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In order to validate the borehole analysis valuation procedure commonly used 
in the South African gold mining industry, a simulated orebody was used to 
create borehole values which would serve as data for the procedure. After 
confirming the distribution, calculating the variance size of area relationship, 
estimating the block variance, and calculating a profit measurement for each 
set, comparisons were made to the known population parameters. 

Results show o,nly one overall bias (in the estimation of the lognormal third 
parameter), which is carried throughout the analysis. The remainder of the 

analysis is unbiased, validating the procedure. 

Introduction 

In order to estimate the grade, ton

nage and profitability of a new min

ing operation, analysis must be done 

by extracting the maximum amount of 

information from the exploration 

borehole values. The common proce

dure in the South African gold min

ing industry is a valuation based on 

the lognormal model which also in

volves an analysis of variance of 

the borehole data. 

To validate this commonly used 

procedure, a simulated orebody on 

computer at the University of the 

Witwatersrand, Johannesburg was used 

to generate 300 sets of twelve 

borehole values, each with two 

equally spaced deflections. On each 

set of data, a valuation procedure 

was done which included: 

(1) estimation of the lognormal 

third parameter; 

(2 ) estimation of the mean grade and 

limits of error, using Sichel's 

ti 

(3) analysis of variance of the 

borehole means, giving the es

timated variance size of area 

relationship and the de-Wijsian 

semivariogram; 

(4) estimation of the error variance 

of block valuation and the ef

fective block variance; 

(5) grade/tonnage and profitability 

estimates at various pay limits. 

Throughout the analysis, com

parisons of the estimates and true 

population parameters were made to 

check on the validity of the proce

dure and to quantify any overall 

bias. 

Simulation and generation 
Simulated orebody 

The orebody used for the analysis 

consists of an equally spaced grid 
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of 300 by 300 values. The 90 000 

point values are approximately Nor

mal (0,1). 

From this basic orebody, a 

moderately positive skew orebody was 

derived with the following 

transformation: 

In(Zi+B) = (Xi - Mp) + (s / Sp) - Mp 

+ In(m + B) - (s2 / 2) 

where Mp 

Sp 

xi 

zi 

m 

s 

B 

the population mean, 

the population standard 

deviation, 

the original values, 

the transformed values, 

1000, 

0,9 and 

additive constant 100. 

Generation of borehole data 

In order to simulate an actual 

drilling procedure, twelve boreholes 

were 'sunk', each with two equally 

spacecd deflections. This would 

yield 36 gold values (in cm g/t) on 

which the analysis was be based. 

To avoid grouping of the data in a 

local sub-area which would not cor

respond to a practical (usually al

most regularly spaced) borehole 

grid, and could be unrepresentative 

of the orebody, coordinate limits 

were set for each borehole, assuring 

that the values which would be 

selected would represent the entire 

property. 

To accomplish this, the orebody 

was subdivided into 12 sub areas, 

and the boreholes were randomly 

selected from within the boundary of 

each of these sub areas. 

Analysis of borehole data 
Estimation of the lognormal third parameter value, beta 

Since the population from which the 

generated borehole data originated 
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was a three parameter lognormal dis

tribution, where the logs of the 

values plus a constant (Beta) can be 

represented by a normal curve, it 

would follow that the borehole data 

would follow the same distribution 

pattern. since only the population 

Beta value was known, each borehole 

set had to be tested to see if 

indeed it did follow the three

parameter lognormal model. 

A graphical method was chosen for 

this study, where the values were 

plotted on log probability paper. 

When a straight line could be fitted 

through the steps connecting the 

values plus a constant, the borehole 

set was said to follow the three 

parameter lognormal distribution. 

For the bulk of the sets, the es

timation of the Beta value produced 

clean straight line plots. For 

others, the distribution pattern of 

the data made it difficult for an 

accurate estimation of Beta. Two 

examples of log-probability plots of 

the borehole values, with the es

timated Beta value are shown in 
Figure 1 and Figure 2. 

In the first case, the borehole 

values plus the additive constant 

follow a straight line, and in the 

second case, the borehole values 

plus the additive constant depart 

from a straight line. 

