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ABSTRACT 

Simulation technique has been used for a feasibility study of a 

prospecting project for deep seated ore bodies. 

The simulation model is divided into three main parts; 

1) The bedrock model - the mathematical model of the geology 

in the investigated block.. 

2) The ore model - the mathematical model of the "economical" 

targets within the investigated block. 

3) The drilling model - the mathematical description of a 

borehole. 

Each part makes use of several parameters which make it 

• possible to study different prospecting situations. Distribution 

functions for the parameters are estimated according to the geo

logy of the Skellefte ore field. 

The simulation procedure consists of three parts: 

1) Random location and determination of the geometry of ore 

bodies. 

2) Location of boreholes. 

3) Drilling procedure. 

The simulation procedure is realized in a computer by a system 

of computer programs. 



3 

1. INTRODUCTION 

The numerical means used in this study is Monte Carlo technique. 

By using a mathematical model of the reality, the course of events 

which is to be studied is repeated several times and the average 

result is calculated. This model is descibed by some parameters. 

In our case we use such parameters as positions and dimensions 

of mineralizations. Most parameters are known only by their sta

tistical distributions. We want to estimate a function of these 

parameters. In our case this function is the outcome of an explora

tion project. The estimation procedure is done by use of an algo

rithm which describes the course of events, which in this study 

is a drilling campaign. 

Monte Carlo simulation means lots of calculations and therefore 

needs a large calculation capacity. To get acceptable accuracy in 

the result in a certain experiment, the number of repeated simula

tions must be large. Another reason for a large calculation capa

city in simulation experiments comes from the desire to study 

many different situations. 

An effective computation procédure is therefore important in 

experimental work with simulation techniques. This means that a 

considerable work to find a good model as well as good algorithms 

which describe the course of events is mostly very profitable. 

However, the problem to be solved often requires a model of high 

operational flexibility. This contradicts the demand on simplicity 

and economical efficiency of the model. A compromise must be 

settled under the restrictions given by computer space and 

capacity. 

A fundamental part of this study is to describe three-dimen

sional geological structures in the rock volume which shall be 

investigated. One straight-forward solution is to use three-

dimensional matrices where each element represents a special geo

logical property in a subblock with a dimension of, for example, 

5x5x5 cubic meters. However, this method quickly turns off 

to be too space- and time-consuming. 

To get reasonable computer times and reasonable requirements 

of computer space as well as a model of high operational flexibi

lity the 3D-geological structures are represented as analy

tical expressions. This means that only these expressions and their 

parameters have to be stored in the computer. Such a representation 

also means that changes in the model can be done easily. 
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2. GENERAL STRUCTURE OP THE SIMULATION MODEL 

The simulation model is divided into three main parts: 

The bedrock model - the mathematical model of the geology in 

the investigated block. 

The ore model - the mathematical model of the "economical" 

targets within the investigated block.-

The drilling model - the mathematical description of a bore

hole and the drilling procedure. 

The bedrock model describes parameters that are assumed to be 

known»such as the type of bedrock, tectonic features as folds and 

faults, ore intensity, clustering tendency and so on. 

The ore model, on the other hand, describes unknown parameters. 

Por example, when we want to make a simulation experiment we have 

to prepare a model which consists of the bedrock model and a set 

of targets randomly distributed according to some rules. The 

properties of the distributed targets like position, size, shape 

and economic value are determined by the ore model. 

The drilling model, finally, consists of two parts. The first 

part describes the curvature of a borehole and the second part 

describes the procedure for the location of the boreholes. 

3. DESCRIPTION OF THE PARAMETERS USED IN THE MODEL 

3.1 . The bedrock model. 

The bedrock model shall describe the geology in the investigated 

block. The model is built up by the following segments: 

1) Size of the investigated block. 

2) Shape, size and position of geological features. They can 

be formations as intrusions, layers, folds and faults. 

3) Variation of ore intensity within the investigated block. 

4) Occurrence of alteration zones around ore bodies and their 

size and position in relation to size and position of the 

enclosed ore bodies. 

5) Clustering tendency of ore bodies. 

