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ABSTRACT 
r a complex dipping labular orebody is in- 
~ s i l ,  the Main Orebody on Koolan Island in  
Australia, as the case study. The method 
ntation stralegy lo converl the deposit to a 
performance of geostatistical analysis fol- 
~d finally estimation of bench block valuer. 
~ h i c h  contains bench block localion co- 
,lock grades, is produced. This informa~ion 
grade-tonnage curves both for individual 
les within some defined pit limits. 
he estimated bench block values and lhe 
imply aeraging  he blasthole sample values 
also made. The results of this comparison 
nethod produces reliable estimates of the 

grade- tonnage curves, i ron ore, open- 
?serve estimation. 

TRODUCTION 
:bodies on Koolan Island in the WesL 
Western Australia are operated by 
d, a wholly owned subsidiary of the 
y Company Limiled. The island is 
30 km north of Derby as shown on Fig. 

ed in this paper is the largest of the 
*body) on the island. The structure of 
ed, with varying dip, and the presence 
n the ore formation. The lack of drill 
1, the existence of low-grade iron ore in 
e, and the need to express reserves as 
) open pit mine planning, make the ap- 
a1 approaches to ore reserve estimation 

d, described in this paper, involves a 
de exploration drill hole data and other 
ind the establishment of reorien~ation 
1 structural analysis. Simple kriging is 
:k values, which are then used, after re- 
:o-ordinate representation, to estimate 
to produce an orebody mineral inven- 

ion is used to produce bench plans, 
r benches and for the whole orebody 
the development of this method, the 
a case study. The method is not cur- 
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FIG. I-Location of Koolan Island off the north-west coast of 
Western Australia. 

The Main Orebody is approximately 2000 m long and has an 
average true thickness of about 30 m. The dip of the orebody 
varies from 45" at the western end to 65" at the eastern end. The 
strike is slightly curved with an overall direction from south-east 
to north-west. 

Iron ore has been mined from the Main Orebody since 1965 at 
an annual production rate of about 2.0 million tonnes. All 
material is sold as direct shipping ore which has had average 
grades over the mine life of about 67.0 per cent Fe, 3.0 per cenl 
SiO, and 0.7 per cent A1,0,. The orebody is mined by an open 
pit mining method, with a design bench height of 12.0 m. At 
present, all ore in the upper benches has been mined to a rc- 
duced level (R.L.) of 62 m above sea level and some mining has 
more recently occurred on the R.L. 50 m bench. 

In this study, the evaluation of reserves has been restricted to 
iron formations occurring from the R.L. 50 m bench down to a 
projected R.L. -58 m bench, this being the lowest plannctl 
depth of the open pit. 

GEOLOGYANDEXPLORATIONDATA 
Geology 

The geology of the area and the orebodies on Koola~i lalal~d 
have been described in detail by many authors i l ~ c l ~ l d i ~ ~ j ~ .  
Canavan and Edwards (1938), Connolly (1959), Harms (1000,  
Reid (1965), Gellally (1972), and Gellally and Sol'otllis (107)). 
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conlaminalion occurred in some portions of the holes due to the 
presence of "running fines". Diamond drilling which later 
replaced percussion drilling of the orebody formation, gave an 
average reco\,el-y of 75-90 per cent. Core loss has been attributed 
lo [lie occurl-ence of hard and soft bands in the ore formation. 

TABLE 2 
Section classes along strike and orebody formation 

d ip angles 

The Main Orebody and the four other minor iron deposits of 
Koolan Island, as shown on Fig. 2, occur as steeply dipping 
overturned beds [hat are conformable with the overlying schists, 
phyllite, quartzite and the underlying hematite-quarlziles. The 
iron ores consist of fine 10 medium grained hema~ile and 
hematite rich quartzite-sandstone, Some localized conglomerale 
is presenl in 01-es and [his contains either pebbles or cobbles 01' 
quarlzite and hemalite-quarlzi~e, and has cavilies where lhe peb- 
bles have been leached oul, as explained by Gellally (1972). It 
has also been noted [ha1 [he leaching of interstilial silica from 
silica-cemenled hemalite ore have produced fine grained 
uncemented hematite ore. It has been suggested thal the ores 
have formed through concentration of detrital iron minerals by 
reworking and winnowing on an ancient beach or sand bar. 

