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ABSTRACT 
 
Using the Turning Bands Method a 3D ore body with lognormal grades was simulated 
on a 5 x 5 x 5m grid in order to represent the closely spaced data available at the final 
mining stage.  From this data the equivalent of exploration drill hole values on a 20 x 
20 x 20m grid was selected to represent the data at the early stage of a new mining 
project.   The 20 x 20 x 20m grid of data was used to provide conditional simulations 
for the recoverable resources of the ore body on a 10x10x10m block basis, plus 
estimates as required for feasibility studies and mine planning.   Based on these 
simulations the uncertainties for global estimates and also for smaller sections 
covering consecutive short mining periods (e.g. the individual year(s) of production) 
were analysed in detail. The results were then compared with the corresponding 
‘actual’ block values based on the available comprehensive 5 x 5 x 5m data grid in 
order to determine the efficiency of the approach and the validity of the levels of 
uncertainty indicated by the simulation approach. 
 
The study shows that repeated simulations based on limited data, although useful for 
global life of mine estimates, can be badly misleading for the prediction of 
uncertainties of resource estimates for sub-sections of the ore body to be mined in 
short mining periods and hence also for the pattern of production and financial 
forecasts over the life of the property; also for any grade control planning. 
 
1. INTRODUCTION 
 
The problems associated with the use of limited search routines when estimating 
recoverable resources for new mining projects were addressed by the authors in 
several papers (Krige 1994, 1996, Krige and Assibey-Bonsu, 1999a and 1999b).   The 
efficiency of the use of direct and indirect distribution techniques in this regard has 
also been demonstrated in the 1999a  paper. 
 
These techniques provide local adjusted grade-tonnage estimates for mine planning 
but cannot identify the individual blocks to be selected for mining above a specified 
cutoff. Techniques for estimating recoverable resources at the exploration stage all 
suffer from the main problem of not being able to identify those specific blocks which 
are to be selected for mining above any cutoff. Thus any mine planning exercises will, 
unavoidably,  involve some misclassification of blocks.   Also, kriging, in spite of its 
unavoidable smoothing of the estimates, can be expected to result generally in fewer 
misclassifications than simulation. However, repeated simulations were recommended 
by various authors at the International Symposium on Simulation (Perth,Oct. 1999) as 
providing a practical measure of the overall grade patterns and of the uncertainties 
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inherent in doing early mine planning on the basis of any selected individual 
simulation (‘median’ or otherwise).    
 
A conditional simulation requires basically only a realistic model of the spatial 
structure of the data and the co-ordinates and grades for the exploration data available 
for the conditioning of the simulation.   However, such a simulation provides only one 
of an infinite number of equally possible versions of the grade pattern as will be 
evident if repeated simulations are done on the same data.   Such a series of 
simulations, thus, provide a useful measure of the global position and of the overall 
uncertainty in the grade pattern, provided the available data are adequate to provide 
acceptable estimates of the global grade and spatial structure. If these are incorporated 
in a corresponding series of mine plans, the corresponding financial results could 
provide an indication of the overall risk involved in the project and thus guide 
management in critical decisions. However, when any subdivisions of the simulation 
estimates for the ore body are used to predict the pattern of results over time as well 
as the uncertainties over short mining periods, e.g. the individual  year(s) of 
production, the outcome could be misleading.  
 
The uncertainties indicated by repeated simulations are normally estimated as follows: 
a) For global grade-tonnage curves repeated simulations will be based on an 

acceptable global spatial structure and will be centered around a global average 
corresponding closely to the actual global mean grade.   Global confidence levels 
on this basis can then be acceptable. 

b) For early detailed mine planning and for defining the uncertainty levels of 
tonnage-grade estimates for smaller sections of the deposit, the dangers of 
accepting the results from repeated simulations will be examined in some detail. 