6) Amount of ore within the investigated block. 
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~A simplification is made in this study with respect to the 

geometry of the dipping layers. The intersectionsbetween dipping 

layers and a horizontal surface are limited to straight lines. 

This can be interpreted as a conformai mapping of the x-y-plane of 

reality. This mapping has only minor influence on the 

curvature of a drillhole in a vertical 

plane. Prom our point of view this only slightly reduces the 

generality of the model. The advantage of this approach is that 

the number of degrees of freedom in the model is reduced con

siderably. 

3.1.1 The size of the investigated block. 

The investigated block is chosen as a right-angled parallelepiped 

whose size is given by the following parameters 

L = length in meter 

W = width 

D = depth "-

3.1.2 Properties of geological features 

The investigated block can be divided into subblocks, each one 

representing a certain bedrock type. In this particular study the 

formation types and tectonical features are limited to layers and 

folds but the model can easily be extended to accept, for example, 

closed geological formation like an ellipsoidal intrusion. A 

sketch of the geometry of the bedrock model is given in Figure 1. 

A layer is formed in the model by two parallel planes.The 

layer can be given arbitrary dip and azimute angles. The analytical 

expression for the layer consists of the equations for the two 

planes: 

Ax + By + Cz + D = 0 

Ax + By + Gz + E = 0 

The thickness of the layer is the perpendicular distance 

between the two planes. An arbitrary point (x^, y^, z^) has a 

distance to the first plane given by 

Ax^ + By^ + Oz^ + D 
dist = .. g  

\JA + B + c 

If this distance is positive, the point lies at the "positive" 

side of the plane and vice versa. 
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A fold is assumed to intersect the bedrock surface along 

straight lines. The fold is projected at the two boundary x-z-

planes of the investigated block, Figure 1. We represent the 

projected fold as a cubic spline function, interpolating in a 

set of nodes. 

A cubic spline function is a piece-wize polynomial of 3rd 

degree determined so that it has 2 continuous derivatives over 

the whole interval. It is uniquely determined by the interpolation 

points up to two so called end conditions. 

The parameters used to describe the properties of the geological 

features can be summed up as: 

A, B, C, D, E coefficients in the equations describing 

the two planes forming a layer. 

SX, SY, SZ 3 matrices of order 4 x p where sx. ., 

sy. . ans sz. . are x-y-z-coordinates 

for nodes at each one of the 4 pro

jected curves of the fold (see 

Figure 1). 

SB, SC, SD 3 matrices of order 4 x p where sb. ., 

sc.. and sd.. are the coefficients in 
J 

the cubic spline functions for the arcs 

between the nodes. The spline function 

for the arc between node j and node 

j+1 at the projected fold curve number 

k is: 

z(t)=szk5+sbkj"t+sokj-t2+s<Vt3 

where t = x-sx^ 

sx^j = x-coordinate for node j at curve k 

y = 0 or Y = W, depending on which 

boundary plane the projection curve 

lies. 
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3.1.3 Relative intensity of ore bodies within the investigated block. 

The model must be able to describe the fact that there are different 

probabilities to find economical mineralizations in different rock 

types. The third type of bedrock parameters describes the intensity 

of ore bodies within the investigated block. Each rock type within 

the model can be designated a certain ore intensity. 

Furthermore, for geological reasons the ore intensity may vary 

within a certain rock type. Por example, the ore intensity can in

crease near the boundary of a layer or in a certain position in a 

fold. This can be described in the model by an ore intensity 

function. Figure 2 shows an example of such an ore inténsity 

function. In the bedrock model this function is represented by a 

vector insj 

3.1.4 Occurrence of alteration zones around ore bodies 

Most often the ore bodies are surrounded by alteration zones. The 

occurrence of alteration zones and the relation between them and 

the enclosed ore bodies with regard to size and position are geo

logical properties and therefore part of the bedrock model. 

The occurrence of alteration zones is given as a frequency 

number, fa, which tells the average share, of ore bodies that are 

enclosed by alteration zonesj for example fa = 80 $. 

