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ABSTRACT

Analysis of the problem of designing exploration programs for 

economic mineral deposits so that exploration effort can be balanced 

against expected results indicates that the critical factor is knowledge 

of the probability that a mineral deposit of any specified tonnage and 

grade will be found in a given geologic environment. The geologist 

usually estimates this probability qualitatively on the basis of his 

experience and judgment. However, several authors have suggested 

recently that estimates based on compilation of quantitative statistical 

data are preferable and feasible.

Advantages of the qualitative method are its simplicity, rapid

ity, and adaptability to a wide variety of exploration situations; the 

main disadvantage is the danger of inaccurate probability estimation 

due to limited information, biased information, and biased evaluation of 

information.

Principal potential advantage of the quantitative method is 

greater accuracy in estimating exploration probabilities. Disadvantages 

are limitations of statistics on past discoveries as estimators of 

present probabilities of ore discovery and difficulty of obtaining and 

using appropriate data.

Statistics on past discoveries cannot be accepted at face value 

in predicting the amount or value of ore that may be found in the future 

and the probability of finding it because the value of a mineral deposit 

changes with changing economic conditions and because the statistics
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show the number of deposits which have been found but not the number 

remaining to be discovered.

Data collection is hindered by the necessity of considering a

large number of geologic variables, by the scarcity of published geolog

ical information about barren localities, and by the difficulty of 

defining the geologic environment to be included in the statistical 

study.

A procedure is outlined for estimating exploration probabilities 

by counting the number of barren and ore-bearing localities which occur 

in a specified geologic environment. This enumeration procedure is more 

practical and useful than procedures requiring description of geologic 

environments by numbers. A test of the procedure using data.on the

Basin and Range province in Arizona demonstrates its simplicity and

confirms the need for solving the problems attending the use of statis

tical data mentioned above.

Quantitative design of exploration programs cannot be achieved 

simply by compilation of statistical data from published sources of 

information. Much research on factors controlling ore occurrence is 

needed before meaningful results can be expected, but the improved 

accuracy in exploration and the better understanding of economic geology 

which result from the research will justify the effort required.



INTRODUCTION

Statement of the Problem 

In recent years, the idea has been advanced that exploration . 

programs for economic mineral deposits can be designed on a quantita

tive basis, much as other economic projects are designed.

The design of any project involves selecting the course of 

action which will give the desired result. Prior knowledge of the 

results of possible courses of action is therefore necessary for design.

An important difference between exploration for economic 

mineral deposits and most other economic endeavors is the uncertainty 

of results of exploration. This uncertainty is manifested in a series 

of decision situations in which the geologist must decide whether or 

not the region, district, or prospect under consideration warrants 

further investment of exploration effort. Prior to development, the 

geologist does not know the tonnage and grade of mineralisation that 

may be present. Following the presently used qualitative method of 

exploration, he1 can estimate from his experience and knowledge of 

geology the chances of finding an economic mineral deposit. Alterna

tively, he might use statistics relating to known mineral deposits and 

previous exploration programs to obtain a quantitative estimate of the 

chances of success.

The purpose of this study is to investigate in detail the 

advantages, disadvantages, and problems of the quantitative method, as 

compared to the presently used qualitative or judgment method of

1



minerals exploration, and to determine the feasibility of use of the 

quantitative method. In the first part of the study, ideas and pro

cedures for quantification of geological information used in exploration 

decisions are investigated. In the second part of the study, an attempt 

is made to actually calculate the.probability of ore occurrence in a 

test case, a practical but simplified exploration situation, so that a 

better appreciation of the problems involved can be obtained.

Scope and Limitations

Successful exploration for economic mineral deposits requires 

consideration of economics as well as of geology. Economic and related 

considerations include cost of exploration, cost of mining and milling, 

market price of the product, capital investment required, profit margin 

desired, taxes, metallurgical problems, politics, labor supply, public 

relations, and many others. Although the present study is limited to 

geology, some mention must necessarily be made of the other factors 

which have a direct bearing on exploration. However, the main problem 

is quantification of geologic information; calculation and interpreta

tion of economic and related data, though essential in an exploration 

program, is <|@pt at a minimum.

The collection and analysis of all the data required to initiate 

a quantitative exploration program is, if possible at all, not possible 

for one individual within a reasonable length of time. The goal of this 

study is not the accumulation of quantitative data for use in explora

tion, but rather a better understanding of whether such accumulation is
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likely to be useful and feasible and, if so, how it can best be 

undertaken.

