SHAFT3

3

28

84701

3.35

0.95

28.4

194

437

2.0

SHAFT3

4

31

76025

3.56

1.06

29.9

131

580

2.6

SHAFT3

5

21

49223

3.34

1.04

31.3

91

541

3.3

SHAFT3

6

32

89395

2.98

0.83

27.8

172

520

2.1

SHAFT3

7

30

83125

2.94

0.82

27.8

157

529

2.2

SHAFT3

8

31

78405

3.87

1.28

33.0

137

572

2.8

SHAFT3

9

31

78063

3.80

1.08

28.5

122

640

2.6

SHAFT3

10

30

75044

4.35

1.56

35.7

73

1028

4.2

SHAFT3

11

24

59165

4.74

0.96

20.2

47

1259

2.9

SHAFT4

1

21

75791

4.93

1.60

32.5

58

1307

4.3

SHAFT4

2

29

110757

4.09

1.46

35.6

77

1438

4.1

SHAFT4

3

28

109329

4.02

2.28

56.7

85

1286

6.1

SHAFT4

4

31

117427

4.08

1.08

26.4

91

1290

2.8

SHAFT4

5

24

84478

3.92

1.22

31.0

58

1457

4.1

SHAFT4

6

32

125114

3.49

1.01

29.0

105

1192

2.8

SHAFT4

7

28

95625

3.66

0.88

24.0

110

869

2.3

SHAFT4

8

28

113386

3.88

0.93

24.0

130

872

2.1

SHAFT4

9

30

115212

3.58

1.36

37.9

107

1077

3.7

SHAFT4

10

29

105477

3.60

0.91

25.3

105

1005

2.5

SHAFT4

11

24

85144

4.52

1.39

30.8

75

1135

3.6

SHAFT5

1

19

20625

4.13

0.77

18.7

33

625

3.2

SHAFT5

2

25

34564

4.01

0.72

18.0

46

751

2.6

SHAFT5

3

16

18438

3.62

0.85

23.4

23

802

4.9

SHAFT5

4

28

37808

3.70

0.76

20.4

49

772

2.9

SHAFT5

5

24

30633

3.61

0.58

16.2

36

851

2.7

SHAFT5

6

29

41656

3.89

0.75

19.2

53

786

2.6

SHAFT5

7

24

39424

3.88

0.78

20.0

43

917

3.1

SHAFT5

8

23

35398

3.72

0.80

21.6

37

957

3.5

SHAFT5

9

25

38878

3.41

0.72

21.1

47

827

3.1

SHAFT5

10

28

36121

4.10

1.01

24.6

52

695

3.4

SHAFT5

11

22

31576

4.43

0.94

21.2

39

810

3.4
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RSD% per
month
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The allocation of gold production from multiple shafts feeding a common treatment plant
Table IV

Typical gold split programme for a month. Shaft 4 is not the same as shaft 4 in Table III. The moisture content was
measured as 26%. This material was underground sludge and contained only 1.7 kg Au in a month
UG Reef
Source

Shaft 1

Shaft 2

41386.00 12429.00

Shaft 3

Delivered tons (Wet)

tons

Moisture factor

%

Delivered tons (Dry)

t

Sludge tons (Dry)

t

Shaft tons delivered (Dry)

t

Shaft gold delivered (Dry)

kg

216.09

103.00

239.53

1.78

RSD %

%

4.50

7.00

2.60

RSD kg

kg

9.72

7.21

6.23

Delivery tonnage

%

1.01

1.01

1.01

3.81

5.19

39810.80 11784.19
0.00

684.55

39810.80 12468.74

77111.00

Surface/other

Shaft 4

WRD 1

WRD 2

WRD 3

26.26

4.09

3.94

3.77

3.63

3.83

423.26 109544.58 33734.97 27075.96 1700.98 58804.59

0.00
74318.15

Shaft 6

574.00 114211.00 35117.00 28136.00 1765.00 61149.00

3.62
74318.15

Shaft 5

0.00

0.00

0.00

0.00

0.00

0.00

423.26 109544.58 33734.97 27075.96 1700.98 58804.59

Plant
WRD 4

Total

25203.00 397081.00
1.45

4.25

24836.42 382033.89
0.00

684.55

24836.42 382718.44

450.56

134.54

8.18

0.63

24.70

10.06

1189.06

3.50

3.20

10.00

20.00

10.00

10.00

1.79

0.00

15.77

4.31

0.82

0.13

2.47

1.01

21.27

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

adjustment factor (Calc)
Dry tons delivered
(plant figures)

t

Go-belt grades

g/t

5.43

8.26

3.22

4.22

4.11

3.99

0.30

0.37

0.42

0.41

3.11

Actual gold delivered
(Plant Figure)

kg

218.51

104.15

242.20

1.80

455.59

136.04

8.27

0.63

24.97

10.17

1202.34

Pro rata tons for split (Calc) t
Pro rata gold for split (Calc) kg
Tons treated

t

Head grade
(Plant TUF)

g/t

Total opening inventory

40255.51 12608.02

39556.66 12517.03
188.40

96.28

39556.66 12517.03

75148.34

73115.13

427.98 110768.27 34111.82 27378.42 1719.98 59461.48

420.45 107464.70 32941.52 27051.74 1695.98 65255.75

213.69
73115.13

1.56

403.33

117.10

7.44

0.58

29.34

420.45 107464.70 32941.52 27051.74 1695.98 65255.75

25113.86 386993.68

25230.61 385266.00
9.79

1067.67

25230.61 385266.00

3.41

3.41

3.41

3.41

3.41

3.41

3.41

3.41

3.41

3.41

3.41

t

2746.22

988.00

4398.00

29.10

6176.00

1749.00

2016.37

123.19

10883.00

2266.00

31391.32

Total closing inventory

t

3445.08

1079.00

6431.21

36.63

9479.57

2919.30

2343.05

147.20

5088.73

2149.25

33119.00

Total opening inventory

kg

29.19

20.16

38.78

0.31

71.35

17.20

1.76

0.15

12.30

2.90

194.24

Total closing inventory

kg

51.62

24.61

57.22

0.43

107.64

32.14

1.95

0.15

5.90

2.40

284.07

Gold ± inventories

kg

96.07

99.70

223.76

1.69

419.30

121.10

8.07

0.63

31.37

10.67

1112.51

Total gold produced

kg

202.93

103.71

230.17

1.68

434.43

126.13

8.01

0.63

31.61

10.54

1150.01

Recovered grade

g/t

5.13

8.29

3.15

4.00

4.04

3.83

0.30

0.37

0.48

0.42

2.98

Residue gold

kg

8.68

4.44

9.85

0.07

18.59

5.40

0.34

0.03

1.35

0.45

49.21

Residue grade

g/t

0.22

0.35

0.13

0.17

0.17

0.16

0.01

0.02

0.02

0.02

0.13

Comparison of monthly go-belt grades, thickener
underflow, and recovery plus residue grades
The statistical analyses on the go-belt sampling indicated that
the precision (RSD%) of the means of all the bin samples is
about 1.8% per month and 0.5% per year (1.8/√12=0.52% ).
However, these analyses do not give any measure of
accuracy, which is defined in terms of a value being close to
the unknown true value.
The accuracy of the means of the go-belt sampling is
assessed by comparing the grades of go-belt sampling to the
grades of thickener underflow (TUF) samples in the plant and
the recovery plus residue (R+r) determined from the bullion
(recovery) actually sold and the plant residue(residue).
The accuracy of the recovery (bullion sold) is absolute
and the plant residues are measured with appropriate
sampling and analytical procedures.
The Journal of The Southern African Institute of Mining and Metallurgy

However, the gold produced, which gives the R+r grade,
is complicated by the changes in inventory in the plant and
by unknown loss, which could include theft. There are lockups and releases from month to month in thickeners, in the
CIL sections, and elsewhere in the plant. Over a period the
changes in inventory should sum to zero.
The thickener underflow grade (TUF) from sampling
plant feed should be the most accurate measure of grade. The
samplers are cross-stream samplers operating at sufficient
frequency to obtain shift samples that are assayed by shift.
The shift and daily samples are accumulated monthly. The
TUF grade is not affected by inventory changes or losses in
the plant, and is not affected by tonnage measurements.
The plant call factor is the ratio of gold produced Au
(R+r) and shaft Au , both of which are measured in
kilograms. The gold split over 10 months is shown in
Table V.
It can be seen from Figure 7 that there are wide
differences between the go-belt, thickener underflow, and
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These ratios are used to split the gold finally produced in
the plant among the various sources.

The allocation of gold production from multiple shafts feeding a common treatment plant
Table V

Summary of results from gold splits over 10 months

Shaft tons delivered (Dry)
Go-belt grades
Shaft kg
Tons treated
Head grade (Plant TU F)
TUF kg
Total opening inventory
Total closing inventory
Inventory change
Total gold produced
Recovered grade
Residue gold
Residue grade
Total gold
R+r grade
Plant call factor

Shaft tons delivered
Go-belt grades
Shaft kg
Tons treated
Head grade (Plant TUF)
TUF kg
Total opening inventory
Total closing inventory
Inventory change
Total gold produced
Recovered grade
Residue gold
Residue grade
Total gold
R+r grade
Plant call factor

t
g/t
kg
t
g/t
kg
kg
kg
kg
kg
g/t
kg
g/t
kg

t
g/t
kg
t
g/t
kg
kg
kg
kg
kg
g/t
kg
g/t
kg

Month 1

Month 2

Month 3

Month 4

Month 5

382718
3.1
1189
385266
3.4
1313
194
284
90
1150
3.0
49.2
0.13
1199
3.1
101

382718
2.8
1077
360550
3.1
1127
284
273
-11
1129
3.1
53.3
0.15
1182
3.3
110

382718
3.2
1229
386986
3.5
1351
273
373
99
1118
2.9
55.9
0.14
1173
3.0
95

382718
2.7
1039
359562
3.4
1210
373
192
-181
1156
3.2
56.9
0.16
1213
3.4
117

382718
3.3
1252
374053
3.0
1139
192
218
26
1219
3.3
54.3
0.15
1273
3.4
102

Month 6

Month 7

Month 8

Month 9

Month 10

Total

382718
3.1
1183
368083
3.4
1268
218
273
56
1255
3.4
61.8
0.17
1317
3.6
111

382718
3.2
1215
391090
3.2
1252
273
270
-4
1208
3.1
65.1
0.17
1273
3.3
105

382718
3.3
1255
391186
3.5
1388
270
290
20
1293
3.3
75.4
0.19
1368
3.5
109

382718
3.6
1395
348048
3.6
1266
290
274
-16
1286
3.7
59.6
0.17
1346
3.9
96

382718
3.9
1505
365048
4.2
1533
274
269
-4
1394
3.8
67.0
0.18
1461
4.0
97

3827184
12338
3729872
12847

75
12207
598.6
12806
3.4
104

Figure 7—Comparison of go-belt, thickener underflow, and R+r grades for 10 months