Later on an ore body will be described as an ellipsoidal 

characterized by the length of its three axes b^, b^ and b^# The 

alteration zone is also described as an ellipsoidal body with the 

three axes a^, a^ and a^ correlated to b^, b^ and b^. The relation 

between the ore body and the alteration zone is defined in two steps. 

where the components 1 to 5 and 

7 to 11 represent the intensities 

in equidistant points at the two 

sides of the layer. 

The vector component 6 contains 

the layer ore intensity. 

The distance in meter between 

adjacent points is given by 

the component 12. 
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The first step describes the size relationship. In 

this model the size relations are expressed as three arbitrary distri

bution functions of the quotients b^/a^, b2/a2> b^/a^ between 

corresponding axes in the ore body and in the alteration zone. 

The second .step will describe the relative position of the 

centre of the ore body and the alteration zone. Often the alteration 

zone is asymetrically positioned relative to the ore body. The six 

different relative positions allowed in this model are sketched in 

Figure 3. 

The list of the parameters used to describe the occurrence of 

alteration zones around ore bodies will be: 

fa = frequency of ore bodies that are enclosed 

by alteration zones. 

Pq1, Fq^, = "three distribution functions for the quotients 

bj/a^ where b^ and a^ are corresponding axes in 

an ore body ellipsoid and in the surrounding 

alteration zone ellipsoid. 

(fp.|, fp^-j... » fPg) = a vector containing the frequencies of ore 

bodies for the six different relative posi

tions between ore bodies and enclosing 

alteration zones 

3.1.5 Clustering tendency of ore bodies 

The clustering tendency of ore bodies is the fifth type of geological 

phenomenon which is described by the bedrock model. A cluster of ore 

bodies is generally described by two main properties: 

- the shape of the cluster, 

- the number of ore bodies within the cluster. 

A cluster is assumed to have an ellipsoidal-like form around 

three main axis u, v and z. The direction of a cluster is defined 

by the angle' between the x-axis of the investigated block and 

the main axis u of the cluster according to Figure 4. 

The centres of the ore bodies in a cluster are multivariate normal 

random variables. The number of ore bodies which belong to the cluster 

is allowed to vary between 1 and q and the frequencies of clusters 

with 1, 2, ..., q ore bodies are given as a vector. 
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The parameters used to describe clustering are the 

foilowingj 

P the angle between the x-axis of the investi

gated block and the direction u of the main 

axis of the cluster. 

standard deviations for the 

multivariate normal distribution function 

sigu 

sigv 

sigz that describes the centres of ore bodies 

1 
(fc.,, fc 

within the cluster. 

= maximum number of ore bodies in a cluster. 

fc ) = frequency of clusters containing 1, 2, ..., 
ÇL 

q ore bodies. 

3.1.6 Amount of ore in the investigated block 

It must be possible to vary the amount, i. e. the absolute intensity of 

.ore within the investigated block. Therefore the following parameter 

Mton = amount of ore (Mton) in the investigated, block 

is defined. 

3.2 The ore model 

The ore bodies in the Skellefte field, which this study basically 

deals with, mostly have a sheet-like or lens-shaped form 

and a steep plunge. In the ore model the ore body is described 

by an ellipsoidal body. To describe the geometry and ore value of the 

ore body the following nine parameters as given in Figure 5 are used^ 

b,j = length in meters of the big axis of the ore 

b 

b 

(m1, m2, m^) 

ov 

ci 

"V 

2 

3 

ellipsoid. 

length in meters of the medium axis of the ore 

ellipsoid. 

length in meters of the shortest axis of the 

ore ellipsoid. 

X—y— and z-coordinates for the geometric centre 

of the ore body. 

strike angle. 

plunge angle. 

ore value. 
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The dip of the ore body is assumed to be 90°. 

The striked is an angle at the bedrock surface, defined 

as the angle between the projection of the big axis (b.j) at the 

surface and the x-axis of the investigated block. The plunge Y is 

an angle in the plane stretched up by the big (b̂ ) and medium (bg) 

axis. Then, "V is the angle between the big axis (b^) and its 

projection at the surface. 

The coordinates for the geometrie centre, m1, m2 and m^, are 

determined in the simulation procedure by use of random numbers, 

taking into account the other bedrock properties like the ore intensity 

and clustering, see Section 5.2. 

