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ABSTRACT

Previous exploratory drilling programs at the Cananea open-pit 

copper mine in Sonora, Mexico, had detected an attractive mineralized 

area below the present limits of mining. Consequently, additional explor

atory drilling had been scheduled to fu rther assess its ore potential and 

preliminary economic feasibility for exploitation.

In order to properly conduct this additional exploratory drilling, 

a geostatistical study of the currently producing zone of the deposit was 

undertaken firs t. Next, based on the similarities in structural geology 

and mineralization characteristics between producing and potential zones, 

an exploratory drilling program was designed by utilizing the semi- 

variogram function obtained from the producing zone.

The developed drilling strategy was based on the predicted in

crease in precision for local and global grade estimates as drilling cam

paigns were sequentially simulated in the potentially mineralized zone.

The semi-variogram, the estimation variance, and kriging were the geo

statistical tools used to produce such predictions.

This thesis has defined the most favorable locations of 36 drill 

holes, grouped in five drilling campaigns, that would satisfy the immedi

ate objectives of the exploration program. The study has also emphasized 

the practical applicability of geostatistics as a useful mechanism for guid

ing exploration drilling activities.

x



CHAPTER 1

INTRODUCTION

Mineral Exploration—An Overview 

Mineral exploration programs are information-gathering pro

cesses involving several stages of investigations. The work starts with 

a regional reconnaissance stage during which potentially mineralized areas 

are investigated by such means as geological mapping, geochemistry, or 

geophysics to isolate areas with indications of the occurrence of mineral 

deposits. More detailed investigations of these areas are next carried out 

to segregate those targets having higher possibilities of mineral occur

rences. These studies would include, for example, detailed geological 

mapping and the execution of exploratory drilling, trenches, or even 

underground workings.

The discovery of a favorable mineral occurrence during the later 

stages of an exploration program will justify the execution of a delineation 

drilling program. In this case, the aim will be to provide estimates of the 

relevant physical characteristics of the mineral occurrence for purposes 

of economic evaluation. The size and attitude as well as the overall in- 

situ resources (tonnages and mean grades) of the deposit need to be 

defined by drilling strategically located boreholes. If the economic char

acteristics of the delineated occurrence provide justification for mine 

development, the result of the exploration program is an economic mineral 

deposit. Otherwise, the property is held until more favorable market
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conditions exist or it is dropped because of its definitive economic infeasi

bility (Buttgereit, 1979; Peters, 1978).

Once a mineral occurrence has been found economically feasible 

and the decision to open a new mine has been made, a development drill

ing program is initiated to accumulate the necessary data for detailed 

mine planning. As mining progresses, development drilling is still an 

active process closely related to mine planning and development. In both 

cases, development drilling has the.following objectives (Call, 1979):

1. Determining the geometry'of the mineralization.

2. Determining the quality and quantity of the mineralization.

3. Obtaining samples for metallurgical testing.

4. Obtaining geotechnical data for mine design.

One of the main purposes of development drilling is to provide 

mine planners with reliable solutions to the problem of defining which 

parts of an orebody should be considered as ore and which should be 

considered as waste. The quality of the ore-reserve estimate is also 

sought within reasonable levels of confidence.

An appropriate drilling program must face two basic questions to 

accomplish the objectives of both delineation and development drilling:

1. What are the best locations for the drill holes?

2. How many drill holes will suffice to provide reliable answers to 

the mine-planning requirements?

Several factors must be taken into account to correctly answer 

these questions. F irst, a knowledge of the geologic characteristics of 

the orebody is required. This must include sound judgment based on



geologic information and reasoning and geologic interpretations properly 

represented in level maps and cross sections.

Second, an effective mechanism for ore-reserve analysis is re

quired to produce reliable estimates of reserves and the confidence levels 

associated with these estimates. This latter attribute, the ability to pro

duce a measure of reliability of the estimates, becomes an indepensable 

element for an effective ore-reserve analysis.

A third factor concerns the economic aspect of a drilling program. 

The execution of an exploratory drilling program requires investment of 

funds and time as does any other project. Management's point of view is 

obviously that this project must have a return  on the investment and that 

the appropriate means of evaluation should be used to optimize the capital 

expenditures with respect to the profitability of the project.

The Role of Geostatistics in Mineral Exploration

The term "geostatistics" is used to designate the statistical study 

of natural phenomena, particularly those found in earth sciences. By 

Matheron's (1962) definition, geostatistics is the application of the for

malism of random functions to the reconnaissance and estimation of natural 

phenomena.

Geologists, mining engineers, and metallurgists trained in the 

study of mineral deposits characterize such natural occurrences by the 

distribution in space of one or more variables. These variables, called 

regionalized variables, are intricate and consequently difficult to 

study. The problem is to represent the variability that regionalized 

variables show in three-dimensional space and to solve such problems as

3



the estimation of the variable at particular locations or its average value 

within a given geometric context.

The geostatistical solution consists of interpreting a regionalized 

variable as a particular realization of a random variable defined at the 

same location in the space. The set of random variables (a random func

tion) defined at every point in the mineralized space represents the 

original regionalized variable concerned. The characteristic variability 

of a regional variable is represented by a correlation function that relates 

the various random variables constituting the random function. The esti

mation of the regionalized variable in the mineralized space is achieved by 

utilizing geostatistical operations defined also from this probabilistic in ter

pretation. This fundamental interpretation is justified a posteriori if it 

results in coherent and acceptable solutions to the problems encountered 

in mining practice (Journel and Huijbregts, 1978).

In mineral exploration, the applicability of geostatistics is re

stricted to the later stages of the exploration effort. To characterize the 

spatial variability of a regionalized variable, it is mandatory to obtain an 

adequate set of samples from which a "model" of the characteristics of the 

studied phenomenon can be derived. Such a model, the semi-variogram, 

will become the fundamental basis of the subsequent statistical inferences 

to be made using geostatistical theory. The set of needed samples are 

obtained as the result of sampling campaigns carried out during the initial 

stages of an exploration program.

During the preliminary investigations of mineral occurrences, the 

initiation of drilling is commonly guided either by preliminary studies 

(geochemical or geophysical) or by geological considerations or hypotheses.

4
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In this case, the direction of the reconnaissance and the interpretation of 

results are strongly dependent on the particular geologic considerations 

and hypotheses adopted. The ability and expertise of the geologists are 

the more important assets in this analysis, and geostatitistics cannot 

intervene.

It is during the planning stage of delineation and development 

drilling that geostatistics can prove to be a useful mechanism of analysis 

and can play an important role in the decision-making process. When a 

mineralized occurrence has been located, subsequent sampling campaigns 

are devoted to estimating its various characteristics for economic evalua

tion. A global estimation of in situ resources, ore tonnages and grades, 

content of impurities, etc. as well as the estimated ore-waste boundaries 

within the orebody must be furnished. In this procedure, all geologic 

and sampling information is used in the best manner to produce these 

estimates.

Thus, for example, in an estimation of the mean grade Zy of a 

panel of volume V by the mean Zv of the available sampling information 

with volume v, the erro r, Zy - Z^, will appear within the geostatistical 

framework as a random variable for which the variance can be calculated. 

This variance is expressed in terms of a semi-variogram, y (h ), of the 

studied variable (Matheron, 1971):

o | = 2y(V,v) -  y(V,V) -  y(v,v)

Here, y(V,v ) represents the mean value of Y(h) when the extremities of 

vector h independently describe the two domains V and v . The values 

of y can be calculated from available graphs or by numeric approximation 

with the aid of a computer.
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The above formula for the variance of the estimation error indi

cates that the precision of the estimation of a panel V by samples with 

support v is a function of the following (Journel and Huijbregts, 1978):

1. The geometry and size of panel V and samples v. The large the 

volume of panel V, the larger the value of y(V,V) and, consequently, the 

smaller the value of Og. The same reasoning applies to v and y (v , v ) .

2. The distances between panel V and the samples with support v.

As these distances increase, so does the value of y(V,v) and consequent

ly Og will also increase.

3. The configuration of the sampling information surrounding panel 

V. For fixed volumes, V and v, and fixed interdistances between V and 

v, different sampling arrangement are also taken into account by the 

terms y ( V , v ) and y (v , v ) .

4. The intrinsic nature of the studied phenomenon (the structu re of 

the variable concerned) as captured in the semi-variogram function Y(h).

In addition, this formula does not require knowledge of the actual 

values of the samples but only their specific locations within the mineral

ized space. This allows the advanced calculation of estimation variances 

for various drilling arrangements as well as the increase in precision at

tainable when supplementary drilling is to be performed in the studied 

area. It is therefore possible to choose the best drilling strategy for 

obtaining a desired precision level of the estimates.

The above paragraphs express the basic idea behind geostatis- 

tical applications to mineral exploration and of the present study. Once 

the semi-variogram is defined from the available information, it is possible
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to derive the necessary criteria for guiding exploration and for performing 

supplementary drilling in the best way.

Purposes and Scope of the Study

The Cananea copper mine, located in northwestern Mexico has - 

been in production for many years. The orebody, which is a typical 

porphyry copper deposit, is a large, irregular-shaped mass of secondary-

enriched copper sulfides. Mineralization occurs as stockworks, fracture
/

fillings, and disseminations in the rock mass. It is presently being mined 

by open-pit methods, but production started early this century when 

richer zones were mined by underground methods.