The Koolan lsland mine grid system was established for con- 
venience, by rotation of the Ausralian grid system through an 
angle of 30" 10' 38" from north. The strike of [he Main Orebody 
lies along an east-west axis with a dip to the south. 

P r e s e n t  Mining Pit Confined to This S t r l k e  Length-' 

I 
I 

Section classes (Eastings) Formation dip angles 
from to (070) 

900E 1450E 46 
1450E 1550E 47 
1550E 1650E 49 
1650E 1950E 50 
1950E 2050E 5 1 
2050E 2150E 5 3 
21 50E 2250E 54 
2250E 2350E 5 5 
2350E 2550E 56 
2550E 2650E 5 8 
2650E 2900E 63 

Relining of  (he sample data 
All borehole sample data were checked and where necessary 

modified and pul on the same representative basis. Samples 
representing borehole vertical lengths of less than 0.8 m were 
discarded, and those from lengths of greater than 3.0 m were 
divided into 2.0 m vertical length increments and average 
sample grades allocated to them. The sample informalion in this 
refined form was stored in a computer data file for subsequent 
analysis and evaluation. This file contained 2589 data points in a 
format specifying sample co-ordinates and the sample grades of 
iron. silica and alumina. 

E A S T I N G  C L A S S E S  t m l  

Rolation of the orebocly CLASSICAL STATISTICAL ANALYSIS O F  DATA ;. 3-Histogram showing distribution of 2589 drill hole samples 
within easting section classes. Exploration data 

The available data on the Main Orebody consists of borehole 
information from percussion and diamond drilling in which iron 
formalion intersections have been sampled at mostly 2.0 m vel-- 
tical intervals. The drilling programme was underlaken during 
the period 1974 to 1980 for exploralion and grade purposes. 
Samples taken were assayed for iron and impurities such as 
silica, alumina and phosphorous. In this paper the grades of 
iron, silica and alumina have been considered for evaluation 
purposes. 

Grade drilling practices have been examined (Anon., un- 
published company report, 1980), and in particular it has been 
noted that during percussion drilling some caving and sample 

The iron orebody was originally deposited as horizontal bed 
formations, prior to intense folding of the area. The bedded 
nature of the mineralisation suggests that the variability of grade 
dislribution along bedding planes should be small. T o  make use 
of the depositional characteristics of lhc 01-cbody, a ~iiodcl was 
developed which rolales [he fo~.nintion lo its original Ilal lying 
labular I'o1.111. 

The s;~~iipIc ( I ; I I ; I  p o i ~ ~ l s  \ V C I ~ C  I X ) I ; I I C C I  I)y II1ci1- cor~+csponding 
dip ;~nglc i l l  111c I'ollo\vi~lg III;IIIIICI..  Ah csplw';~[ioll tl~,illing W;IS 