The remaining five parameters, b^, bg, b^, oi and if a re 

described by distribution functions. The details are given in 

chapter 4. 

Ore bodies have varying grades of economical minerals. Because 

of this two ore bodies of the same size have different values. The 

ore value parameter (ov) takes care of this geological fact. The 

ore value parameter is described by its distribution function. 

3.3 The drilling model 

The objective of the drilling model is to describe a borehole and 

the type of drilling to be simulated. The drilling model 

has seven parameters, Figure 6: 

C.J = x-coordinate for the starting point. 

o2 = y-coordinate for the starting point. 

<P = azimuth angle. 

1y = initial dip angle. 

1 = length of the borehole. 

t = type of drilling, t = 1 parameters are given for each hole, 

t = 2 drilling in a rectangular grid, 

t = 3 random drilling. 

dins= vector.describing the intensity of boreholes. 

When drilling is carried out in a rectangular grid the intensity 

of boreholes is described by a vector which consists of only two 

elements ^dins(l), dins(2)^. dins(l) is the distance between 

two boreholes in the x-direction and dins(2) is the corresponding 

distance in y-direction. 
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In the case of random drilling the intensity vector consists of 

12 elements (dins(l), dins(2), ..., dins ( 12)^ which describe the 

borehole intensity in different rock types. In this case the dins-

vector is arranged in the same way as the corresponding ins-vector 

for the intensity of ore bodies in the bedrock model described 

earlier in Section 3.1.3. 

When simulating the drilling procedure, an algorithm is needed, 

that gives the current position, in three dimensions of the drillbit. 

The average curvature of a borehole has been determined on the basis 

of a large number of boreholes. The curvature of the borehole is 

assumed to depend only on the initial dip angle, and is 

described by the following relations, Figure 6; 

x = h * c o s ( V ) + c 1   

y = h • sin( ̂  ) + c2 

z = d^• h + d^/h + dj 

where h is a variable that varies along the hole projected 

at the ground and d^, d^, d^ are constants connected with the 

deviation of the borehole. The values of these constants depend on 

the initial dip angle "Y of the borehole. In Table 1 the values of 

d., d_ and d, are listed. 
i d 5 

4. ESTIMATION OP THE ORE MODEL' PARAMETERS FOR THE SKELLEFTE ORE FIELD 

In this chapter are described the estimated distributions of the ore model 

parameters for the Skellefte field. The estimations are based on 

the known ore deposits in the central part of the Skellefte field 

which is situated in northern Sweden at about lat. 65°N where intensive 

ore prospecting has been carried out during the last 60 years. The 

geometry of the known ore bodies has been studied and described by 
2 

E. Grip (1970). The area of the ore occurrences varies from 100 m 

to 10 000 m2 and the size from 0. 1 Mton to 10 Mtons. 

To give the simulation work as close ties as possible to real 

conditions the geological situation in a certain part of the 

Skellefte field - the Udden-Åsen area - has served as a model for 
3 

a limited investigation block». This block is a 18 x 5 x 1 km 

large block in the bedrock. The objective is in no way to 

reproduce the geological situation but only to preserve the 
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relations between different rocktypes and generally describe the 

possible tectonical structures . In no way this choice 

restricts the generality of the model. 

The population of known deposits in the Skellefte field consists 

of 88 objects. All 88 objects have been used when estimating the 

distribution functions for the geometric parameters and for the 

ore value parameter in the ore model. 

When studying all known data about the 88 deposits it became 

clear that the condition of independence between the parameters 

was not satisfied with regard to the two parameters b1 and b2, 

the lengths of the big and medium axes of the ore ellipsoid. 

However, it was found that b1 was independent óf the quotient 1?2/b1 

Wallin (1975). 

The following distribution functions of the parameters have 

been estimated: 

P^x) = length of the big axis of the ore ellipsoid. 

?2(x) = quotient length of medium axis/length of big axis 

P^(x) = length of the shortest axis. 

F^(x) = strike angle. 

I^(x) = plunge angle. 

Fg(x) = ore value. 

