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Introduction

Statistics is a methodological discipline which
deals with data and uncertainty. It is, or should
be, about scientific investigation and how to do
it better; but many statisticians believe it to be a
branch of mathematics. However, unlike
mathematics, which is also an essential tool of
engineering and science, statistics has for its
raison d'etre and continuing vitality a continued
contact with substantive disciplines that actually
generate data and make inferences in the face of
uncertainty. Consequently, there is need for real
concern about the levels of interaction between
statisticians and engineering, physical, and
natural scientists.

Published articles in various internationally
recognised scientific journals have, over the
years, indicated that communication between
statisticians and engineers or physical scientists
ranges from outstanding to awful; but generally,
the impression is that there are serious problems
that need to be resolved.

The need for improved communication
between members of differing and specialist
disciplines, particularly in the mining industry, is
not new, nor is the reluctance within the
engineering fraternity to adopt mathematical
statistics.

A new approach is needed, which integrates
the actual 'marketing' of statistics, possible
changes in the educational system, and changes
in the culture of both the mining disciplines and
of statisticians.

In the minerals industry, especially coal,
competitive pressures are forcing producers and
end-users to re-examine their systems for
developing and maintaining cost-effective and
profitable means of providing products and
services that satisfy customer needs.

In Europe, North America, and Japan,
successful companies-including those in the
coal business-have recognized that in order to
achieve this there is need to adopt the principles
of total quality management (TQM). The
successful implementation of TQM requires,
without exception, the adoption of statistical
methods.
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Historically, in the gold and base-metals
sectors, and to a degree the coal industry, the
application of statistical methods (geostatistics in
particular) has been limited to ore reserve
estimation.

If one embraces the concept ofTQM, then
within the coal industry there are many areas of
opportunity where statistical methods can, and
should, be applied as planning tools, not only in
the exploration phases, but also in the
development and operational stages.

In the various phases of investigation of a
coalfield, the application of geostatistics with
such readily available options as histograms,
scattergrams, trend surface analysis, semi-
variograms, and kriging provides considerable
flexibility in evaluating data from a spatial and
time point of view. This enables more
information to be obtained from the existing
geological data, and consequently enables the
coalfield to be better understood in terms of
tectonic and depositional structures, and
resultant coal qualities.

The perceived benefits of applying geosta-
tistical techniques, from a planning perspective,
are:

~ the provision of more accurate forecasts of
the various coal parameters that could
result from a specific mining operation

~ the improved knowledge of these coal
characteristics that will assist in examining
alternative mine-plan layouts, and
subsequently assessing the impact of these
plans, and equipment selection, on mine
performance, particularly qualities

~ a better understanding of the coalfield and
coal qualities, which will also assist in.
improving the design of downstream items
of process plant, e.g. power plant, mills,
boilers, precipitators

~ ultimately, this information could assist in
optimizing both mine and power-plant
operations, particularly if more realistic
forecasts of the range, scale, and timing of
variations in coal quality can be provided.
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Figure 2-Number of article-to-article citations of papers in Technometrics (1985 and 1986)
in issues of the listed journals

Reluctance to adopt statistical methods

Severalpapers recentlypublished in the North
American scientific journal. Technometrics-
regarded by many statisticians to be one of the
premier journals of statistics for the physical,
chemical and engineering sciences-were
devoted to a discussion of the issue of poor
communication between statisticians and
engineers/physical scientists.
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Hoadley and Kettenring1 presented and
discussed the results of an opinion poll of 62
statisticians working at various interdisciplinary
interfaces regarding the state of this communi-
cation. These opinions, which are summarized in
Figure 1, range from 'awful' to 'outstanding', but
generally fall in the 'poor' or 'okay' categories. A
follow-up survey of engineers working in
different industries revealed a similar
pattern.Although this response is in itself
discouraging, it is very likely that if a similar
survey of such a nature were to be carried out
within the South African mining industry-
particularly the coal sector-the responses would
also fall in the poor or awful category.