The 300 estimated Beta values show 

a spread from -190 to 410 cm g/t, 

giving a range of 600 cm g/t. The 

mean of the 300 values is 38,62 cm 

g/t, which is just over 50% of the 

true population Beta of 75 cm g/t. 

A significant cause in this 

departure is that on average, con

servative graphical estimates of 
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Beta were made. If the distribution 

pattern of the data made it dif

ficult to estimate Beta, i.e. if the 

36 borehole values plus a constant 

did not plot to a straight line with 

a Beta as high as about 20% of the 

mean grade, a low Beta value was 

sought after. This was done by 

starting at a Beta value of 0, and 

increasing Beta until a straight 

line could be plotted through the 0 

to 5% and 90 to 99.9% cumulative 

frequency steps, which would include 

as much as the 'intermediate' dis

tribution as possible. 

This Beta value calculated on the 

support size of individual values 

was used throughout the analysis on 

various support sizes, i.e. deflec

tion areas and oreblock areas. To 

see what effect the support sie 

would have on Beta, the 90 000 in

dividual values were grouped into 

4360 deflection areas (30m x 10m) 

and 900 oreblock areas (lOOm x 

lOOm). This analysis showed that 

the two groupings came up with the 

same Beta as the individual values, 

(75 cm g/t), thus justifying the use 

of Beta calculated on the individual 

values on all support sizes. 

A full analysis of this issue 

needs to be done, but was beyond the 

scope of this research. 

Calculation of Sichel's t estimators and confidence limits 

In order to estimate the mean grade 

of the property from the 36 borehole 

values, Sichel's t estimators were 

calculated along with the 95% con-

fidence limits. Calculation of the 

t estimator was done on the 12 

borehole means from each set. 1 These 

borehole means were the arithmetic 
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mean of the individual intersections 

of the borehole. An example from 

Set number 68 is shown in Table 1. 

This set gives a t estimator of 

1228,17 cm g/t with 95% confidence 

limits of 704,14 and 3578,31 cm g/t. 

As with the Beta estimates, a dis

tribution of the 300 Sichel's t es

timators was produced. 

The mean of the distribution of 

the t estimators is 3% higher then 

the population mean. This could be 

due to two factors: first, the 

average underestimation of Beta 

would tend to produce over-estimates 

of the mean; secondly, the 300 

borehole sets that were chosen had a 

higher overall arithmetic mean then 

the population (1037,97 compared to 

1017,05). 

Another feature examined with the 

t estimators was the 90% central 

confidence limits. For each set, 

the confidence limits were studied 

TABLE 1 

Calculation of Sichel's t estimator 

and 95% confidence limits 

Borehole means: 

(1) 132,22 (7) 843,11 

(2 ) 1492,33 (8) 566,92 

(3) 5459,91 (9) 1330,92 

(4) 684,11 (10) 394,82 

(5) 88,96 (11) 1025,85 

(6) 2043,62 (12) 147,02 

Arithmetic mean 1214,1 

Additive constant 35 

Variance 1,1832 

Sichel's t estimate 1228,17 

Lower 95% limit 704,14 

Upper 95% limit 3578,31 
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to see if they did contain the 

population mean. out of the 300 

sets, the population mean fell out

side of the estimated confidence 

limits 20 times. A binomial test was 

done to see if 20 sets falling out

side of the limits was what should 

be expected. The resulting statis

tic was 2,87% which is just outside 

the 2 sided 5% rejection level, so 

the hypothesis cannot be rejected, 

thus validating the procedures in

volving Sichel's t estimator and the 

corresponding confidence limits. 

Analysis of variance 

Theory behind the variance size of area relationship 

When logarithmic variances are com

pared with the log of the size of 

the corresponding area, the 

relationship for a lognormal dis

tribution with a de-Wijsian spatial 

structure will plot as a straight 

line with the variances increasing 

towards larger areas. 2 A further 

feature of this relationship is that 

the variance of any size unit within 

a larger unit can be read off the 

graph. 