 
2. DATA BASE FOR THE ANALYSIS 
 
The net effects of using simulation were analysed using the Turning Bands method 
(ISATIS) to simulate a 3D lognormal ore body with 13824 point values spaced 5 
metres apart, with a mean grade of 1, a variance of 1.7 and an anisotropical spatial 
structure with the nugget at 0.7, ranges of 19 to 35 meters, and the net sill at 1.0.   
From these values two sets of 216 (6 x 6 x 6 ) values were drawn to represent two 
equally likely grids of exploration drilling data. The second set was drawn on a grid 
shifted 5 meters away from the first.  The model for the spatial structure of the data 
was accepted at that used for the comprehensive simulation. Therefore, this analysis 
does not cover the uncertainties inherent in estimating the parameters for the spatial 
structure from the limited exploration data. This aspect is covered by another paper at 
this congress(Dowd, 2000). 
 
 The complete grid of point values was used to provide kriged grades for a set of 1728 
selective mining unit blocks (measuring 10x 10 x 10m).   These showed a negligible 
average error variance for the blocks and were accepted as the ‘actual’ follow up 
SMU block grades.  Each of the two sets of 216 values were used to simulate 7 grids 
of 48 x 48 x 48 point values(110592 each). Within each of the 1728 SMU block 
outlines, the 64 point values from each of the 14 simulations were averaged to provide 
the simulation estimates for these blocks at the exploration stage.    
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3. GRADE ESTIMATES 
 
The results on a global basis show a close agreement between the pooled estimates of 
the 2 sets of simulations and the corresponding actual figures. The conclusions under 
1.a) above  are thus confirmed. 
       
 To cover the problem referred to in 1.b) above, the ore body was subdivided into 12 
sections representing, say, 12 individual years of production for a 12 year total mine 
life.   Each section thus had 144 blocks each estimated by 7 simulations for both sets 
and with their actual grades known. On application of the cutoff, the actual percentage 
of blocks above cutoff, their actual pay grades and contents are calculated, as well as 
the corresponding simulation estimates. The simulation averages for the 144 blocks in 
each section are referred to as section estimates covering the grades, global and above 
cut-off, the percentage blocks above cut-off and the content of the latter. 
 
For the simulation estimates the suggested approach to measure the uncertainty was to 
examine, for each section, the spread of the group of seven section estimates for sets 1 
and 2, separately and combined. In order to cater for the usual proportional effects, 
the section estimates were conveniently expressed as percentage deviations from their 
pooled means.  The corresponding variances of these are accepted as representing the  
variances of the percentage errors indicated for a single simulation. For the 12 
sections involved the sets of 168 section estimates were then studied as single 
distributions. If simulation for this purpose is acceptable, the results should compare 
well with the corresponding distributions of actual errors referred to above. 
 
Two sets of estimates were done in order to show the additional uncertainties due to 
the fact that, in practice, only a single set of exploration data will be available and can 
thus introduce a biased version for local areas. 
 
Fig. 1 highlights the main factor contributing to the problem of using the results of 
repeated simulations to estimate the uncertainty levels of grade and associated 
estimates for any ore body or part thereof where the available data are limited. In such 
cases the estimates will be conditionally biased and cannot provide meaningful 
confidence limits. For very small ore units such as the 10x10x10m blocks, there is 
only one data point available for every 8 blocks resulting in the serious conditional 
biases and regression trend shown on Fig.1 for individual blocks. As the size of the 
unit volume is increased to that of a mine section (1/12th of the ore body), the position 
improves as shown on the graph.  This was to be expected because there are 18 point 
values available within each section. However, the conditional biases for these global 
section grade estimates are still serious. Because repeated simulations show a large 
variation from one estimate to the next, the pooled section estimates, as was to be 
expected, show a significant improvement with a low level of conditional biases. But 
these pooled estimates will suffer from the same problem of smoothing as kriged 
estimates and, thus,  provide no solution to the problem of producing unsmoothed 
estimates of recoverable resources. Tables 1 shows that the section estimates for the 
grades above cutoff (taken at 0.5) are similarly conditionally biased. 
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Fig.1 showing the regression trends of the actual average grades vs. simulation estimates for 
individual blocks, section estimates and pooled section estimates. 
                                