Terminology

This study pertains to all economic minerals, both metallic and 
non-metallie, and this fact is emphasized by use of the term "economic 

mineral deposits" rather than "ore deposits" in the title. However, for 

the sake of convenience and because the present trend is to extend the 

term "ore" to non-metallic minerals (American Geological Institute, 

1960), ore deposit is used synonymously with economic mineral deposit 

throughout this discussion. Many of the examples refer to metallic 

mineral deposits, but the principles discussed should apply to non- 

metallic mineral deposits as well.

The following two definitions, proposed by Schmitt (1954), are

used:
Mineral deposit - a mass of minerals or of a single mineral of 

economic or of potentially economic value.

Mineralization - (1) the process of or (2) the result of an induced 

change in a body of rock that results in (a) a mass of economic 

value, (b) a mass of potentially economic value or (e) masses of 

rock that are related to (a) and (b).

An ore deposit (or economic mineral deposit) can then be defined 

as a mineral deposit from which useful metals or minerals can be won at 

a profit.

Frequent mention is made of probability. The classical defini

tion of probability is given by Miller and Kahn (1962) as follows:



"The probability of an event is the ratio of the possible outcomes of 

the desirable event to the total number of possible events, when the 

events are mutually exclusive and equally likely." For example, the 
tossing of a coin can result in one of two possible outcomes, a head or 

a tail. If heads and tails are equally likely to occur, then the prob

ability of obtaining a head on any toss is one-half.

However, the classical definition of probability is of little 

value in many practical situations because the total number of each of 

the possible events is unknown and the events do not occur with equal 

likelihood. Even in the simple case of tossing a coin, one side is 

likely to turn up more often than the other because of inherent bias in 

the coin, so the probability of a head is not actually one-half (Feller, 

1957).
A more useful definition of probability is provided by the 

relative frequency concept. "In a series of random experiments, we 

should be able to assign a number £ to an outcome such that in many 

experiments, the relative frequency of the outcome will be almost equal 

to £" (Miller and Kahn, 1962). Thus if a coin is tossed 1,000 times 

and heads are observed 460 times, we can estimate that the probability 

£ of obtaining a head on any toss is about 0.46. The relative frequency 

concept of probability is the one used throughout this discussion.

Applied to exploration, this probability concept is illustrated 

by the following example. Suppose a study is made of 100 localities 

where geologic features X, Y, and Z are present. (X might be a 

particular type of igneous rock, Y might be a particular structural 

feature, and 21 might be a particular type of alteration.) The study



discloses that in 20 localities small ore deposits have been found, in 

3 localities medium-sized ore deposits have been found, and in 1 local

ity a large ore deposit has been found. The other 76 localities are 

known to be barren. Then if a new locality is discovered where features 

X, Y, and jZ are present, and the locality seems in all respects similar 

to the ones previously studied, the probability of discovering a small, 

medium, or large ore deposit can be estimated to be 0.2, 0.03, or 0.01 

respectively.

Present value "is the immediate (or valuation-date) worth of 

a future receivable income whether that income be an annuity extending 

over a period of time or a principal sum payable at a specified time" 

(Parks, 1957, p. 157). The present value of a mineral deposit is then 

the immediate (or valuation-date) worth of the future income to be 

obtained by mining the deposit. The three factors which determine 

present value are 1) amount of Income, 2) time, and 3) interest rate.

The term "expected value" has, in addition to its general 

meaning of anticipated worth, a specific meaning in probability theory 

(Feller, 1957, p. 207). In the context of exploration for ore deposits, 

the expected value of undiscovered mineralisation can be defined as the 

product of the present value of any mineralization that might be found 

and the probability that it will be found. For example, suppose that 

several ore deposits have been found in a certain mining district, and 

each of these deposits had a present value of $5 million at the time of 

discovery. If the probability is one-fifth that a similar deposit will 

be found at some unexplored prospect within the district, then the 

expected value of undiscovered mineralisation for that prospect is



$1 million. The two factors which determine expected value are 
1) present value of any mineralisation that might be found, and 2) prob 

ability that the mineralisation will actually be found. When the term 

"expected value" is used in this discussion, it is understood to have 

the specific meaning defined here, and not the usual general meaning.



THEORETICAL BACKGROUND

Review of Previous Literature

Quantification of geologic information has been used since the 

infancy of geology. For example, in 1833 Charles Lye11 subdivided the 

Cenozoic on the basis of quantitative paleontology (Dunbar, 1949;

Bailey, 1963). However, only recently has the idea been proposed that 

probabilities of ore occurrence can be calculated on a quantitative 

basis. '

According to H. E. Weather (1951), former Director of the 

U. S. Geological Survey, "... it is possible to estimate quantitatively 

the possibilities of future mineral discoveries ahead of physical 
exploration."