Variance calculations 

The first variance to be calculated 

with the generated borehole data was 

the variance over the entire 

orebody. This was done by calculat

ing the mean of the original inter

section and its two deflections for 

each borehole, and then taking the 

variance of the 12 means. 

Since the correlation between the 

three values in the deflection area 

is high (as one would expect owing 

to the proximity of the values,) 

the 36 individual values would not 

give an accurate representation of 

the overall variance. By using the 

borehole means, this problem can be 

eliminated, as the 12 values are so 

far apart that they can be assumed 

to be uncorrelated. 

Since the generation of borehole 

values was restricted to a specific 

area for each value, it became pos

sible to subdivide the data into 

subareas each of which would contain 

two generated boreholes, or six in

tersections. The variance of the 

values within each of the six sub

areas was calculated by using the 

borehole means. The average of the 

six variances was taken as the 

variance of two borehole means in 

the subarea. 

The average variance of the 

deflection area was calculated by 

summing up the variances of the 

values within the deflection areas, 

and dividing by 12 -- the number of 

deflection areas in the mining 

property. 

Estimation of nugget effect of borehole means 

In order to construct the complete 

variance/size of area relationship 

(VSAR), a variance of the means 

within the deflection area had to 

be calculated. This was to be the 

nugget effect of borehole means, 

i.e. the error variance of a 

borehole mean as an estimate of the 

true grade of the deflection area. 

This was done through a series of 

iterations as follows: 

(1) calculate the error variance of 

a mean of 3 values by solving 

for Sm: 

M2 * (eSdef - 1)/3 
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where M 

Sdef 

mean, 

Sm 

variance within a 3 x 1 

area and 

error variance of mean 

of 3 values; 

(2) complete the VSAR with Sm as the 

first approximation of Nand 

calculate the slope. 

(3) extend a new line with this 

slope through Sdef and ex

trapolating to the unit area. 

(4) sUbstitute the unit area 

variance for Sdef and proceed 

with step one until the sequence 

produces no further changes in 

the values. 

The final variance to be estimated 

was the variance of actual oreblock 

values. This was read off of the 

completed VSAR graph corresponding 

to a square block lOOm long. 

Population variances 

The true population parameters 

were determined by generating 50 400 

sets of borehole values at random, 

which gave 16 800 borehole means for 

analysis. Due to computer con

straints, these borehole means were 

then split into five groups. On 

each group, the analysis of variance 

approach was done with the true 

population Beta of 75 cm g/t. Each 

population parameter was calculated 

as the mean of those determined in 

the five groups, plus the variance 

between the five groups. 

Calculations and results 

The VSAR was determined for each of 

the 300 sets of borehole data, with 

the P.c. program CANOVA.BAS, based 

on the theory described above. 

In order to compare variances 

which have been calculated with dif-
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ferent Beta values, a relative 

variance with a common Beta has to 

be calculated. This was done in 

CANOVA.BAS with the following 

relationship: 

where M mean grade, 

B1 Beta as estimated, 

V2 variance calculated with 

B1 , 

B2 common Beta 0 in 

CANOVA.BAS, 

V2 = relative variance. 

All comparisons of variances in 

the simulation were were made on 

this common basis. 

An example of the CANOVA.BAS out

put for one of the 300 sets is shown 

in Table 2. 

To see if the 300 sets did, on 

average, accurately estimate the 

population variances, distributions 

were drawn of the estimates. Com

parisons were then made to the 

population variances to quantify any 

bias present. 

Results show that the 300 sets of 

boreholes have overestimated the 

population parameters from 7,8 to 

24,1%, with the variance of actual 

oreblock values being overestimated 

by 15,5%. Further study into this 

overestimation showed that it could 

be attributed to two factors: 

(1) the average underestimation of 

Beta, and 
(2) a proportional effect, where the 

mean grade has affected the 

variances. 