111os1ly I I I I ~ C I - I : I ~ C I I  ; I I  35 111 i ~ l l c ~ * v ; ~ I ~ ,  I I I C  drill hole s;111iplcs were 
I ~ ) I I ~ , I I I  O I I I O  I I ~ ~ L I I ; I I ~  C I ~ O A ~ - ~ C ~ C I ~ O I I ; I I  phnch ; I (  25 111 inlcrvds 
115i1lg ; I  C Y I I I I I ) I I I C I  I I I . O ~ I . ; I I I I .  'I'hc I I I : I S ~ I I ~ I I I I I  d i s l ; ~ ~ l c ~  any s;1111pIc 
11;ltl lo Ilc projcclctl was 12.5 111. I < I - I X ) I  illvolvcil i n  lhis p~.ojcc- 
1io1i ; I I O I I ~  111c l x d d i ~ ~ g  ~ I : I I I ~ A  W L I ~  c o ~ ~ ~ i d c ~ c d  lo he very s111;dI. 
All S ; I I I I I I ~  ~ I ; I I : I  0 1 1  I I I C  S ; I I I I C  L > I . O S S - ~ C C I  io~~;l l  ~ I ; I I I C  ; I I W  d~sig~i;~Ict l  
wit11 111e S;I I I IC c x l i ~ ~ g  (1.:) v;~luc ; I I I ~  ; I I * ~  1*01;1~cd ; i j  :I ~ I - O I I ~  hy lhc 
app~upl-iatc dip angle 1'01. I liar strike scc~ io~l .  'l'llis p ~ ~ o c c t l ~ ~ r c  wxs 
followed I'or CI-oss-scctionnl planes a1 25 111 i11lcl'v;tls a lo~lg slrikc 
from 900E to 2900E lo includc thc whole pi[. All cross-scclio~lal 
planes were rotated aboul [he same individual pivol p o i n l ~  
which fall on a line perpendicular to all [lie cross-scc~ion;~l 
planes. This axis line had cross-seclional co-ortli~ialcs 01' 
norlhing (N) 1230.0 and R.L. - 170.0 m. 

Following the rotation, the orebody was treated as a simplc 
flat lying tabular deposit and geostatistical analysis was applied 
for estimation of sub-block grades. 

A statistical analysis of the sample data was undertaken to 
gain some understanding of distributions of sample grades and 
sample poinl locations. 

I(voricntation strategy 

I Ol ' l l l~/ iO/l  di l )  fll7gle~ 

Tllc dip angle ol' ~ h c  orcbody l'ormalion can be ascertained by 
~ ~ ~ o t l ~ ~ c i n g  cross-scc~iolls along 11ic sll-ike from Lhc borcholc 
111l'onnalioll. as so cia^ io~i  ol' [his k~io\vlctlgc wil 11 o l h c ~  possihlc 
i ~ ~ l ' o ~ ~ ~ ~ i ; ~ l i o ~ i  I ' I Y ) I I ~  lhc 111i11cd out scclio~ts 01. lhc csihl i~~g pi1 ~ ; I I I  

I I C ,  ~ ~ s c d  lo clashil'y l l ~ c  orc tx~ly  alo~lg s~r ikc  illlo rcgul:~r 01' 

I I I L ~ ~ I I ~ ; I ~  s cc t io~~s  will1 ;I dip ;111gIc I ~ - ~ I * ~ S C I I I ~ I I ~  c;1c11 hcclio~t. 
: \ iu~~llpl ions 11i;iclc ill Illis p r o e c d ~ ~ ~ ~ e  \VCIY I I I ; I I  1 1 1 ~  dip ; I I I ~ I C  i b  

t a o ~ ~ s ~ a ~ ~ l  bo[h wi~hin c:1e11 ~ I ~ C I ~ ~ I I I ~ I I ~ ; ~  s c c l i o ~ ~   long hl~*ikc i111d 
. I I \ O  u~~il 'orm wilhi~i lhc 1+;111gc ol' tlcplh co~isitlcrctl. 'l';~l?lc 2 
.,llo\vs [he dip angle delcrmined for cach scclio~i alorlg slrikc. 111 

I l ~ i . .  p~.ocedure, advice l'rom [he company geologisl on [lie island 

Sample grade distribution 

The slatislical analyses of iron, silica and alumina grades were 
undertaken using a computer program. Mean grades of iron, 
silica and alumina wilh their corresponding variances, standard 
deviations and skewnesses are shown in Table 1. 

Sample location distribution 

A sample location distribution highlights the scatter of dala 
points bolh along the strike of the deposit and at depth. The 
following poinls were concluded. 

1. The dislribution of sample points along strike (Fig. 3), 
confined belween [he mining pit limits, appears to be 
~rcasonably ilniform. 

