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A GEQSTATISTICAL APPROACH TO

COAL RESERVE CLASSIFICATION

KEITH D. WHITCHURCH,' A.D. STEWART GILLIES > AND GEOFFREY D. JUST ®

ABSTRACT

There is an increasing need for reliable and comparable coal
resource data and it is necessaty io standardize the traditional
classificatior procedures by quantifying the three basic evalvation
criteria of economic feasibility, geologic assurance and recovery.
For well documented deposits, geostatistical methods can consider-
ably improve classification quality.

A geostatistically based algeorithm for classifiying coal
resources within the current Queensland and New South Wales
codes has been developed. Application of the method in classifying
resources from a number of seams exhibiting different structural
characteristics is assessed. The method is found to give
classification results which closely reflect the error associated with
an estimate of resource quantities based on current sampling densi-
ties. It requires a carcful geostatistical analysis with emphasis on
geological awareness. Resource category resirictions must be arbi-
trarily assigned and remain constant for all deposits being compared.
Engineering judgement is needed and interpretation may be required
with isolated and peripheral biocks.

INTRODUCTION

The economic incentive to assess and classify mineable coal
resources $0 as to enable the caleulation of reserve tonnage and
grade has increased significantly with present commodity marketing
conditions. Improvements to classification concepts and definitions
are needed as it is recognized that no current practices produce
resulis which are free of some degree of subjectivity and therefore
readily reproducable. Quantification of geological assurance is a
major difficulty in most classification codes. The magnitude of the
error associated with an estimate of the quantity and quality of a
resource needs to be understond. Geostatistics allow calculation of
the variance of errors associated with an estimate and is a poten-
tially valuable tool for classifying resources on the basis of geologi-
cal assurance.

A geostatistically based algorithm  for classifying coal
resources within the framework of the current Queensiand and New
South Wales codes has been developed. The method is described
and its application in classifying resources from a number of seams
exhibiting different structural characteristics is assessed.

QUEENSLAND AND NEW SOUTH WALES
COAL CLASSIFICATION CODES

A major requirement for any new classification procedure is
that relevant statutory requirements for establishing resource classes
needs to be recognized. Galligan and Mengel (1986) describe the
current Queensland and New South Wales codes. Features of these
which are relevant to a geostatistical approach include the following:
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(1) Points of Observation.

A point of Observation is an intersection at a kaowa location,
of coal bearing strata, which provides information about the
strata by one or more of the following methods:

* Observation, measurement and testing of surface or under-
ground exposures.

» Observation, measurement and testing of borecore.

+ Observation and testing of cultings, and use of downhole
geophysical logs of non-cored boreholes.

A point of observation for coal guantity may not be used
necessarily for coal quality. The most relisble quality infor-
mation is provided by testing of surface or underground expo-
sures or by testing of borecore.

Geophysical techniques such as seismic surveys are not direct
points of observation.

2y Coal Resources.

Coal Resources are all of the potentially usable coal in a
defined area, and are based on points of observation and extra-
polations from those points,

(3) Catepories of Resources.
(&) Measured Resources.

The points of observation generally should not be more than §
km apart. Where geological conditions are favourable it may
be possible 10 extrapolate known trends a maximum distance
of 0.5 km from points of observation.

(h)  Indicated Resources.

Points of Observation generally should be not more than 2 km
apart. Where geological conditions are favourable, it may be
possible to extrapolate known trends a4 maximum distance of 1
km from points of cbservation.

(c) Inferred Class 1 Resources.

Points of Observation generally should be not more than 4 km
apart. Extrapelations of trends should extend not more than 2
km from points of observation.

THE GEQSTATISTICAL APPROACH
TO CLASSIFICATION

SCOPE AND APPLICABILITY OF GEOSTATISTICS

The use of geostatistics requires quantitative data and certain
minimum restrictions with respect to the number and positions of
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Figure 1: McKelvy box scheme {(as recommended by the
USBM/USGS) the hatched areaz represents that portion fto
which geostatistical methods may be applicable.

sample information. Theoretical reasoning and practical experience
have shown that a minimum of 30 to 50 sample points evenly distri-
buted over any field of interest are necessary to obtain a reliable
variogram. Hence a resource classification system based on geos-
tatistics must be restricted to fairly well documented deposits. As a
rule of thumb Deihi and David (1982) suggest that geostatistical
metheds are only applicable to those resource classification
categories covered in the haiched area of the McKelvy box {(Fig.1).
This roughly equates to the measured, indicated and inferred class 1
categories of the new Queensland Code.