Historically, management and practioners in
the coal industry have been engineers who have
little training or interest in statistics, and who
have viewed statisticians, with possibly some
justification, to be mostly academics with little
practical experience.

Hoadley and Kettenring's article highlights
and addresses the concerns about these two
related problem areas; namely, communication
between professionals and the place of statistics
in engineering education.

The reluctance to adopt mathematical
statistics is not new in many engineering and
scientific fields. While there are considerable
shortcomings in the coal industry regarding the
understanding and application of statistical
methods, even in such key areas as coal quality
and quantity management, the blame for these
deficiencies and the lack of communication
cannot always be apportioned solely to the lack
of training or the blind obstinacy of engineers.
The argument may, in fact, be to the contrary.

As part of their study, Hoadley and
Kettenring state that 'many of the difficulties in
communications are mirrored, perhaps
magnified, in the literature'. As an example they
selectthe journal Technometrics, whose purpose
is 'to contribute to the development and use of
statistical methods in the physical, chemical, and
engineering sciences'.

Data derived from Garfieldz,3show that,
using article-to-article citations as a measure of
success, Technometrics can be consideredas
amongst the highest-regarded of all statistics
journals. The journals involved in this particular
analysis are presented in Figure 2.

The prime conclusion that can be drawn from
that work is that statisticians are essentially
quoting other statisticians.

The other conclusion drawn by these authors
is that mathematical statisticians can be
criticised for often writing only to impress other
statisticians, rather than producing material that
may be useful, or even of vague interest, to the
most erudite engineer or scientist.
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Published case studies are rare, and statis-
ticians appear to have little or no interest in such
key areas as the coal sampling or the
measurement of the quality of coal.

Hoadley and Kettenring1 offer a number of
reasons-based on the feedback from the experts
originally surveyed-for this communications
gap, which include:

~ the negative perception/image that
statistics has among engineers as a
complex subject without finite limits (a
veritable Pandora's box)

~ language-several respondents to the
survey mentioned this as the biggest
problem 'the imposition of statistical
jargon on top of scientific problems ...
clients become afraid that we are deceiving
them by the use of all the fancy rhetoric'

~ lack of commitment and technical focus-
statisticians are often criticised for not
becoming involved deeply enough in the
subject matter to understand the scientific
problems in their correct context

~ statistical education-which remains a
focus of considerable debate within the
statistical and engineering professions,
and is probably the single largest
contributor to the communications gap.

On the latter issue, Box4 is critical of those
who believe that statistics is a branch of
mathematics rather than a means of scientific
investigation. He is also critical of the situation
at many universities in the USA, where people
who have no experience of real scientific inquiry
are teaching future statisticians and conducting
research in statistics. Courses tend to be taught
on a mathematical level, without any practical
meaning or application. Moore5, commenting in
the same journal, expresses the view that, unlike
mathematics, statistics is a science that deals
with real data and uncertainty. Interaction with
workers in other fields is not only imperative but
the directions and substance of research are
strongly influenced by it. Moore argues that the
key issue is providing engineers, and physical
scientists, with a knowledge of basic statistics.

Closing the gap

Hoadley and Kettenring, and many of the
authors who have provided commentary in the
same journal on their paper, offer a number of
suggestions for narrowing the communications
gap from a statistician's viewpoint.

Many may be regarded as controversial, and
most require a change in culture.
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The most important area of need is the
effective 'marketing' of statistics to surmount its
perceived negative image-success stories need
to be published. Others include more
involvement in the projects being undertaken,
Le. understanding the context and objectives of
each project.

Most respondents to the abovementioned
survey expressed a compelling need for
educational reform-starting perhaps with
introductory courses in statistics.

Finally, it is also necessary to address the
thorny issue of language development. In order
to initially bridge the gap, statistical jargon
should be limited in technical reports-perhaps
relegated, together with detailed statistical
analyses, to annexures-and only the essential
information presented in clear, simple
engineering and scientific dialogue.