The distribution function (x) for the big axis is corrected 

for the bias caused by the discontinuity at the actual bedrock 

surface caused by the fact that the probability that an ore body 

intersects the bedrock surface is proportional to the vertical 

lenght of the body. 

The estimation of the distribution functions (x) , F^x), 

Fc(x) and SV(x) is done by M. Wallin (1975). The known data p O 
are fitted to parametric distribution functions of different 

types. The choice of these function types has no theoretical 

basis. 

The distribution functions F (̂x) for the length of the shortest . 

axis and F^(x) for the strike angle are simply defined in the 

following way. The length of the shortest axis is taken 
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to be uniformly distributed between 0 meter and 20 meters. The 

strike angle is allowed to vary between - TC-/6 and 7T./6 or 

between -5 X /6 and 5 TC /6 according to the geological situation 

in the investigation block. 

The given data about the shortest axis of the 88 known deposits v 

in the Skellefte field are marred by such a big uncertainty that it 

is not motivated to make a better determination of the distribution 

function. 

P^(x) = 1 - e~0«0001797*40® x>0( x given in meter 

x 

F (x) = j 29.47 • s1*335 (i_s)2,964 ds 0 £ x 1 
o 

F^(x) = 0.05x 0 ' x é 20 

'0.3 + x • 0.6/TL 0 — x — ^/6 

0.4 ~K-/6<x<5~Ü-/6 

F^(x) = 0.4 + (x - 5X/6) • 0.6/TL 5^"/6£xéX 

0.8 + (x -X) . 0.6/Tt X4.X £ 7 7c /6 

0.9 7H/6 <Cx 11Î/6 

,0.9 + (x - 11 X /6) • 0.6/Tt UTC /6 ix <:2TL 

X 
?5(x) = ( 1.029 • s1*223 (tl/ 2 -s )°*4331/(sin (s> + 0.236 cos(s)) ds 

O 
0 é- x iLTt/2) x given in rad, 

x 

Fg (x) = C 0.0002204 * s 1,125 e-0.01954s dg x> Q ^ x given in 

0 S.krAon 

The set of distribution functions (x) - Fg(x) is called the 

Skellefte Field Distribution and is shown in Figure 7. 

In order to study the sensitivity of the results, the distribu

tion functions must- be modified. If, for example, the size distri

bution function is to be changed towards a greater share of small 

ore bodies the procedure can be the following. 

The frequency functions f^ (x) for the length of the big axis and 

£>(x) for the length of the shortest axis are tabulated for x = 

100, 200, 2 000 meters and x = 1, 2, ..., 20 meters respectively. 

To increase the share of. small ore bodies the frequencies of bodies 

with small x-values are increased to the level wanted as shown in 
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Figure 8. Prom these new functions, which are represented by * g^ 

and k2 • g2(x) the modified frequency functions g^x) and 

g2(x) are determined by the normalization« 

2 000 20 

J" k1 • g1(x)dx = 1 and I k2 • g2(x)dx = 1 

0 0 

By use of ĝ x) and g2(x) the modified distribution functions 

G-^(x) and G2(x) are calculated and tabulated. 

5. THE SIMULATION PROCEDURE 

In this chapter the different parts of the simulation proce

dure are described.- The general structure of the simulation 

procedure is shown by a flow chart in Figure 9. 

5.1 Random numbers 

Monte Carlo simulation requires generation of lots of random 

numbers. The standard routine in the computer for generating 

uniformly distributed random numbers between 0 and 1 was tested 

in the following way. 

Ten series containing 1 000, 2 000, ... and 10 000 random 

numbers respectively were generated and the result was presented 

as histograms with the following classes: 0 - 0.1, 0.1 - 0.2, ..., 

0.9 - 1.0. A systematical deviation from the uniform distribution 

could be noticed. 

This generation routine was not accepted. Instead the following 

routine is used^ which passed the test of uniformity. The 

IPORTRAN-code for this generation routine of uniformly distributed 

random numbers between 0 and 1 is: 

1 = 1 *  6 5 5 3 9  

IP(l.LT.O) 1=1+ 2147483647 + 1 

RAND = I * 0.4656613E - 9 
16 31 The recursion is = (2 + 3') • I-^Cmod 2) * Iq is an 

uneven integer. I is stored in the computer as an integer of 

32-bits. The computer used in this study is a N0RD-10 with 
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16-bits words. This routine is given by I. Andreasson (1973) and 

was used at Stockholms Datamaskincentrai at a computer IBM 360/75. 