Banks (1955), stressing the need for quantification in petroleum 

geology, says: "Let us place numbers on as many rock properties and

other geologic items as we can, for the new, quantitative approach is 

not only desirable but indispensable for further development in geology."

Louis B. Slichter has repeatedly expressed the opinion that a 

quantitative approach is possible (Slichter, 1955, 1959a, 1959b, 1960; 

Slichter, Dixon, and Myer, 1962). In the 1960 Jackling Lecture he says: 

"We need to improve the art of comparing prospecting ventures in terms 

of the odds--in just one word, in terms of numbers" (Slichter, 1960).

According to Owen (1961):

Prospecting skill consists largely of ability to identify 
the factors responsible for existence and character of older 
fields, to recognize the fundamental conditions existing in the

7
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new area, and to make realistic analogies between the old and 
new. After years of experience the prospector makes such 
analogies almost intuitively, but they are based directly 
or indirectly on historical statistics which can be evaluated 
mathematically.

Cantwell (1962) concludes his description of a quantitative 

method of exploration by saying:

Necessary for this method are a number of statistics 
on occurrence of ore bodies, physical properties and geometry 
of ore bodies, and occurrence of non-ore bodies with ore 
characteristics. In general these statistics are not readily 
available, but determination of such probabilities will prove 
to be rewarding in optimizing exploration programs.

Coster and Weiss (1963) and Rove (1963) are more cautious in 

their appraisal of the quantitative approach. According to Coster and 

Weiss (1963):

It is the feeling of both authors that it may well be 
impossible to make the process of ore discovery completely 
quantifiable in the sense that statistical quality control in 
industrial manufacturing has developed to a practical procedure 
based on measurable quantities. At the same time, it appears 
that as exploration costs increase and outcropping ore deposits 
become more scarce, a growing influence must be assigned to 
mathematical statistical methods at the point where geologic 
inferences alone may prove inadequate and where erroneous 
conclusions are so much more severely punished financially than 
they have ever been before.

According to Rove (1963):

We need complete and standardized characterization of 
hundreds of copper, lead, zinc and other type® of mineral 
deposit's filed on standardized data punch cards. We would 
then, eventually, have access to usable, dependable numerical 
data that could be subjected to statistical analysis as a means 
of assisting (not replacing) the economic geologist's judgment 
in making his interpretations.

Turning next to published descriptions of attempts to quantify 

data for exploration purposes, we find that a variety of approaches have

been tried. Review of examples representative of the different



approaches serves as a starting point for detailed discussion of 

advantages and disadvantages of quantification and the problems it will 

entaf1.

Schmitt (1929) considers a statistical approach, among others, 

to the problem of predicting depth extension of oreshoots:

Statistical studies of all known, or rather described, 
oreshoots might make our ideas of extension more quantitative...
By such studies it might be practicable to express possibilities 
of extension in terms of chance or probability. Thus if a shoot 
is of a certain type, or size, or richness, for example, what is 
its chance for a given depth extension? Is is 1 in 10, or 1 in 
4? By going through all available literature on veins in Utah, 
data on the ratio of outcrop length to extension in depth for 
eight important shoots or lodes were found. The ratios of 
outcrop length to depth extension were 6:1, 4:1, 3:1, 5:7, 1:2,
1:2, 1:3, 1:4.

This brief study suggests that scarcity and variability of statistical 

data may be a problem.

Cooke (1947) uses an association index, A.I.. to measure the 

favorability of such features as cross faults, branch faults, troughs, 

domes, vein thickness, and the presence of various minerals as local

izers of high-grade zones in a gold vein. For a feature having a mapped 

area, the areal A.I. is

A.I.a = % Aw:af Aut

where at is the total area of the vein included on the map projection, 

af is the area of the feature on that projection, Auf is the high-grade 

production (ounces of gold) associated with the feature, and Aut is the 

total high-grade production mapped. For cross faults.
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where ah is the total area of high-grade shoots on a horizontal 

projection, JLh is the length of traces of cross faults intersecting the 

vein in high-grade ore, and It is the total length of traces of cross 

faults intersecting the vein. For features of scattered occurrence,

A.I .a =» — ■ x Siiah nt

where nh is the number of occurrences of the feature with high-grade 

ore, and nt is the total number of occurrences of the feature in the 

mine.
A volume association index, A.I.v. is also calculated to correct 

for the possibility that more high-grade production is associated with 

a particular feature simply because that feature usually occurs where 

the vein is thick.

The amount of high-grade production per unit area or per unit 

volume of the vein where a given geologic feature occurs is directly 

proportional to the A .1 .a or A.I.v of the feature. For example, where 

crushed quarts is present in the vein, the A.I.a is 4.7 and the A.I.v 

is 7.9. This means that where the vein contains crushed quarts, there 

is 4.7 times as much gold per square foot or 7.9 times as much per cubic 

foot as the average for the whole vein.