R+r grades over the first six months, but from month 7 there
is closer agreement. This is most likely due to inventory
changes from the delivery of ore to the plant to the
production of gold in the plant. The inventory changes
between deliveries from the shafts to treating the ore in the
plant are not measured. The inventory changes in the plant
itself, in the thickeners and the CIL plant, are estimated.
Because of the inventory changes the comparisons between
grades can only be done over a long period.
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On the basis of this comparison over 10 months
(Table VI), the R+r and TUF grades agree, with the R+r
grade being slightly low.
The composite go-belt grades could be biased low relative
to the TUF by 4%. However, it is known that gold
accumulates behind the liners in large mills leading to a lockup as described by van der Merwe, Viljoen, and van Drunick
(2005) for the AngloGold Ashanti Kopanang gold plant. The
gold concentrate that is collected from the liners during mill
The Journal of The Southern African Institute of Mining and Metallurgy

The allocation of gold production from multiple shafts feeding a common treatment plant
Table VI

Comparison of grades for 10 months
Sample

Mean g/t

% relative to TUF

Go-belt
TUF
R+r

3.31
3.44
3.43

96
100
100

Go-belt sampling for grade control
The go-belt sampling at the shaft head is the first point in the
mining chain from stope to shaft head at which reliable
samples are taken. Face sampling by chipping is known to be
problematic, particularly where the hardness of the rock
varies from hard, difficult-to-chip quartz to soft, gold-bearing
carbon-rich ore that is preferentially collected in the face
samples. In addition there is a proportion of materials from
other sources which are not sampled. Consequently,
comparisons of the survey called-for grades and the shaft
head grades are not particularly useful.
The precision of a single go-belt sample is poor (RSD%=
30%), but with moving average grades the precisions
improve and the results can be used to monitor the
performance of a shaft.

Concluding remarks
The overall objective of measuring the mass and sampling
the ore delivered at a shaft was to provide accurate data for
metal accounting from shaft to gold recovery in the plant.
Previously, the tonnage and grade at the shaft head were
determined from survey returns, which rely on chip sampling
of faces, volumetric measurement of tons of waste excavated,
development ore, sweepings from old areas, and other
sources, not all of which are sampled. The tonnage of ore
delivered at the shaft is often estimated using the skip count
and skip factors, which are subject to manipulation, and not
all the skips are filled to the same level. Using this system for
shaft grades and tons led to disputes involving shaft bonuses
and questions over the profitability of individual shafts.
The Journal of The Southern African Institute of Mining and Metallurgy

The challenges to achieving the objective were:
➤ Measurement of the mass of ore using a method that
was stable and could be calibrated against known
standards. This objective was met by weighing hoppers
of ore using in-motion rail weight systems that are
calibrated daily with standard hoppers and also
undergo 6-monthly calibration. Wet mass is corrected
to dry mass using measured moisture contents
➤ Sampling of run-of-mine ore. Run-of-mine ore has a
particle size of up to 300 mm. Cross-belt samplers were
developed to take samples from existing belts. Crossbelt samplers (go-belt samplers) can be retrofitted and
are less expensive than cross-stream samplers. Also,
cross-stream sample cutters can be damaged by the
occasional large rock in the process stream. Sensors are
in place for go-belt samplers to prevent the cutters
operating when a large rock is detected. These go-belt
samples have to undergo preparation procedures in
order to obtain samples for analysis in the laboratory.
Go-belt samplers have been installed on all the relevant
belts. The design of go-belt samplers is simple and
robust. Cross-belt samplers are inspected and
maintained on a regular basis so that a full cut of the
process stream is taken, since biases arising from
sampling extraction errors are not acceptable
➤ Establishing metal accounting systems for the data
from the mass and sampling measurements. The
variance of single go-belt samples is high, mainly
because of the large particle size. Large numbers of
samples therefore have to be taken to make use of the
averaging effect of large numbers. The data sets were
handled using classical statistical techniques.
These objectives have been met, and the results of the
grade and tonnage measurements have been used since 1993
in the gold split programme at Harmony for gold allocation,
with acceptance by the stakeholders that the gold allocations
are fair.
However, with possible increases of the proportion of
low-grade ore fed to plants to replace declining production
from high-grade sources, there could be a tendency for the
gap between go-belt and plant grades to increase when using
the current metallurgical accounting systems in the plant.
This is the next challenge to be addressed by investigating
metal balances in the plant using the Code of Practice for
Metal Accounting and statistical analyses as have been
applied to the balances from shaft to plant.
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relining is called ‘mill gold’ and, as shown by van der Merwe
et al. and at other plants with large mills, contains significant
amounts of gold. These mill concentrates are either treated
internally by recycling or are sent to the Rand Refinery.
Because of these lock-ups it is expected that the TUF grades
should be lower than the go-belt grades and not the other
way around as found for Harmony. The relatively low grade
for the go-belt sampling may be related to the proportions of
low-grade ore that are fed to the plant.
This requires investigation of the metallurgical balances,
particularly in the plant, where the same percentage recovery
has been assigned to the recovery from different shafts
irrespective of the grade from the shafts. As increasing
proportions of low-grade ore are fed to plant, to replace
declining production from high-grade shafts, there could be a
tendency for the gap between go-belt and plant grades to
increase, possibly because of the metallurgical accounting
procedures in the plant. These procedures should be reviewed
following the principles in the Codes of Practice and statistical
analyses as applied for the balances from shaft to plant.

The allocation of gold production from multiple shafts feeding a common treatment plant
Primer in Sampling Theory and Sampling Practice.

References
AMIRA INTERNATIONAL. 2007. P754 Metal Accounting: Metal Accounting Code of
Practice: Release 3 Feb. 2007. Melbourne, Australia.
PITARD, F. and GY’S, P. Sampling Theory and Sampling Practice CRC Press 1989.
GY, P.M. 1982. Sampling 0f Particulate Materials.Theory and Practice.Elsevier
Publishing Company.
Moore, D.S. and McCabe, P. 1998. Introduction to the Practice of
Statistics.Freeman.
PITARD, F. AND GY’S, P. 2000. Sampling Theory and Sampling Practice CRC Press
1989.
Quantifying Uncertainty in Analytical Chemistry. 2000. Editors S.L.R Ellison
(UK), M.Roslein (Switzerland) A.Williams (UK). EURACHEM/CITAC Guide
CG4.
PITARD, F. and MINNITT, R.C.A. 2009. The Sampling of Mineral Deposits.A

▲

120

JANUARY 2014

VOLUME 114

FRANCOIS-BONGARCON, D. and GY’S, P. The most common error in applying ‘Gy’s
Formula’ in the theory of sampling. Journal of SAIMM, vol. 102, Dec 2002.
MINNITT, R.C.A. and ASSIBEY-BONSU, W. 2009. A comparison between the
duplicate series analysis and the heterogeneity test as methods for
calculating Gy’ssampling constants, K and alpha. Fourth World Conference
on Sampling & Blending. The Southern African Institute of Mining and
Metallurgy.
BARTLETT, H.E. and VILJOEN, R. 2002. Variance relationships between the
masses, grades and particle sizes of gold ores from the Witwatersrand.
Journal of the Southern African Institute of Mining and Metallurgy,
vol. 102, no. 8. pp. 491–500.
MERWE, M.F., VILJOEN, J., and VAN DRUNICK, W.I. 2005. The economic
benefits of minimized gold lock-up at AngloGold Ashanti Kopanang gold
plant. Journal of the Southern African Institute of Mining and Metallurgy,
vol. 105, no. 5. pp. 301–310.
◆

VAN DER

The Journal of The Southern African Institute of Mining and Metallurgy

Mechanical sampling–a manufacturer’s
perspective
by R.C. Steinhaus* and R.C.A. Minnitt†

Synopsis
With the advent of the First World Conference on Sampling and Blending
(WCSB1) in Denmark in 2003 and the subsequent biannual meetings,
together with other sampling conferences held on a regular basis, the
central tenets of sound sampling practice and theory are spreading
throughout the minerals industry. End-users and project houses, or
groups who execute the projects, are all now better-informed about the
principles of ‘correct’ sampling and preparation.
To support this, many large mining companies now have their own
in-house champion who will advise and ensure that the supply of
sampling equipment is correct in terms of design and application, which
further contributes to improved metallurgical accounting. The presence
of a sampling champion also ensures that consistent and acceptable
standards in regard to sampling practice are maintained throughout the
group. This has, in turn, placed a greater degree of responsibility on the
shoulders of sampling equipment suppliers, in terms of their equipment
designs and product offerings, as well as applications knowledge for
effective installation of equipment on client plants.
This paper attempts to highlight the significant challenges that
sampling equipment manufacturers often face with regard to complying
with the newly understood requirements of best practice and sampling
equipment design. Manufacturers invariably face issues with end-users
or project houses, including project cost control, restricted headroom for
samplers in plant layouts, and a lack of knowledge in certain quarters.
These all have a potentially negative effect on the final outcome of a
proposed sampling solution or implemented project.
In reality, what is intended by all parties and what is ultimately
installed are at times very different, with undesirable consequences for
all concerned. Against this challenging background, there are, however,
a number of instances where intent and implementation are complementary, with very satisfactory results.
Keywords
sampling, mechanical samplers, design, installation, sampling theory.

acceptable equipment designs in the mining
and minerals industries. The focus of this
paper, related to a particular application, is
installation minimum requirements and
understanding sampling compromises where
they may need to be made in a non-ideal plant
layout environment. What is the SEM’s role
and responsibility in all this?
What are some of the key elements that
will ensure a successful sampler installation in
a mining operation, mineral process plant, or
product stockyard from a SEM’s point of view
and something that could be readily validated
by a knowledgeable third party? Does a SEM
have a contribution to make here, and if so,
what credentials or experience need
accompany any of the SEM’s input for it to be
meaningful? Currently, SEMs have a voice that
is often muted, because they wage a
continuous struggle to secure business based
on lowest cost procurement, like many other
equipment suppliers trying to make a living.
What responsibility do SEMs need to take and
how do they prepare themselves to ensure they
are taken seriously when providing proposals
for sampling solutions? How does lowest cost
procurement by end-users contribute to or
aggravate the implementation of a lasting and
reliable sampling solution?
Many of us may have seen presentations
on incorrect sampler designs (Holmes, 2009)
at various conferences, providing a source of
amusement and diversion from some of the
‘meatier’ aspects of conference agendas, but
what are the key circumstances that have
contributed to the woeful sampler designs or
installations, causing great commercial cost
and loss of reputation to all concerned.?