Exploration drilling has discovered an attractive mineralized area 

below the present limits of mining that became the focus of evaluation 

studies by company personnel. An appropriate mineral inventory of the 

area was thus required and a supplementary drilling program was sched

uled to furnish the necessary information for the evaluation studies. The 

study presented in this thesis concerns the practical application of geo

statistics to design and evaluate an exploratory drilling program in this 

portion of the Cananea deposit.

There were two main purposes in this study. The firs t one con

cerned the solution of the particular problem stated above: the design 

and evaluation of a drilling program that meets the requirements of Com- 

pahia Minera de Cananea, S.A. for the evaluation of the particular area 

prospected. Specifically, it was the purpose to locate the appropriate 

drilling sites and to determine the optimum amount of drilling necessary 

to obtain reliable estimates of additional ore reserves.
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The second purpose of this study was to illustrate through a case 

study the use of geostatistics in designing and evaluating development 

sampling programs. The geostatistical concepts involved were the semi- 

variogram, kriging, and the estimation variance. The study emphasized 

the practical uses of these concepts and was planned to demonstrate how 

mining and geology people can use such techniques to obtain reasonable 

and acceptable criteria for guiding exploration studies. A brief exposition 

of these concepts is presented in Chapter 2.

The structural analysis of the mineralization in the study area is 

presented with some detail in Chapter 3. This semi-variogram study in

cluded a statistical analysis of the available information. The anisotropic 

characteristics of the mineralization were analyzed and incorporated dur

ing the theoretical semi-variogram model fitting. Several tests on the 

efficiency of the semi-variogram models derived are also included within 

the scope of these initial investigations.

Only after the semi-variogram model for the area of study was 

defined and satisfactorily tested was the drilling program considered.

This stage of the study is presented in Chapter 4. The scope of this 

work included the use of maps and cross sections through the area of 

study that showed the geologic information and interpretations as well as 

the topographic characteristics of the area.

Designing the drilling program required defining the drilling 

priorities of the area, indicating the degree of necessity for samples to be 

taken in a particular zone. This degree of necessity was considered a 

function of the amount of samples available in a particular zone, the 

sampling configuration, and the estimated copper grade for the zone.
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The kriging estimator and the kriging estimation variance were the appro

priate tools to quantify these variables and were therefore used in con

junction with a range of cutoff grades to define the sampling priorities.

The exploration program was constructed as a sequence of drilling 

campaigns. The priorities of sampling were used to define the best drill

ing sites for a particular campaign. The initial campaigns were located 

on wider grids with the subsequent campaigns extending or filling the 

previous grids. The drill holes were located such that they could in ter

cept high-priority zones at different elevations within the area of study. 

After drilling a particular campaign, the effects of the new drill holes on 

the estimation variance of the local copper estimates were computed (esti

mated grades were assumed to remain unchanged). The new values of 

the estimation variances were used to define new priorities of drilling and 

these were, in tu rn , used to design the subsequent campaign. An ex

perienced mine geologist also worked during this phase of the study to 

provide the necessary geologic knowledge lacked by the author.

The appropriate number of drill holes to place in the area was de

fined by considering not only the improvement in the confidence levels of 

the local estimates but also by considering the improvement in the global 

mean grade estimate of the area as a function of the number of drill holes 

programmed.

Because it takes time to actually carry out a drilling program and 

to obtain the necessary results and interpretations, the scope of this 

study was limited to an initial base program. The mechanisms necessary 

to make the subsequent revisions of the drilling strategy in light of the 

drilling results are, however, clearly stated in this work.



CHAPTER 2

GEOSTATISTICAL APPROACH TO THE 

SELECTION OF DRILLING PATTERNS

The inclusion of this chapter is intended to provide an intro

ductory review of the theoretical concepts of geostatistics that were used 

in solving the thesis problem. These concepts are frequently referred to 

in the following chapters, and. a brief exposure to them is necessary to 

better understand their use and applicability.

The basic concepts of the theory of regionalized variables were 

developed by Matheron of France about 20 years ago and constitute the 

theoretical basis of geostatistics. He formalized the application of the 

theory of random functions to the practical solution of problems such as 

the one presented in this thesis frequently found in mining and geology.

In essence, the theory conceptualizes the various processes ac

tive in the formation of a mineral deposit as a random process. The 

present characteristics of the resulting deposit are modeled by a random 

function that describes the behavior of the geologic variable of in terest. 

Quoting Matheron (1971, p. 6): "Such probabilistic interpretation is in 

itself a conceptualization of reality rather than an assumption capable of 

being proved or disproved by experiment. It is justified only insofar as 

it creates a better picture of reality and allows to solve effectively prac

tical problems which would otherwise be unsolvable."

The concepts of regionalized variable, stationary hypothesis, 

semi-variable, estimation variance, and kriging are will be presented in

10



a basic form. The content of the following sections is a summary of the 

much more extensive presentations given by several suthors whose work 

on the subject is widely recognized (Matheron, 1971; Journel and ' • 

Huijbregis, 1978; David, 1977; Knudsen and Kim, 1978). The reader is 

referred to their work for more extensive explanations and mathematical 

developments of the concepts presented here.

Regionalized Variables

A variable distributed in space is called a regionalized variable 

(ReV). Such a variable is usually a characteristic of certain phenomena, 

particularly those very often found in earth sciences. The definition of 

ReV is purely descriptive and does not involve any probabilistic in terpre

tation. In the rest of this chapter we will refer to a ReV as being the 

metallic content in a mineral deposit; however, the following discussions 

apply also to other types of ReVs.

Mathematically, a ReV is a function, z (x ) , which takes a value 

at every point x in the three-dimensional space. This function shows a 

highly erratic behavior, which precludes any mathematical study. In 

practically all mineral deposits, however, a structured aspect of the ReV 

can be discerned behind its local erratic behavior. Consequently, a ReV 

possesses two apparently contradictory characteristics: a local, random 

aspect and a general, or average, structured aspect.

The structured aspect of a ReV is an important piece .of informa

tion, which has a significant value in solving practical problems of esti

mation. It is not only its numerical value that has a definite meaning for 

us; the position in space and the relationship that exists between those 

numerical values also constitute a part of the information. Thus, someone



involved in studying a phenomenon showing this characteristic will need 

to properly represent it by some functional approach. This is done by 

means of a probabilistic interpretation provided by random functions.

Probabilistic Interpretation of a 
Regionalized Variable

The possible outcome of the assay at any one point x in a mineral 

deposit is a variable that can be seen as a random variable Z(x) (RV 

Z(x)). After the assay at a particular location x^ is obtained, this 

number, z (x^), can be seen as a particular outcome of the RV Z(x^). V 

Similarly, the set of grades z(x) for all points x in the deposit can be 

seen as particular outcomes of the set of random variables {Z (x ) , xe 

deposit}. This set of random variables is called a random function Z(x) 

(R F Z (x )).

These considerations can be used to represent the two aspects of 

a regionalized variable:

1. Locally, at point x , Z(x) is a random variable.

2. Two random variables, Z(x) and Z(x + h ), at two points x  and 

x + h are not in general independent but are related by a correlation 

function expressing the spatial structure of the original regionalized 

variable z(x ).

This probabilistic interpretation of a regionalized variable is 

useful only when it is possible to infer the probability densities that 

define the RF Z(x) at every point x . Obviously, it is not possible to 

infer the probability density of a random variable if only a particular 

outcome of it is known. In addition, we are limited to knowing those 

particular outcomes at a finite number of points, those where we have

12
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sampled the deposit. Thus, certain assumptions regarding the nature of 

the probability densities are required in order to make this interpretation 

useful and statistical inference possible. These assumptions involve 

various degrees of spatial homogeneity of the RF Z(x) and are introduced 

under the general heading of stationarity hypothesis.

Stationarity Hypothesis

Consider the RV Z(x^) defined at location x^. Assume that the 

expected value, E[Z(x1)] , and the variance, VAR[Z(x^}], of this vari

able exist. Consider another RV ZtXg) and assume also that these two 

random variables were not independent but are correlated by a covari

ance function COV[Z(x^), ZfXg)]. Define now another function, the 

variogram ZYCx^/Xg)' as VAR[Z(x^) -  ZfXg)]. In general, these func

tions depend on the particular locations x^ and Xg. To statistically infer 

these functions, we would need many outcomes of the pair of random 

variables Z(x^) and Zfxg). In general, for any pair of points x  ̂ and X j, 

we would need many outcomes of the pair of random variables Z(Xj) and 

Z(Xj) for all ih and /s considered.

In simple term s, the stationarity hypothesis assumes that all the 

random variables that constitute the random function Z(x) have the same 

probability density regardless of the locations at which they are defined. 