To get a random value from a distribution function F(x) the 

method of inversion has been used. 

X = F~1(r) 

where r is a: uniformly distributed random number. The inverse 
-1 distribution function F is defined by 

F""^(r) = min(x/F(x)^ r) 

The distribution function may be discrete, continuous or of 

mixed type. 

In practice, the following procedure is used to get the value of 

a distribution function of arbitrary type by means of random numbers. 

Draw a uniformly distributed random number between 0 and 1. Regard 

this as a value of the distribution function F(X) and determine the 
corresponding value of the variable x by interpolating in the table 

of the desired distribution. An example is shown in Figure 10. 

5.2 Generation of the geometry, location and value of ore bodies 

In each simulation a specified amount of ore is randomly located 

as a set of ore bodies with size, strike, plunge and ore value 

randomly determined according to the distribution functions given. 

The procedure for location of ore bodies takes into consideration 

three bedrock model parameters, namely the intensity of ore bodies 

within the actual rock-type, the clustering tendency of ore bodies 

and the occurrence of alteration zones. 

The ore intensity function is described in Section 3.1.3« The 

intensities are represented as numbers between 0 and 1 and are 

tabulated for different rock types as a function of the position. 

The intensity function is used in the following way. 

First draw three uniformly distributed random numbers and trans

form them to get x-, y- and z-coordinates for a possible centre of 

an ore body within the investigated block. 

Then calculate the intensity value for the ore centre by inter

polating in the table which represents the ore intensity function. 

Draw a new random number. If this number is less than the intensity 

value, accept the point as the geometric centre of an ore body. Then 

we shall continue to determine the geometry of the body by drawing 
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six random numbers which transformed determine the lengths of the 

three'axes, the strike, the plunge and the ore value. 

If the random number is larger than the intensity value reject 

the ore body and make a new try. 

The treatment of the clustering tendency is done in the following 

way; 

1) locate one ore body as described above. 

2) How consider this ore body centre as the center of a potential 

cluster. Draw a new random number which determines how many 

further ore bodies there should be in the cluster. This is 

done by use of the distribution function for the para

meter which describes the cluster size. This was discussed 

in Section 3.1.5. 

3) Generate the centres for these members of the cluster as 

random variables. 

4) Determine size, orientation and ore value for the new 

members of the cluster according to the standard procedure. 

Finally, the occurrence of alteration zones is taken into 

consideration. When an ore body has been generated a new random 

number is drawn. If this number is less than the frequency of 

alteration zones (fa) then continue to determine size and position 

of the surrounding alteration zone from the distribution functions 

described in Section 3.I.4. If the random number is greater than 

the frequency (fa), the ore body shall not be enclosed by an 

alteration zone. 

5.3 The influence from the boundary of the investigation block 

The investigation block is regarded as a parallelepiped that has 

been cut out from the contiruous bedrock. This means that boundary 

effects will cause bias in the results of the simulation experiments. 

In this study the length in z-direction of the targets is big 

in relation to the depth of the investigation block, while the 

lengths of the targets in x- and y-directions are small compared 

to the size of the investigation block. Therefore, the effect 

due to the vertical boundaries has been neglected. 

However, the effect from the surface and the bottom cannot be 

neglected. In order to eliminate the bias, the investigation block 



17 

has been extended by 500 meters above surface and 500 meters 

below bottom when the ore body centre location process is going 

on. The part of an ore body that lies above surface is rejected. 

The part of an ore body that lies below bottom has not been included 

in the calculation of the total amount of ore within the investigated 

block. However, if striking such an ore body within the investigati 

block, even this below-bottom-part is included in the amount of 

struck ore. , 

5.4 Location of boreholes 

When simulating the drilling the boreholes can be located according 

to one of the following three alternatives. 

1) By giving a specific location for each hole. 

2) In a rectangular grid. 

3) As a random process in which the intensity of boreholes 

depends on the location. 