Introduction
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Much has been written, published, and
presented in recent years in terms of the
theory of sampling (ToS), principles of
sampling correctness, grade control, process
quality control, international sampling
standards, etc., but there is a relative paucity
in terms of best practice implementation
guidelines for sampling equipment manufacturers (SEMs) and necessary sampling project
execution or modus operandi. This is
especially true in respect of suitable and

Mechanical sampling–a manufacturer’s perspective
This paper endeavours to shed light on ’correct’ sampler
design and installation practice, not from an expert point of
view, but rather based on many years of practical experience.
A new paradigm is needed to overcome the major challenges
faced by end-users’ project companies and the SEMs
themselves. Surmounting these obstacles is critical if future
sampling solutions for process or mineral plants are to be
optimized, providing potentially huge benefits for all
stakeholders. We demonstrate that even the best sampling
solutions are difficult to implement if the importance and
position of sampling in the overall scheme of plant operation
and quality product delivery are not considered early in the
design and construction of the plant.

Sampling knowledge
Sampling knowledge is the first important starting point for
the SEM. A deficiency in knowledge about sampling practice
and the principles of the ToS can be very costly when
planning and implementing a sampling solution for a process
plant. This applies to plant feed, tailings, and product
applications and even for the monitoring of unit process
efficiencies. Unfortunately, many critical and financially
expensive decisions in industry are based on poor quality
data that is generated by improper sampling techniques,
improper equipment, or improper sampling practices.
Much has been written on the subject of sampling and the
various related aspects by specialists and consultants over
the years. This information is readily available as books,
sampling course notes, and conference papers including those
from the various bi-annual WCSB forums since 2003 and
now also the Australian sampling conferences held in Perth
in alternate years. Sampling and Analysis: Best-practice in
African mining, held in Muldersdrift in June 2013, was the
first such conference in South Africa since 2005 and was
thus long overdue. Events like these play a very important
role in making key people aware of the principles and aspects
of correct sampling, and also making them aware of its
critically important role. If we do not know what the potential
sources of sampling error are, how on earth can we begin to
address them and prevent people from repeatedly making the
same mistakes? SEMs must themselves keep abreast of
developments and be aware of sampling theory. SEMs do
gain a lot of specialized experience and practical knowledge
out in the field when installing and commissioning
mechanical samplers, and should maximize the use of this
knowledge. It should preferably not be a trial-and-error
activity but form the basis for applications knowledge. This
‘hardware’ knowledge is complementary to the sampling
theory in the literature, and both are relevant to new
sampling projects. A SEM cannot design equipment that is
compliant, unless it takes both these aspects into account.
In the absence of anything better, various ISO sampling
standards are used by SEMs as guidelines for the sampling of
bulk solids. These standards are particularly comprehensive
for coal and iron ore, and reasonable good for base metals.
They provide valuable information regarding frequency of
sampling (for a desired precision level), minimum sample
sizes for chemical and physical increments and composite
final sample sizes, and even some basic guidelines on
equipment design. There are no ISO sampling standards for
gold and platinum, both of which are extensively mined in
South Africa. Reliance is thus placed on in-house standards
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developed by the mining companies involved, based on
recommendations made by consultants. Sampling of
manganese relies heavily on the ISO 3082 sampling standard
for iron ore and manufacturers need to use the latter
guideline when preparing design proposals for clients. SEMs
need have these sampling standards available as a minimum
in order to design compliant sampling plants and purchase
the relevant documents from the ISO and SABS when needed.
ISO sampling specifications provide strict guidelines to be
followed.
Sampling consultants often provide courses of up to 5
days’ duration covering a wide range of mineral industries on
an annual basis to companies or individual employees. SEMs
need to attend these as a matter of necessity if they are to
gain any credibility or effectiveness in the industry and
obtain basic understanding concerning sampling matters.
SEMs must remain informed of mineral industry
developments or process advancements, and so adapt to meet
the needs of new applications, if they are to provide
optimized solutions. This is a minimum responsibility to
ensure satisfactory service levels to project houses and endusers alike and to ensure that the composite samples
generated from the samplers that they supply have the
required integrity.

Sampling standards
Sampling standards come in many forms and from many
different sources. SEMs must be familiar with the critical
aspects of their contents, particularly relating to minimum
increment masses, quality variations, minimum number of
increments per lot or consignment, etc. SEMs must know
what standards are available and what alternatives are
applicable in the absence of a definitive or exclusive standard
for a particular mineral, and know how to use them to
provide an optimized sampling regime and protocol together
with a technical proposal for clients based on a suitable
design.
ISO sampling standards with respect to bulk material
sampling and preparation of iron ore (ISO 3082:2009) and
coal (ISO 13909:2001, parts 1 to 6) are very comprehensive.
A listing of the ISO standards for coal sampling is presented
in Table I. This is understandable, considering the very large
tonnages produced, contractually sold, and shipped daily
throughout the world. Manganese is often found in very
similar geological areas to iron ore in South Africa.
Guidelines for increment sampling and preparation of
manganese ores are stipulated by ISO 4296 – 1/2:1983/4, but
prescriptions are relatively sketchy. This standard refers to
the iron ore standards for evaluation of quality variation and
for checking for precision and bias. Mn and Fe occur in
nature often as oxides and are element numbers 25 and 26
respectively in the periodic table of elements. Thus sampling
installations and quality control recommendations are very
similar when ores of the two metals are mined and processed.
On the other hand, no ISO sampling standards exist for
gold and platinum, which are relatively abundant in South
Africa. In-house standards have thus been developed by
clients interested in these commodities. Sampling consultants
have contributed to the development of these standards by
presenting seminars or sampling courses exclusively to
clients, and by providing inputs into draft documents. There
are often practical and theoretical difficulties when sampling
The Journal of The Southern African Institute of Mining and Metallurgy
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Table I

ISO standards for coal sampling
Mining and minerals : coal sampling standards
ISO 13909-1:2001

Hard coal and coke - Mechanical sampling - Part 1:
General Introduction

ISO 13909-5:2001

Hard coal and coke - Mechanical sampling - Part 5:
Sampling from moving streams

ISO 13909-6:2001

Hard coal and coke - Mechanical sampling - Part 6:
Preparation of test samples

ISO 13909-7:2001

Hard coal and coke - Mechanical sampling - Part 7:
Methods for determining the precision of sampling, sample preparation and testing

ISO 13909-8:2001

Hard coal and coke - Mechanical sampling - Part 8:
Methods of testing for bias

ISO 18283:2006

Hard coal and coke - Manual sampling

ISO 21398:2007

Hard coal and coke - Guidance to the inspection of mechanical sampling systems
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fully understood or appreciated by potential clients.
Importantly, SEMs now have the responsibility, at the very
least, to ensure that the correct designs and methodology are
practically employed in the quest for successful sampler
installations.

Sampler design and improvements
This is an activity which is driven largely by a combination of
new sampling applications, feedback from clients on existing
equipment limitations (including failures), and the continual
pressure to reduce project and hence equipment costs without
compromising the integrity of what is supplied. Clients often
need a custom-designed sampler to fit into an existing plant
and into headroom that is invariably restricted. This is the
‘Number One Enemy’ to good sampling solutions and shows
no sign of going away, despite detailed sampling consultant
reports at inception and early project discussions with SEMs
about the optimum design layout for a satisfactory solution
(Figure 1). The fraction of sampler projects thus affected is as
much as 75% (for dry applications), and often they have little
chance of providing a reliable or consistent result. They turn
out to be poor investments and do nothing more than
temporarily appease the conscience of management into
believing that the interests of sampling have been adequately
served at minimum cost.
Feedback from clients on SEM original designs is critically
important to support the continuous improvement cycle. For
example, feedback on hoses for the wash water system where
kinking occurs, bursting (due to high pressure), and solenoid
blockages due to dirty water all assist in continuously

Figure 1—Conveyor discharge points onto product stockpiles do not
easily lend themselves to cross-stream sampling
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for precious metals and the ’one shoe fits all’ ISO standard
approach cannot do justice to a particular mineral, particularly in the case of mineral heterogeneity in the ore mined
and processed. Non-optimized sampling protocols lead to
poor precision and hence poor reconciliation between mine
and process plant head grades (Pitard, 1993).
The ISO sampling standards for slurries for iron ore and
base metals are ISO CD 16742 and 11794:2010, respectively.
The former is still in a draft form. There is a coal slurry
standard, which Australia has put together.
An AMIRA document ’Code of Practice for Metal
Accounting’ (AMIRA P754 Project February 2007, release 3)
has been widely used, particularly by precious metal and
base metal operations, for the purposes of corporate
governance and investigating causes of ’unaccountable
losses’ and bias, uncertainties in mineral process
measurement, and related investment risk. Some other ISO
sampling standards exist for copper, zinc, and lead (ISO
17432:2006) as these metals also often occur together
geologically. Standards for chromium ores (ISO 6153/4) and
aluminium ores (ISO 8685:1992) are two others worthy of
mention.
When no specific commodity standard is available, the
generic Australian standard 4433.1/2/3/4/5/6 can be used
for a wide range of minerals when mechanically sampling
from moving streams or from stationary situations. Sampling
procedures, preparation of samples, estimating sample
precision, checking for bias, sampling of slurries, and
inspection of mechanical sampling systems are all well
covered, and these documents can further assist a SEM in the
quest to provide sound advice and supply effective equipment
when detailed requirements are not stipulated by the enduser.
A ‘horizontal’ standard (Esbensen et al., 2010), being
developed for representative sampling of any mineral ore and
currently in draft form, will allow for a practical and selfcontrolling approach by end-users whereby appropriate levels
of accuracy and precision are outlined for primary sampling,
as well as sample preparation procedures. This is an exciting
development for SEMs and end-users alike when making
recommendations for less common minerals, because
identifying and quantifying heterogeneity of a lot or
consignment is a key element to this standard.
SEMs now have a wide array of guidelines to follow and
draw attention to, although these standards are not always
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improving products. SEMs need to design for existing plant
conditions and not for ideal conditions, which very seldom
exist.
As SEMs gain applications knowledge, they need to make
continuous improvements to their designs in order to make
them more versatile and reliable. Each material characteristic,
location, material stream, and throughput application present
a whole new set of challenges. SEMs rely on their collective
knowledge to date and their experience in those applications
to provide better informed recommendations and solutions
into the future.
Consultants or sampling experts can play a key role via
an accreditation process, reviewing sampler designs
submitted to them to ensure basic minimum compliance. This
was initiated by members of the WCSB committee some years
back. They critically review detailed drawings of SEM
offerings and comment or approve as may be required. There
are some basic guidelines to equipment design in the ISO
standards, but these carry very little detail and are not always
necessarily ’correct’ and do not always reflect best practice.