If this is the case, it is possible to infer the probability density of the 

RF Z(x) because every available value of the ReV z(x) at the sampling 

locations can be interpreted as different outcomes of the same stationary 

RV Z(x). Consequently, the functions defined in the previous paragraph 

will no longer depend on the positions x^ and x^ but only on the distance 

between these points.
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For mining problems, the stationarity of the entire probability 

density of the random function Z(x) is not required because the firs t two 

moments of the density are sufficient to provide acceptable approximate 

solutions to most of the problems encountered (at least in linear geosta

tistics) . Therefore, only the stationarity of the firs t two moments is 

required. This is the second-order stationarity assumption of RF Z (x), 

which assumes the following:

1. The expectation of the random variable Z(x) exists and does not 

depend on the location x :

E [Z (x )]= m  for all x  (1)

2. The covariance function relating the random variables Z(x) and 

Z(x + h) exists and depends on the distance h separating the points x 

and x + h:

C(h) = COV[Z(x), Z(x+h) ] = E[Z(x)-Z(x+h)] -  m2 (2)

It can be shown that stationarity of the covariance implies station

arity of the variance and of the semi-variogram (Journel and Huijbregts, 

1978, p. 32):

VAR[Z(x) ] ='COV[Z(x), Z(x) ] = C(0)

and

2y(h) = VAR[Z(x) -  Z(x+h)]= 2C(0) - 2C(h), 

or

y(h) =C(0) - C(h) (3)

where y(h) is the semi-variogram.
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This hypothesis can be expected to be reasonable only if there 

exists a corresponding characteristic in the real world that makes it 

plausible. This is much like the case of a homogeneous mineralized area 

in which the structu re  of the variability of regionalized variables is con

stant and independent of particular locations within the area.

The Semi-variogram

In the preceding section, the semi-variogram was defined as the 

variance of the difference between Z(x) and Z(x+h), which are two ran

dom. variables defined at locations x and x + h. 'Under the stationarity 

hypothesis, the semi-variogram becomes a vector function of the distance 

h:

Y(h) = iE{[Z(x) -  Z(x+h)]2} (4)

This definition may not have a very tangible meaning; however, 

a semi-variogram expresses well-defined features of the phenomenon with 

which it is associated. Typically, a semi-variogram is plotted as a y (h )- 

versus-h  graph. Because it is defined as an averaged squared difference, 

it expresses the similitude or dissimilitude of the variable with increasing 

values of h. The different growth patterns of the curves on these graphs 

reflect the different continuities of mineralizatloan encountered in mineral 

deposits. Within the same deposit, different semi-variograms may be en

countered in different directions; this reflects the anisotropic character

istics of the deposit due to the geologic factors that affected the formation 

and evolution of the mineralization.

In addition to th is, as discussed in the previous section, the 

semi-variogram directly quantifies the correlated or structural aspect of a



regionalized variable. This is why the semi-variogram is so important in 

geostatistics. The development of the semi-variogram function is the 

firs t step in any geostatistical study of a mineral deposit.

The Estimation Variance

It is widely accepted that errors of estimation are produced by 

any ore-reserve estimation method. Consider the problem of estimating 

the unknown mean grade, Zy, of a block V in a mineral deposit from the 

set of samples [z^(x^), i= l,N ]. If the deposit is homogeneously mineral

ized, the grade z(x) at point x can be considered as a particular realiza

tion of the second-order stationary RF Z(x) with expectation m, 

covariance C (h ) , and semi-variogram y (h ) . Then the quantity to be 

estimated, Zy, can be considered as a particular realization of the second- 

order stationary RV Zy:

By = V Jy

Similarly, the available data values to be used to estimated Zy appear as 

particular realizations of the RV s Zv (x^):

Zv (xi) = y  Jv Z(y) dy, 1=1,N

where V and v^ correspond to the volumes of the block and of the samples, 

respectively.

The estimator of Zy will be a function of the available sampling 

data (now conceptualized as random variables):

16
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Within the theoretical framework of geostatistics, it must be veri

fied that this function satisfies the stationarity assumption. In other 

words, its expected value must be constant and equal to the expected 

value of the RF Z(x). Thus, this function must be such that:

1. E[ZV] =E[Z*] or E[Zy -  Z* ] = 0 (5)

This is the non-bias condition

2. It is reasonably simple to compute the variance of the estimation 

erro r involved:

og -E [ (Z V - Z*)2] -  [E(ZV - Z *)]2 =E[(Z V -  Z*)2]

o2 = E[Z2 ] - 2E[ZVZ* ] + E[Z* 2] (6)

If Z^ is considered a linear function of the N available data values:

Z* = | i X1Zv (x1) (7)

where is a weighting factor for data value i, it can be shown that the 

non-bias condition of the estimator requires tha t the weights assigned to 

each Zv (Xj) be such that = 1.

It can also be shown that, each of the expectations in the righ t- 

hand side of expression (6) can be computed directly from the semi- 

variogram function and that the expression for the variance of the esti

mation error can be reduced to the following equation (Journel and 

Huijbregts, 1978, pp. 48-57):

N _  N N _
Op = 2 Z X. Y(v.,V) - y(V, V) - E Z Y,Y,Y(v.,v.) (8)

i=l 1 1 i= lj= l 13 1 3

Here, y(Vj,V) denotes the mean value of y(h) when one extremity of the
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vector h describes the volume of the sample v(x.) and the other extremityJ
independently describes the volume of the estimated block V.

Journel and Huijbregts (1978, pp. 55-56) have made several re

marks regarding the expression for the variance of the estimation e rro r. 

These are summarized as follows:

1. Equation (8) is completely general whatever the domains of sam

ples v(x^) and of block V.

2. Equation (8) can be used to describe four intuitive facts that 

characterize the quality of the estimates as a function o f:

a. The geometry of the block V being estimated. Because y(h) 

increases as h gets larger, the term y(V,V) increases with 

size of the; block V; if v and distances between the vs and

V remain fixed, the larger the block V the easier it is to esti

mate its mean grade and vice versa. If the size of V remains 

fixed,:.the value of the estimation variance depends on the 

geometry of V.

b. The distances between the block V and the supports v of the 

available samples. As the distances between the vs and the 

block V increase, the values of y(v^,V) and of the estimation 

variance also increase and vice versa. The quality of the 

estimates is then a function of the sampling density.

c. The geometry of the estimating domains v . As the sizes of 

domains V increase, the value of y(v^,vp increases and, 

consequently, the estimation variance decreases. For fixed 

V, v, and interdistances V-v, the estimation variance will 

depend on the configuration of the sampling information.
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l . e . , the term y(Vj,v^) when computed for different data 

values i and j.

d. The structural characteristics of the regionalized phenomenon 

being studied as captured by the semi-variogram function 

Y(h).

It is clear from equation (8) and the remarks above that it is pos

sible to calculate the quality of any weighted linear estimator once the 

semi-variogram function is defined. It is also possible to compute the 

estimation variance obtained from different sampling methods as well as 

for different configurations of the samples in relation to the volumes be

ing estimated. More importantly, equation (8) tells us that it is not 

necessary to wait until the samples are taken to compute the quality of 

the estimates because none of the data values Z^(x^) appear in equation 

(8). The estimation variance is a function of the spatial configuration of 

the samples and not of their actual numerical values. Consequently, it 

is possible to find the optimum amount of sampling (or sampling density) 

that is required to attain a certain degree of confidence in the estimates 

prior to actually drilling the boreholes.

These properties of the equation for the estimation variance were 

utilized in helping to develop the drilling program in the 8-110 area of 

the Cananea deposit once the semi-varigram function was made available.

Kriging

Equation (8) is the expression for the variance of the estimation

error made when a linear combination of N available sample values is

assigned to the volume of block V as its estimated mean grade. We
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observe that the estimation variance is a function of N weights X̂ . Be

cause errors cannot be eliminated from the estimation procedure, it is 

very desirable that their distribution be such that the expected value of 

errors be very close to zero. In addition, it is also desirable that these 

errors be concentrated very closely about this expected value in most of 

the cases. In other words, the estimator should be an unbiased and mini

mal variance estimator.

The expression in equation (8) has been derived under the non

bias condition of equation (5). This ensures that the expected value of 

the estimation error will be zero or very close to zero in most cases. The 

estimation procedure known as kriging determines the set of weights ( X̂ , 

1=1,N) that minimizes the value of the estimation variance while satisfying 

the non-bias condition of ZX^= 1. Under these considerations, kriging is 

the best linear unbiased estimator for the grade of the blocks.



CHAPTER 3

SEMI-VARIOGRAM MODEL DEVELOPMENT

The portion of the Cananea deposit for which this semi-variogram 

study was developed is known as the Kino area. It corresponds to the 

present producing zone of the deposit. The target of the exploration 

program lies on the western portion of the Kino area and 'Will be referred 

to as the 8-110 area throughout this thesis. Figures 1 and 2 show the 

relative locations of the Kino and 8-110 areas.

Insufficient number of samples from the 8-110 area precluded the 

possibility of developing the semi-variogram. function specific to this 

zone. The proximity of the 8-110 area to the Kino area constitutes the 

main argument to justify the use of the semi-variogram function for the 

Kino area in the design of the exploration program in the 8-110 area.

This argument is reinforced by the geologic evidence presented in the 

following section about the structural features that characterize the dis

tribution of mineralization in both zones of the deposit.

Brief Geologic Description of the Study Area

Cananea is a large porphyry copper deposit in northern Sonora, 

Mexico. A primary mineralization of sulfides is related to irregularly 

shaped, granitic intrusions and extends toward the intruded volcanic 

rocks of the area. The primary sulfide mineralization occurs in the form 

of chalcopyrite and has undergone a secondary enrichment of the copper 

as is typical in many porphyry-type deposits. The ore minerals in the

21
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secondary enrichment include predominantly chalcocite and minor covel- 

lite and chalcopyrite. They occur as disseminations in the rock mass, 

stockworks, fracture fillings, and irregular breccia pipes.

The spatial distribution of the mineralization is strongly influ

enced by the orientation of well-defined fracture systems in the deposit. 