In case 1) and 2) the location of the boreholes is given 

directly by the drilling model parameters. In case 3) the location 

of the borehole is done with respect to the knowledge about the 

ore intensity in different rock types. 

5.5 The drilling procedure 

A simulation starts with the distribution of ore bodies in the 

investigation block. Then we define a drilling campaign by 

locating a set of boreholes and by giving orientations for each 

hole. Thereafter, the drilling procedure can take place. 

The principle of this mathematical drilling procedure is the 

following. Each borehole is mathematically drilled and for each 

ore deposit it is checked if the borehole intersects the body. 

However, many bodies may be rejected early because the borehole 

can never reach the ore body. A simple test for the rejection of 

distant bodies is based on the distance between the centre of the 

ore body and the starting point of the borehole. If this distance 

is longer than the maximum length of the borehole added to half the 

length of the big axis of the actual ore body ellipsoid, that body 

is immediately rejected. If not so, the following drilling procedure 

is carried out; 
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The drilling of a hole towards an ore body is done step by step 

by adding an increment dh to the length variable h 

described in Section 3.3. The x-, y- and z-coordinates = (x^, ŷ , z^) 

for the position of the drillbit is calculated for each step and 

compared to the position of the ore body. The coordinates for an 

arbitrary point of the surface of the ore body is given by the 

solutions to the equation of thè corresponding ellipsoid: 

(f-)2 • (f-)2 • (f-)2 -1 
1 2 3 

For each drillbit position (x^, y-, z^) the value D' JDV D 

2 /XD\2 f^D\2 /ZD\2 . - n . , * = (-—) + \rr~j + (T~~) IS calculated V V >b3 
The ore body is struck if the r-value becomes less than or 

equal to 1. 

The drilling continues as long as the r-value decreases, i.e. 

as long as the drillbit approaches the ore body. 

To get a tolerable speed of the drilling procedure, dh has got 

the value of 10 meters. This means that the length of the step 

along the hole is 15-25 meters. This is about twice the length of 

the shortest axis of the ellipsoid. In order not to drill "through" 

an ore body without finding it a backward interpolation with dh = 

0.2 starts when the r-value begins to increase. If the ore body 

is enclosed by an alteration zone, the drilling procedure deals 

with an alteration zone in the same way as drilling against an 

ore body. 

5.6 Calculation and presentation of results 

Each simulation experiment consists of a number of drilling campaigns, 

where the boreholes are located according to a rectangular grid. Por 

each drilling'campaign, a new set of ore bodies has been distributed in 

the investigated block. The amount of ore within this block is previously 

given and all the results from the drilling depend on this amount of ore. 

If wanted, the drilling can be followed step by step. This would, 

however, result in an incredible amount of data. Therefore, the 

accumulation of information from a simulation experiment is 

restricted to: 
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- number of struck ore bodies and alteration zones, 

- listing of size, orientation, position, tonnage and ore 

value of struck ore bodies, 

- histogram showing size distribution of struck ore bodies, 

- histogram showing ore value distribution of struck ore 

bodies, 

- the average tonnage of struck ore per drilled meter, 

- the standard error of this mean value. 

The struck ore bodies are grouped according to the following 

six criteria: 

1) Deep seated ore bodies greater than 4 Mton. 

2) Ore bodies greater than 4 Mton. 

3) Deep seated ore bodies. 

4) All struck ore bodies. 

5) Outcropping ore bodies greater than 4 Mton. 

6) Outcropping ore bodies. 

Deep seated bodies means those which do not intersect the bedrock 

surface. 

The most interesting group in this study is group 1 which contains 

deep seated ore bodies greater than 4 Mton. A basic assumption in this 

study (Malmqvist et al., 1979) is that all surface ore bodies are 

known. Deep seated ore bodies less than 4 Mton are regarded as too 

small for economical exploration. 

The amount of outcropping ore bodies could be used for calibration 

of the simulation model with respect to the ore intensity of the 

investigation block in a simulation experiment. Por this purpose 

the fifth group is of special interest. 