To check the effect that Beta had 

on the estimation of the variances, 

the analysi~ of variance was re-run 
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TABLE 2 
Analysis of borehole means for borehole set Number 68 

Borehole number Borehole mean values 
1 132,219 
2 1491,329 
3 5459,909 
4 684,108 
5 88,965 
6 2403,615 
7 843,114 
8 566,922 
9 1330,969 

10 394,822 
11 1025,847 
12 147,017 

Arithmetic mean of borehole values = 1214,07 

Code Variance with Beta 35 Variance with Beta ° 1 1,290744 1,332270 
2 1,873968 1,922291 
3 0.466540 0,488112 
4 0,155276 0,163652 
5 1,731222 1,778232 
6 1,619096 1,664933 
7 0,636393 0,663557 

Code: 
1. Overall variance of borehole means 
2. Variance between means within the sUbsection 
3. Variance of actual oreblock values within the mine area 
4. Final estimation of nugget effect of means 
5. Total variance of all single values 
6. Variance of single values within the sUbsection 
7. Variance of single values within the defrlection area 

Final estimation of slope of VSAR = 0,207814 

Estimate of de-Wijsian semivariogram for supports of unit 
size: 

0,155276 + 0,415628 * log (h / 0,446) 

with each set using the population 

Beta of 75 cm g/t. The results of 

the distributions of the variances 

show that the overestimation of the 

variances has been greatly reduced, 

with two variances on average being 

underestimated. The range of the 

estimated variances is from -6.1 to 

8.2% which cut the overestimation 

by over one half. 

To see if there is any relation

ship between the variance and the 

mean grade, the 300 borehole sets 

were divided into three groups. The 

mean grade of the divisions was cal

culated, showing that there was a 

sUbstantial difference between the 

mean of the second and third group

ing. To eliminate any effect of the 

Beta value, each set was run through 

the analysis with the population 

Beta of 75 cm g/t, and distributions 

were drawn. 

The variances from the second 

grouping where the mean was higher 

are consistently higher compared to 
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the third grouping where the mean 

was lower, and close to the popula

tion mean. Although transformation 

should alleviate this problem, it 

appears that there is still a 

proportional effect in the data. 

The de-Wijsian semivariogram 

The de-Wijsian semivariogram of the 

form: 

GAMMA (h) 

where N 

a 

L 

N + 3a * In(h / L*0,223) 

Nugget effect of 

borehole means, 

coefficient of ab

solute dispersion, 

and 

linear equivalent of 

the unit area 

was estimated for the 300 sets. 

For a given lag h, the semi

variogram is entirely dependent on 

the variables Nand 3a (as L = 2 

throughout the analysis). For the 

300 estimates of the semivariogram, 

distributions were drawn of these 

two parameters. Comparisons were 

then made to the population semi

variogram whose parameters were 

determined by a model calculated off 

of the 16 800 borehole means VSAR 

described,before. 

The distribution of the Nugget ef

fect was analyzed with the analysis 

of variance; it shows an average 

overestimation of the population N 

of 23%. 

The distribution of the slope of 

the semivariogram shows an average 

overestimation of the population 

slope of 25%. This was due to the 

over estimation of the variances 

which determined the slope of the 
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VSAR and hence the corresponding 

semivariogram. 

Block variance 

In order to estimate the kriging er

ror variance for oreblock valua

tions, lognormal kriging 3 without 

mean was done on the semivariogram 

parameters as estimated from the 300 

sets of data. 

The data pattern assumed to apply 

at the eventual stage of exploita

tion of the mine is shown in Figure 

3. For the 300 sets, the same pat

tern was used (as well as the as

sumption of isotropy), and the krig

ing variance was determined. A dis

tribution of the 300 kriging 

variances was drawn. The mean for 

the 300 sets is 11% higher than the 

population kriging variance (as 

determined through lognormal kriging 

using the population semivariogram 

parameters discussed before) . 

In order to determine the block 

variance for selective mining, the 

effective block variance must be 

determined. This is equal to the 

variance of actual block values 

minus the error variance or kriging 

variance of the block values. 

----I 

DATA 

BLOCKS 

Tr-~~~-L-4-L~-L~-L~ 

20m 
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FIGURE 3. Data configuration for lognormal kriging 

100m 
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The effective block variance was 

calculated for the 300 sets of data, 

and a distribution was drawn. The 

mean of the distribution is 18,9% 

higher than the population effective 

block variance (as calculated with 

the population kriging variance 

minus the population block 

variance) . 

