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During the exploration phase of mine development, drilling location is in the 
hands of the geologist, and drilling is spread over the entire domain of the 
property or deposit boundary. During the mine planning and production 
phases, however, the mining engineer also needs to use the information 
obtained from the drilling program. Thus it is important that he/she have 
some input into the selection of the drillhole locations. Usually, when exploita
tion will center on one portion of the property for the immediate future, the 
mine engineer will want to have more of the drilling performed in this area. 
In the early stages, the purpose of the drilling was to make a decision concer
ning whether or not to develop a mine. Once the decision is made to proceed 
with this development, the mine engineer needs to know, with as much con
fidence as possible, the estimate of the ore grade at each location where min
ing will occur. 

This paper addresses the problem of drillhole location for the needs of the 
mining engineer. The goal is to compare a variety of approaches to drillhole 
location with a new approach developed by the author. This approach is based 
on the theory of geostatistics, with the estimation variance used as the 
quantitative measure of the confidence attained. The goal of the algorithm 
is to select those locations that minimize the estimation variance subject to 
constraints on the number of drillholes and the total cost of the drilling pro
gram. The kriging equations are used as another set of constraints. The 
resulting nonlinear optimization model is expressed in terms of binary (0 - 1) 
decision variables leading to a solution by the branch-and-bound procedure. 
The algorithm has been applied at a number of operating properties, and 

practical results and suggestions for implementation are provided. 

Introduction 

estimates. The measure of confidence is 

known as the estimation variance. 

Kriging, an estimation technique within 

the larger field of geostatistics, has 

gained widespread acceptance as a tool for 

the estimation of block grades in mineral 

deposits. While it can be proven that krig

ing provides the 'best' estimate of the 

The estimation variance resulting from 

the kriging procedure can be calculated 

from the number and locations of the exist-

1 
block grade, other techniques have also 

been shown to yield good results. The more 

significant advantage gained from the 

implementation of the kriging procedure is 

that it can provide a measure of the con

fidence (or risk) associated with the grade 

ing drillholes and a variogram. These are 

the only data required. Once the variogram 

is estimated and verified, the actual 

drilling data are not used in the determina

tion of the estimation variance. This 

variance, the measure of uncertainty asso

ciated with the grade estimates, can there-
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fore be evaluated for additional drillholes 

without actually drilling them. Conse

quently, various drilling plans can be 

tested prior to drilling. It follows 

logically that the best plan from among 

those tested can then be selected for 

implementation in the next drilling pro

gram. Better still, a mathematical 

optimization procedure can be applied to 

ensure that the best of all possible plans 

is selected without requiring that they all 

be examined. 

This paper looks at four geostatistical 

approaches to the problem of drillhole site 

selection. All four rely on a common basis, 

which is the use of the estimation variance 

as a measure of drilling success or failure. 

Since this parameter is the key measure of 

risk (or confidence) associated with the 

estimates resulting from any drilling pro

gram, all four approaches begin from a 

logical foundation. In fact, the basis 

upon which kriging is chosen as the best 

estimation technique is that it minimizes 

the same variance. 

The next section of the paper explains the 

details of the four approaches, going into 

greater detail on the method developed by 

the author. Following a comparison and 

evaluation of the methods, a case study is 

provided with solutions from the various 

approaches. The approaches are then com

pared again, this time with respect to 

performance and solution efficiency based 

on the case study. For purposes of anony

mity, the data in the case study have been 

altered from the original model. 

Four approaches 

The four approaches that are presented 

here are: 

94 

(1) Use of block variance from kriging 

(2) Optimization for one drillhole at a 
time 

(3) Simultaneous optimization for a group 
of drillholes 

(4) Optimization from an infinite set 
of candidates 

The first approach is the only one of the 

four that fails to take advantage of the 

fact that it is possible to calculate the 

estimation variance that will result from 

drilling prior to actually conducting the 

drilling. It is also the only of the four 

that is not, in some sense, an optimization. 

It is, however the one that best follows 

upon the sequential conduct of a geostatis

tical ore reserve calculation. 
2 

The approach is actually quite straight-

forward. After the kriging (estimation) is 

completed, the estimation variance of each 

estimation area can be viewed on a block map 

in plan view. The basis of the approach is 

that drilling in those areas that have the 

highest estimation variances will yield the 

greatest reduction in the estimation vari

ance (the most additional information) for 

the property. This approach has been 

applied successfully in a variety of situa

tions because it follows the geologist's 

principle of drilling where the least infor

mation is known. While it appears that this 

is just common sense and that no sophisti

cated tools are required, it is not possible 

to implement this approach without having 

conducted a complete geostatistical evalua

tion, including block kriging. None of the 

other three approaches required that the 

kriging be done. 