However, crushed quartz occurs at 50 localities in the mine and 

only 11 of them contain high-grade ore. Therefore, the probability that 

high-grade ore will be found in a crusbed-quartz area is only 0.22.

Cooke does not mention this probability concept, apparently preferring 

to calculate relative favorabilities rather than absolute probabilities.
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Callaway (1954) proposes that exploration decisions be based 

upon the relationship C = RN» where C is the cost of exploration^ R is 

the estimated chance of discovery by wise use of C dollars, and N is 

the net dollar value that can reasonably be expected for the discovery. 

The product RN is the expected value of undiscovered mineralisation as 

defined on p. 5. If RN is less than C, the situation is obviously un

favorable because a net loss is expected. The decision to spend the sum 

C would be made only if RN exceeds C. Callaway, realising the uncer

tainty in estimating R and N, suggests that the equation be used only to 

compare the relative merits of two or more prospects or the relative 

value of one prospect at successive stages of exploration, rather than 

to endorse or condemn a given prospect by literal application of the 

equality.

Obviously, use of this method requires a knowledge of the 

probability R that a deposit of value N will be discovered if C dollars 

are spent on exploration. Obtaining this knowledge is the main problem 

involved in use of the method.

Slichter (1955) investigates the problem of determining the 

best plan of drilling when Ma large area in a mining district is to be 

prospected with the drill blindly, in a situation where geological 

information is not obtainable otherwise for the choice of drill-hole 

sites.61 Most of his study is thus geometrical rather than geological 

and does not concern us here. However, to select an optimum plan, the 

expected value of the undiscovered ore must be known. Knowledge of the 

number, sise, shape, and value of orebodies which remain undiscovered in 

the region is required. Slichter suggests that this information "may be
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estimated on the basis of available evidence, such as experience in the 

given district, or in districts regarded as similarHis method thus 

combines quantitative treatment of the geometrical aspects of explora

tion with qualitative treatment of the geological aspects.

Allais (1957) attacks the problem of forecasting the economic 

prospects of exploration in the Algerian Sahara. The solution requires 

a knowledge of (a) expected frequency distribution of deposits accord

ing to their value, (b) expected frequency distribution of the number of 

deposits located in a given area, and (c) probabilities of success at 

three successive stages of the exploration program (search for indica

tors, analysis of indicators, and study of deposits).

Information about (a) and (b) is obtained from historical 

statistics on the value and location of ore deposits in France, North 

Africa, the American West, the whole United States, and the explored 

part of the world. Because the statistics are somewhat similar for the 

five areas, Allais concludes that geology has relatively little to do 

with the number and size of ore deposits in an area, provided the area 

is large.

Information about (c) "can be estimated from the information 

available to those who have had long experience in the field of mining 

exploration." Allais emphasises the fact that a very critical factor in 

determining the probabilities of success in the later stages of explora

tion is the thoroughness and wisdom with which possible indicators of 

mineralization are screened or "skimmed" to select some for detailed 

analysis. In fact, the success of the whole program could easily rest 

upon the skimming process. For the Sahara, Allais concludes: "If the
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operation of skimming is thorough enough, we can expect that the total 

cost of exploration will normally fall between 10 and 20 billion francs. 

A less thorough skimming might easily raise these costs by about 10 

billion." Moreover, Allais concludes that recognition of the indicators 

of the very large deposits is absolutely essential because the single 

most valuable deposit alone would account for 35 to 40 percent of the 

total value of all deposits.

Allais attempts to forecast the outcome of exploration of the 

Sahara conducted in the usual qualitative way. He uses quantitative 

information (historical statistics) to estimate the number and value of 
ore deposits that might be found in the Sahara, and qualitative informa

tion (judgment based on experience) to estimate the probabilities of 

success at various stages of the exploration program. Even if all of 

the information used were quantitative, he still would be forecasting' 

the outcome of a qualitative exploration program because he assumes the 

actual exploration would be conducted in the usual qualitative way. 

Recognition of two distinct levels of quantification is important:

(1) quantitative forecasting of the outcome of an exploration program, 

and (2) quantitative design and execution of the exploration program.

If quantification improves accuracy, then its use at level (1) can tell 

us more accurately what the outcome of our exploration effort is likely 

to be, but it cannot change that outcome. Its use at level (2), however, 

would change our technique of exploration and thus could change the out

come of the exploration program. Quantification at level (2) could 

improve our results, while quantification at level (1) could only 

improve our prediction of the results. Quantification at level (1) is



14
therefore a tool for the use of resource appraisers and economic 

analysts, while quantification at level (2) is a tool for the use of 

the geologist.