Figures 3 and 4 show evidence for this control. Figure 3 is a composite 

structural map of several rained-out benches in the Kino pit and illustrates 

fracture systems striking between N. 20° W. and N. 20° E. Figure 4 

shows the distribution of different categories of materials in one of the 

selected benches. The materials have been classified according to the 

blast-hole assays used for selective mining at the property. The con

trol of the distribution of mineralization by the fracture systems is clearly 

evident. Experience has shown that this type of control at a medium to 

small scale is closely related to major structures with the same orienta

tion in the district and that it can be regarded as a generalized charac

teristic of the deposit (Ayala, 1979).

Diamond Drill Hole Data Analysis. 
and Basic Statistics

Diamond drill hole samples were used to develop semi-variogram 

models for the Kino area. The drill holes are distributed on a rather ir 

regular pattern with a general spacing of about 50-60 m in the horizontal 

plane. They include vertical as well as inclined holes, bearing mainly 

northeast, northwest, southeast, and southwest. The length of the com

positing interval of core assays varies with the length of the rock or min

eralization types they cut. The maximum compositing length is 10 m. 

Samples with a length anywhere between 5 and 10 m were considered

23
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representative of a homogeneous set of samples having the same 

geometries

The selected set of samples consisted of 2,600 samples having a 

skewed distribution as shown in Figure 5. The corresponding logarithmic 

probability plot of the cumulative frequency illustrated in Figure 6 indi

cates a strong tendency of the assays to follow a lognormal.distribution.

Experimental Semi-variogram Calculation 

Horizontal Semi-variograms

Experimental semi-variograms were computed for several direc

tions in the horizontal plane. In order to compute the horizontal semi- 

variograms , the DDH samples were grouped in 10-m bench intervals for a 

total vertical distance of 200 m. For each of these benches the semi- 

variograms were computed along several directions. The average 

experimental semi-variograms were subsequently obtained by averaging 

the experimental curves at different elevations. Figure 7 shows the 

average experimental semi-variogram in the north-south and east-west 

directions, and Figure 8 shows those for the northwest and northeast 

directions. It can be seen from these figures tha t the experimental semi- 

variograms, except those in the northwest and northeast directions, show 

a similar structure at short distances. The northwest and northwest 

curves show a tendency to level off at the same value of y(h) but show 

an irregular behavior at distances less than 100 m. On the other hand, 

it seems reasonable that a spherical semi-variogram model can be fitted to 

the experimental curves of Figure 7.

26
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Despite these resu lts , it was believed that something was still 

missing in the structure of the experimental curves; something that 

could effectively depict the characteristic distribution of copper values 

observed in the field (see Figure 4). In addition, the number of sample 

pairs used to compute the firs t points of the experimental semi-variograms 

was very small relative to the number of pairs used for the other points 

in the curves. To better capture the structu re of the mineralization at 

short distances, another type of samples was used. The production 

benches were sampled by the same rotary drill holes used for blastholes. 

These blast holes are approximately 13 m deep and are located on an ir 

regular grid with a constant density of about 8 to 10 m between two blast- 

holes. The average experimental semi-variograms calculated from 2,967 

blastholes in two production benches of the Kino pit are shown in Figures 

9 through 12. They have been computed in the same directions along 

which the diamond drill hole semi-variograms were calculated. The la tter 

curves are also shown in these figures for a direct comparison.

It can be seen in these figures that the blasthole semi-variograms 

agree remarkably with those for the diamond drill hole samples, except for 

just a few points. In addition, the blasthole semi-variograms clearly de

fine a structure for those directions in which an irregular behavior was 

observed for diamond drill hole semi-variograms. The much larger number 

of sample pairs supplied by the blastholes provide an argument for consid

ering the blasthole semi-variograms as reflecting with more confidence the 

characteristics of the mineralization at short distances.

To better define the characteristics of the mineralization in the 

horizontal plane, additional semi-variograms were calculated for
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intermediate directions. The results of these calculations, together with - 

the previous semi-variograms, are shown in a different but equivalent 

form in Figure 13. The experimental values for the different directions 

are plotted on the horizontal plane as if they were topographic elevations.

It can be seen in this figure that the range of influence is longer in the 

north-south direction than in the east-west direction. Hence, the exis

tence of some type of geometric anisotropy in the horizontal plane is 

clearly evident. The maximum continuity of the copper values is observed 

along the north-south direction with the minimum continuity observed in 

the east-west direction. This result is not surprising because the pecu

liar distribution of copper in the mining area is a direct consequence of 

the well-defined fracture systems oriented in the north-south direction 

(Figures 3 and 4).

Vertical Semi-variograms

Only the diamond drill holes had sufficient vertical extension to 

permit construction of vertical semi-variograms. The same set of samples
I

used for calculation of horizontal semi-variograms was used to compute 

the experimental average semi-variograms shown in Figure 14. This 

curve shows the same type of continuity that was observed for the north- 

south direction in the horizontal plane. This result can be explained by 

the steeply dipping structu res in the orebody; consequently, the con

tinuity of the mineralization along the vertical direction is comparable 

with that observed along the north-south direction in the horizontal plane. 

This can be observed in Figure 14 where the experimental semi-variograms 

for the north-south directions have also been included. Therefore, no
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anistropy can be considered for mineralization characteristics in the 

north-south and vertical directions.

Theoretical Seml-variogram Model 
for Kino Area

A combination of the experimental semi-variograms computed from 

diamond drill hole and blasthole samples was used to define the theoretical 

semi-variogram model for the Kino area. Because the diamond drill hole 

variograms are acceptable extensions of the blasthole semi-variograms, 

the former were used to describe the structures at large distances (h > 

100 m) and the latter to define the anisotropic features of the orebody at 

short distances.

The diamond drill hole sample variance, 0.33 (% Cu)2, was used 

as the sill value for the model. The nugget effect value was defined by 

extending the experimental curves of the blasthole semi-variograms until 

they intercepted the vertical axis. Almost all of the extended curves in

tercepted this axis at 0.08 (% Cu)2. The anisotropic behavior of the min

eralization was modeled as the sum of two spherical models having differ

ent sill values and different ranges of influence. A geometric anistropy 

ratio of 1.86 was defined in the north-south and east-west directions for 

both models. The complete semi-variogram model equation is shown in 

Table 1. A graphic illustration of this model is presented in Figure 15 

together with the experimental semi-variogram of Figure 14.

The semi-variogram in Table 1 is for a model graded over a sup

port about 10 m long. Obtaining the point semi-variogram model requires 

a deconvolution, or deregularization, of the graded model of Table 1. 

According to several authors (see, for example, Journel and Huijbregts,

35



Table 1. Equation of the Semi-variogram Model for the Kino Area

where

and

Y(h) = Cq + CiYr(h) + CaYzth)

Co = 0.08 (% Cu)2 

C i = 0.18 (% Cu)2 

C 2 = 0.07 (%Cu)2 

Yi(h) = 1.5 (h/130) -  0.5 (h/130)3 

Yi(h) = 1.0

Yzth) = 1.5(h/30) - 0.5(W 30)3 

Yz(h) -  1.0

h is computed for points (Ei,Ni,Zi)

for h < 130 m 

for h > 130 m 

for h < 30 m 

for h > 30 m 

and (E2 ,N2 ,Z2) from

h = [(E2 -  Ei):(1.86)= + (N2 -  N i)2 + (Z2 -  Z i)]i
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Figure 15. Theoretical Serai-variogram Model for the Kino Area
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1978, pp. 77-99), this procedure is easy only if isotropy is present in the 

deposit and if we are dealing with simple semi-variogram models such as 

the spherical, linear, and DeWijsian models for which formulas and graphs 

are available. For the Kino area case, none of these requirements are met. 

The alternative is to use the graded model in conjunction with the same 

type of samples used in its derivation. Some simplifying shortcuts in the 

calculations of the covariances required during the kriging process can be 

used, as suggested by David (1977, pp. 275-200) and o thers.

Testing the Efficiency of the 
Semi-variogram Model

Several ways to test the efficiency of theoretical semi-variograms 

exist. They utilize as a comparative basis the real grades of volumes of 

material within a mineralized space (samples or blocks of several thou

sands to n s). More frequently , they utilize the average grade of a cer

tain number of samples taken regularly inside the volumes as a close 

estimator of these real grades. Predictions about the characteristics of 

these volumes, based on the use of a particular semi-variogram model, 

are subsequently compared with the available "real" values. The effici

ency of the semi-variogram model (and of the estimator used) is then 

assessed by means of a statistical analysis of the estimation errors 

produced..

The charactieristics of the volumes that are frequently estimated 

include average grade, variability of average grades, and quality and 

quantity of the different categories of materials in the volumes. In this 

study, only one of these characteristics has been estimated. The varia

bility of the average block grades for two production benches was
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computed for different block sizes and shapes, and these variabilities 

were compared with the theoretical expected values computed using the 

semi-variogram model in Table 1.

The variability of the average grades of blocks with given size 

and shape is a characteristic that can be described by their mean squared 

deviation from the global mean grade of the entire stope that contains 

them. This is given by

N = number of blocks v inside stope V 

Zy (x) = global mean grade of stope V, centered on point x 

zv (Xj) = average grade of small block v , centered on point

In geostatistics, s2(x) is interpreted as a particular outcome of a 

stationary random variable S2(x) whose expected value can be computed 

directly from the semi-variogram function and the particular size and 

shape of blocks v and stope V. It has been shown by Journel and 

Huijbregts (1978, pp. 61-68) that:

Here, D2(v,V) is the dispersion variance of the grades of blocks v within 

stope V and y(V,V) is the mean value of the semi-variogram function, 

y (h ) , for the volume V.