The second approach is the first attempt 

at an optimization. Developed by the geo

statistics group at Fontainebleau, it was 

included as an option in their BLUEPAC~ 

geostatistical software in the late 1970s. 

Using the fact that the estimation variance 

can be predicted prior to drilling, thi~ 

approach begins by laying a grid of candi

date drill sites across the property. Then, 
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for each site, the estimation variance that 

would result from drilling that single hole 

in addition to those already existing is 

calculated. The site that, in conjunction 

with the already existing drillholes, yields 

the lowest estimation variance is chosen as 

the best single site to drill. 

To implement this approach for additional 

drillholes, it is not as simple as just 

choosing the second best, third best, etc. 

The geostatistical correlation between drill

holes prevents this. The proper approach is 

to include the first site chosen with the 

set of locations where drilling has already 

taken place (even though it has not), analyze 

each point on the grid again in terms of 

estimation variance, and choose the best one 

as the second location. This procedure can 

then be repeated for as many sites as will 

be drilled. 

While the second approach optimizes the 

choice of drilling locations one at a time, 

this may not yield the best set of loca

tions as a group. Most companies conduct 

drilling programs for a group of locations 
3 

at which to drill. The third approach 

accomplishes this group optimization. 

The approach for the optimal selection of 

a group of drillhole sites is to start with 

a set of N candidate sites from which the 

sites to be drilled are chosen. This is 

done to provide maximum control to the geo

logist or engineers responsible for the 

development of the drilling program. Since 

the optimal set of drilling sites is limited 

to the initial set of candidates, various 

locations for the candidates can be tested. 

A grid scheme, as mentioned earlier, can 

also be used for ~he candidate sites. 

Next, assume that there exists some maxi-

mimum drilling budget or maximum number of 

holes that can be drilled. Also, 

some number, K, of drillholes already exist. 

Then the set of kriging equations, 

AA=a (1) 

is of dimension N + K + 1 if all candidate 

sites are drilled. If only n of the N candi

dates are chosen, this system should be of 

dimension n + K + 1. In other words, the 

kriging system is always of a dimension 

equal to the number of drillholes plus one. 

Through the definition of a set of deci

sion variables 

if candidate i is not chosen 

(i=l, 2, N) (2) 

if candidate i is chosen 

the number of kriging equations can be 

controlled. This is done by placing the 

d. 's on the diagonal of a diagonal matrix, 
l 

setting the first K diagonal elements equal 

to one, and inserting the diagonal matrix, 

D, into equation (1) as follows: 

DAD A = D a (3) 

The estimation variance, a,2 can be expressed 
e 

as 

2 a (4) 
e 

plus some constants that are not a function 

of the drillhole locations and, therefore, 

can be ignored for the purposes of the 

optimization. 

With the D matrix included, it becomes 

2 
a 

e 
(5) 

At this point, the selection of the optimal 

set of drillhole locations can be expressed 

as the following nonlinear-integer programm

ing problem: 

minimize 

subject to 

i=l 

DAD A 

n 
max 

Da 

d = 0 or 1 
i 

In words, the problem is to minimize the 

(6) 

estimation variance subject to some maximum 

number of drillholes drilled (n ) and to 
max 
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the condition that the kriging equations 

hold. This problem is best solved through 

the use of a branch and bound algorithm, 

the details of which can be found in a 

1 
4,5 

variety of popu ar texts. 

For the situati'on where the required 

estimation variance that is to be achieved 

is known, this problem statement (6) can be 

reversed. In this case, the problem is to 

minimize the drilling required to achieve 

that targeted estimation variance and, 

again, the branch and bound procedure can be 

used to perform the optimization. 

Since it is not desirable to have to solve 

the kriging equations to obtain the A's, 

it is better to express the estimation 

variance as 

2 
a 

e 
T 

a A-la 

and proceed with this formulation. 