Although Hoadley and Kettenring's
conclusions are correct, and the overall picture is
generally as reflected in Figure 1, there are many
areas where statistics have been success-fully
applied-particularly in the mining industry.

Despite the negative perceptions illustrated,
changes have taken place in statistics in recent
years, and there has been a shift towards a more
forward-looking approach. Statistics is an
important planning tool, and innovation and
effort are required for its successful implemen-
tation in terms of evaluating future operations
and their consequences.

In the past few decades, there has been a
growth of statistical methods and ideas, with a
shift in emphasis from descriptive statistics to
statistical inference. The former involves the
collection of data and their presentation in tables
and charts, without attempting to infer anything
that goes beyond the data-unlike the latter
approach.

Descriptive statistics remains an important
planning tool, and continues to be widely used
in many business areas. However, in the coal
industry, there are instances where it is still not
fully utilised.

Because of competitive pressures nationally
and internationally, virtually all the major
management areas (general management,
research and development, finance, production,
and marketing) in the mining industry-partic-
ularly coal-have had to be critically re-
examined in order to maintain continuity and
improve profitability. As a result, there are few
areas where statistics has not had an impact on
these decision-making processes, particularly
forecasting and planning.
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In Europe, North America, and Japan, some
of the more progressive and successful
companies have recognised the need to adopt the
principles ofTQM. The Japanese have demon-
strated that the successful implementation of
TQM requires, without exception, the adoption of
statistical methods.

Areas of opportunity

Within the South African mining industry,

especially coal, there are a number of areas of

management, such as exploration, development,

production, and marketing, in which companies

could profit by improved knowledge of statistics

and the proper application of statistical methods,
especially as a planning technique.

Although not all the problems in the above

areas are of a statistical nature, the list of those
key decision-making activities in the coal

production and utilization sectors that can be

treated either partly or entirely by statistical

methods is significant. A brief description of some

of the possible applications of both descriptive

and inductive statistics is given below.

In the general management and marketing
arena, short, medium, and long-term strategic
planning is important. Trends in the utilization of

coal, which are structured around certain patterns

of consumption in areas such as the industrial,
manufacturing, and domestic sectors, need to be

analysed and forecast for different countries, so

that current and potential markets can be
adequately serviced. These studies, in order to be

successful, therefore need to use a variety of

statistical tools to integrate and analyse data on

sales forecasts for present and potential products,

current and potential markets, and means of

transport and distribution.

In the area of finance, the profit potentials of

alternative capital investments need to be

determined, overall financial requirements must

be projected, and capital markets must be

studied so that sound long-term financing and

investment plans can be developed.
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In the area of coal processing, problems of a

statistical nature arise in connection with issues

such as plant layout and structure, plant size,

product scheduling and inventory management,

and quality assurance. In terms of the latter,
though progress has been made over the years,

there is still significant scope for improvement in

coal quality management, principally in the areas

of sampling, sample collection, sample preparation,

and analytical determination. Although the
application of statistics to these various functions

could add significant value, it considered that the

areas in the coal industry where the greatest

benefits (to producer and end-user) could accrue

from the use of descriptive and inductive statistics

are exploration and mine development. The

successful conclusion of innovative and proficient

work in these inter-related areas-a profitable
mining venture-requires the analysis and

interpretation of often complex technical, fmancial

and economic data. Statistical techniques must be
employed to use all the available information in a

cost-effective manner.
There has been a change in emphasis over

the years, in some scientific fields, towards the

greater use of inductive statistics or statistical

inference. This entails the inferring or predicting

of a population's characteristics on the basis of
known sample results (based on probability
theory). However, there is still a need to make

the correct use of descriptive statistics, as well as

statistical inference, in order to get more out of

the existing data and develop a suite of
alternative geological models and mining
options, which eventually can be optimized.