Two production benches, different from those used to compute 

the semi-variogram model, were selected for this te s t. The area on each

(9)

E[S2(x)l = D2(v/V) = y(V,V) -  y(v,v) ( 10)



40

of these benches was 200 m x 300 m and contained 3.75 million metric tons 

of ore. These areas corresponded to stope V described in the equations 

above. The average grades of blocks v were approximated by the aver

age grade of assays from the blastholes they contained. The variance of 

these assays as well as the number of assays were also recorded for each 

block v .

Equation (9), the equation for the experimental mean squared 

differences, was slightly modified to compensate for the variable accuracy 

of the mean grade of each block v . The following equation was used:

s2(x)

N
2

1=1
{mi[zv (xi) - zv (x )]2} 

N
• Z m. 
i= l

where zv (xi>
_1
mi 1=1

z(Yj)

and ZV(X) = U ----- t- 2 zv (x1)m1]
Z m. 1-1 

1=1 1

m̂  = number of blastholes falling inside block v(Xj) 

z(Yj) = copper assay of blasthole j inside block v(Xj)

Another useful calculation included in these tests was the average 

dispersion variance of "punctual" grades inside blocks v . This was ap

proximated by a weighted average of the variances of blasthole assays 

inside small blocks v. The weighting factor was again the number of
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blastholes used to calculate the variances for each block. The theoretical 

counterpart of this characteristic can also be obtained from Equation (10) 

if stope V is considered to be each of the small blocks v and the volume of 

block v is reduced to zero. This gives:

D2(0Vv) = y(v,v) - 7(0,0) = y(v,v)

Two different block shapes were considered: square and rectan

gular. Dimensions of the square blocks in the horizontal plane were 12.5 

or 25 m and of the rectangular blocks were 12.5 % 25.0 m. The 12.5-m 

square blocks correspond to the selective mining unit and the 25.0-m 

square blocks correspond to the mine planning unit used to model the ore- 

body. The square blocks had their sides parallel to the north-south and 

east-west directions, which are the major and minor axes of anisotropy, 

respectively. The rectangular blocks were a combination of two 12.5-m 

square blocks and were elongate along or across the major axis of 

anistropy.

Table 2 presents the results of the theoretical and experimental 

calculations for both block shapes, including the theoretical calculation 

of dispersion variances from an isotropic semi-variogram model that could 

have been fitted to the diamond drill hole experimental semi-variograms 

in Figures 7 and 8.

The results of the calculations indicated a fairly good agreement 

between the theoretical and experimental variances for all block sizes and 

shapes considered. For some cases, however, the average punctual dis- 

perions were slightly overestimated by the theoretical predictions and 

consequently the average dispersion of block grades were slightly under

estimated.
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Table 2. Experimental and Theoretical Dispersion Variances for Blocks 
v inside Stope V, Kino Area

Blocks v
Dispersion Variances, (% C u)2

Theoretical
-CiClSL *

(m)
ViVLXl l

Number3 Experimental Anisotropic b Isotropicc

Blocks v inside Stope V

12.5 x 12.5 739 0.205 0.186 0.172
25.0 x 25.0 189 0.145 0.146 0.149
12.5 x 25.0 382 0.182 0.172 0.159
25.0 x 12.5 381 0.159 0.158 0.159

Punctual Grades inside Blocks v

300 x 200 2 0.300 0.316 0.315
12.5 x 12.5 739 0.122 0.130 0.143
25.0 x 25.0 189 0.162 0.170 0.166
12.5 x 25.0 382 0.132 0.144 0.156

XoinCM 12.5 381 0.159 0.158 0.156

a. Number of blocks does not exactly coincide with total possible 
number tha t can be constructed because of the irregular grid of blast- 
holes and because some blocks with less than three blastholes were elim
inated from the calculations.

b . Equation in Table 1.

c. Isotropic spherical model with Co = 0.08, C + C0 = 0.33, and 
a = 90m.



For square blocks, the experimental dispersion variances for 

block grades is better approximated by the predictions based on the 

anisotropic model. The predictions made by the isotropic model, how

ever, are close to the experimental values. For the dispersion variances 

of punctual grades Within the square blocks, both the isotropic and aniso

tropic models give similar results.

For rectangular blocks, the experimental results show the effect 

of the anisotropic distribution of copper values. This effect is best pre

dicted by the anisotropic model for both block and punctual dispersion 

variances. The isotropic model not only gives slightly poorer predictions 

than the anisotropic model but also fails to predict this anisotropic be

havior of: the copper values in the horizontal planes of the orebody.

The following concluding remarks can be made about these tests:

1. The anisotropic characteristics of the area of study are real and 

are directly related to the structural characterisitics of the orebody.

2. The anisotropic semi-variogram model of Table 1 satisfactorily 

reflects these characteristics.

3. According to the results of the tests carried out, the anisotropic 

model gives better results than the isotropic model adjusted to only the 

diamond drill hole experimental semi-variograms.

Consequently, the theoretical semi-variogram model in Table 1 

can be acceptably used in subsequent applications of geostatistics in the 

area of study.
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CHAPTER 4

DESIGN OF THE DRILLING PROGRAM

Exploration in the Cananea mining district has been active for 

many years since the initial discovery in the late nineteenth century. As 

mentioned earlier, the discovery of the 8-110 mineralized area constitutes 

one of the positive results for this additional exploration effort. Pre

liminary mining plans call for the extension of the present producing 

zones toward the 8-110 area down to the 1600-m level (Figures 1 and 2). 

Many mine planning studies and economic evaluation are still needed to 

determine the final pit limits and mining sequence during the coming 

years. The basis of this work will be a mineral inventory derived from 

exploration sampling data.

Consequently, the purpose of the exploration drilling program in 

the 8-110 area is to collect the supplementary information needed to pro

vide reliable estimates of in-situ  ore reserves (tonnages and mean grades) 

as well as to provide the necessary information for metallurgical testing 

and mine design. This study was undertaken to design a drilling program 

that would satisfy the purposes of the exploration program.

A more precise meaning of the term "reliable estimates" should be 

given within the context of the present study. What is ultimately re

quired from the information to be collected is the prediction of the num

ber of tons and the grade of the material contained within a given area 

as well as the precision with which this grade is estimated. The

44
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reliability of the estimates for a given block size should serve the purpose 

of long-range mine planning but not that of s tric t grade control. To do 

so, the reliability of local grade estimates should be comparable to a pre

ferred level of precision dictated by the general level of precision p re s

ently observed in the overall area of study.

These criteria were considered valid and were used to define the 

appropriate number of drill holes suggested in the exploration program.

In the following sections, the physical characteristics that constrained 

the drilling program are described firs t. The basic criteria used in the 

program design are defined next, followed by a description of the design 

process. Several maps illustrate this process. These maps also sum

marize the results of the drilling program. The criteria used to define 

the appropriate amount of drilling in the area is presented in the closing 

section of this chapter.

Physical Constraints in the Area of Study 

Locations of the drill holes of this exploration program have been 

constrained not only by the indicators of the priorities of drilling in the 

area (explained in the following section) but also by several physical con

straints peculiar to the area of study . These constraints must be satis

fied before try ing to make the program optimal with respect to possible 

alternatives. These constraints were:

1. Only existing access roads and drilling sites were to be used in 

drilling holes from the surface.

2. Drill holes bearing close to the north-south direction as well as 

near-vertical holes were to be avoided as much.as possib le .. The purpose
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was to make the holes cut the geologic structures (most of which have 

these same attitudes) at favorable angles to minimize problems at the time 

of drilling.

3. Directly above the exploration targets a large number of inaces- 

sible underground workings were obstacles to the passage of the drill 

holes down to the desired zones. These underground working were 

avoided during drilling.

To make the best use of drill holes, each hole was located in such 

a way that it could intercept zones with high priorities of drilling at dif

ferent elevations within the area of study. These drilling priorities are 

explained in the following section.

Definition of Drilling Priorities

Drilling priorities refer to those characteristics that indicate a 

certain degree of necessity for sampling in particular zones within the 

study area. The degree of necessity was considered, to be a function of 

three variables: the amount of sampling available in a particular zone, 

the geometric relationship between the samples themselves and between 

the samples and the zone to be estimated, and the estimated copper grade 

for the zone.

Geostatistical tools were utilized to quantify these variables.

The copper grade was estimated by kriging 50 x 50 x 15-m blocks cover

ing the study area. The amount of sampling available and the geometric 

configuration of the samples in relation to the blocks being estimated were 

taken into consideration by the kriging variance (refer to Chapter 2). In
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this way, geostatistics was used to provide a measure of how much sam

pling was required in the area of study.

Because the magnitude of the kriging variance can be better com

prehended when it is compared to the magnitude of the associated estimate, 

the coefficient of variation of the estimation was used instead of the actual 

value of the estimation variance. This parameter provides a relative mea

sure of precision in terms of a percentage of the estimated value:

Coefficient of Variation = /o^/Z £  % 100

where = kriging variance for a block

Z* = kriged estimate for that block.

The coefficient of variation is a parameter more suitable to the 

study because it allows the precisions of the estimates to be comparable 

throughout the study area. The priorities of drilling can then be readily 

defined at the time of designing a drilling campaign.