This distinction is brought out clearly by the findings of 

Allais mentioned above. Geologic information is believed to be of 

little importance in forecasting the outcome of exploration of the 

Sahara, but geologic knowledge of indicators of ore deposits (particu

larly of large ones) is extremely important in controlling that outcome. 

Therefore, if quantification has any merit at all, the geologist must 

apply it to the details of exploration, such as a better understanding 

of the favorability of individual indicators of ore, if he wants to 

improve his ability to find ore. The broader, non-geological level of 

quantification is of little use to the geologist.

Bates (1959) compares the location and size of Colorado Plateau 

uranium deposits known in 1944 with various features which might local

ize them, such as thickness of certain sedimentary layers, ratio of 

stream to flood-plain deposits, sediment grain-size distribution, and 

distance from nearest intrusion. Spearman's coefficient of rank corre

lation (Steel and Torrie, 1960, p. 409) is used to measure the degree of 

association between known ore deposits and the geologic features, and 

a map is drawn which outlines the favorable areas on the Colorado 

Plateau as determined by these features. Bates finds that 95 percent of 

all production before 1944 came from the outlined area, and 78 percent 

of all deposits found since then fall within it.

This correlation method seems to have much promise for deter

mining areas favorable for the occurrence of ore deposits. It has two
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important limitations, however. (1) The geologic features to be

correlated must be expressible in quantitative or at least rankable 

terms, such as thickness, percent, distance, or tonnage. Many geologic 

features are not usually expressed in such terms. (2) This method can 

show that certain geologic features are likely to be associated with ore 

deposits, but it does not show the probability that ore will be present 

if a given geologic feature is present. For example, although Bates 

finds that 95 percent of uranium production before 1944 came from the 

favorable areas he outlines, the exploration geologist wants to know the 

probability of finding ore if he explores within the favorable region. 

This probability is certainly not 0.95.

A similar but simpler method of delimiting favorable target 

areas for uranium exploration is described by Weir (1952). She indi

cates that the U. S. Geological Survey has used the method in its drill

ing program on the Colorado Plateau. More recently Weaver (1962) 

describes a rank correlation method for determining prime copper- 

prospecting areas, with the implication that it is being used by the 

Bear Greek Mining Company. Both methods have the same limitations as 

Bates1 method.

Koulomzine and Dagenais (1959) have compiled statistics from the 

"Canadian Mines Handbook" and from Canadian geologic maps which enable 

them to estimate the percentage of all claim groups which have actually 

yielded ore. They, find that "... 11.7 percent of all the properties 

listed in the ^Canadian Mines Handbook' in 1957 can be classified as 

'winners.' Ore has been found on them, is mined now, or has been mined 

in the past." However, the percentage is higher for properties on
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recognized favorable structures. In the Val d'Or mining area of western 

Quebec, 39 percent of the properties located on the Cadillac shear and 

41 percent of those associated with the Bourlamaque intrusions have 

yielded ore. The success ratio for properties in this mining area not 

;eoi|nected with the two major controlling features is only 16 percent.

This study is the first one to give us some idea of the chances 

of finding ore in different geologic settings. That is, it not only 

shows that certain geologic environments are more favorable for occur

rence of ore than others, but it also shows how favorable those environ

ments are--on an absolute rather than a relative scale. The study is 

therefore an important one in the development of our understanding of 

what constitutes the quantitative design of an exploration program. 

However, we obviously need to know more than just the percentage of 

claim groups yielding ore in different geologic environments.

Size of the claim groups must be considered. The probability 

that ore occurs within a claim group increases with increase in the area 

of the claim group, if all else remains constant. Perhaps the success 

percentage is 2% times as great near the Cadillac shear and the 

Bourlamaque intrusions because claim groups are 2% times as large in 

these areas as -elsewhere .

Geologic judgment is applied in locating most claim groups. 

Perhaps the geologists who staked claims near the Cadillac shear and 

Bourlamaque intrusions were aided by better exposure of bedrock, more 

obvious alteration halos, or better geochemical and geophysical anoma

lies than are found in the areas with lower success ratios. In other
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words, ore may not be more abundant near the two seemingly favorable 

structures but merely more easily recognized.

Knowledge of the tonnage and grade of mineralization discovered 

on each claim group is desirable because definition of the word "ore" 

rests on many economic factors which vary from time to time and company 

to company. The explorer must decide by his own standards whether a 

given mineral deposit constitutes ore. Therefore, statistics based on 

grade-tonnage descriptions are more useful for design of an exploration 

program than are statistics based on a simple ore and non-ore classifi

cation.