of criticism concerning sample integrity, and rightfully so, in
some instances.
Cross-belt samplers are mechanically more reliable, as
expected, as the mechanical parts (e.g. cutter box) rotate
around a shaft (Figure 2a). They are relatively easily
retrofitted to a belt conveyor. Cross-stream samplers have an
availability of typically 5% less, due to the fact that the cutter
with carriage runs on rails between proximity sensors and
the cutter box has to make physical contact with striker plates
or an S-rail guide at the end of its travel before ’parking’,

Comparison between cross-belt and cross-stream
sampling
In the bulk materials sampling arena, and with particular
relevance to the coal industry, comparisons have been made
between cross-belt samplers and more classical belt discharge
cross-stream samplers for 50 years. Both of these are
accepted in the ISO 13909:2001 coal standard for mechanical
sampling from moving conveyors (Table I). No self-respecting
SEM can avoid making some relevant comments on the two
designs in an endeavour to create a better understanding of
the design challenges of the one versus the installation
challenges of the other. The hammer cross-belt sampler
technology (Figures 2a–2d), was designed and developed by
Siebtechnik GmbH in 1964, initially to much acclaim as the
saviour in one-dimensional conveyor sampling situations
where a cross-stream design was not possible or was
impractical to install. The unit is now better understood,
particularly as a result of DEM work at the CSIRO (Robinson,
2005, 2007). Despite its obvious mechanical and installation
advantages, the cross-belt sampler has faced a stiff headwind

Figure 2 (b)—Critical aspects of cross-belt sampler designs showing
conveyor interface

Figure 2 (c)—3D model of a cross-belt sampler design

Figure 2 (a)—Critical aspects of cross-belt sampler designs showing
sample discharge
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Figure 2 (d)—Critical aspects of cross-belt sampler designs that assist
correct belt profiling
The Journal of The Southern African Institute of Mining and Metallurgy
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leading to increased wear and tear and risk of failure if
maintenance is not conducted on a planned preventative
basis (Figure 3c). The cross-cut sample has been proven
where installations are totally compliant in terms of e.g.
cutter speed below 0 6 m/s, cutter box volume with
preferably 50% spare capacity, full stream cross-cut and fines
also collected from belt scraper, cutter width at least three
times nominal top size, ‘correct’ geometry of cutter blades,
stream is not diverted into sample chute discharge area as
cutter moves through stream, etc. (Figures 3a and 3b). The
cross-cut sampler can be statistically less biased than a crossbelt sampler, but this is not readily observed on bias or
validation test outcomes (Rose, 2012). In fact, results
published for 120 coal validation tests (with 90% of the
installations being at least 2 years old) show that crossstream systems fared little better than cross-belt systems in
terms of bias. This is an amazing fact which is also borne out
by the first author’s personal experience over the last 18
years (compare Figures 2d and 3a). The difference in the
proportion of samplers found to be biased was reported as
40.3% and 27.9%, respectively, with the difference attributable largely to inadequate design on the earlier generation
cross-belt samplers. The proportion was lower for current
designs with correct cutter speeds, belt profiling, and
improved geometry. The differences are due mainly to the
integration of equipment into the plant, and less to the
equipment designs themselves.
Cross-stream samplers cannot be installed easily directly
above large stockpiles where products may be stored
(Figure 1), and cross-belt solutions are sometimes the only
other possibility. If conveyors are slow moving (less than 1.5
m/s) and carry particle sizes of less than 30 mm nominally
(but with little -2 mm material), primary sample results from
cross-stream and cross-belt samplers can be almost indistinguishable from an integrity point of view.

implications for the application (particularly distinguishing
whether the sampler is needed for internal control purposes
or for metallurgical accounting).
SEM responsibility rests in essentially three areas with
respect to sampler supply: supplying ’correct’ equipment, at a

Figure 3 (c)—Critical aspects of belt conveyor cross-stream sampler
design include spacious chambers for sample discharge or cutter
‘parking’

(d)

(e)

(f)

Figure 3—Critical aspects of belt conveyor cross-stream sampler cutter
box design. (d) Swing arm gate, (e) latch gate, and (f) clamshell

SEM responsibilities
When SEMs receives sampler enquiries, they need to ensure
that their recommendations are consistent with designaccredited, expert-recommended, or ISO-accepted sources.
Proposals must be given from an experienced or informed
basis, which can come only from involvement in the many
sampling forums, reading available published literature, and
site experience. If there has to be a compromise, e.g. crossbelt sampler recommendation versus a cross-cut preference,
or single-stage sampling versus multi-stage recommendation,
the SEM should know the extent of the compromise and

The Journal of The Southern African Institute of Mining and Metallurgy

Figure 4 (a)—Secondary Vezin sampler with retention hopper assembly
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Figure 3 (a)—Cutter design more generous in order to collect fines, and
(b) non-compliant cutter design
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on continuously improving applications knowledge and a
SEM can become an authority in its own right, perhaps with a
specialization such as sampling gold head and tailings or
platinum concentrate sampling equipment designs. Such
expertise is likely to be related particularly to mechanical and
design integrity or long-term effectiveness of the sampler
equipment. Photographs and reliable data from end-user sites
can be very difficult to come by for SEMs. This can restrict
progress in sampler development, but a free flow of
information within the limits of client confidentiality is highly
desirable.
Poorly designed and poorly installed equipment can never
provide accurate or reliable results; yet many important
decisions are often made using such bad data. The costs of
sampler supply are often governed by design (custom versus
standard design) with ’tailor made’ comprising over 90% of
the supply to clients. Design costs can be anything from 9%
up to 30% of the sales price of a machine, and are often
under-stated because the duration of this activity exceeds the
planned duration (Figure 5).
Much invaluable SEM applications knowledge is unintentionally gained at the ’University of Hard Knocks’ but proves
increasingly beneficial to all concerned, particularly on
subsequent sampling projects. On the other hand, SEMs are
manned by experienced sampling specialists who live with
high frustration levels because they cannot convince clients
to implement ’best practice’ on new sampler projects, and are
unsure how to facilitate needed changes. Creating awareness
can often be an achievable short-term goal.

Figure 4 (b) – Vezin moulded cutter assembly designs

Project houses and engineering companies
On receiving orders from project houses for samplers, SEMs
are often called in for project kick-off meetings where the
requirements of scope of supply are clarified, specifications
are confirmed, and schedules for deliverables are agreed.
Sometimes non-certified or non-approved drawings from
previous orders are used to speed up overall project delivery.
Such compromise in the name of urgency might later be
regretted if custom design or newer generation samplers,
better suited to the application, can no longer be
accommodated. Some projects cannot afford to wait for tailormade sampler engineering to be conducted at the end of the

Figure 4 c—Vezin sampler side view

Figure 4 (d)—Vezin sampler radially tapered cutter designs

reasonable cost, and to an excellent quality. Equipment must
have integrity in terms of approved design parameters as laid
out by sampling consultants or approved literature, which
clearly define and motivate dimensional criteria. Validation
test work should be conducted and is expected to bear out
these sources. As the years progress, SEM expertise is based
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Figure 5—Mechanical sampler spend in last 24 months, classified by
industry sector
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plant design phase, because fabrication and overall project
site construction is already in progress, and this is often
another major reason (besides restricted headroom) why the
integrity of sampler installations can be compromised. SEMs
need to clearly communicate when issuing drawings during
an enquiry stage (to better define the scope of supply) that
these are for quotation purposes only. A simple precaution is
to submit these drawing to the client as PDF documents,
because AutoCAD drawings are too readily incorporated in
current and future overall plant layouts and then suppliers
are held to this design.
Project decisions not always based primarily on sampling
knowledge (even when volunteered by SEMs or others), but
greater emphasis is often given to cost and speed, which is
another big enemy of effective sampler installations. There is
seldom a quality solution when there is this sort of trade-off.
Sometimes sufficient experience exists in-house and
senior or lead process engineers provide the necessary
impetus to a satisfactory sampling solution. They may even
have a copy of a sampling audit or other report from a
consultant whom the client has employed to assess the best
sampling solution. This makes the life of SEMs easier as the
guidelines are quite clear to all concerned. Importantly, they
need to be understood and implemented by the SEM and
project staff.
Traditionally, SEMs spend less time listening to presentations at sampling conferences or courses from project house
project or process engineers than they spend listening to endusers. In the long run, attention to such training and
involvement would improve sampling solutions for clients.
By way of an example, Figures 6a and 6b illustrate
illustrates a typical enquiry document received by a SEM after
a project for a materials handling facility or process plant is
underway. The conveyor and transfer tower designs are well
advanced before the sampling aspect is even considered, let
alone included on layouts; and then sampling is shown only
as a block on the drawing where other detail is frequently
much more evident and known and already fixed in position
in many cases. This can be absolutely catastrophic. It may be
impossible to reach a ’correct’ final sampler installation
solution.
It now behoves the SEM to scope the work based on
finding a location for the sample preparation tower (without
impinging on other infrastructure or future intended
expansion, etc.). This often proves a challenging task within
the constraints of project budget, building footprint, and
acceptable overall sample plant layout. The costs to raise a
conveyor transfer tower by, say, 3 m to accommodate a
compliant and adequately sloped cross-stream cutter for high
material throughputs of anything up to 10 000 t/h, are
prohibitive. Cross-belt samplers now have to be considered
because the implications were not previously considered by
representatives of (often a few) project companies in
discussions with end-users.

further optimize either final product yields to within agreed
specifications and/or grades to ensure long-term operational
sustainability and acceptable profitability for their
shareholders. SEMs play their role in trying to provide
mechanical sampling equipment that is both compliant and
suitable for the various metallurgical applications as well as
mechanically reliable.
The process QC department is normally headed up by a
knowledgeable individual who ensures there is compliance
with client-specified sampling standards in terms of
equipment selection and sampling installation modus
operandi. This person needs to be freed from direct
laboratory management responsibilities for him to be most
effective in the sampling arena, otherwise sampling practice
does not receive the priority it so critically deserves.
These client in-house sampling champions play a key role
in keeping SEMs ’on their toes’ in terms of their product and
service offering, ensuring the samplers supplied for
metallurgical accounting are ‘correct’ in design and
application and hence more effective and reliable in the
longer term, and providing needed integrity to daily plant
operations results.
Sampling audits are normally done on an annual basis for
samplers situated at contractual payment stations or at bulk

Figure 6 (a)—A typical stockyard and sampling enquiry layout drawing
from a project house. The sampler building is denoted in red. Note the
relative lack of detail

Customers and end-users
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Figure 6 (b)—A typical stockyard and sampling enquiry layout drawing
received. Plan view located sampling preparation towers (2 off) by
rectangular blocks
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For the SEM, the client can be either the project house that is
executing a project on behalf of a mining company, or the
owner of the mineral process plant who requires the sampling
solution for control purposes or metallurgical accounting.
Quality control is an increasingly important component of
daily process plant operations as managers endeavour to