On this basis, an evaluation of a particular

coalfield could be structured around two

statistical approaches: classical statistics, which

embraces inductive but primarily descriptive
statistics, and spatial statistics-principally

geostatistics, which is based on statistical

inference. The essential components of these

techniques are as follows.

a. Classical
~ Descriptive (graphic and numeric)

- frequency distributions
- histograms
- scattergrams
- trend surface analysis.

b. Spatial
~ Geostatistical processes

- semivariograms
- cross-validation
- kriging.
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If classical statistics are used to represent the
properties of the sample values, then an
assumption is made that the values are
realizations of a random variable. The relative
positions of the samples are ignored, and it is
assumed that all sample values have an equal
opportunity of being selected. In the case of
spatial statistics, it is assumed that the value of
a sample is a function of its position, Le. the
relative position of the samples is taken into
consideration.

Unfortunately, often each suite of techniques
is used-for a variety of reasons-on a mutually
exclusive basis, and without adequately
inspecting the integrity of the data before
numerical calculations or spatial interpretations
are carried out. This can lead to misleading
interpretations because incorrect (biased) data
has been used; or, conversely, no consideration
has been given to their spatial distribution.

It is therefore imperative that the evaluation
process should be improved by conducting it on
an inter-related and iterative basis.

Descriptive statistics

There are a variety of procedures and techniques
that fall under the heading of descriptive
statistics-these can be classified as graphic,
with an emphasis on presentation; or numeric,
with the emphasis on summarization. While
these techniques can be used for evaluating
small data sets, the larger the set of data, the
greater the need for descriptive statistical
techniques. This need is further heightened
when a large number of variables is involved. In
an evaluation of a coalfield, these could typically
include seam thickness; different chemical coal
characteristics, viz. calorific value, ash, volatiles,
sulphur, and also derived parameters such as
particulate and gaseous stack emission levels;
and physical parameters like Hardgrove and
abrasiveness indices.
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Figure 3-Ash content-total field
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Graphic techniques

The fIrst step in describing or assessing
(presenting/summarizing) the various measure-
ments is tabulation. This usually takes the form of
a frequency, or more precisely numerical, distri-
bution for each measured variable, which gives the
values or classes for the variable as well as their
corresponding frequencies.

These distributions, which present the data
in a relatively compact and 'easy-to-digest' form,
are constructed in essentially three steps:
(1) choosing the classes,
(2) sorting the data in these classes, and
(3) counting the number of items in each class.

The latter two steps are mechanical, and the
main issue lies with the choice of a suitable
classification/categorization. Although this is
essentially an arbitrary process, and often
depends on how the data will be used, as a guide
it is preferable to choose between 6 and 15
classes that are of equal width/range.

A possible result of such an analysis of ash
determinations made on borehole core samples
from a particular coalfield is presented below, for
boreholes across the total field and those from
an area initially selected for mining (Tables I(a)
and I(b)).

Table I (a)

Frequency distribution of ash content
over the total field

Numberof
observations

18
41
89
82
47
18
15
14

324

Mean =31.98% ash
Std dev. = 8.65% ash

Table I (b)

Distribution of ash content over the
initially selected mining area

Numberof
observations

9
24
65
64
41
15
10
11

239

Mean =32.79% ash
Std dev. = 8,23% ash
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Once a frequencydistribution has been
constructed for a particular parameter, based on
the raw (unprocessed) data, it is advisable to
present this graphically-the most common form
being a histogram.

Examples of a histogram are presented below
in Figure 3 which are based upon the results of
the frequency analysis given in Table I(a).

The histogram is a valuable tool in
determining whether the sample distributions-
in the case of a coalfield evaluation this will be
of the various physical parameters (thickness of
seam, partings, rooflfloor thickness) and
chemical determinations (ash, volatiles, etc.) are
reasonably symmetrical. The data presented in
Figure 3 can be considered to be such an
example of normal or Gaussian distribution.

The histograms also enable outliers or values
which are abnormally high or low, to be visually
identified, since these can significantly affect any
subsequent numerical calculations.