(7) 

This third'approach requires knowledge of 

mathematical optimization, but can be used 

with computer software that circumvents 

this requirement. 
6 

The fourth approach attempted to apply a 

still higher level optimization to this 

problem. Whereas the sec;:md approach 

chooses the best one from a candidate group 

and the third chooses the best group from 

a candidate group, this approach chooses 

the best group from all possible locations. 

This is the ultimate drillhole location 

problem. No candidate sites are required. 

The only problem with this approach is that 

the resulting non-linear optimization 

problem cannot be solved optimally. A 

starting set of sites is chosen, from which 

the algorithm iterates to a local optimum. 

Then another starting set is chosen and the 

process is repeated until it seems that no 

better solution can be found. It is never 

guaranteed, however, that the best solution 

is found with this approach. 

96 

Evaluation of approaches 
The choice of the approach depends on a 

variety of considerations. In one sense, 

each successive approach provides a better 

solution, but these better solutions come at 

a price. The first approach has a strong 

common-sense appeal and yields good 

results, but it requires that kriging be 

done previously. It also has the drawback 

of not using all of the available informa

tion in that it yields decisions without 

checking the resulting estimation variances. 

If kriging has been accomplished and none 

of the more sophisticated approaches are 

available, this is the recommended approach. 

The second and third approaches are 

actually quite similar. In each case a set 

of candidate sites is provided from which a 

choice (or set of choices) is made. The 

effort required to use either one on a 

computer is comparable, but the computer 

time required for the third approach is 

greater because a larger problem is solved. 

The advantage of the second approach is that 

it is as easy to understand as the first 

approach while requiring less prior work, 

and it still provides a solution that is 

almost as good as that of the third approach. 

A disadvantage of both of these approaches 

is that additional software is required 

beyond the standard geostatistics packages. 

The fourth approach, while providing the 

potential for achieving the best solution 

of all, leaves doubt on whether this poten

tial is actually achieved. It is also the 

most difficult to understand, although a 

good computer program should be able to 

avoid this burden. 

All four approaches utilize a variogram, 

or else it would be impossible to calculate 

any estimation variances. Thus, none of 

them can be applied until substantial drill

ing has already taken place, at least enough 

to yield a variogram. Their purpose is not 
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for exploration drilling, but for later 

drilling aimed at gaining more confidence 

in reserve predictions or for use in mine 

planning and production scheduling. 

Case study 

The first three approaches were used to 

evaluate potential drilling locations for 

a deposit currently under study in the 

Eastern United States. The fourth approach 

could not be applied for lack of the 

appropriate software. A geostatistical 

analysis included proportional effect 

analysis, variography, and variogram model 

validation by point kriging. 

The major axis of the ore body was 

determined to be S 60° E. It is anisotropic 

in the horizontal plane and isotropic in 

the vertical plane. The fitted relative 

variogram model as shown in Figure 1 is: 

y(h)=.51 (~~ - 1 b~) + .49 for h~80' 
2 80 2 80 3 

'3 h =.62 l-
2 150 

= l.62 

- 1J)~) + 1.0 for 80 ~ h ~ 150' 
2 1503 

for h > 150' 

Most of the current information in the 

deposit is from angled drillholes. There-
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FIGURE 1. Fitted spherical model 

fore, the effects of proposed drilling were 

analyzed on four different levels in the 

deposit. This was done to verify the 

consistency of the results as drillhole 

information diminished with depth. 

The first method of analysis used was the 

selection of one candidate site at a time 

(the second approach). Each potential 

drillhole site is evaluated for the benefit 

it contributes to a decrease in estimation 

variance over what it was previously. The 

site which provides the largest decrease is 

chosen and included with the set of present 

drillholes. Then the analysis is run again 

with the remaining sites, and the one 

contributing the largest estimation variance 

decrease is again chosen. This is repeated 

until all candidate sites are chosen. Thus, 

the sites can be ptioritized and a selection 

made if all sites cannot be drilled. 

Fifteen candidate sites were provided 

along with the locations of the present 

drilling on each level. The candidate sites 

were: 

l. N6200 E10550 
2. N5450 E10350 
3. N6000 E10750 
4. N5600 E10200 
5. N5800 E10150 
6. N6200 E10750 
7. N6200 El1550 
8. N6200 E11350 
9. N6000 E10950 

10. N6200 E10950 
1l. N5600 E 9950 
12. N6000 E10150 
13. N5800 E10350 
14. N6000 E10550 
15. N6200 El 1150 

The ranking for the four levels is shown in 

Table 1. 