Mechanical sampling–a manufacturer’s perspective
materials export terminals, where there are formal
agreements in place between supplier and customer.
Guidelines for inspections of coal sample stations prior to the
audit are clearly provided in ISO 21398, which is a very
useful document whose design and operating guidelines can
be applied to all sampling stations. ISO 11790:2010 Copper,
lead, zinc and nickel concentrates – Guidelines for the
inspection of mechanical sampling can similarly be used.
Visual inspections and identifying bias triggering
mechanisms have now become relatively simple for bulk
materials such as coal and iron ore.
Management buy-in and commitment is imperative, not
only to ensure creditable sampling installations but also to
the SEM, to ensure that sufficient budget is allowed for and
that the samplers do not then become the neglected,
ineffectual, and misrepresented plant items that we have all
so often observed.
Project budget overruns are always a major threat to
sampler supply for a brownfields process plant project,
because samplers are normally procured fairly late in the
project life cycle, and are often compromised as a convenient
way to reduce costs. Their role in plant optimization and
control is difficult to assess in monetary terms at the time
when they are being installed, whereas the cost of sampling
equipment is readily apparent.
A SEM and an end-user should ideally have a symbiotic
relationship or partnership to ensure that both parties benefit
by the supply of an effective sampler design and installation.
Sampler product development will develop naturally from
such relationships. Mechanical sampler equipment cannot
easily be optimized in a SEM workshop without a belt
conveying system for bulk sampling and slurry pipe columns,
etc. Samplers are often tailor-made for an application and
their ultimate performance can be optimized only on-site
during hot commissioning. Equipment improvements can be
as simple as improved maintenance access, covered electrical
motors for protection against spillages from floors above, and
increased wash water sprays to reduce material build-up.
A vibrant interaction between end-user and SEM helps
fuel innovation for each particular application to ensure there
is continuous improvement There is a whole range of
minerals out there, each in a different geological setting and
subject to different sizing and moisture conditions when
treated and presented for sampling, which all add to the
challenges when trickle feeding these relatively small
quantities of material through a sample preparation plant or
secondary division steps without system blockages, buildups, moisture losses, or contamination The end-user should
not be treated as a guinea pig, but as a vital link to achieving
optimized sampling solutions. A ’one shoe fits all’ approach
is not the best way to achieve representative sampling. The
end-user must set the new design standard for his particular
application.

Once equipment has been designed (often with
subsequent delays in approvals of drawings, with or without
changes) the manufactured equipment is then assembled,
inspected, and factory acceptance-tested at the supplier’s
premises before dispatching to site.
Installation of equipment on site may follow only months
later (if the project is not halted), with commissioning a
further number of months thereafter for larger projects. This
delay impacts in turn on the operability of the equipment if,
for instance, it is sent to sub-zero temperature destinations
and site storage is not as per specification.
Validation of the sampler installation is necessary after
sampler hot commissioning and includes a bias test, the
methodology of which is clearly documented by the ISO. ISO
13909:8 clearly defines bias testing for coal sampling from
moving conveyors. This is also comprehensively covered for
iron ore. Bias testing is often repeated on an annual basis to
provide process guarantees for contractual payment stations.
Third-party laboratories or the in-house quality control
department conduct these bias tests to ensure that no
consistent errors are indicated in composite sample results
and that bias is within minimum tolerable levels specified in
agreements between customer and commodity supplier.
Continued longer term reliability of sampler installations
and their worth to clients is largely dependent on service
contracts provided by SEMs. If maintenance is done in-house,
samplers are often neglected relative to, say, production units
such as mills, crushers, filters, screens, etc. It is wrongly
perceived that samplers do not directly contribute to the
bottom line of a company and are simply additional
mechanical units requiring repetitive maintenance. Clients
have spoken about a 6-month ROI based on subsequent
reduced delivered specifications and improved yields due to
better control on supplier contract specifications. They had
previously over-compensated during production by providing
above-specification consignments. Valuable applications and
sampler performance feedback from site allow the SEM to
continuously improve their product offering (in terms of
grade and yield obtained) and allow clients to be confident of
the measurement accuracies or at least optimum operability
of a sampler installation and their own process plant.

Equipment installation
Why should installation be of interest? End-users and project
managers, have a lot of influence on some of the outcomes,
which in turn can greatly influence the final result and its
value add. Increased awareness is never a bad thing, but
whether we do something, or can do something, about it is
another matter (Figure 7).
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Figure 7 (a)—Cross-stream sampler retrofit installation at conveyor
discharge at a new plant, showing structural design interference
requiring modifications
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Maintenance
For automated process plant samplers, as with all mechanical
equipment, there is a need for periodic attention to wear and
tear of components and even occasional failure, either
premature or when equipment is working to incorrect specifications or subjected to abuse.
Maintenance contracts, which are becoming ever more
popular, are often set up with clients, particularly in the coal
and iron ore industries. These involve the full-time presence
of a mechanical aide as for contractual payment stations or 3monthly visits by workshop technicians or millwrights.
Contracts can run from one to three years. Sampler
equipment maintenance and adjustments are carried out to
ensure effective sampling is maintained(Figure 7b). This is a
mutually beneficial relationship whereby the client is assured
of reliable results (assuming the installation is ‘correct‘ in
design and installation in the first place) and the equipment
is working optimally, allowing for some peace of mind. A site
service report is submitted monthly to the client providing
detail of all the activities carried out as per an inspection
checklist. Preventative maintenance is the objective, and the
SEM knowledge base also grows together with that of enduser once the written report is circulated monthly with
sampler feedback (Figure 8).
In worst-case scenarios, rework may even be required to
address design inadequacies for a particular application
(Figure 9). This is a bigger risk where equipment is
retrofitted into existing plant where no overall plant layouts
are available, or where the existing plant is very old with
many modifications or additional structures and fitments
have been made over time.
ISO 21398 Hard Coal and Coke - Guide to Inspection of
Mechanical Sampling System for Moving Stream (Table I), is
a very useful guideline to assist with maintenance
inspections not only on coal, but also iron ore, manganese,
chrome, cement, heavy mineral sands, base metals, and
aluminium industry installations associated with moving belt
conveyors. The document covers pre-audit inspections prior
to any validation or bias test work of sampler equipment or
sampler multi-stage installation, and incorporates inspection
check lists emphasizing all the necessary inspection detail so
that nothing is overlooked. Doing expensive bias tests, when
using accredited third-party laboratories, is a potential waste

of time and money if the inspections and correction of
deviations or non-conformances reported have not been
attended to beforehand. Clients, we are sure, wish to validate
the integrity of samplers and not the productivity of
operational or maintenance staff.
RBCT has of the best maintenance programmes and
teams on site in the industry, as it is crucial that ship loading
is not interrupted due to unplanned breakdowns or
stoppages. Ship loading is stopped if OUTGO sampling plants
are not 100% available during this period. Maintenance
access often has a major influence on equipment design and
clients have assisted SEMs on the ‘redesign’ of their
equipment once installed.

Industry illustrations
Incorrect approaches to sampler procurement, design, and
application occur very often in industry, despite the best
intentions by all (or certainly most) parties concerned. This is
often the result or a combination of ignorance, budget
constraints, inexperience, and improper project execution that
leads to incorrect installations.

Partnership - the key to sampling success
Staff of a SEM often feel caught between a rock and a hard
place – striving towards the virtues of sampling correctness
on the one hand, but not being able to completely avoid some
of the pitfalls of constrained plant headroom or clearance and
even tighter client budgets on the other.

Figure 8—Example of detailed maintenance procedures in place at enduser site to ensure safe and effective activities
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Figure 9—Cross-belt sampling station with single-stage crushing and
division. The double-roll crusher blocks due to surges of primary
sample as no feeder unit was provided for
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Figure 7 (b)—Generous inspection hatch for primary slurry sampler
cutter assembly
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A SEM should not simply be seen as another source of a
low-cost quotation. A successful bid based on this
assumption is often followed by supply of a compromised
sampler. Industry needs to move beyond this, to where the
sampler scope of supply quoted on, and is knowledgeably
assessed in terms of ’correctness’ of design, quality,
robustness, and suitability for the application. A partnering
approach needs to be adopted to ensure successful sampler
design, supply, and installation, where all the hurdles are
ironed out, so the sampler aspect of the project has every
reasonable chance of success.
A SEM will find it easier in the longer term to work with
end-users who know the essentials of sampling theory and
practice in preference to those with little or no knowledge
except that a sample (which at times is no more than a
specimen in Gy’s terminology) need be collected from a
mineral product or stream. The real difference here is sampler
affordability and lack of human resources or funding,
together with ignorance around process quality, hindering
this important education process. It is noted that larger
mining operations have the means and human resources to
implement what is needed (Minnitt, 2011). SEM credibility is
also crucial in achieving lasting professional partnerships
that can lead to significant contributions to client processes
and desired efficiencies.

augment the inputs from sampling consultants and help in
implementing sampling theory in a practical and acceptable
way.
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Between-laboratory biases–same sample,
different answers. Some guidelines
by M. McWha*

Laboratory bias is a universal problem in all branches of analytical
science. It results from differences in methods, techniques,
equipment, and calibrations between laboratories. Notwithstanding
that it is a property that can be measured by the use of standards or
by inter-laboratory testing, laboratory bias remains a material issue
for the mining industry.
There is extensive literature and clear guidelines on measurement
from the International Organization for Standardization (ISO) and its
worldwide federation of national standards bodies (ISO member
bodies) and from the science of metrology. ISO guides cover the
manufacture and use of standards. An accessible source of literature
covering laboratory quality control comes from the public health
sector, particularly pathology.
There is little doubt in financial reporting rules about the
meaning of materiality. Public reporting guidelines are clear that
material matters need to be disclosed for investors. Unfortunately
there is currently no clear guidance what to do about biased assay
results in mineral industry public reporting guidelines. This paper
reviews the requirements for the manufacture and use of reference
materials, public reporting requirements in the mining industry, and
presents proposals to improve management and reporting of
laboratory biases.
Keywords
laboratory bias, reference materials, ISO Guides, financial reporting,
materiality.