Information about other ore guides is necessary to pinpoint the 

most favorable areas near the Cadillac shear and the Bourlamaque 

intrusions. Statistics showing the favorability of these detailed ore 

guides would be helpful in the selection of drilling sites. Such 

information could save the cost of much random drilling near the two 

large targets.

Finally, we must remember that statistics of past discoveries 

show the number of deposit® which have been found but not the number 

remaining to be discovered. Therefore, historical statistics are not 

in themselves true estimates of the probability of finding ore in the 

future.

An alternative to the use of historical statistics for obtaining 

probabilities is presented by Grayson (1960). He suggests that when 

management wants the geologist's opinion of the chance of success in an 

exploration situation, this opinion can be obtained as a numerical prob

ability through the us© of a simple comparison test. The geologist is
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asked to decide whether he would rather wager on the proposed explora

tion situation or on some hypothetical gamble for which the probabil

ities of success and failure are stated. If he selects the exploration 

situation, presumably his knowledge, experience, and judgment tell him 

that the chance of success is better than that stated for the hypothet

ical gamble. By varying the odds on the hypothetical gamble, a point 

can be found where the geologist has no preference between the real 

exploration gamble and the hypothetical gamble. The personal probabil

ity he associates with the exploration gamble is then the same as the 

stated numerical probability for the hypothetical gamble.

Advantages claimed for this method of personal probabilities 

are: (1) the geologist need not believe that this particular situation

is the same as past situations (for example, he may believe that the 

probability of success is different from that indicated by historical 

statistics because most of the deposits in the area have already been 

discovered); (2) he can apply all of his knowledge to the problem, 

taking into account all information that pertains to the favorability or 

unfavorability of the prospect. Historical statistics may take into 

account little of such information.

However, the numerical personal probability obtained by 

Grayson's method is based upon only the judgment of the geologist and 

therefore cannot be considered really quantitative. The geologist is 

forced to translate his subjective "good chance for success" into an 

equally subjective "0.6 probability of success", but the number is 
probably no more meaningful than the adjective. The use of personal 

probabilities might improve communication between the geologist and
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management» but It would not Improve the geologist's knowledge of the 
probability of finding ore.

Grayson points out that the goal of one company may not be the 

same as that of another, and therefore a single decision-making formula 

will not find universal application. In fact, interviews with people 

at various management levels in 14 petroleum companies show that their 

goals often cannot be expressed in quantitative terms at all. Often the 

goals are indefinite; sometimes they are unknown.

Grayson also finds that attitude toward risk varies from one 

individual or one company to the next. One person may be willing to 

undertake an extremely risky venture if the possible reward is great 

enough. Another will undertake only a reasonably sure venture even 

though the reward is rather small. The expected values for both ven

tures may be identical.

Therefore, the criteria for making exploration decisions must 

be individual ones based upon the goals and inclinations of the decision 

maker. Certainly the management of a company has the right to choose 

the goals and policies of that company. However, the facts upon which 

decisions are based will usually include (1) the value of any mineral 

deposit that may be discovered and (2) the probability of finding that 

deposit.

Cantwell (1962), Celasun (1962), and Guenin (1962) present 

mathematical techniques that can be used to determine the exploration 

policy which will maximize the total expected net gain from a large 

exploration program. Use of the techniques requires a knowledge of the 

two facts mentioned above, value of expected deposit and probability of



finding it. Cantwell emphasizes the important concept that the proba

bility of finding an orebody is the product of the probability that an

orebody is present and the probability of detecting an orebody if it is 

present. He shows that the choice of policies for maximizing the net 

gain from the exploration program can be made without a knowledge of the 

probability that ore is present. However, simply knowing which is the 

optimum policy is not sufficient to design an exploration program 

because even the optimum policy may have less chance for producing a 

profit than is demanded by the mining company conducting the explora

tion. The expected net gain from the program can only be determined if 

we know both probabilities mentioned above. Cantwell and Celasun both 

stress the need for collection of statistics from which such probabil

ities can be obtained.

Coster and Weiss (1963) show how to calculate the expected net 

profit for an exploration program consisting of several major stages.

To use the method it is necessary to know the value of the mineral 

deposit that may be found and the probability that the decision will be 

made to continue the program at the conclusion of each of the major

stages. The authors suggest that at the start of the program these

probabilities could be based on historical statistics of number® of 

prospects which survive the first, second, and third years of explora

tion and the number which ultimately become mines. In later stages, as 

geologic information accumulates, the geologist in charge of the project 

would revise the probabilities by making an educated guess based upon 

his knowledge and judgment.



This method is preferable to the three just mentioned above 

because it estimates the expected value of the undiscovered deposit. 
Value of the deposit and probability of finding it must be known in 

order to calculate expected value, but Coster and Weiss give no sugges

tions for obtaining this information accurately and quantitatively.