2. The dislribulion at depth (Fig. 4) is, however, not 
unifol-m. It is found lhal 85 per cenl of [he total sample 
poinls lie between R.L. 88 m and R.L. 2 m. This, of 
course, highlights the problem of lack of data a1 depth. 
The distribution indicates a bimodal characterislic with a 
major mode on R.L. 62 m bench and a second much 
smaller mode on R.L. - 58 m bench. The existence of 
even a smail number of sample points at depth assisls 
in determining the orebody structure using linear 
interpolation. 

\ - . , I , ,  uscd to support interpretalion from cross-sectional 

! R E D  

Geostatistical analysis 
U B l i n k e r  H i l l  Q u a r t r i l e  

Jap B a y  F o r m a t i o n  

T H E  EVALUATION METHOD 
The theory of geostatistics has been described in numerous 

text books by authors such as Matheron (1971), David (1977), 
Journel and Huijbregts (1978) and Rendu (1978). Bell and 
Reeves (1979) reviewed the literature available in English on 
"Kriging" and "Geostatistics", and provided a list of references 
in their paper. 

Using the dip angle information and a reorientalion strategy, 
the orebody is converted to a flat lying tabular form deposit. 
Geostatistical analysis is then applied to produce kriged 
estimates of sub-blocks which form the basis for calculation of 
the bench block values. From the bench block information it is 
possible to produce grade-tonnage curves for individual benches 
and the whole orebody within specified pit limits. 

s c a l e  ~n m e t r e s  O A r b i t r a t i o n  Cove Quartzite 

o 250 500 H a n g i n g  Wall S c h i s t  

morebody F o r m a t i o n  

Foot Wal l  F o r m o t i o n  

Structural analysis 

Due to the flat lying bedded nature of mineralization, the 
orebody was evaluated by dividing the deposit into horizontal 
slices of 2.0 m lhickness. To  effectively analyse the structure, the 
orebody was divided into three zones along the strike as 
designated. 1. zone one, 900E-1700E, 2. zone two, 1700E-2300E 
and 3. zone lhsee, 2300E-2900E. Semi-variogram values in four 
direclions (O0, 45", 90" and -45") were calculated for each of 
the horizonla1 slices and these values were averaged to produce 
the mean directional semi-variograms of all horizontal slices for 
each zone for iron, silica and alumina grades. 

Experimental semi-variograms were produced and an example 

TABLE 1 
Classical statisatics of exploration dr i l l  hole sanlple grades 

Iron Silica Alumina 
(070) (To) (070) 

Mean 63.387 6.489 0.638 
Variance 128.319 155.553 2.325 
Skewness -2.410 2.497 1.525 
No. of samples 2581 2433 2482 I : I ( ; .  4-Histogram showing distribution of 2589 drill hole samples 

at depth in Reduced Level classes. 
FIG. 2-Koolan Island iron formations and a cross-section showing 

typical geological structure. 
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or one of these for iron is shown in Fig. 5.  The mean directional 
semi-variograms indicace strong geornnrical anisotropy-the 
anisotropy ratio for a he exalnple in Fig. 5 being 2.0. This 
highlighls that the correlsrion of the grade distribution in [he OD 
direction is bctlcr than lhar Tor the 90" direction. A nuggct effect 
was also sccn on lllese cxpcrirncnta1 semi-variograrns which in- 
dicates some micro-struc~ural variability. The projection or 
sample poinrs to cross-sectional planes berore rotation would 
certainly be a conlributing factor to the magnilude of the nuggcl 
effect. The directional semi-variograms in directiohs otbcr than 
90", had a minimum lag interval 01'25 m. This is ro be expected 
as the cross-seclional planes on which the samplc data poirlrs 
werc projee~cd were spaced at 25.0 m inrervals. The 90" d im-  
rional semi-variogran~, howevcr. provided an indication of lIle 
nugget eRec1 Sor small lag intenlais. The fluctualions of  semi- 
variograrn values at large distances could be caused both by the 
macro-strucrural changcs, and to some extent, by possible slighl 
dcviarion of dip angles used I'or reorieniation, l'rom rllal which 
actually occur. Despite this, the experimental semi-varjograms 
showed a reasonably good degree of corrclalion bctween sample 
paints. They are fitted simple spherical rmdcl semi-variograms 
10 chnracterize [the grade variation. The validity or mode! semi- 
variogram parameters was checkcd by the point kriging reqt. 

original co-ordinate system. Cross-sectional plane interval 
groups were rotated about the same pivot paint and by the same 
dip angle as had becn used for [he initial reorientalian. With all 
sub-blocks now represenied on  he original Koolan Island co- 
ordinare system, some f ltering rook place lo discard sub-blocks 
with a n  R.L. grcater than 62.0 m, o r  less lhan -58.0 m. The 
f nal data f le conrained 13567 sub-blocks. 