Outliers are values that are so far removed
from the main body of the data that the
appropriateness of including them in the samples
is questionable.

The outliers resulting from such sources as
gross errors in recording data or calculations, in
the methods of collecting, preparing, and
analysing the core sample, or contamination
(with non-coal material) linked to the latter, can
sometimes be identified and eliminated from the
data before any numerical techniques are carried
out.

This process should, however, be performed
in a systematic manner, which includes a critical
review of the spatial distribution of the perceived
anomalous values. A review of the number and
ranges of the classes in the frequency distri-
bution may also be necessary.

Cumulative frequency (percentage)
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Figure 4-Cumulative frequency plot
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A convenient graphical method can also be
used to determine whether the sample values are
normally distributed or not. This entails
calculating a cumulative percentage frequency
distribution, which can be done on the basis of
the data that has already been sorted and
categorized. An example of a cumulative
frequency distribution based on the information
in Table I(a) is illustrated in Figure 4. This
distribution can then be plotted on special
normal probability paper, and if the sample
values plot along a straight line, then the
assumption of normal distribution can be
accepted.

These graphical approaches or distribution
analyses enable the investigator to examine with
relative ease whether potential anomalies are
being introduced, or excluded, when the areas
selected for mining are changed in terms of size,
shape or orientation.

These techniques also assist in establishing,
at an early stage in the interpretative phase,
whether there are discontinuities in the field that
may be of a depositional or structural nature.
Preliminary estimates can also be made (with
caution) of possible grade cut-off levels.

Once these initial examinations have been
carried out to identify whether the final sample
data provides a consistent homogeneous set of
measurements of the coal seam, then it is
possible to carry out further graphical and
numerical exercises.

Numerical techniques

A set of data arising from a borehole programme
in a coalfield can be numerically described in a
number of ways; however, typically the
following categories are used:

(1) measures oflocation
(2) measures of dispersion or variation.

There are three basic measures of location
namely the mean, median, and mode, which are
most widely used to describe the various
sampled and determined coal characteristics.

The best known is the arithmetic mean
which is defined as the sum of the values
divided by the number of values. In everyday
terms, this value is referred to as the 'average'.

The median is defined as the value of the
middle observation in a series (of raw data) that
has been arranged in either ascending or
descending order of magnitude. Unlike the
mean, the median is not easily affected by
extreme values. If, however, outliers have been
omitted, then a 'modified mean' needs to be
calculated.

The final measure of location is the mode,
which is defined as the most frequently
occurring value.

The Journal of The South African Institute of Mining and Metallurgy
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In addition to obtaining the above numerical
data, which is often calculated as part of the
graphics presentations of some proprietary
software packages, it is also important to
determine the degree of variation or dispersion
among each of the various sample variables.

The simplest measure of variation is the
range, which is the difference between the
largest and smallest measurements. Although it
is easy to compute, it should be used with some
caution, since it considers only the extreme
values, and consequently makes no assessment
of the values in between.

A more important measure of the variation
within a set of variables is the variance, which is
the average or mean of the squares of the
deviations of the measurements about their
mean. The major shortcoming of this statistic is
that the values are reported in square units of
that particular characteristic. Common practice is
to use the standard deviation, which is the
positive square root of the variance and is
quoted in the same units as the original
measurement.

Although variance and standard deviation
may not have a great deal of intuitive appeal.
they actually measure variation among all the
measurements/determinations of a particular
coal characteristic, and consequently play a
significant role in demonstrating the amount of
variation or dispersion in a series of data.

The basic numerical statistical methods
described above, which are covered in more
detail in most textbooks on business or technical
statistics, allow an estimate of the mean value of
a particular coal characteristic to be determined
for the coalfield being evaluated, and also permit
the confidence limits for that value to be
calculated.

These estimates are based upon the
assumptions of randomness and independence
of the data. Therefore, while they provide a great
deal of information about the nature of the
various coal seam characteristics (physical and
chemical) within a coalfield, these descriptive
statistical techniques do not take into account
the spatial relationship of the data.
Consequently, the resulting interpretations must
be reviewed appropriately within this context.