Introduction
Different accredited analytical laboratories
using the same analytical method, theoretically
and ideally, should give the same results for
homogeneous sample pulp splits.
Unfortunately in practice, no two laboratories
are the same. Differences are caused by many
different versions of standard procedures,
methods, temperatures, flux compositions, acid
strengths, hot plate temperatures, extraction
times etc. So it is common to find that results
from different laboratories for the same sample
are different. Which one is closest to the truth?
Even a given laboratory is never exactly
accurate (bias = 0), and its level of accuracy
varies (hopefully a little only) from day to day
and after each equipment calibration.
A traditional test for laboratory bias has
been for a laboratory to submit splits of a
The Journal of The Southern African Institute of Mining and Metallurgy
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sample pulp to a number of other laboratories
for a consensus test (‘round robin’).
Laboratories may then also make up batches
of homogenized pulp reject material to monitor
their own ’batch’ performance between round
robins. Customers may also send a percentage
of sample splits to secondary laboratories for
confirmatory tests. Obvious problems with this
simple practice have largely been overcome in
recent times with an increased use of certified
reference material’s (CRMs) as control
samples. The low cost and availability of
modern grade- and matrix-matched CRMs
makes it possible to use them routinely as
control samples, allowing fast response times
to problems once identified. Specific CRMs can
be made for every type of sample taken in the
different stages of mining and processing,
covering all of the different key analytical and
economic hurdles. The CRM manufacturing
method ensures they can be used with
confidence to compare results from a single
laboratory against the results of many others.
Provided that a laboratory and the
customer are both using correct CRMs for all
the materials being analysed and they are both
seeing correct CRM results (known values),
then the laboratory will most likely also be
reporting correct values for ordinary samples
(unknown values). This best practice is
widespread but not yet universal. Guidelines
are available for the best and most costeffective way to use CRMs in the wider science
of analytical practice; but these are not yet
universally adapted for the minerals industry.
Public reporting guidelines need to be
developed specifically for the minerals
industry.

Between-laboratory biases–same sample, different answers. Some guidelines
The International Organization for Standardization
Existing guidance on the manufacture, certification, and use
of reference materials is in the form of written standards and
guidelines that are produced by the International
Organization for Standardization (ISO) and its worldwide
federation of national standards bodies (ISO member bodies).
ISO standards and guidelines are documents that provide
requirements, specifications, guidelines, or characteristics
that can be used consistently to ensure that materials,
products, processes, and services are fit for their purpose. The
ISO has published over 19 500 standards on 286 topics
covering almost all aspects of technology and business (e.g.
quantities and units, screw threads, food products, biotechnology, quality management, environmental management,
risk management, currency codes, language codes etc.).

3.

4.

ISO guides on reference materials
The ISO working group for reference materials is the ISO
Committee on Reference Materials (REMCO). Their primary
term of reference is to establish definitions, categories, levels,
and classification for all reference materials. The 34 countries
contributing to REMCO’s work include from the African
continent South Africa, Kenya, and Libya.
Principal categories of reference materials that the guides
are written for include those for chemical composition,
biological and clinical properties, physical properties,
engineering properties, and miscellaneous. Reference
materials include split calibrants, which are pure standards
used to calibrate instruments, and matrix CRMs, which
contain an analyte in a sample. Fields for which reference
materials are produced cover the full spectrum of agriculture,
industry, and science and include aerospace, chemicals,
construction materials, energy, foods, fuels, environmental,
medicine, metallurgy, minerals, pharmaceuticals, and just
about anything else that can be measured or tested.
The ISO Guides have to cover all of these, so they do not
enter into any detail, but tend to be brief, ranging from 7 to
64 pages. They are copyrighted and must be purchased from
national standards institutes or other licenced resellers. They
are quite expensive (for what you get) and the full set is
required.
The outline of their content below is the author’s personal
interpretation of the Guides and is purely meant to cover their
scope and to help illustrate the topic of this paper. It is not
intended to breach any copyright and it has not been
validated by the ISO or any ISO-affiliated body.
1. ISO Guide 30. Terms and Definitions used in
Connection with Reference Materials. This guide
provides the basic definitions used in connection
with reference materials, terms related to
measurement and testing, and terms related to
certification and issuance of reference materials
2. ISO Guide 31. Contents of Certificates and Labels.
This guide shows all the items to be written in the
table of contents of the certificate of the reference
material, containing 26 items from introduction to
annex. It advises that where several methods have
been used to characterize the reference materials,
these should be stated, also that ‘A CRM and its
certificate should never be parted’ (3.1). The certified
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5.

6.

values and their uncertainties must be stated
according to the procedures in the Guide on the
Expression of Uncertainty in Measurement (GUM)
and Eurachem. Note that Eurachem 2000 does not
cover quantifying uncertainty in reference materials
whose value assignment is determined by using
consensus methods (1.2 on p. 3). This challenge is
picked up by Ellison et al., 2001
ISO Guide 32. Calibration of Chemical Analysis and
the Use of Certified Reference Materials. Covers the
selection of calibration procedures in chemical
analysis, calibration procedures, selection of CRMs,
and the use of internal reference materials (RMs)
ISO Guide 33. Uses of Certified Reference Materials.
CRMs should be used properly (effectively,
efficiently, and economically), on a regular basis,
preferably instead of in-house standards and
preferably with a matrix matching the real samples.
Covers statistical considerations, the role of CRMs in
measurement science, the International System of
Units (SI), the assessment of a measurement process,
and the choice of CRM (appropriate concentration,
matrix, form, and quantity)
ISO Guide 34. General Requirements for the
Competence of Reference Material Producers. A
reference material producer should be a technically
competent body that is fully responsible for project
planning and management, assignment of and
decision on property values, authorization of
property values, and issue of the certificate or other
statements for the reference materials it produces
(3.1). The second revision of Guide 34 set out all the
general requirements within which a reference
material producer has to demonstrate that it operates.
The 2009 revision, in view of its use for the
assessment of the competence of reference material
producers applying for accreditation, made these
requirements mandatory and in line with ISO/IEC
17025:2005/Cor.1:2006(E). It includes a crossreference table to ISO 17025
ISO Guide 35. Certification of Reference Material –
General and Statistical Principles. This guide is an
application of GUM to cover peculiarities in the
production of CRMs. Its purpose is to assist in
understanding and developing valid methods to
evaluate the properties of a reference material,
including associated uncertainty and metrological
traceability. RMs that comply with all steps in this
guide are usually accompanied by a certificate and
called CRMs. Guide 35 covers the treatment of
property values based on a measurement campaign,
particularly the required number of results, the
treatment of data, uncertainty, and traceability.
Establishing traceability is particularly complex
(9.2.3) – for example, steps such as transformation
are generally not traceable, therefore traceability can
be assumed (10.1). In these cases comparison
between different laboratories using the same
method is possible and certification on the basis of
agreement among independent measurement results
may be used to support traceability, but not as a
The Journal of The Southern African Institute of Mining and Metallurgy
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Key definitions
1. ‘Reference Material (RM). Material, sufficiently
homogeneous and stable with respect to one or more
specified properties, which has been established to be fit
for its intended use in a measurement process’. ‘Uses
may include the calibration of a measurement system,
assessment of a measurement procedure, assigning
values to other materials and quality control’ (ISO Guide
30). This definition implies that values have been
assigned to the RM, but the RM need not necessarily
have a certificate
2. ‘Certified reference material (CRM). An RM, characterised
by a metrologically valid procedure for one or more
specified properties, accompanied by a certificate that
provides the value of the specified property, its associated
uncertainty, and a statement of metrological traceability’.
3. ‘Quality Control Material (QCM). A material or substance
made for ‘in-house’ use, one or more of whose property
values are sufficiently homogeneous, stable and well
established to be used for maintaining or monitoring
measurement processes’. A QCM does not have formally
The Journal of The Southern African Institute of Mining and Metallurgy

assigned property values or uncertainties (ISO/CD Guide
80). QCMs are made to provide analytical laboratories
with an economical means of checking their routine test
procedures and results for precision. CRMs are still
required to test accuracy.

Summary of the guidelines
The ISO REMCO Guides are written to cover all types of
reference materials, not just the matrix-matched mineral
reference materials widely used in the mining industry.
Characterization of these is typically based on a measurement
campaign, allocation of property values taking place on the
basis of agreement among the independent measurement
results. Because of this and also because of the transformation issue in many mineral analyses, these CRM values
will not necessarily have direct traceability to SI units. In fact
the certified value will not necessarily be the absolute value
but it will be the best estimate, by that method, by the participating laboratories.
Two of the assumptions that allow characterization based
on a measurement campaign are that there will be enough
capable laboratories and that the results from each laboratory
will be statistically compatible. Sufficient laboratories (up to
15 for difficult analytes) must be involved to overcome the
effects of the ’inter-laboratory bias issue’, and to achieve ’a
property value having satisfying uncertainty’.
The data collected should be scrutinized with the aid of
outlier treatment techniques to eliminate statistically and
scientifically invalid results. This should lead to a very
accurate measure for a given method, notwithstanding the
underlying assumption that the inter-laboratory labs are
reporting accurate results. However, both the number of
laboratories involved and an amount of poor data may result
in limits too broad for effective monitoring of a single
laboratory or production process. Users are therefore advised
to set their own quality objectives, (within the RM producers
limits) based on their own control measurements.

Materiality
The first question is: does laboratory bias matter in the
bigger scheme of mining? In financial reporting terms, is
laboratory bias material?
Materiality is a concept in accounting. Essentially, an
item is material if it is important enough to be mentioned in
the financial statements, if the auditors need to be notified
about it, or if the investors need to be notified. But how big is
that? The definition of materiality leaves a lot open for
interpretation. ’The omission or misstatement of an item in a
financial report is material if, in the light of surrounding
circumstances, the magnitude of the item is such that it is
probable that the judgement of a reasonable person would
have been changed or influenced by the inclusion or
correction of the item’ (FASB, 1980).
A decision on whether an item is or is not material could
be a rule of thumb along the lines of whether it will impact
more than five to ten per cent of net income (FASB, 1980).
However, there are numerous circumstances in which
misstatements below 5 per cent could be material (SEC,
1999). Materiality ultimately depends on the size of the item
or error judged in the particular circumstances of its omission
or misstatement.
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direct demonstration. The 1989 guide gave the
minimum number of laboratories needed for a
campaign to characterize a RM as 15(1989, 8.2.2). In
2003 this was revised to state that if there is a
chance of obtaining statistically or technically poor
results, the minimum number of laboratories is
10–15.(35:10.2.2). This guide also covers the
number of units per laboratory (35:10.2.3), the
treatment of stragglers and outliers, and characterization techniques using analysis of variance (A.6). It
notes that the concept of determining property values
of a RM based on agreement among methods and/or
laboratories is based on at least two assumptions:
that there exists a population of methods/laboratories that are equally capable of determining the
characteristics of the RM to provide results with
acceptable accuracy, and that the differences between
individual results, both within and between
methods/laboratories, are statistical in nature
regardless of the causes (35:10). In practice a large
number of laboratories are needed to overcome the
effects of individual laboratory biases. The more
complex the procedure; the larger the betweenlaboratory variances and the larger the number of
participating laboratories needed to achieve a
property value having a ‘satisfying uncertainty’
(35:10.2.2). For materials with a simple matrix and
with property values comfortably above the detection
limit, the minimum number of laboratories needed
could be as low as 6 to 8 (35:10.2.2). Complicated
materials, however, need 10 to15 laboratories to
participate
7. ISO/CD Guide 80. Guidance for In-house Production
of Reference Materials for Metrological Quality
Control (QCMs). This guidance is intended for
standards prepared for reasons of economy for inhouse use. These could be prepared by the end user
or by a commercial producer and are characterized
during use.