Itrllubility of the estimated bench block values reserves as bench blocks for the purpose of open-pit mine plan- 
ning, make traditional direct approaches to ore reserve estima- 
tion difficult for the Koolan Island Main Orebody. In this paper, 
an evaluation method is described which produces grade and 
tonnage estimates for bench blocks which compare favourably 
with actual values obtained from the blasthole samples. 

The evaluation method involves a critical analyses of the 
available data, a good understanding of geology, establishment 
of a reorientation strategy, application of geostatistical analysis 
for production of kriged sub-blocks, and estimation of bench 
blocks to  produce the mineral inventory file which contains the 
co-ordinates, ore tonnage and grades of bench blocks. The 
method allows full use of all available data from exploration 
drill hole samples of length greater than 0.8 m, and gives a true 
picture of the orebody formation by not filtering any samples 
because of their low grade values. The mineral inventory file can 
be used to determine bench plans and grade-tonnage curves for 
individual benches or a number of benches within some defined 
pit limits. 

The developed procedure demonstrates how a complex ore 
formation can be evaluated for ore reserve grades and tonnages 
while producing reliable estimates. 

'1'0 assess the reliability of the estimated bench block values, a 
t~cmparison with the actual values for a mined out area may be 
111i1rlc. Blasthole sample grades from the mined out section of 
111c K.L. 50 m bench were obtained from the Koolan Island 
hhin Orebody. These were used to obtain actual bench block 
\ i ~ l \ ~ c s  by averaging grade information which fell within the 
~I~~ncns ions  of the block. In this way actual values for 48 bench 
Ih~cks  were obtained for comparison with the estimated grades 
I rllc~~lated by the described method. A copy of the print-out of 
I I I I \  comparison is attached in Appendix 1 as a table and the 
I W I I I ' I  are summarised in Appendix 2. The comparison of 
ccwl~s demonstrales that estimated values are very close to the 
II~.III;II grades in all cases with the errors of  estimation being low. 

1 he estimated bench block values also help to locate the 
1111-\cnce of low grade pods within the arebody, as the presence 
1 1 1  waste will give low sub-block values which. when averaged, 
\!I l l  decrease the block grade values. Consequently, reasonably 
~wlistic values will still be obtained using this method. 

I Ilc estimated bench block values produced by the described 
~ ~ w ~ l ~ o d  are in very close agreement with the actual bench blocks 
I I I  111c low grade parts of the mined-out area. This can be seen by 
G 11111~aring the estimated and actual bench block values in Ap- 
r~cr~dix 1. Based on this comparison, it can be concluded that the 
alrwribed m e h o d  is capable of producing reliable results. 
I lowever, comparison of more bench blocks, as they become 
~vi~ilable, will contribute further to the assessment of the 
~idiability of  the estimated values. 

Estimation of bench blocks 

The kriged sub-blocks were considered as data points to 
estimate the bench block values. The following approach was 
used for the estimation of bench block values. 

Bench block size 
The chosen size for the bench blocks was 10.0 rn in chc norlh- 

south direction 25.0 m in the east-west direction, and with a ver- 
rical thickness, equivalent to the mining bench hcight of 12.0 m. 
Fig. 6 i l lust~a~cs as a cross-sectional vicw rile relationship of sub- 
blocks and bench blocks lo the orcbody tivmarion. 