THE iNELUENCE OF BLOCK SIZE ON CLASSIFICATION

The estimation variance o‘k2 of any deposit parameter is a
function of the size of the block being estimated as discussed by
Deiki and David (1982). Any block classification which is depen-
dent on estimation variance is therefore a function of block size. As
an example, using a set of borehole data for an irregularly drilled
brown coal deposit, the relative error of estimation has been calcu-
lated at a 95% confidence limit {equation 1) for square blocks of
varying sizes. The results of these calculations are shown in Figure
2 and indicate the infiuence of block size on kriging variance and
hence on the outcome of resource classification. The percentage
error calculated by equation 1 has been plotted against the length of
the block sides expressed as a percentage of seam thickness
variogram range.

1.96 Gy

R =~ 1
7 (13

Where R = relative error at a 95% confidence level,

o, = estimation variance (Kriging variance) and
Z' = estimated value of the parameter

From a statistical point of view it is clear that classification of
resources without considering the relation between the respective
deposit quantity and the estimation varance is meaningless. The
solution 1o this problem is neither simple nor straightforward and in
fact Sabourin (1983) noted that there are almost as many proposed
solutions as there are authors who have considered the problem. It
is beyond the scope of this paper 1o review all proposed solutions,
although it is worth noting, that in many cases interim solutions
only are suggested, such as in the German Gesselschaft Deutsher
Metalthuton und Bergluete system (Wellmer, 1983).
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Figure 2: Relative kriging error (at 95% Confidence Leved
versus block side dimension as a percentage of variogram
range.

The following reasoning leads to a definition of maximum
block size which combines some of the better aspects of a number
of the solutions proposed by different authoss, while cbserving the
restrictions inherent in the current Queensland and New South
Wales codes,

It has been common practice for rescurces to be estimated
using blocks which have a side dimension related to the drill hole
spacing {Figure 3). In this case the maximum block size aliowable
for each class of resource is therefore dependent on the maximum
drill hole spacing for that class. This limit on block size is therefore
suggested for use in the proposed geostatistical solution.

BLOCK TO AL 'E‘STH.'.;‘TED

DR IUr HOLE L

Figure 3: Polygonal Block showing the relationship between
drillhole spacing and biock dimensions.
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CLASSIFICATION CLASS CRITERIA

A resource class system has been defined for use in the study.
Important features are that maximum drill hole spacing for each
class are based on those specified in the current Queensland code
and maximum allowable error for class A resources are based on the
estimation error specified for the most restrictive resource class
{measured) uder the Queensland Coal Reserve code in use up to
1985, Error limits for the less restrictive classes B and C have been
assigned arbitrarily aithough they follow recommendations put for-
ward by PFettweis (1979), Diehl and David {1982) and Wellmer
{1983). this information is summarized in Table 1.

Maximam Maximem  Maximum
Resource  aliowable drillable biock
Class error % spacing area
(95% C.L.) km km?
A 20 1 1=1%
B 40 2 4(=2%)
C 60 4 16(=4%

Table 1:  Preliminary resource classification criteria. Drill hole
spacing based on Queensland and New South Wales

Codes.

STEPS IN IMPLEMENTING A GEQSTATISTICALLY
BASED RESQURCE CLASSIFICATION SYSTEM

Deihl and David (1982) defined the following steps for a
geostatistical classification of resources:

1. Determination of relevant parameters such as coal thickness or
ash content.

2. Review of raw data and preparation of basic data files,

3. Classical statistical analysis of parameter data and variogram
calcuiation.

4, Determination of the outline of presently feasible resources by
geological and techaical criteria.

5. Further sub-division of the areas defined in point 4. into
blocks which satisfy the predefined constraints of a specific
category of geological assurance with respect to:

() dimensions, and

(by parameter confidence levels

6.  Calcuiation of in-situ and recoverable tonnages of each block
defined in peint 5 and compilation of total quantities for each
class of resousce.