Between-laboratory biases–same sample, different answers. Some guidelines
Public reporting rules and guidelines
Maintenance of standards for reporting of mineral deposit
estimates fall under the mandate of the Committee for
Mineral Reserves International Reporting Standards
(CRIRSCO). This is recognized as the key international
organization representing the mining industry on reporting
by the International Accounting Standards Board (IASB), the
International Council on Mining and Metals (ICMM), and the
United Nations Economic Commission for Europe (UNECE).
Current CRIRSCO members include Australia, Canada, Chile,
Russia, South Africa, the UK and Western Europe, and the
USA. These countries maintain national reporting codes
closely aligned with the CRIRSCO template.
The CRIRSCO’s International Reporting Template for the
Public Reporting of Exploration Results, Mineral Resources
and Mineral Reserves (CRIRSCO Code) sets out the minimum
standards being adopted in national codes worldwide. It does
not set out to be a best practise guide; however, a checklist of
assessment and reporting criteria is set out in Table I. The
’Quality of assay data and laboratory tests’ is covered with a
guideline that the ’[n]ature of quality control procedures
adopted (e.g. standards, blanks, duplicates, external
laboratory checks) and whether acceptable levels of accuracy
(i.e. lack of bias) and precision have been established’
(CRIRSCO).
There is no further guidance on what are ’acceptable
levels of accuracy’. This is left up to the Competent Person (or
in Canadian terminology, the Qualified Person) responsible
for the report. By default the financial concept of materiality
should be used for guidance.

Laboratory quality control
Laboratory QC is designed to detect biased and imprecise
assay results. Laboratories should be able to reproduce the
same results over time and under different operating
conditions. QC protocols should be designed to improve the
quality of results coming from laboratories, maximize the
detection of true errors, and reduce the occurrence of false
errors.

Public health concerns have given us one branch of
analytical science with an accessible literature, pathology.
Multi-rule QC protocols as originally described by Westgard et
al. (1981), now known as Westgard Rules, are widely used in
clinical pathology laboratories. The idea was to combine
individual control rules to minimize false rejections and
maximize error detection based on the analysis of control
samples (RMs or CRMs); using at least two control rules: one
to detect random analytical error (precision), the other to
detect systematic error (bias). This evolved into a programme
that allows the user to specify an analyte, its imprecision, and
the medically allowable error (Westgard, 1992) with the aim
of reducing falsely rejected runs, lowering quality control
expenses, and increasing laboratory efficiency. The critical
parameters are the quality required for the test, the bias
observed for the method, and the coefficient of variation (CV)
observed for the method. In other words, the power of the
protocol is that is can be adjusted according to the quality
required for the test and the imprecision and inaccuracy
observed for the method. Criteria can be set regarding what
laboratory/method analytical bias is acceptable. Westgard
recommends that the bias and the CV of control sample
results should be reported, as should the detection rates for
critical systematic errors and false rejections that the rules are
set to detect.

Quantification of bias in mineral laboratories
Matrix reference materials are characterized using consensus
methods, by sending samples out to a variety of government,
commercial, and mining company laboratories. Production,
testing and characterization are done according to ISO
guidelines. Some manufacturers make the raw data received
from the laboratories available. This allows customers to
carry out their own statistical analysis of the results. It also
allows quantification of mineral laboratory bias.
In the data-set shown in Figure 1, only 5 per cent of the
laboratories fail completely. That is, they report mean values
outside of the limits which are set at two standard deviations
(2SD), which is what one would expect. This particular dataset comprises economic element analyses from recent AMIS

Figure 1
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Discussion
ISO guidelines are comprehensive and cover a vast field, but
they are not all that accessible and are certainly not written to
be used by mining professionals as best-practice guides.
Financial reporting guidelines deal with materiality as a
concept in a way that is open to a lot of interpretation. Public
reporting codes and guidelines for exploration results,
mineral resources, and mineral reserves only touch on
laboratory bias and give no guidance on how to deal with it.
The public health sector is more tightly regulated and the
pathology laboratories have an extensive and accessible
literature on laboratory quality control, including widely used
guidance on the use of Westgard Rules, which can be
adjusted to control QC expense and to increase laboratory
efficiency. Examination of mineral laboratory bias shows it to
be a serious issue with material consequences. Guidance is
required on how to deal with its effects and the pathology
laboratory protocols could serve as useful guides.
In mining it will make economic sense to spend more on
QC for assays of materials where assay mistakes could have a
major economic impact (resource drilling, concentrates,
shipping products, samples close to cut-off). Sampling with
low economic impact (geochemical exploration, tailings,
grade control sampling) could have wider limits and lower QC
costs.
The recommendations are:
1. The reporting of assay laboratory bias and precision
should be mandatory in public reports
2. Samples with high economic impact should have
tighter limits; this will attract more expensive QC and
the opposite will be true for sampling with a lower
economic impact
3. Reporting codes should contain guidelines on the
limits of control sample biases for different types of
sample (by their economic impact).
The Journal of The Southern African Institute of Mining and Metallurgy
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standards. It contains data for 1553 sets of laboratory results,
8 results per analyte per laboratory, and 12 424 individual
analyses. The data-set includes a variety of elements and
methods:
1. Au, Pt, Pd by fire assay with Pb collection and
inductively coupled plasma (ICP) finish
2. Au, Pt, Pd, Ru, Rh, and Ir by fire assay with NiS
collection
3. Cu, Ni, Co, Fe, Ti, V, U, and rare earth elements
(REE) by total digestion with ICP finish
4. Cu, Co, and Ni by X-ray fluorescence (XRF).
In the average gold reference material example below,
although 95 per cent of the laboratories’ z-scores are within
2SDs, there is space within the 2SDs for a 22 per cent bias
between laboratories (from -2SD 1.59 g/t to +2SD 1.74 g/t).
Also, 78 per cent of the laboratories report means within
single SD, within which space there is room for a 9 per cent
bias (from -1SD to +1SD).
Certified at 1.66 g/t +- 0.16 g/t Au
+2SD
1.81 g/t
n
171
+1SD
1.74 g/t
Mean
1.66 g/t
mean
1.66 g/t
Std. Dev.
0.08 g/t
-1SD
1.59 g/t
RSD %
4.51
-2SD
1.51 g/t
Either of these outcomes would rank as material in
financial reporting terms.
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Obituary
Hugh Scott-Russell

H

ugh Scott-Russell passed away in Johannesburg on 20 November 2013. He is survived by his
wife Barbara, their four children, and eight grandchildren.
Hugh was born in Randfontein on 13 February 1935. He attended junior school in
Randfontein and went on to Pretoria Boys High School to complete matric. Hugh joined the Land
Bank after school, and two years later he enrolled at the University of the Witwatersrand to study
for a BA in preparation for a career in teaching. However, due to a lack of funds he decided to join
the mining industry as a geological assistant at Randfontein Estates Gold Mine. This was the start of
what was to be a long and distinguished career with Johannesburg Consolidated Investments Ltd (JCI).
Hugh spent a while in the mining technical service departments before moving on to mining, where
he was to excel. He moved steadily through the ranks in the JCI gold mines before being promoted to Rustenburg Platinum
Mines (RPM) as Mine Manger. It was here that he demonstrated his passion for modernization and the use of technology and
mechanization to improve productivity in mining. With his leadership and drive the five shafts at RPM converted from manual
mining methods to scraper mining in two years. His promotion to Consulting Engineer for the group’s platinum mines followed.
It was not surprising that he was promoted again four years later, this time to the position of Technical Director, and two years
later Hugh became an Executive Director of JCI.
Here Hugh had the opportunity to innovate and modernize the mining methods employed in the JCI mines – the motivation
being better working conditions for employees, improved safety, lower working costs, and increased productivity. The four JCI
gold mines introduced trackless mechanized mining methods (TM³) with varying degrees of success. Failure did not deter him,
and he accepted the teachings that arose from these as well as from the successes, building on them for future projects. Many of
these are evident in the successful bord and pillar operations in the narrow reef, shallow-dipping UG2 workings of the platinum
mines today.
Hugh gathered a multidisciplinary team of specialists and professionals to support these endeavours and to investigate the
potential of many other technologies such as electrohydraulic drills for narrow reef stoping, hydropower drilling and cleaning,
continuous scraping, impact rippers, monorails, and diamond wire cutting. This team was encouraged to explore, develop, and
implement new technologies. He recognized the potential offered by oil well drilling technology and introduced it in the deep
gold reef drilling programmes at the time.
Hugh’s support for innovation was not restricted to his area of technical expertise, and he frequently saw potential in other
areas of the mining value chain. Specifically within the metallurgical field, he provided critical support for various advances
such as the use of Davcra cells for flotation in the platinum concentrators, CIP technology in the gold division of JCI, Foxsmelt
technology in the platinum smelters, and new solvent extraction technology in platinum refining to name a few. During his time
as Technical Director of JCI Hugh was always receptive to well devised and meaningful technical improvements throughout the
industry. This ability to see beyond the narrow constraints of his own technical discipline made Hugh’s contribution to the South
African mining industry an important one.
Recognizing that people had to be skilled in these technologies for them to succeed, he actively drove skills and human
resource development in the JCI group. People were encouraged to study, and talent management and multidisciplinary career
development programmes were introduced throughout the group. He encouraged the distribution of technological developments
and know-how throughout the group and in all disciplines through the presentation of papers at the JCI quarterly technical seminars. Many of these papers were subsequently published in the SAIMM Journal.
Hugh described, in his Presidential address in 1993, what he considered to be the ‘advanced technologies’ of the day –
technologies such as plasma rock blasting, rock planning, sunburst excavations, reaming and boring of the reef horizon, and
’the intelligent mine’. Some of these have subsequently come to fruition.
A man of many parts, Hugh always rose to the challenge and was highly competitive. He enjoyed sport. In his youth he
excelled at rugby at school and represented Transvaal, initially as a member of the Kwaggas side and then in the senior
Provincial XV. He was a keen golfer, and many a charity benefitted from the charity golf days he organized. An avid reader,
Hugh enjoyed autobiographies and history. As he encouraged those who worked with him to further their studies, so did Hugh.
He attended management and executive development programmes at Wits, Unisa, and Insead in France. These were followed by
an MSc in mining engineering from Wits and later a PhD from Nottingham University.
Hugh was a Fellow of the SAIMM and served with distinction as President in 1993/1994. He was also a Chartered Engineer,
a Fellow of the IMM and the IME in the UK, as well as an Honorary Member of The Institute of Engineering in Cardiff.
In 1994 after thirty-eight years of service with JCI Hugh retired to live in Johannesburg. Barbara and Hugh travelled widely
to be with their children who had moved to many different parts of the world.
Hugh will be remembered for his foresight, inspirational leadership, and drive to modernize and improve the mines of
South Africa.
M. Rogers
L. Cramer
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INTERNATIONAL ACTIVITIES
2014