              
                                                         TABLE 1                                                                                                       
CUT-OFF=  0.5   Straight Sims1/7 
SIMn No. 1 2 3 4 5 6 7  averages  pooled* 
Corr.Coef. 0.67 0.54 0.75 0.49 0.65 0.77 0.54 0.63 0.72 
Regr.Slope 0.41 0.39 0.55 0.36 0.43 0.64 0.39 0.45 0.60 
           First set of 7 simulation results for individual blocks for the whole ore body 

CUT-OFF  = 0.5   Straight Sims1/7 
SIMn No. 1 2 3 4 5 6 7  averages  pooled* 
Corr.Coef. 0.77 0.67 0.80 0.68 0.76 0.80 0.71 0.74 0.84 
Regr.Slope 0.56 0.53 0.74 0.52 0.62 0.70 0.53 0.60 0.76 
         Second of set 7 simulation results for individual blocks for the whole ore body 
        * Simulations 1/7 for each section first pooled and then correlated with actuals 
                                                          
Table 2 shows, for both sets of estimates, the analyses of the spreads of the percentage 
errors, observed and actual, for the grades above cutoff for individual sections, the 
corresponding percentage errors of the tonnages above cutoff and the contents. For all 
three measures of uncertainty,  the standard error and the lower and upper 10% 
confidence intervals (read directly off the histograms of the 84 percentage errors as 
observed) are shown. The general and significant under valuation of the levels of 
uncertainty of individual ore body sections is clear, as well as the variation in the 
figures between sets 1 and 2.  The patterns of variation for individual simulations of 
the average grades above cut-off for the 12 sections are clearly evident from Figs. 2 
and 3.  These show how misleading any pattern of financial results based on such  
grade estimates could be and hence the serious dangers of using  any one of a series of  
repeated simulations for this purpose. 
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Fig 2  showing the grade patterns of 12              Fig. 3 as for Fig.2 but for SET No.2 and 
 simulation  section estimates  relative to                   also  showing  the  pattern  of  the  
 the  actual pattern in heavy black for                         pooled results for the 14 simulations 
 SET No. 1                                                                  for each section in heavy broken lines 
                                                             
 
                                                              TABLE 2 
Showing percentage errors of  individual simulations for the 12 sections at a 0.5 cut-off: 
 a) simulations 1/7 vs. the average of these, i.e. the uncertainty indicated by the simulations, 
 b) differences between simulations and actuals, i.e. a measure of actual % errors, 
 c) undervaluation of uncertainty as measured by repeated simulations. 
 

Pay   grade errors    |  Blocks   Above cut-off    | Content  above cut-off    |

  Std. Error         LIMITS Std.Error         LIMITS Std.Error         LIMITS 

 Lower 10% Upper 10% Lower 10% Upper 10%  Lower 10% Upper 10%

        a)  11.3%  -11.7%  13.7%  13.0%   -14.5%   13.3%  17.9%  -20.5%   20.3% 
        b)  16.2%  -16.6%   29.5%  14.2%   -14.7%   14.1%   23.9%  -25.5%   29.6% 
        c)  +43%  + 42%  +115%    +9%     +1%     +6%  +34%   +24%    +46% 

FIRST   SET  

 Std.Error         LIMITS Std.Error         LIMITS Std.Error         LIMITS 

 Lower 10% Upper 10% Lower 10% Upper 10%  Lower 10% Upper 10%

        a)   9.1%   -12.8%   13.5%   8.9%    -12.1%    12.4%  14.1%   -17.7%   18.1% 
        b)  12.4%   -17.8%   13.2%  10.7%     -9.2%    17.2%  17.8%   -19.0%   27.6% 
        c)  +36%    +39%      0%  +20%     +32%    +39%  +26%     +7%    +52% 
                                                                 SECOND  SET  
 