Candidate sites 2 and 13 are first and 

second choices on the upper two levels, 

with their order being reversed for the 

lower two. Beyond that, the order is not 

constant from level for level, and priori

ties must be assigned according to where in

formation is most valuable. 
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Table 1 

1400' LEVEL, CURRENT 0 2 = .01377 
CANDIDATE NEW VARIANCE 

2 .01365 
13 .01353 
10 .01342 

7 .01332 , .01322 
12 .01313 

5 .01303 
15 .01294 
11 .01.286 

3 .01278 
9 .01269 
6 .01261 
8 .01254 
4 .01247 

14 .01241 

1000' LEVEL, CURRENT 0 2 = .02124 
CANDIDATE NEW VARIANCE 

13 .02096 
2 .02070 

10 .02045 
12 .02022 

5 .01999 
11 .01977 
4 .01956 
6 .01935 
3 .01915 
1 .01896 
7 .01878 

14 .01864 
15 .01850 

8 .01837 
9 .01829 

The third approach was then applied to the 

800 foot level. Using the fifteen candidate 

sites, the best four and best twelve were 

selected using each method (see Figure 2). 

Fifty-two existing drillholes penetrated 

this level. 

Choosing the best four candidates out of 

fifteen using the next-best-site method 

resulted in an estimation variance of 

.03112, or a total variance reduction of 

.00260 (see Figure 3). Candidates 13, 2, 9, 

and 15 would be chosen by this method. The 

third approach chose the same four candidate 

sites as the best. When the twelve best 

* 

1200' LEVEL, CURRENT 0 2 = .01585 
CANDIDATE NEW VARIANCE 

800' 

* 

2 .01569 
13 .01554 

7 .01540 
12 .01526 
5 .01514 

11 .01501 
10 .01489 

3 .01478 
14 .01466 

6 .01456 
1 .01446 

15 .01436 
9 .01429 
4 .01421 
8 .01415 

LEVEL, CURRENT 0 2 = .03372 
CANDIDATE NEW VARIANCE 

13 
2 
9 

15 
7 
1 

14 
5 

12 
11 
8 
4 
3 
6 

10 

* 

* 

* 

* 

.03303 

.03237 

.03175 

.03115 

.03058 

.03004 

.02952 

.02902 

.02853 

.02807 

.02763 

.02721 

.03680 

.02657 

.02642 

* 

* 
* * * ** 

* 

'* * "" *111 
* * *** * * 0 

* * * * ** * III 

* 
* 

III * III 

* III III * III 
* 

III 
* * * 

* existing drillhole 

o candidate site 

III candidate site selected 

I!I 

III 

III 

* Di' 

*0 
* III 

* 

* 
* 

* 

* 

sites out of fifteen were selected, again FIGURE 2. Drillhole locations at Level 800 
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FIGURE 3. Decrease in estimation variance from drilling 

both techniques yielded the same results. 

All sites except 3, 6, and 10 were chosen, 

and an estimation variance of .02721 was 

calculated. 

The first approach selected some sites 

that are not on the list of candidates, 

suggesting that this may be a useful ap

proach toward the identification of candi

date sites for further optimization by one 

of the other three approaches. Among the 

candidates, however, site 3 was chosen by 

this method, but not by the other methods. 

Site 3 is chosen because it is an area of 

20 

high estimation variance. The other techni

ques do not choose it, though, for good 

reason. Site 14 is in an area of even 

higher estimation variance and it is chosen 

earlier by all techniques. But site 9 is a 

region of slightly lower estimation vari

ance. This first approach does not choose 

it. The reason that the other approaches 

choose 14 over 3 is that 3 lies directly 

between 9 and 14. Given that 9 is chosen, 

the combination of 9 and 14 is better than 

the combination of 9 and 3. Unless the 

actual estimation variances are calculated, 

this may be missed. 

Discussion and conclusions 
Three different methods were used to 

evaluate potential drilling locations. The 

second and the third techniques both pro

vided the same results. The first approach 

yielded similar, but not identical solutions 

and also identified further candidates. 

Obviously, the greater the number of 

candidate sites examined, the better the 

chances of arriving at the optimum set for 

the deposit. Sites may be generated by 

grid input or specified by coordinates. It 

'was shown that using block kriging variances 

as a guide for candidate site selection is 

not necessarily as good as the other 

approaches. 
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