The foregoing literature review indicates that we must know the 

probability that a mineral deposit of any specified value will be 

discovered in a given geologic environment if exploration programs are 

to be designed quantitatively so that expenditures can be balanced 

against expected results. Inadequate attention has been given to the 

problem of acquiring this knowledge and to the problem of whether the 

results are likely to justify the effort required. These problems are 

therefore the main topics of succeeding sections of this study.

Comparison of Qualitative and Quantitative 
Methods of Exploration

The qualitative method of exploration consists of (a) geologic 

examination of a region, district, or prospect (often accompanied by 

geophysical and geochemical study); (b) mental comparison of the find

ings of the examination with geological features of previously explored 

areas; (c) interpretation of these findings in accordance with geologic 

principles and theories; (d) estimation, on the basis of the foregoing 

mental conparison and interpretation, of the likelihood of finding an 

orebody; and (e) decision or recommendation to continue, modify, or 

discontinue exploration of the area.

The basic steps are thus examination, comparison, interpretation, 

estimation, and decision or recommendation. The same steps are followed
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in the quantitative method. The only difference is that comparison 

between the prospect area and previously explored areas is based on a 

formal compilation of numerical data, and this comparison results in 

a quantitative estimate of the probability of finding an orebody. Exam- 

ination, interpretation, and decision or recommendation are still 

required.
Therefore, investigation of the relative merits of the qualita

tive and quantitative methods is an investigation of the advantages and 

disadvantages of mental comparisons and estimates as contrasted with 

comparisons and estimates based on compilations of numerical data.

Qualitative Method

An obvious advantage of the qualitative method is that no formal 

compilation of data is required. For the quantitative method it is 

necessary to know how often mineral deposits of various grade-tonnage 

dimensions are found associated with various combinations of geologic 

features. Compilation of this data would undoubtedly be very laborious. 

On the other hand, an experienced geologist may be able to mentally 

organize his knowledge very quickly with little conscious effort and 

arrive at the required evaluation of the likelihood of finding ore where 

given geologic features are present. Moreover, mental evaluation can 

take into account all of the relevant facts which the geologist has at 

his disposal, whereas the effort required to make formal compilations 

would probably limit them to inclusion of fewer variables.

Another advantage of the qualitative method is that changing 

conditions can easily be taken into account. Ability to act quickly
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upon new information, changes in demand for minerals, innovations in 

recovery methods, or price increases is often essential to success in 

the competitive mining industry. When a prospecting rush begins, the 

geologist who takes time to compile statistics of ore occurrence may be 

left far behind by those employing more approximate exploration methods. 

If the rush is for a mineral which has previously been produced only in 

small quantifies, historical statistics may be almost completely 

lacking.

The geologist may have reason to believe that present chances 

for success are different from those of the past. As previously 

mentioned, the probability of finding an orebody depends upon both the 

probability that an orebody is present and the probability that it will 

be detected if it is present. Therefore, the probability of finding ore 

may be less today than in the past because many deposits have been found 

and mined, and the number remaining to be discovered is correspondingly 

decreased. On the other hand, the number of ore deposits remaining may 

have increased because of lowering of production costs and increase in 

metal prices. The probability of finding ore may also have increased 

because the probability of detecting ore is greater today due to 

improvement in exploration techniques. If the quantitative method of 

exploration employs only compilations of historical statistics without 

consideration of changing conditions, it will lack the flexibility of 

the qualitative method.

One other advantage of the qualitative method is its ability to 

use theories as well as known relationships. Although search for ore is 

often a search for geologic features known to be correlated with ore, it
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is not necessarily limited to search for such features. For example, 
recent successful exploration for diamonds off the coast of Southwest 

Africa was based on the theory that diamonds in nearby beach deposits 

had come from offshore diamond pipes rather than from the interidr by 

way of the Orange River (Engineering and Mining Journal, 1963). Statist 

tics about known diamond deposits would probably have been useless for 

predicting the probability that offshore diamond deposits would be 

found. The quantitative! method requires a background of known ore 

deposits in geologic environments similar to the one under investiga>= 

tion; the qualitative method does not.

This advantage of the qualitative method applies to only a 

limited number of exploration situations, however. When exploration is 

for a mineral which has had little commercial importance in the past but 

which now offers attractive exploration opportunities (this was the case 

with uranium in the 1950's) or when exploration is in an area which has 

not been prospected in the past (such as the offshore diamond area), 

chances are fairly good that important mineralization can be discovered 

by inexpensive reconnaissance methods of prospecting. In such situa

tions prospecting based on untested hypotheses or even hunches may be 

financially justified. On the other hand, when an area which has been 

extensively prospected in the past is explored for minerals which have 

long been of commercial importance, deposits are likely to be suffi

ciently difficult and expensive to find that a better knowledge of the 

relationship of ore to other geologic features is needed.