The above steps are standard well-defined procedures in prac-
tical geostatistics with the excepiion of point 5 which required the
development of a special algorithm.

The division of a coal deposit into zones satisfying the criteria
of different classes of resource presents fundamental problems.
Defined biocks need to satisfy these constraints in respect of both
area and the precision of the grade estimates. Any adopted algo-
rithrs should guarantee that a maximum resource tonnage is assigned
with the highest degree of geological assurance sequentiaily to the
first category and from the remaining quantity to the second
category and 5o on.
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The proposed algorithm is an iterative method whichk starts
with a small block which is enlarged step by step. After each
increase, the area of the enlarged block and associated kriging vari-
ance are calculated and compared with constraints for the first and
most restrictive resource class, If both area and confidence interval
caleulated from the kriging variance (ckz) satisfy the constraints the
block is classified to this restrictive category, class A. Should the
area of the block under study surpass the upper limit of class A
without obtaining the necessary precision, the procedure continues
with the less restrictive requirements of class B and so on until the
block is finally classified. In order to maximise the resource quanti-
ties in the upper classes, the iteration procedure begins at the loca-
tion with the Jowest value for crk2 determined by point kxiging the
deposit on a regular grid. Subsequent stepwise extensions of any
block are constrained by the principle that an increase is always per-
formed in the direction where the gradient of precision or rate of
change of ckz is least. After final classification, the block area is
recorded on file, the results of the estimation printed and the pro-
cedure re-staris at another point with local mirimum kriging vari-
ance.

A FORTRAN program has been written to perform the
classification automatically for one selected parameter, A series of
checks within this program ensure that the shape of the developing
block is controlled to avoid intricate block contours.

APPLICATION OF THE GEOSTATISTICALLY
BASED CLASSIFICATION METHOD

CASE STUDY 1 - CLASSIFICATION OF A
LATERALLY PERSISTENT DEPOSIT

An undeveloped brown coal deposit was analysed according to
the previously mentioned procedures using the limits for various
classes of resource detaifed in Table 1. The deposit was sampled an
an irregular grid by 91 drill holes extending over a region 7.5 km
north-south by 3.5 km east-west. Three major coal plies were
identified. Classification results for the lowest ply only are dis-
cussed.

Figures 4(a) and 4(b) show the locations of exploratory drill
holes; the circles represent arbitrary ranges of influence for each
hole. Using this type of arbitrary assignment it can be seen that
areas of a deposit can be placed in a number of different classes of
resource depending on the range of influence selected, This
highlights the need for an objective method for classifying resources.

Preliminary statistical amalysis of the seam thickness data sug-
gested a bimodal distribution, and several apparently anomalous data
points were also indicated. Analysis of the seam thickness contours
(Figure 5), indicates that no valid reason exists, based on current
information, for excluding any of the data points and all further
analysis is therefore based on the complete data set.

A large number of attempts were made to calculate an experi-
mental variogram model which accurately described the ply’s thick-
ness. The final theoretical variogram which has been used follows
an isotropic spherical model with a range of 2300 m, a sill of 0.29
m?® and no nugget effect (Fig.6). Although the geology of the depo-
sit indicated possible anisotropy insufficient data existed for this step
0 be undertaken,

Validation of the variogram model by a "jack-knifing" method
indicates that it provides an accurate description of the ply thickness
over the field of interest.
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Figure 4(a): Exploratory drillhole locations for Case Study 1 Figure 5: Seam thickness contours - Case Study 1.

showing 500m ranges of influence.
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Figure 4(b): Exploratory drillhole locations for Case Study 1

Figure 61  Average variogram for seam thickness - Case Study 1.
showing 250m ranges of influence.