 
A breakdown of the combined  pay grade percentage errors for the 2 sets as recorded 
in Table 3 and Fig.4 show clearly  that the main reason for the under valuation of the 
levels of uncertainty as indicated by repeated simulations for ore body sections, is the 
significant remaining conditional biases. This, in turn, is due to the data limitations of 
18 data points per section as mentioned before. Where the data set is larger and/or the  
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sections to be mined sequentially are effectively more spread out, this problem could 
be less serious or could even disappear.  However, the evidence sounds a valid 
warning not to judge the uncertainties for the grade estimates of ore body sections 
directly on the results of repeated simulations unless such estimates can be shown to 
be effectively conditionally unbiased.  
 
 
                                                        
                                                    TABLE 3 
Showing the breakdown of the percentage errors of the grades above cut-off for the 
12 sections for the combined results of all 14 simulations, i.e. a total of 168 section estimates. 
 
  Observed average standard error:          10.3%    (combined % for two sets in TABLE 2 above under a)) 
  Actual standard error:                              14.5%    (combined % for two sets in TABLE 2 above under b)) 

  Correlation of the 168 % errors vs. the corresponding average pay grade estimate for each section: 
                            variance of actual percentage errors             208.6 
                            correlation coefficient squared                           0.4554 
                            conditional variance of actual errors                 95.0 
                            conditional standard error of actual errors*        9.75% 
                           * Remaining standard error after eliminating the effect of conditional biases in the estimstes 
                             This figure agrees closely with the observed standard error above of 10.3%. 

 
 

       Fig 4  showing the correlation between the percentage errors of the section estimates 
          for the grades above cut-off vs. the corresponding grade estimates above cut-off  
          for the 14 simulations for each section 
 
4.  RELATIVE PROFIT ESTIMATES 
 
Whereas the estimated grades to be mined above cutoff are of critical importance, the 
corresponding ore tons and mineral contents are also important.  However, the final 
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overall measure for a project’s feasibility study  which incorporates all these 
variables, is the profile of estimated profits to be earned relative to the capital 
investment required.   The analyses on the grade estimates as discussed above have, 
therefore, been extended to cover the corresponding estimates of relative profits, 
defined as:    
Relative Profit  =  % above cutoff * (grade above cutoff – cutoff grade). 
 
Fig. 5  shows, for sets 1 and 2, the results for the individual sections 1 to 12 of the 
profiles of the relative profits based on: 
i) the ‘actual’ profits derived from the original comprehensive simulation,  
ii) the spread of the estimated relative profits for the 2 sets of 7 individual 

simulations. 
 
It is obvious that the uncertainties associated with profit profiles based on individual 
simulations are such that meaningful feasibility studies on this basis cannot be 
recommended. 
 

 
  Fig. 5 showing, for individual sections, the profiles of the estimated relative profits   
            from simulations for sets nos. 1 and 2 and the actual profile in heavy black. 
 
The spreads of the individual section estimates for the relative profits underestimate 
the spreads of the corresponding actual errors to a much larger extent than was found 
for the estimates of the grades above cutoff.  It is also clear that a feasibility study 
done on profit estimates for any single simulation can be seriously misleading. The 
averages of the 14 simulations have much lower actual errors but approaches the 
results of ordinary kriging and will be subject to the same smoothing problem. 
 
5.   CONCLUSIONS 
 
From these results the dangers of accepting a single simulation for estimating the 
tonnage-grade and profit figures for short production periods and the spread of 
repeated simulations as a measure of the corresponding levels of uncertainty are 
obvious. Common sense dictates that this is so because the much smaller number of 
data effectively available within and close to the corresponding ore body sections to 
be mined in these periods, could prevent reasonable estimates for planning purposes. 
Furthermore, if based on repeated simulations, they could be subject to conditional 
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biases which significantly increase the error variances and invalidate any estimates of 
confidence limits and patterns of financial forecasts for feasibility studies. 
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