Another suite of comparatively simple
statistical planning tools that can assist in the
better understanding of a coalfield includes those
that examine the relationships between the
various physical and chemical variables of a coal
seam. The concepts examine the relationship
between different variables measured either on
the same sample (determined on borehole core)
or at the same location.

The Joumal of The South African Institute of Mining and Metallurgy
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Some of the most useful techniques that can
be used initially for geological modelling are
those that attempt to determine either a linear
relationship (essentially a simple
regression/correlation function) between the
respective pairs of variables (this process is
referred to as a scattergram) or a multiple
relationship (which is an extension of the linear
regression technique, but which considers more
than two variables). The latter approach, which
applies least-squares regression to the estimation
of surfaces in two or three dimensions, is
generally known in the geological literature as
'polynomial trend-surface analysis'.

These techniques can be of significant value
not only in examining the stability of the data
(for further geostatistical analysis) and
determining if discontinuities and/or anomalies
exist, but also in enhancing the modelling of the
differing depositional environments in a
coalfield, and the possible affect of tectonic
settings on these environments and later-stage
dolerite intrusions.

Application of depositional models

The delineation of depositional environments
can be applied to produce predictive models that
are of economic significance in terms of coal
exploration and mine planning.

The perceived benefits of integrating the use
of the alternative classical and spatial (including
geostatistical) statistical techniques to improve
this geological modelling and understand the
coalfield better are

~ more accurate forecasts of the various coal
parameters that could result from specific
mining operations

~ assistance in examining alternative mine-
plan layouts, and subsequently assessing
the impact of these plans on equipment
selection and on mine performance, partic-
ularly qualities

~ assistance in improving the design of
items of end-user plant, typically mills,
boilers, and precipitators

~ ultimately, the optimization of producer
and end-user operations in terms of
performance and costs.

The most critical influence on the character
of the coal seam is the depositional environment
of the coal and the enclosing strata. Studies
indicate that the topographic surface on which
coal deposits developed is a major factor in
controlling the thickness and extent of the
deposits, while the environments of deposition
of the sediments that covered the peat strongly
influenced roof conditions (in a mining
operation) and many aspects of coal quality.
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Contemporaneous tectonicinfluencesmay
also superimpose changes on the character of the
seam, which are attributed to variations in
depositional environment. Rapid subsidence
during sedimentation results generally in abrupt
variations in coal-seam geometry and
petrography, but may favour lower sulphur and
trace-element contents; whereas slower
subsidence rates favour greater lateral
continuity, but higher contents of sulphur and
other chemically precipitated material.

On a regional scale, trend surface analysis
can be used to identify trends, and residuals, of
coal characteristics such as elevation of the coal
seam floor, thickness of the coal seam, ash and
sulphur contents, which can assist in developing
a depositional model.

The configuration of the trend surface can be
examined using three kinds of surface, namely
linear, quadratic, and cubic, and the resulting
models are then compared.
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The interpretations that result from fitting
these different surfaces to seam thickness for a
particular coalfield are presented in Figures 5 to 7.
These differing analyses, especially the cubic,
highlight a broad basin running across the field
in a NE-SW direction. Subsequent fitting of
trend surfaces to ash and calorific value
indicates that this trough area contains lower
quality coal, while to the north-west and south-
east the coal is generally thinner and of a higher
quality.

In addition to the graphic presentations,
tables setting out the analysis of variance can be
prepared, which enable the suitability of the
various fits to be assessed; an example of this
type is given in Table H. In most cases, it is
adequate to review the trend surfaces and the
table of variance analysis in purely intuitive
terms. However, detailed mathematical
explanations of the analysis given in the table
are widely presented and discussed in classical
statistical literature.