6. REALISATION OF THE SIMULATION IH THE COMPUTER 

A system of computer programs to handle the simulation model and the 

procedure has been developed for a N0RD-10 computer equiped with a 

Tektronix 4014 graphic display. The programs are written in 

FORTRAN 

The system consists of two parts: 

1) BEDROCK - this part designs a specific version of the bedrock 

model and stores the model in a model-file. The model is 

designed interactively by use of the graphic display. 
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2) EXPLORE - this part retrieves the model-file, generates 

ore bodies and handles the drilling procedure. The 

exploration process can optionally be followed at the 

graphic display. 

The system is described by a flow chart in Figure 11. 

7. DISCUSSION • 

The general objective of this project is to estimate the relation 

between investments and outcome in a hypothetical exploration project 

for deep seated deposits. The important assumption is that we have a 

oomplete knowledge about the surface conditions in the ore field and 

a knowledge of the statistical character of the economical targets. 

Basically, this is a question of decision making for the management 

of a mining company - whether to go on with further heavy invest

ments in deep exploration at the time when all surficial deposits 

are utilized or whether to give up and regard the ore field as 

finished when the surficial deposits are worked out. 

The purpose is consequently to get information which is relevant 

to the specific ore field. Prom this point of view there are two 

possible approaches: calculation of theoretical probabilities or 

simulation technique. A theoretical study is done by Rhodin(l975) 

and based on a uniform bedrock model. 

However, the problem deals with so many parameters and boundary 

conditions of geological, explorational and economical character, 

which all are wanted to be changed, that the statistical probability 

technique as a tool for the main study of the model very soon turned 

out to be unrealistic. An additional reason for that conclusion is 

a desire that the approach later on also should be useful for 

studies of optimal behaviour in a situation when one borehole had 

struck something of economical interest. 

The simulation model chosen permits a realistic description of 

the real situation. However, there is no meaning to go too far in 

describing the real situation exactly. The model shall be relevant 

to the ore field and not to the very details about a single deposit. 

Therefore, only those properties which have importance for the 

distribution of ore bodies in the ore field should be described 

by the model. Our conclusion is that the most important properties 
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are the ore intensity function, the tendency of clustering and 

the geometric relations between different geological features. 

Other geological information of little importance for the ore 

genesis has been omitted. 

If the study is performed in a thoroughly explored mining district 

in which all outcropping deposits are known there is a possibility 

to calibrate the model against the known surficial properties. 
The simulation model is divided into three main parts: the 

bedrock model, the ore model and the drilling model. The model 

consequently use analytical expressions for description of model 

parameters. Another possible type of model would have been a 

model where the investigated block was divided into subblocks 

of a reasonable size and stored as elements of 3D matrices in the 

storage of a computer. In this last case the drilling procedure 

could have been a bit faster. However, our conclusion is that a 

model based on analytical expressions has three great advantages: 

- the space needed to store the model in a computer is small, 

- the flexibility when changing values of parameters is high and 

- the simulation procedure, especially to distribute new sets 

of ore bodies in the ore field is fast. 

The complexity of the model and simulation procedure used in 

this study is limited. However, if wanted, the model can easily be 

extended to handle, for example, an enlarged bedrock model with 

other types of geological features It is also possible to introduce a 

feed back in the drilling procedure where the information from one 

borehole is to be used when determining the starting point of the next. 

Our conclusion is that simulation technique is the most useful 

approach for studying complex situations like exploration decision 

making. Furthermore, the modelling technique used allows also 

complex models to be evaluated on minicomputers which is a great 

advantage from the point of view of costs. 
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FIGURE CAPTIONS 
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Figure 1. Bedrock model. À sketch of the 
geometry of the investigated 
Block. 
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Figure 2. Example of an ore intensity function 
near a layer. 
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Figure 3. Bedrock model. The relative positions 
between the ore body and the surrounding 
alteration zone. Horizontal projection. 
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Figure A. Bedrock model. The shape of a cluster. 
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Figure 5. Ore model. The geometry of ore bodies. 
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Figure 6. Drilling model. Description of a drillhole. 
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Figure 7. Distribution of the ore model parameters. 
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Figure 9. Flowchart showing the simulation 
procedure. 
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programs. 