The kriged estimates and the coefficients of variation of the esti

mates were used in conjunction with a range of cutoff grades to define 

the drilling priorities, which are described below.

High-priority zones: Zones with kriged estimates within the 

range of cutoff grades and coefficients of variation greater than 60 per

cent were assigned a high priority. The range of cutoff grades was con

sidered to be between 0.30% Cu and 0.50% Cu in accordance with the 

economic parameters in use at the property. The 60% limit for the coef

ficient of variation was defined according to the general level of pre

cision observed for the block estimates in the whole area. These zones
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were assigned a higher priortiy due to the necessity for more precise 

definition of the ore-waste boundaries.

Moderate-priority zones: Zones with the following characteristics
!

were assigned a-moderate priority for drilling:

1. Kriged estimates fall within the cutoff range and the coefficient 

of variation between 30 and 60 percent. These zones would have a high 

priority except that their characteristics are known with better precision.

2. Kriged estimates fall within 0.51% Cu and 0.70% Cu and coeffi

cients of variation are greater than 60 percent. These zones are estimated 

to have good grade ore but a large uncertainty is attached to the 

estimates.

3. Kriged estimates are greater than 0.71% Cu and the coefficients 

of variation greater than 100 percent. These zones are estimated to have 

high-grade ore, but we really do not know what is in there.

4. Kriging estimates fall within 0.21% Cu and 0.30% Cu and the coef- 

ficents of variation are greater than 60 percent. Material was estimated 

as leach ore but with poor confidence.

Low-priority zones: The following zones were assigned a low 

drilling priority:

1. Zones with coefficients of variation less than 30 percent. Material 

is estimated with a relatively good precision.

2. Zones with kriged estimates less than 0.20% Cu and coefficients 

of variation less than 60 percent. Material has a good chance of being

waste.
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3. Zones with kriged estimates greater than 1.00% Cu and coefficients 

of variation less than 60 percent. Material has a good chance of being 

high-grade ore.

Drilling Campaigns

The study area is a rectangular-shaped block of about 1100 x 800 

x 80 m in the 8-110 area (see Figures 1 and 2). Drilling priorities within 

this area are, in general, different at different elevations. This is due to 

the scattered location of the existing drill holes (mostly inclined holes) as 

well as to the preferential distribution of samples taken along underground 

workings, which have been irregularly driven across the northern portion 

of the area.

A practical way to tackle this three-dimensional problem was to 

define three study levels: top, intermediate, and bottom (elevations 1680, 

1640, and 1600, respectively). The study levels extend over all the hori

zontal extension of the study area and are 15 m thick. The drilling 

priorities defined on each of these study levels were considered to be 

representative of the drilling priorities in the overall vertical extension 

of the area of study.

On each study level the kriged estimates as well as the coeffi

cients of variation for 50 x 50 x 15-m blocks were computed using only 

the existing sampling information in the area. These estimates provided 

a base case against which the effects of the exploration program could be 

compared. In addition, this allowed a determination of the preferred level 

of precision of the estimates to be used in defining the drilling priorities 

in the area. Figures 16, 17, and 18 present the kriged estimates for study
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levels 1680, 1640, and 1600, respectively These results have been con

toured by grade intervals to provide a better picture of the distribution 

of the estimated grades. Figures 19, 20, and 21 present the contoured 

results of the coefficients of variation on the same three study levels.

The exploration program was developed as a sequence of drilling 

campaigns. The initial campaigns were projected on a wide grid to cover 

the high-priority zones firs t. Subsequent campaigns were located on 

smaller grids that extended or filled in the grids of the previous cam

paigns. During this process, geological interpretations were sought from 

a field geologist who contributed his expertise and judgment.

After a particular campaign had been drilled, the impact of the 

projected drill holes could be assessed by computing new coefficients of 

variation for the estimated block grades on each study level. This was 

possible because only the locations of the drill holes (or, equivalently, 

the locations of the samples resulting from the drill holes) are necessary 

as indicated by Equation (8) in Chapter 2. Subsequently, new contours 

were constructed for the coefficients of variation and used in conjunction 

with the contours for copper grades to define new high-priority drilling 

zones (the estimated copper grades were assumed to remain unchanged 

throughout this process). These high-priority zones were, in tu rn , used 

to locate the drill holes of the subsequent campaign. A total of seven 

drilling campaigns were analyzed in this manner, totaling 46 drill holes 

with 12,270 m of core length. The typical number of drill holes per cam

paign varied from five to nine according to the drilling priorities observed,

As an illustrative example of how the drilling campaigns were con

structed, consider the drill holes of campaign 1. The high-priority zones
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are defined by superimposing the grade maps of Figures 16, 17, and 18 

over the corresponding precision maps of Figures 19, 20, and 21, respec

tively. In Figures 16 through 18, the clear (unshaded ) zones correspond 

to the range of cutoff grades. The drill holes of campaign 1 (111, J5,

116, 18, K, K17, K18, K22, and SI) have been located in these clear 

zones and in the zones with coefficients of variation greater than 60 per

cent shown in Figures 19, 20, and 21. Because we were interested not 

only in the precision of local estimates but also in the precision of the 

global grade estimate for the entire area, the drill holes were widely 

spaced to cover the area as much as possible. In addition, this process 

required satisfying the physical constraints of the area of study de

scribed earlier.

Working on three levels at a time required compromising the 

intercepts of the drill holes at each of the elevations considered. See, 

for example, drill holes K18, K17, and J5. Drill holes 116, 111, and 18 

were stopped between levels 1640 and 1600 because they were heading 

toward moderate-priority zones at study level 1600. Drill hole K ll in ter

cepted a high-priority zone at level 1680 and a moderate-priority zone at 

level 1640. This hole, however, intercepts a high-priority zone at level 

1600.

Figures 19, 20, and 21 show the intercepts of the drill holes of 

campaigns 1, 2, and 3 at elevations 1680, 1640, and 1600, respectively. 

The characteristics of the drill holes of campaigns 1, 2, and 3 are given 

in Table 3.

The coefficients of variation computed after including the drill 

holes of the firs t three campaigns are shown in Figures 22, 23, and 24
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Table 3. Characteristics of Drill Holes of Campaigns 1, 2, and 3

Drill
Hole Northing Easting

Collar
Elevation

Incli
nation

Bear
ing

Length
(m)

Campaign 1'

J l l -1674 730 1982 70° SE 50° 385
J5 -2520 840 1767 45 NW 50 236
J16 -2100 1000 1870 60 NW 40 289
J8 -2175 1057 1870 60 SW 60 289
K2 -2200 840 1870 65 SW 80 298
K17 -2705 600 1855 65 NE 60 281
K18 -2400 925 1767 55 SE 40 204
K22 -2150 547 2022 70 NW 30 449
SI -2684 985 1760 70 SW 59 170

Total: 9 drill holes 2601

J4 -1710 844

Campaign 2 

1982 60 SE 45 418
K3 -2347 730 1815 65 NW 55 237
K5 -2175 1057 1870 55 NW 65 305
K7. -2400 926 1767 55 NW 50 204
K9 -2536 870 1767 60 SW 60 193
K13 -2790 558 1860 70 NW 60 255
K21 -2317 640 1870 55 NW 50 305

Total: 7 drill holes 1918

J6 -2520 840

Campaign 3 

1767 45 NE 45 236
J10 -2390 855 1767 55 NW 60 204
J13 -2230 718 1870 50 NW 55 352
K6 -1858 1077 1898 • 70 SW 50 296
K10 -2536 870 1767 60 SE 40 193
K ll -2600 675 1857 80 NW 60 261
K15 -2455 840 1767 65 SE 40 184
K19 -2637 600 1873 60 NW 60 315
K20 -2262 691 1870 65 NW 40 298

Total: 9 drill holes 2340
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Figure 22. Coefficients of Variation of Kriged Estimates of
Copper Grades after Drilling the Third Campaign and Intercepts of
Campaigns 4 and 5, Study Bench 1680
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Figure. 23. Coefficients of Variation of Kriged Estimates of
Copper Grades after Drilling the Third Campaign and Intercepts of
Campaigns 4 and 5, Study Bench 1640
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Figure 24. Coefficients of Variation of Kriged Estimates of
Copper Grades after Drilling the Third Campaign'.and Intercepts of
Campaigns 4 and 5, Study Bench 1600
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for study levels 1680, 1640, and 1600, respectively. These new coeffi

cients of variation were used in conjunction with the grade estimates of 

Figures 16 through 18 to define the priorities of drilling for development 

of campaign 4. This was done in a way similar to that described for cam

paign 1. Figures 23 through 24 also include the intercepts of the drill 

holes of campaigns 4 and 5 at the respective elevations. The character

istics of the drill holes of these campaigns are given in Table 4.

Figures 25 through 27 show the contours of the coefficients of 

variation at the conclusion of the fifth campaign. They also include the 

intercepts of the drill holes of campaigns 6 and 7. Figures 28 through 30 

Illustrate the contours of the coefficients of variation at the conclusion of 

all seven campaigns. They also show the intercepts of all the drill holes 

projected at the study elevations. The characteristics of the drill holes 

of campaigns 6 and 7 are given in Table 5.

It can be noted from Figures 28 through 30 that the number of 

new drill holes intercepting benches 1680 and 1640 is not the same as the 

number of drill holes, intercepting bench 1600. Several drill holes were 

stopped before reaching level 1600 due to changes in drilling priorities at 

this elevation.