The linear relationship between selected
pairs of variables-which in a coalfield
evaluation could be some 10 to 12 determined,
or derived, parameters (excluding coordinates)-
can be examined and presented using
scattergrams. This can be done for all the data
across the field, or for areas or classes selected
on the basis of trend-surface analysis or classes
from the histograms of the respective character-
istics. A typical example of a scattergram that
compares ash content and calorific value is given
in Figure 8. It should be noted that the particular
software package used on this occasion also lists
summary statistics beside the graph. These are
the means and standard deviations of the
characteristics graphed, plus the 'correlation
coefficient' (r), which provides a measure of
correlation of the two variables; a value of 1,0
would imply a perfect 'direct' correlation.

An examination of the scattergrams
developed for selected areas and/or histogram
classes enables a more detailed understanding to
be reached of the variations in the various coal
characteristics.
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Figure 7-cubic trend surface
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On the basis of the information obtained
from the application of these various descriptive
statistical tools, particularly in terms of seam
thickness, and ash and sulphur contents, it may
be possible-using other investigative
techniques such as petrographic analysis-to
identifY different coal-forming environments. For
example, coals formed in 'back-barrier'
environments tend to be thin, laterally discon-
tinuous, high in sulphur, and exhibit severe roof
problems. Coal beds deposited in 'lower delta-
plain' environments are relatively widespread,
with fewer roof problems, are generally thin, and
show a highly irregular pattern of sulphur and
trace-element distribution.

This knowledge of often localized variations
in seam characteristics could enable more
comprehensive depositional models, along the
lines of the generalized model presented in
Figure 9, to be constructed. These, in turn, will
aid in mine planning and development.

Spatial statistics

Although the various classical descriptive
statistical techniques (graphical and numerical)
can, and should continue to, be used to provide a
great deal of information about the various
characteristics examined during the evaluation
and development of a coalfield, these interpre-
tative techniques have several shortcomings.

The principal reason is that they do not take
into account the spatial distribution of the
boreholes, and consequently the distribution of
the various qualities of the coal; the resultant
description of these qualities may therefore be
biased. In the context of the mine planning and
development process, these methods also ignore
the time when the coal is to be mined.

An approach that addresses these concerns
is geostatistics. This technique is based on a
probabilistic concept that develops spatial
models, which in turn enable predictions
(forecasts) to be made of a value at a location
where no datum existed from observed/
determined nearby data.

The most commonly used spatial-prediction
method used in geological modelling and
subsequent spatial modelling for mine planning
and development purposes is (ordinary) kriging.

A detailed case study to illustrate the
methodology and techniques adopted when
geostatistics is used to evaluate the character-
istics of a coalfield is outside the scope of this
review. However, the process can be outlined as
follows.

A typical study would be undertaken in a
number of stages which, in order to produce a
meaningful final interpretation, should be
regarded as interactive, and the process as
totally iterative.
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The initial stages include the use of
descriptive statistics, as discussed in the
previous sections.

(a) Statistical analyses are carried out on the
various determinations. Histograms are
constructed for each variable, and are
examined for outliers and inconsistencies.

(b) Scattergrams are developed to establish
relationships amongst the variables, and
also to identify aberrant behaviours.

(c) Trend-surface analysis is then used to
determine if any large-scale 'regional'
changes occur in the values for the
different variables. Residuals from these
trend surfaces are then inspected for
evidence of outliers and/or data inconsis-
tencies. It should be emphasized that the
surfaces developed with this technique are
sketch maps of the general trend of a
particular variable, but cannot be used for
predictive purposes.

When this work has been completed, the
next phase is spatial modelling.

(d) The first stage in the spatial modelling of a
geological variable is the construction of
experimental semivariograms to display
the spatial continuity or 'predictability' of
values from one location to another in the
coal seam. (The assumptions on which
these calculations are based include the
absence of any strong trend in the
particular value under analysis.)

JANUARY/FEBRUARY 1995
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(e) The method of 'cross-validation' is then
used to test the fit of the semivariogram
model, and to highlight extreme values or
outliers within the sample data set. The
analysis also provides an opportunity to
study the potential distribution of
estimation errors.