PACIFIC RIM CONGRESS 8

T GEOLOGY. STRUCTUSIE, AV RALISATION GOLD COMST APSTRALA
KD ECONOAITS OF Tt PACEI, FeMt 2620 ADGUST 18T




479

The deposit was kriged with 500 m by 300 m blocks and the
resulting thickness and estimation errors (at a 95% confidence level)
contoured (Figures 7 and 8). At first examination, the contours of
estimation errors indicate that the possibility of any significant
resources falling in the measured category is slight,

Classification of the deposit was carried out using the geosta-
tistically based computer program using square block iterations with
a side dimension of 500 m. The results have been plotted and are
presented in Figure 9 and Table 2. The majority of the regions
assigned to the various classes closely follows the distribution which
would be expected from contours of relative error {Figure 8).

As expected only a very small region has been classified as A
class, a total of 2.5 square kilometers from a deposit covering some
31.5 square kilometers, What is at first glance surprising is that the
A class region does not correspond 10 the area of highest drilling
density. This may be easily explained by the fact that the
classification is based on relative precision (errotfestimate) rather
than error alone. For this reason the class of resource t0 which a
particular region is assigned is a function of both the drilling density
and the seam thickness in that region.

A number of regions near the deposit boundary remain
unclassified. This situation occurs due to the constraints piaced on
the growth of these regions by previously classified regions and the
deposit boundary. It should be noted, however, that the deposit
boundary tends to be a region of high uncertainty. This is reflected
by the fact that, with few exceptions, regions near the boundary are
clagsified into the least restrictive classes of resource. For this depo-
sit, and with knowledge of the existence of coal seam continuity, it
is recommended that uaclassified areas which fall within the deposit
boundary be considered as falling within the lowest restrictive class
of resource.

Another apparent anomaly is the existence of two isolaed C
class regions (blocks 18 and 21, Figure 9), surrounded by B class
regions. The presence of these regions may be attributed 1o the res-
trictions placed on their growth by previously classified regions and
the fact that they represent isolated zones of high estimation error,
Such locations exist due to isolated thinning of the deposit or a local
decrease in drilling density. Whatever the reason for the existence
of a particular isolated region it is clear that each should be given
close individual attention at the final stage in the classification pro-
cess. Some subjective judgement is at present considered unavoid-
able in the treatment of such regions leading to the conclusion that .

[T S
2000M

Figure 7: Kriged seam thickness contours based on 500m x
500m biocks - Case Study 1.

A class B class C class U class
Blk TK Area Vol |Blk TK Area Vol |Blk TK Area Vol ! Blk TK Atex Vol
I 1316 025 03200 2 067 125 084 10 065 25 161]| 19 047 125 0591
7 0811 100 0.811 3 065 125 081 18 059 05 030] 28 068 075 0513
8 2371 025 0393 4 066 125 08620 062 075 046 20 043 025 0.107
11 2960 025 0740 5 099 125 12721 065 025 016] 30 059 200 1.184
6
9

12 1527 050 0.764 064 225 143125 075 050 038] 32 044 025 0.109
14 2486 025 0.622 069 125 0.87) 26 088 050 044| 33 057 025 0142
13 071 125 08827 092 025 023
15 065 300 195
16 461 125 077
17 109 125 137
22 115 275 3.7
23 114 050 0357
24 167 025 042
31 269 0325 067

Total 3386 15.9 3.6 2.6

Table 2;  Preliminary classification results for case study 1.
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further work is needed to address this problem. For the purpose of
this case study these isolated regions were considered to be of
sufficient size to be classed as independent of the surrounding blocks
and to therefore accurately represent the presence of locations of low
relative precision. The two regions under question, blocks i8 and
21, were consequently left unchanged from the original computer
based classifications, Final results for this deposit are presented in
Table 3.

CASE STUDY 2 - CLASSIFICATION OF A
STRUCTURALLY DISTURBED DEPOSIT

An anthracitic deposit was chosen as the second case study
because of the highly structurally-disturbed state of the seams.
Complex faulting in this area gives rise to several fundamental prob-
lems not evident in the analysis of the brown coal deposit, Major
structural features of this anthraciie deposit and locations of drili
holes are shown in Figure 10.