11–13 March 2014 — Young Professionals 2014 Conference
For Young Professionals in the Minerals Industry
Monte Casino, Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
23–24 April 2014 — Grade control and reconciliation
Moba Hotel, Kitwe, Zambia
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
12–14 May 2014 — 6th South African Rock Engineering
Symposium SARES 2014
Creating value through innovative rock engineering
Misty Hills Country Hotel and Conference Centre,
Cradle of Humankind
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
19–20 May 2014 — Drilling and Blasting
Swakopmund Hotel & Entertainment Centre,
Swakopmund, Namibia
Contact: Raymond van der Berg, Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156,
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
19–23 May 2014 — Fundamentals of Process Safety
Management (PSM)
Johannesburg, South Africa
Contact: RDC Prior,
Tel: +27 (0) 825540010, E-mail: r.prior@mweb.co.za
24–31 May 2014 — ALTA 2014 Nickel-Cobalt-Copper,
Uranium-REE and Gold-Precious Metals Conference &
Exhibition
Perth, Western Australia
Contact: Allison Taylor
E-Mail: allisontaylor@altamet.com.au
Tel: +61 (0)411 692-442
Website: http://www.altamet.com.au/conferences/alta-2013/
27–29 May 2014 — Furnace Tapping Conference 2014
Misty Hills Country Hotel and Conference Centre,
Cradle of HumankindContact: Cameron Nagel,
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: cameron@saimm.co.za
Website: http://www.saimm.co.za
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11–12, June, 2014 — AIMS 2014: 6th International
Symposium ‘High Performance Mining’
Aachen, Germany
Tel: +49-(0)241-80 95673, Fax: +49-(0)241-80 92272
E-Mail: aims@bbk1.rwth-aachen.de
Website: http://www.aims.rwth-aachen.de
26–30 June 2014 — Society of Mining Professors
A Southern African Silver Anniversary
The Maslow Hotel, Sandton, Gauteng, South Africa
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
15–16 July 2014 — Mine Planning School
New Mine Design Lab, Chamber of Mines Building,
The University of the Witwatersrand
Contact: Cameron Nagel
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: cameron@saimm.co.za
Website: http://www.saimm.co.za
5–6 August 2014 — Pyrometallurgical Modelling Principles
and Practices
Misty Hills Country Hotel and Conference Centre,
Cradle of Humankind
Contact: Raymond van der Berg,
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
20–21 August 2014 — Technical Conference and
Industry day
20–21 August 2014: Conference
22 October 2014: Industry day
Emperors Palace, Hotel Casino Convention Resort, Johannesburg
Contact: Raymond van der Berg
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: raymond@saimm.co.za
Website: http://www.saimm.co.za
9–11 September 2014 — 3rd Mineral Project Valuation
School
New Mine Design Lab, Chamber of Mines Building,
The University of the Witwatersrand
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

2015
March 2015 — PACRIM 2015
Hong Kong, China
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156,
E-mail: CBenn@ausimm.com.au
Website: http://www.pacrim2015.ausimm.com.au
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4–5 March 2014 — 21st Century challenges to the southern
African coal sector Symposium
Emperors Palace, Hotel Casino Convention Resort, Johannesburg
Contact: Cameron Nagel
Tel: +27 11 834-1273/7, Fax: +27 11 838-5923/833-8156
E-mail: cameron@saimm.co.za
Website: http://www.saimm.co.za

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

AECOM SA (Pty) Ltd

Duraset

Namakwa Sands (Pty) Ltd

AEL Mining Services Limited

Elbroc Mining Products (Pty) Ltd

New Concept Mining (Pty) Limited

Air Liquide (PTY) Ltd

Engineering and Project Company Ltd

Northam Platinum Ltd - Zondereinde

Air Products SA (Pty) Ltd

eThekwini Municipality

Osborn Engineered Products SA (Pty) Ltd

AMEC Mining &amp; Metals

Evraz Highveld Steel and Vanadium Corp
Ltd

Outotec (RSA) (Proprietary) Limited

AMIRA International Africa (Pty) Ltd

Exxaro Coal (Pty) Ltd

ANDRITZ Delkor(Pty) Ltd

PANalytical (Pty) Ltd

Exxaro Resources Limited

Paterson and Cooke Consulting Engineers
(Pty) Ltd

FLSmidth Minerals (Pty) Ltd

Paul Wurth International SA

Fluor Daniel SA (Pty) Ltd
Franki Africa (Pty) Ltd Johannesburg

Polysius A Division Of Thyssenkrupp
Engineering (Pty) Ltd

Fraser Alexander Group

Precious Metals Refiners

Aurecon South Africa (Pty) Ltd

GFI Mining SA (Pty) Ltd

Rand Refinery Limited

Aveng Mining Shafts and Underground

Goba (Pty) Ltd

Redpath Mining (South Africa) (Pty) Ltd

Aveng Moolmans (Pty) Ltd

Hall Core Drilling (Pty) Ltd

Rosond (Pty) Ltd

Bafokeng Rasimone Platinum Mine

Hatch (Pty) Ltd

Royal Bafokeng Platinum

Barloworld Equipment -Mining

HPE Hydro Power Equipment (Pty) Ltd

Roymec Tecvhnologies (Pty) Ltd

BASF Holdings SA (Pty) Ltd

Impala Platinum Limited

RSV Misym Engineering Services (Pty) Ltd

Bateman Minerals and Metals (Pty) Ltd

IMS Engineering (Pty) Ltd

Rustenburg Platinum Mines Limited

BCL Limited

Joy Global Inc. (Africa)

SAIEG

BedRock Mining Support (Pty) Ltd

Leco Africa (Pty) Limited

Salene Mining (Pty) Ltd

Bell Equipment Company (Pty) Ltd

Longyear South Africa (Pty) Ltd

Bell, Dewar and Hall Incorporated

Lonmin Plc

Sandvik Mining and Construction Delmas
(Pty) Ltd

BHP Billiton Energy Coal SA Ltd

Ludowici Africa

Blue Cube Systems (Pty) Ltd

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

Anglo Operations (Pty) Ltd
Anglogold Ashanti Ltd
Arcus Gibb (Pty) Ltd
Atlas Copco Holdings South Africa (Pty)
Limited

Bluhm Burton Engineering (Pty) Ltd

Sandvik Mining and Construction RSA(Pty)
Ltd
SANIRE

Magnetech (Pty) Ltd

Sasol Mining(Pty) Ltd

Magotteaux(Pty) LTD

SENET

MBE Minerals SA Pty Ltd

Senmin International (Pty) Ltd

MCC Contracts (Pty) Ltd

Shaft Sinkers (Pty) Limited

MDM Technical Africa (Pty) Ltd

Smec SA

Metalock Industrial Services Africa (Pty)Ltd

SMS Siemag South Africa (Pty) Ltd

Metorex Limited

SNC Lavalin (Pty) Ltd

Metso Minerals (South Africa) (Pty) Ltd

Sound Mining Solutions (Pty) Ltd

Minerals Operations Executive (Pty) Ltd

SRK Consulting SA (Pty) Ltd

MineRP

Time Mining and Processing (Pty) Ltd

Mintek

Tomra Sorting Solutions Mining (Pty) Ltd

Modular Mining Systems Africa (Pty) Ltd

TWP Projects (Pty) Ltd

Department of Water Affairs and Forestry

MRM Mining Services

Ukwazi Mining Solutions (Pty) Ltd

Deutsche Securities Pty Ltd

MSA Group (Pty) Ltd

Umgeni Water

Digby Wells and Associates

Multotec (Pty) Ltd

VBKOM Consulting Engineers

Downer EDI Mining

Murray and Roberts Cementation

Webber Wentzel

DRA Mineral Projects (Pty) Ltd

Nalco Africa (Pty) Ltd

Xstrata Coal South Africa (Pty) Ltd

Blyvooruitzicht Gold Mining Co Ltd
BSC Resources
CAE Mining (Pty) Limited
Caledonia Mining Corporation
CDM Group
CGG Services SA
Chamber of Mines
Concor Mining
Concor Technicrete
Council for Geoscience
CSIR-Natural Resources and the
Environment
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Founded 1894

SAIMM

THE SOUTHERN AFRICAN
INSTITUTE OF MINING AND
METALLURGY

Forthcoming SAIMM events...
SAIMM DIARY
or the past 120 years, the
Southern African Institute of
Mining and Metallurgy, has
promoted technical excellence in the
minerals industry. We strive to
continuously stay at the cutting edge
of new developments in the mining
and metallurgy industry. The SAIMM
acts as the corporate voice for the
mining and metallurgy industry in the
South African economy. We actively
encourage contact and networking
between
members
and
the
strengthening of ties. The SAIMM
offers a variety of conferences that
are designed to bring you technical
knowledge and information of
interest for the good of the industry.
Here is a glimpse of the events we
have lined up for 2013. Visit our
website for more information.

F

2014
◆ SYMPOSIUM
21st Century challenges to the southern African
coal sector
4–5 March 2014, Emperors Palace,
Hotel Casino Convention Resort, Johannesburg
◆ CONFERENCE
Young Professionals 2014 Conference
For Young Professionals in the Minerals Industry
11–13 March 2014, Monte Casino, Johannesburg
◆ SCHOOL
Grade control and reconciliation
23–24 April 2014, Moba Hotel, Kitwe, Zambia
◆ SYMPOSIUM
Rock Engineering Symposium SARES 2014—Creating
value through innovative rock engineering
12–14 May 2014, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind
◆ SCHOOL
Drilling and Blasting
19–20 May 2014, Windhoek, Namibia
◆ CONFERENCE
Furnace Tapping Conference 2014
27–29 May 2014, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind
◆ SEMINAR
Society of Mining Professors—A Southern African
Silver Anniversary
26–30 June 2014, The Maslow Hotel, Sandton, Gauteng
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For further information contact:
Conferencing, SAIMM
P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7
Fax: (011) 833-8156 or (011) 838-5923
E-mail: raymond@saimm.co.za

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

◆ SCHOOL
Mine Planning School
15–16 July 2014, New Mine Design Lab, Chamber of Mines
Building, The University of the Witwatersrand
◆ CONFERENCE
Pyrometallurgical Modelling Principles and Practices
5–6 August 2014, Misty Hills Country Hotel and
Conference Centre, Cradle of Humankind
◆ CONFERENCE
Technical Conference and Industry day
20–21 August 2014, Conference
22 October 2014, Industry day
Emperors Palace, Hotel Casino Convention Resort,
Johannesburg
◆ SCHOOL
3rd Mineral Project Valuation School
9–11 September 2014, New Mine Design Lab, Chamber of
Mines Building, The University of the Witwatersrand

a member of the