At this point it is relevant to also mention that the anisotropic 

characteristics of the orebody were considered only during the planning 

of the last four campaigns. The reason was that the spacing of the initial 

drilling grids were well beyond the maximum range of influence of the 

semi-variogram model (130 m in the north-south direction and 70 m in the 

east-west direction). Consequently, a regularly spaced sampling grid 

over the areas showing high priorities of drilling was more appropriate
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Table 4. Characteristics of Drill Holes of Campaigns 4 and 5

Drill Collar Incli Bear Length
Hole Northing Easting Elevation nation ing (m)

Campaign 4

K16 -2600 675 1857 55° SE 60° 314
C2 -2430 840 1767 90 - 167
C5 -2100 928 1870 68 SE 50 291
C6 -2298 922 1767 65 SE 50 184
C7 -2600 675 1857 75 NE 40 266
C8 -2347 730 1815 60 SW 40 248

Total: 6 drill holes 1471

Campaign 5

K12 -2704 558 1865 65 SE 55 292
Cl -2150 547 2023 80 NW 70 430
C3 -1825 1071 1898 70 NW 45 317
C4 -2100 928 1870 68 NE 40 270
C9 -2743 656 1835 60 NE 60 271

Total: 5 drill holes 1580



1660

Figure 25. Coefficients of Variation of Kriged Estimates of
Copper Grades after Drilling the Fifth Campaign and Intercepts of
Campaigns 6 and 7, Study Bench 1680
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Figure 26. Coefficients of Variation of Kriged Estimates of

C a m p a i9 n  a n d  intercepts °£
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Table 5. Characteristics of Drill Holes of Campaigns 6 and 7

Drill
Hole Northing Easting

Collar
Elevation

Incli
nation

Bear
ing -

Length
(m)

Campaign 6

CIO -2230 718 1870 63° SE 60° 281
C ll -2455 840 1767 65 SW 45 184
C12 -2684 985 1760 50 NW 70 209
CIS -2743 656 1835 70 NW 45 250
C16 -2298 922 1767 55 NE 60 204

Total: 5 drill holes 1128

Campaign 7

C14 -2317 640 1870 75 SE 45 280
C13 -2520 938 1767 65 SE 55 184
C17 -2704 558 1865 75 NW 55 254
CIS -2743 656 1835 67 SE 60 255
C19 -2508 670 1858 90 - 258

Total: 5 drill holes 1231
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for the drill holes of the firs t three campaigns. It is also pertinent to 

note from Figures 28 through 30 that a drilling grid maintaining the 

anisotropy ratio of about 1 to 2 in the east-west and north-south direc

tions could not be completely achieved due to the additional constraints 

imposed by the physical characteristics of the area.

Appropriate Number of Drill Holes

It is possible to continue simulation of additional drilling cam

paigns until the area is exhaustively covered or a particular level of pre

cision for the block estimates is reached. It should be remembered, how

ever, that the level of precision of the estimates (or the estimation 

variance) depends on the size and-geometry of the blocks being estimated 

(see Chapter 2). Different levels of precision of the estimates could 

therefore be attained if a block size different from 50 x 50 x 15 m were 

used. Thus, basing the decision of when to stop drilling only on the 

level of precision of the block estimates may produce different alterna

tives, depending on the block size selected.

One way to evaluate the drilling campaigns independent of the 

block size selected is to analyze their effect on the precision of the global 

mean grade of the study area. In other words, the changes in the esti

mation variance of the mean grade of each study level can be evaluated 

with the number of additional drill holes. In this way, it is possible to 

determine the number of drill holes that will significantly reduce the esti

mation variance of the global mean grade. At this point, additional drill 

holes will no longer increase knowledge about the global mean grade sig

nificantly. A combination of this criterion and the criteria given by the
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changed in precision for the local estimates will provide the necessary 

elements to define the appropriate number of drill holes in the exploration 

program.

This analysis was done for the three study levels on which local 

estimates were computed. The mean grade assigned to each of the levels 

was the average grade of all the samples falling inside the level, those 

falling within a horizontal radius of 100 m outside the study bench, and 

those samples falling within a vertical distance of 30 m above and below 

the midbench elevation. The estimation variance of this estimated mean 

grade was computed firs t for the base case with no additional drill holes. 

The same calculation was repeated after the drill holes of the different 

campaigns were placed into the study area. It was assumed that the mean 

grade of the entire level remained unchanged after drilling the different 

campaigns.

The results of these computations for the three study levels con

sidered are presented in Figure 31. The graph in Figure 31 has in the 

vertical axis the relative 95% confidence interval for the estimated mean 

grade. Here a normal density has been assumed for the estimation erro r. 

In the horizontal axis, the graph shows the number of additional drill 

holes simulated in the drilling campaigns.

It can be observed in Figure 31 tha t about 80 to 85 percent of the 

possible reduction of the confidence interval at the end of the seventh 

campaign is achieved at the end of the fifth campaign for the three study 

levels (th irty-six th  drill hole intercepting benches 1680 and 1640 and the 

twenty-seventh drill hole intercepting bench 1600). It is desirable to 

stop drilling at this point because the additional drill holes of campaigns
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6 and 7 do not significantly improve the confidence intervals for the mean 

grade of the study levels. The coefficients of variation of the local esti

mates at the end of the seventh campaign are not significantly better than 

those attained at the end of the fifth campaign. This can be observed by 

comparing the contours of precision in Figures 28 through 30 with those 

in Figures 25 through 27.



CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

Conclusions

Several conclusions can be drawn from this study concerning the 

application of geostatistics to the design of a drilling program in the 

Cananea open-pit copper mine. Several points are worth mentioning con

cerning the suitability of the geostatistical techniques to the purposes of 

the drilling program:

1. Geostatistics is a technique that allows forecast of the effect of 

additional drilling on the precision of ore-reserve estimates. Thus, geo

statistics can be a very useful guide in the eleiboration of drilling pro

grams. I t is possible to simulate different drilling campaigns and choose 

the one that best meets information or budgetary needs. It should be 

emphasized, however, that this technique should be considered only as a 

useful aid; it helps in the understanding of the behavior of geological 

variables of concern during the exploration effort. A knowledge of the 

orebody and sound geological judgment should also be included as in any 

other study involving ore-reserve analysis.

2. The mathematics involved in the theoretical concepts of geostatis

tics may appear intricate, but the application of geostatistics is not neces

sarily limited to mathematicians or geostatisticians. Although some l

professional advice may be required during the geostatistical study of an 

orebody, many procedures and concepts are explicitly defined and their

75
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practical application to a mining situation can be carried out by the resi

dent professional personnel. This was demonstrated during the course of 

this study.

Concerning the specific problem of exploration in the 8-110 area 

of the Cananea deposit, the conclusions from this study can be summarized 

as follows:

1. The primary objective of this study was to determine the most 

appropriate locations and number of drill holes that would provide the 

necessary information fdrlong-range mine planning studies in the 8-110 

area. As a result of the study , it was determined that at least the 36 

drill holes that constitute the firs t five drilling campaigns would satisfy 

the immediate objectives of the exploration program. It is .recommended 

that these drill holes be placed in the locations and with the attitudes in

dicated in Tables 3 and 4.

2. The sequence suggested by the order of the campaigns is not 

critical for the firs t 16 drill holes (first two campaigns). The lack of 

sampling information in the area of study indicates that these drill holes 

will be required regardless of the sequence in which they are drilled.

The sequence suggested for the drill holes of the last three campaigns is 

more important because it assumes the existence of the drill holes of the 

firs t two campaigns at the indicated locations.

3. Although the confidence levels for the local grade estimates are 

still large at the end of the suggested drilling program, the information 

to be compiled will provide the global reserve estimates with a reasonable 

level of confidence. After the fifth drilling campaign, the relative 95%
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confidence intervals for the overall mean grade of the studied benches are 

±15, ±17, and ±21 percent for the 1680, 1640, and 1600 levels, respective

ly. These seem to be reasonable figures for the purposes of the global 

reserve estimation.

4. Also important is the finding that the amount of sampling sug

gested does not "saturate" the area with unnecessary samples. The 

ability to measure the degree of saturation of a proposed sampling program 

constitutes one of the main advantages of the geostatistical techniques 

used.

5. It should be mentioned tha t the amount of drilling suggested is 

not the ultimate exploration effort to be allocated in the area. Additional 

sampling will become necessary when information for more detailed short- 

range mine planning is required. An approach similar to the one followed 

in this work can then be used to evaluate the sampling strategy required 

to meet future needs.

Suggestions for Further Study

Several areas of the present study require additional investigation 

1. By nature, mineral exploration studies require the acceptance, at 

least temporarily, of assumptions fundamental to the progress of the study 

itself. The use of the semi-variogram functions of the Kino area in the 

area of s tu d y , although supported by geologic evidences, is in itself one 

of the assumptions. As additional samples and geologic interpretations of 

the studied area become available, it  will be possible and necessary to 

make a semi-variogram study specific to this area and to validate or re

define the assumed characteristics of the mineralization.
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2. In developing the drilling program, it was implicitly assumed that 

the outcomes of drilling were favorable to the execution of the program 

the way it was sequenced. Some such outcomes are the estimated copper 

grades of the affected area and the geologic interpretations that could be 

derived from the additional information. This is obviously something that 

needs to be verified as drilling takes place. If required, the pertinent 

adjustments to the original program can then be made following a similar 

approach to that presented in this thesis.