Preliminary investigations of the sample information indicated.
the need to sub-divide the deposit into regions which were accepted
as geoiogically continruous for the purposes of geostatistical analysis.
Two major regions were identified, the area nonth of fault A (Figuze
10) and the farger area to the south, The southern zone is of greater
interest and will be discussed. Classical statistical analysis of the
raw sample data revealed a standard deviation of almost 50% of the
sample mean of about 4.1 m thickness. The large value of the stan-
dard deviation can be atwributed to the presence of a number of
apparently anomalous high thickness values,

“geon In particular it is noted that three samples recorded thicknesses
CONTOUR [NTERVAL = 15% greater than 13.0 m. Removal of all data lying in oxidised regions
did little 10 improve the results,
Figure & Relative kriging error (95% confidence level) contours Contouring of raw thickness values, however, revealed the
based on 500m x 500m biocks - Case Swdy 1. presence of a large number of isolated high and low values (Figure

11(a)), This situation is clearly illustrated in Figure 11¢b) in which
adjacent sample values range from 7 m to 2 m. Further investiga-
tions showed that these were a reflection of the high degree of struc-
torai disturbances present in the region. Systems of normal and
reverse faults effectively isolate smalil blocks of the region into areas
which should be analysed separately (Figures 12(a) and {b)). These
geological characteristics make it extremely difficuit to apply geos-
tatistics, or indeed any estmation method to this region, Conse-
quently this is considered to be an ares where geostatistical
classification is difficult to apply.

Various attempts were made 10 constroct a variogram model
for this region. The experimental variogram exhibited a spherical
model] structure with a short range hole effect. The hole effect is a
refiection of the closely spaced seam structural changes and so dis-
torts any analysis based on an examination of seam thickness. This
emphasises e fact that any geostatistical analysis undertaken
without due emphasis to deposit geology may be misleading and
result i highly erroneous conclusions.

CONCLUSIONS

Coal resource classification concepts and definitions have been
swdied and a geostatistically based algorithm derived for assigning
base blocks to classes of varying geological assurance. In use, the
aigorithm gives classification results which closely refiect the error
agsociated with the kriged estimate of resource quantities.

Figure 9: Resource classification results - Case Study 1.
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[7 A class B class C class
T Blk TK Area  Vol, | Bltk TK  Area Vol. | Btk TK  Area Vol
1 1.316 025  (.329 2 067 123 084 | 10 065 25 1.61
7. 0811 100 0811 3 065 125 0.81 18 039 05 0.30
& 2371 025 0593 4 066 1725 086 | 20 062 075 046
11 2960 025 0740 5 099 125 127 1 21 065 025 0.6
12 1.527 030 Q.764 6 064 225 143 1 25 075 050 038
14 2486 025 0.622 9 069 125 087 | 26 0.88 050 044
3 071 125 088 | 27 092 025 023
15 065 300 1,95 19 047 125 0.591
16 061 125 077 | 28 068 075 0513
i7 1.0 1.25 137 | 20 043 025 0.107
22 115 275 317 1 30 059 200 1184
23 114 030 057 1 32 044 025 0189
24 1.67 025 042 | 33 057 0235 0142
31 2.69 025 0.67
Total 3.859 15.88 623
Tabie 3:  Final classification results for case study 1.
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Figure 10:  Major structural fealures - Cuse Stody 2,
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The method provides a consistent basis for comparison of
different deposits. It requires a careful geostatistical analysis with
particular emphasis on details of geological variations. From its use,
it is possible to predict the increase in sampling density required to
attain a higher clagsification category for a particular area. Results
are readily reproducable and require a minimum of subjective judge-
ment. Resource category restrictions must be arbitrarily assigned
and remain constant for all deposits being compared.

Finaily, it must be emphasised that, as with all classification
approaches, engineering judgement is needed. 1In particular,
interpretation may be required with isolated and peripheral blocks.
Further research is warranted on these aspects.
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Figure 12(a): Structural features of the southemn region of Case Figure 11{a): Seam thickness contours for the southern region of
Study 2.

Case Study 2,
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Figure 11(b): Expanded view at the sample area shown in figure Figure 12(b): Expanded view of the sample area shown in figure
1i(a}. 12{a).

PACIFIC RIM CONGRESS 8

DLOBY, STTCHGTIRE, MNERALISATION BB LOST MSTRALY
ECONOMICS OF THE PAZEIC M 219 ALGUST 108