Estimation of block values 
Individual bench blocks have a number of sub-blocks falling 

within them as shown in Fig. 6. A n  arithmetic average of the 
sub-block grade values within a bench block gives good 
estimates for the bench block grades. Some bench blocks were 
found not to have a sufficient number of sub-blocks falling 
within them. For reliable estimates to  be made, a minimum of 
three sub-blocks had to be present within the individual bench 
blocks, and accordingly, those blocks which lie at the conlack 
zones, were only included if they met this minimum require- 
ment. For these blocks, the average grades OF the sub-blocks 
which fall within them were used 10 reprcsent the whole block. 
A cornpuler program was used for lhis estimation procedure 
and output containing [he bench block co-ordinates with the 
estimated iron, silica and alumina grades, and a calculated ore 
tonnage for each block was stored in a computer file, called "the 
mineral inventory file". The calculation of the block ore tonnage 
was undertaken using a specific gravity factor of 4.0 t/m3. This 
factor was assumed to be constant over the whole iron 
formation. 

Tile informalion in the mineral inventory file is available in a 
farm [hat can be used lo aid mine planning in producing bench 
plans, grade-ronnagc curves, and even cross-sections of orebody 
formalion at selected cutofl grades. 

Estimation of sub-blocks by kriging 

Thc model semi-variogams are used in the kriging system 10 
cnirnatc ihe sub-block values within the same 2.0 m thick 
horizontal slicrs thal had been used for semi-variogram con- 
stmclion. Thc sub-black s i x  chosen was 25,O rn in ihe east-wesl 
direczion, Ry 10.0 m in thr norrh-so~tth direction with a thick- 
ncss ol'2.0 rn. Thc wh-block gradcs (IT iron, silica and alumina 
were cs t imakd from R inininu~nl uf t hrce s r ~ r r t n ~ l ~ d i ~ ~ g  sample 
points within t l ~ c  search radius spcrifietl. Thc krigirlg rcwlls 
containing the casting, n o r ~ h i ~ ~ g  and R.L. co-orrlini~tcs t>l' suh- 
blocks with the csti~ix~led iron, silica and alumina grades wilh 
[heir ,lssociatcd kriging variat~ccs were storcd in a cornpuler Me. 

Follnwing this, (lie sub-blocks werc then rolated back to lht  
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t1,plIcation of results: grade-tonnage curves 

I3cnch block values from the mineral inventory file can be 
~l\ctl L O  perform a series of grade-tonnage calculalions at 
dcc ted  cutoff grades for individual benches, a series of. benches 
t l ~ t l  for the whole deposit. Grade-tonnage curves are of impor- 
I . I I I W  in mine planning as they show ore reserve tonnages at 
w v r ~  cutoff grades, and mean estimated grades of these 
~ w r v e s .  An example of an individual bench grade-tonnage 

G I I I  vcs for the Koolan Island Main Orebody is shown in Fig. 7. 
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I llc varying dip angle, presence of 10; grade pods in the 
q ~ ~ ~ , l ) o d y ,  lack of drill hole sample data, and the need to express 

OREBODY FORMATION 
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I , I I I .  7 -Grade-tonnage curves for the Koolan Island Main Orebody 
R.L. 50 m bench. 

FIG. 6-Cross-sectional view showing the relationship of sub-blocks 
and bench blocks to the orebody formation. 

FIG. 5-Mean horizontal directional semi-variograms for iron grade 
for zone two. 
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APPENDIX 1 

Table showing /he comparison of estimated and actual block values for 48 bench blocks on R.L.  50 117 bench 
of the Main Orebody, Koolun Island 

I est. -estimaled block grade. I 
act. -aclual block grade, oblained from blasthole samples. * 

err.-error, belween eslima~ed and aclual block grades. 
APPENDIX 2 

Summary table of comparison of estimated and actual grad{ 
values of 48 bench blocks in Appendix I 

I 

Mean estimated grades 68.246 1.436 0.456 
Mean actual grades1 68.656 1.149 0.416 
Mean error -0.410 0.287 0.040 
Relative error - 0.006 0.200 0.088 

- 

I obtained by averaging blasthole sample grades within bench block. 
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