This overestimation is the cul

mination of the overestimation of 

the variances throughout the 

analysis. It is due to the errors 

introduced in the initial stages of 

the simulation as discussed above. 

Profit calculations 

The final stage in the simulation 

was the calculation of grade tonnage 

estimates. Given each mean, Beta, 

and effective block variance, the 

percentage pay and pay value at 12 

pay limits was determined. 4 Using 

these, a final measurement of profit 

was made. 

Percent pay 

For the 300 sets, an estimate of the 

percent pay at 12 pay limits was 

made, indicating how much of the ore 

will be payable at that sequence of 

pay limits. At each of the 12 pay 

limits, distributions of the percent 

pay were drawn and the mean and 

variance calculated. Since the dis

tributions did not follow a clear 

distribution, the upper and lower 

10% was counted off to simulate 80% 

confidence limits. Using the 

population parameters, a 'true' 

percent pay for each of the 12 pay 

limits was also calculated. 

What can be seen from Figure 4 is 

that the confidence limits contain 

both the average and true percent 

pay, and that there is a very close 

agreement between the true and 

average percent pay. 

Another feature is the amount of 

area that the confidence limits 

contain. At an 'operating' pay 

limit in the range from 30 to 90% of 

the mean grade, (say 800 cm g/t for 

the simulated orebody), one could 

expect the percent pay to range from 

28 to 81%. 

Pay value 

For the 300 sets, an estimate of pay 

value at 12 pay limits was made. As 

with the percent pay, distributions 

were drawn of the 300 estimates of 

the pay value at each of the pay 

limits along with comparisons with 

the true pay values. 

As can be seen in Figure 5, the 

simulated central 80% confidence 

limits contain both the true and 

average pay value. However the 

average pay value has overestimated 

the true pay value by 5 to 7%, with 

the overestimation being greater at 

the higher pay limits. 

Also, within the rang~ of the cort

fidence limits there is a large 

variability of pay value. At the 

operating pay limit of 800 cm g/t, 

one could expect grade estimates 

from 1038 to 2026 cm g/t. Depending 

on which end of the scale one is on, 

this could make a large difference 

in the feasibility studies. 

Relative profit 

From the percent pay and pay value, 

a measurement of the 'relative 

profit' that will be obtained at 

that pay limit was estimated by 
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Profit % Pay * (PV - PL) 

where % Pay is proportional to ton

nage, Pay Value (PV) is proportional 

to revenue, and Pay Limit (PL) is 

proportional to costs. 

For the 300 sets (and the true 

parameters), the profit calculation 
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was made, at each of the 12 pay 

limits. Distributions were then 

drawn at each of the pay limits to 

observe the spread of values. From 

Figure 6, it can be seen that, on 

average, the 300 sets have overes

timated the true profit calculation 

from between 4 and 273%, with the 
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FIGURE 6. Comparison of true and average relative profit at 12 pay limits with simulated 80070 confidence 
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higher overestimation fortunately 

being at the higher pay limits, 

which are not of practical inter~st. 

From the simulated confidence 

limits, two conclusions can be 

drawn. First, both the true and 

average profit calculations have 

been contained by the confidence 

limits. Secondly, the spread of the 

confidence limits is large. At the 

operating pay limit of 800 cm g/t, 

one could expect a profit measure

ment between 78 and 760. This 

tremendous spread shows the 

variability of the profit, and the 

uncertainty inherent in feasibility 

studies. 

Conclusions 

Throughout the simulation, the es

timated parameters on average show 

no serious departure from the true 

values. 

The only bias that is present is 

the underestimation of Beta, which 

has consistently raised the values 

of the variances. This bias is 

carried throughout the simulation 

, and is the factor behind the overes

timation of the final profit 

measurement. 

If the Beta value is estimated ac

curately the simulated values will 

agree more closely with the popula

tion parameters, thus validating 

the borehole procedure. 
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