(f) The data values are then corrected on the
basis of these analyses, and the whole
process is repeated.

Once the spatial modelling of the respective
geological variables has been effectively
concluded, then the distribution and semivar-
iogram models can be used to examine the
relative merits of alternative mine-plan layouts.
These preliminary mine designs should clearly
already have taken cognisance of all the data
that has been compiled, presented, and analysed
using the various classical statistical planning
tools.

values for each particular characteristic that
has been determined or derived, such as stack
emission levels from the coal seam or seams, can
be estimated for each mining panel within the
mine plan using the latter models.

In addition to obtaining an estimate of a
characteristic for a panel, it is also possible to
calculate the standard error for these estimates
for each panel. The standard error is a quantifi-
cation of how reliable the estimate actually is.
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The panel estimates (of the various charac-
teristics) and standard error-weighted by the
volume of the respective panel-can be
summarized for each year of mine production.
Statistics such as confidence levels on the results
can also be produced. For example, an upper
95 per cent confidence level can be obtained for
each estimated level of a selected coal charac-
teristic in any particular year.

Figure 10 shows an example of the estimated
level for particulate emission for each year of
mining. In this example, it is expected that
emissions will be below a designated compliance
limit of 100 mg/Sm3 for each year of mining. The
values (emission levels) are, however, only
estimates, and one can be only 95 per cent sure
that these emission levels will remain acceptable
until the year 2016.

Estimated average emission level per year (mg/Sm)
120

115

110
Upper 95' confidence level

*

* *
*

*
* *IOS

~ *
**

]100 ---------------------------------------

* *
** *..

* * * *
* * *

5 95...
*~ * * *'g 90 * . . . . . *

"< * . .. ** .
~ . ... .. .
80. .

.. . .....
.

75
.

. Estimated emission level

, ,

2020

,

202570
1995 2005 2010 2015

Year of Mining

Figure 1O-Estimated average emission level per year

2000

Percentage Chance of exceeding 100 mg/Sm
50

45

.0 ---------------------------------------

~ 35

~ .~30 ------------------------------.--------0

'"~~ .
~",20 8---
~ . .et.15

8 .
10 --------------------------------------- . .

0
1995

- - ~.- .8 , ,
2025

-~ ,
2005 2010 2015

Year of Mining
20202000

Figure 11-Percentage chance of exceeding emission levels of 100 mg/Sm3

The Joumal of The South African Institute of Mining and Metallurgy

--~-~---

If a particular distribution is assumed for the
estimated values-and for the error of estimation
-then the calculations can be reversed, and it is
possible to determine the probability that the
annual mined average will exceed the
compliance limit. Such probability levels are
illustrated in Figure 11.

It can be seen that there is very little chance
that the yearly average will exceed the limit until
2016, when the probabilities start rising steeply,
due to mining being concentrated in an area of
generally poorer quality coal.

On the basis of the results of initial studies
carried out by the authors, it is apparent that
being able to predict particulate emission levels
from the geological data-using the statistical
techniques outlined-provides an important
decision-making tool in terms of mining
planning, development, and operation, as well as
power-plant design and operation.

Although this example is focused on an
environmental issue, there are numerous
possible applications of this approach where
producers and end-users may need to examine
whether coals of differing qualities, possibly
resulting from different mine-development
options, comply with the design and/or
performance criteria of such items of plant as
handling/conveying systems, mills, etc.

Summary

In the past, management and mining/
engineering practitioners in the coal industry
have often been reluctant to adopt even the most
simple statistical methods.

However, in order to embrace the concept of
total quality management and become more
competitive in the market place, there is a need
to critically review the application of appropriate
statistical techniques.

There are several opportunities where
classical statistics and geostatistics (spatial
statistics) can be used successfully as planning
tools for the producer and end-user.

The various approaches enable alternative
development options for mine and end-user
process plant to be modelled and evaluated from
a technical and economic point of view. .
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