3. The 8-110 area in the Cananea deposit is one of several areas in 

which additional drilling is scheduled in the fu ture . It is recommended 

that the geostatistical approach become the common methodology of analy

sis for developing these additional drilling programs.

4. The economic aspect of this exploration program has been deliber

ately excluded from the scope of the study. The economic feasibility of 

projects is what ultimately justifies their execution or cancellation. The 

economic aspect of mineral exploration programs concern a cost-benefit 

analysis relating the cost of executing a sampling program and the bene

fits derived from the availability of the new information. The benefits of 

fu rther drilling are related to a reduction of the economic risks associated 

with the overall economics of the project. As drilling information accumu

lates, the economic risk is reduced as a consequence of an increase in the 

reliability of the economic criteria evaluated. The incremental reduction X s

in economic risk is, however, achieved at a decreasing incremental rate. 

Consequently, there is a point at which additional investments in explora

tion will lower the expected profitability of the project and also increase

its economic risk (Bilodeau and McKenzie, 1977).
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. There are some instances, however, in which the impact of addi

tional drilling on the expected profitability of a mining project and on the 

economic risk associated is difficult to evaluate. This is the case in most 

operating mines where investments have been already amortized and the 

exploration investment is viewed as a part of the operating budget of the 

enterprise. This is the situation for this particular drilling program in 

the Cananea mine. Such a circumstance, however, should not prevent 

attempts to incorporate economics to this kind of study and is, in itself, 

a very important field of fu rther study.

Response of the Company to the 
Suggested Drilling Strategy

This study would be more complete and useful to the reader had 

it included a comparison of results obtained by using the conventional 

design procedures utilized at the property and the geostatistical pro

cedures. used in this study. Unfortunately, it  was not possible to include 

such a comparison because the author lacked the necessary elements to 

perform this comparative study.

It can be mentioned, however, that the suggested drilling s tra t

egy was satisfactorily accepted by technical and managerial personnel of 

Companfa Minera de Cananea, S.A. Consequently, the suggested drilling 

program was initiated. The 16 drill holes that constitute the f irs t two 

drilling campaigns have been drilled. Following the recommendations 

given in this study, a revision of the drilling strategy has been scheduled 

to include the assaying results and the geologic interpretations to be de

rived from these firs t 16 drill holes.



CHAPTER 6

SUMMARY

The practical use of geostatistics in solving a problem in mineral 

exploration is demonstrated in this study . The problem consisted in de

signing a supplementary drilling program in the Cananea open-pit copper 

mine where additional mineralized zones at depth had been previously de

tected. The geostatistical tools used were the semi-variogram, kriging, 

and the estimation variance concept. The purpose of the drilling program 

was to verify the existence and extension of the mineralization as well as 

to provide the necessary elements of information to produce reasonable 

estimates of ore reserves for long-range mine planning and pit design.

The purpose of the study was twofold: to design a drilling pro

gram that would satisfy the requirements of the Mine Planning and Geol

ogy Departments at the mine site and (2) to demonstrated through a case 

study the applicability and usefulness of the geostatistical techniques in 

solving decision-making problems in mineral exploration.

Designing the drilling program required answering two basic 

questions:

1. Where to place the drill holes?

2. How many drill holes would suffice to provide reliable answers 

for mining planning purposes?

Answering these questions required satisfying two conditions 

simultaneously. The firs t was a knowledge of the physical and geological
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characteristics of the orebody. This element was suppled by the geolo

gists at the property who actively participated in the study. The second 

was the use of geostatistical techniques for ore-reserve analysis. Geosta

tistics provided the necessary mechanisms to forecast the increase in pre

cision of local and global copper grade estimates from simulated drilling 

campaigns in the area of study.

In Chapter 2, an introduction to the theory of regionalized vari

ables, the theoretical basis of geostatistics, was briefly presented. The 

emphasis was placed on the concepts of regionalized variables, semi- 

variograms, estimation variances, and the kriging estimation procedure.

Chapter 3 described the details of the semi-variogram stu d y .

The area of study was characterized by a peculiar distribution of the 

copper mineralization, which was related to the orientation of fracture 

systems in the orebody. This characteristic was strongly depicted by the 

semi-variograms calculated. A complex semi-variogram model was fitted 

to the experimental curves to incorporate the anisotropic features of the 

mineralization in the three-dimensional space.

As a means of validating the efficiency of the semi-variogram 

model, several tests were carried out with actual data from the produc

tion zones of the mine. Experimental dispersion variances for different 

block sizes and shapes were approximated and compared with their theo

retical expected values computed using the semi-variogram model. The 

results of these comparisons indicated the ability of the fitted model to 

express the structural aspects of the mineralization. The results also 

justified the use of the developed semi-variogram model in subsequent 

phases of the study.



Chapter 4 presented the design of the drilling program in some 

detail. The target of the exploration program was about 60 m below the 

present pit bottom and was a rectangular-shaped block of 1100 x 850 x 80 

m. Three study levels were considered: top, intermediate, and bottom, 

separated by a vertical distance of 40 m.

The fundamental criterion used to locate the drill holes in the 

target area was a set of drilling priorities indicating the degree of neces

sity for sampling a particular zone. The degree of necessity was con

sidered to be a function of three variables: (1) the amount of sampling

available in a particular zone, (2) the sampling configuration, and (3) the 

estimated copper grade for the zone.

Geostatistical tools were utilized to quantify these variables. The 

copper grades were estimated by kriging 50 x 50 x 15-m blocks covering 

the study area on each of the study levels. The amount of sampling avail

able and the geometric configuration of the samples in relation to the 

blocks being estimated were taken into consideration by the kriging vari

ance. The kriged estimates and the kriging variances were used in 

conjunction with a range of cutoff grades in order to define the drilling 

priorities on each of the study levels.

The exploration program was developed as a sequence of drilling 

campaigns. The initial campaigns were designed on wide grids so as to 

cover the higher priority zones firs t. The subsequent campaigns were 

localized on smaller grids extending or filling the grids of the previous 

campaigns. During this process, geological interpretations were included 

and a field geologist contributed his expertise and judgment.
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After a particular campaign had been "drilled ,11 the impact of the 

new drill holes on the precision of the block estimates could be assessed 

by recomputing the kriging estimation variances (the estimated block 

grades were assumed to remain unchanged). Afterwards, the priorities 

of drilling were reevaluated and used to located the drill holes of the sub

sequent campaign.

Several drilling campaigns were analyzed in this manner, and 

five, which included 36 drill holes with 9,910 m of core length, were se

lected as the most appropriate strategy. This amount of sampling was 

defined by considering the improvement in precision of local block esti

mates as well as global mean grade estimates for each study level as a 

function of the number of drill holes proposed.

The conclusions drawn from this study can be summarized as

follows:

1. Geostatisitics is a technique tha t allows forecast of the precision 

of ore-reserve estimates. Thus, geostatistics can be a useful guide in 

the elaboration of supplementary drilling programs. It is possible to 

simulate drilling campaigns in the prospected area and to choose the one 

that best meets information or budgetary needs. I t should be emphasized, 

however, that this technique is only a useful guide. It should be used

in conjunction with practical knowledge of the orebody and sound geolog

ical judgment.

2. Application of geostatistics to mining studies is not restricted to 

mathematicians or geostatisticians. In fact, the most appropriate people 

to carry out these studies are geologists and mining engineers who are 

familiar with the orebody. To demonstrate this point was one of the
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purposes of this study , and it is strongly believed that this objective was 

reached. The mechanisms used in designing the different drilling cam

paigns were, to a large extent, easy-to-follow procedures. This not only 

permitted mining people to participate in the study but also made it pos

sible for them to review it through time.

3. The primary objective of this study was to determine the most 

appropriate locations and number of drill holes that would provide the 

necessary information for long-range mine planning. This study deter

mined that at least the 36 drill holes that constituted the f irs t five drilling 

campaigns satisfy the objectives of the exploration program. It is recom

mended that these drill holes be placed in the locations and with the atti

tudes indicated in Tables 3 and 4.

4. The lack of samples in the area of study indicated that the firs t 

16 drill holes of the firs t two campaigns would be required regardless of 

the sequence in which they are drilled. The sequence suggested for the 

drill holes of the last three drilling campaigns assumes the existence of 

the drill holes of the firs t two campaigns at the indicated locations.

5. At the end of the fifth suggested campaign, the relative 95% 

confidence intervals for the mean grade of the studied benches are ±15, 

±17, and ±21 percent for the 1680, 1640, and 1600 levels, respectively. 

These seem to be reasonable figures for the purposes of the global re

serve estimation.

6. It should be mentioned that the suggested amount of drilling is 

by no means the ultimate exploration effort to be allocated in the area. 

Additional sampling will become necessary when information for more de

tailed short-range mine planning is required. An approach similar to the
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one followed in this study is recommended to evalute the sampling strategy 

to meet future needs.

Unfortunately, it was not possible to include within the scope of 

this study a comparison of the results obtained by using the conventional 

design procedures in use at the property and those followed in this study. 

It can be mentioned, however, that the suggested strategy was accepted 

as satisfactory by the company's technical and managerial personnel and 

the suggested drilling program was initiated. At present, the 16 drill 

holes of the firs t two suggested campaigns have been drilled. Following 

the recommendations of the study , a revision of the drilling strategy has 

been scheduled to include the results of these firs t 16 drill holes.
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