The main disadvantage of the qualitative method is that it may 

lack accuracy. Absolute accuracy in predicting where ore will be found
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is probably unattainable; but if the geologist bases his estimate of the 

probability of finding ore upon M s  knowledge of where ore has been 

found in the past, then his estimate is likely to be more accurate if it 

is based upon factual records of all known situations similar to the one 

currently under study, compiled and analysed for the express purpose of 

predicting the probability of finding ore, rather than upon an approxi

mate mental evaluation of those ore occurrences known to the geologist 

through experience and reading. The mental evaluation is likely to be 

inferior to the formal compilation because of limited experience, biased 

experience, and biased evaluation.

The experience of every geologist is limited to some degree 

because he is not thoroughly familiar with all known mineral deposits 

and all known unmineralised areas. The beginning geologist is partic

ularly handicapped in this why, but obviously no geologist can mentally 

record, recall, and correlate all of the known facts pertaining to 

mineral deposits. The larger the number of pertinent facts brought to 

bear upon a problem, the more likely it is that the problem will be 

correctly solved. Expressed in statistical terms, the larger the sample 

drawn from a population, the more likely it is that the sample will be 

a good estimate of the character of the population. The personal knowl

edge of any geologist is a smaller sample from the population of all 

geologic facts than is a compilation of all information which has been 

gathered by all geologists. A geologist using the quantitative method 

of exploration would attempt to use all available pertinent data in 

estimating the probability that ore will be found at a particular 

locality. A geologist using the qualitative method would rely upon that
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portion of his own education, experience„ and reading that he could 

recall.

For example, suppose that a small quarts moazonite intrusion 

with strong sericitic alteration is observed during brief reconnaissance 

of a prospect area. Before recommending more detailed examination, the 

geologist would like to know the probability that an orebody mill be 

found. If he uses the quantitative method, he would consult statistical 

data showing the percentage of all known occurrence® of small quarts 

monzonite intrusions with strong sericitic alteration which have ore 

deposits associated with them. If he uses the qualitative method, he 

would estimate the proportion of such intrusion® that he has observed 

or has read about which have ore deposits associated with them. His 

qualitative estimate is based upon less information than is the quanti

tative estimate.

Besides being more'limited, the geologist's experience is likely 

to be more biased than the formal compilation of data. The example just 

cited shows that information is needed both about areas where ore 

deposit® are found and about areas where ore deposits have not been 

found. Throughout his education the economic geologist is exposed to 

descriptions of ore deposits and of accompanying geologic features which 

can be used as guides to ore. He may hear little, however, about local

ities where these same ore guides are found unaccompanied by ore. When 

the geologist starts to work for a mining company, he often begins as 

a mine geologist, observing and recording geologic features associated 

with a known ore deposit. Not until he has advanced to the exploration 

department and has directed both successful and unsuccessful exploration



program® does he begin to appreciate fully the fact that ore deposits 
are not always found where ore guides are present. Up to this time, his 

training and experience have taught him to answer the question: What

geologic features are usually found associated with ore deposits? In r 

reality, he needs to answer the question: How often are ore deposits

found associated with these geologic features? Almost inevitably, his 

answer to the latter question will be unintentionally biased because he 

has spent so much time learning that certain geologic feature® are found 

with ore deposits and so little time learning that they are also found 

where ore deposits do not exist.

In addition to this bias in the background of the exploration 

geologist, unintentional bias is also likely to occur when the geologist 

attempts to mentally evaluate his information and apply it to a specific 

exploration situation. He may have experience with both large and small 

ore deposits where the geology is similar to that at the prospect he is 

now examining. He may also have seen both large and small financial 

losses resulting from his endorsement of similar prospects in the past. 

Probably the geology of these past successes and failures varied some

what, such as in the intensity of fracturing or alteration, or petrol

ogy of host rocks. The geologist must take all of these variables into 

account in arriving at his estimate of the chances for success in the 

situation at hand. The problem is similar to that of glancing at a 

column of numbers and then, without adding them, attempting to estimate 

their average. The estimator may place undue emphasis upon the large 

numbers in the column or upon the small ones and unintentionally bias 

his estimate. The geologist may place undue emphasis upon a
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particularly successful or particularly unsuccessful past project and 

similarly bias his estimate. Such bias is not inevitable, but it can 

frequently occur when the subjective element in estimation is not 

expressly guarded against by use of quantitative data.

Quantitative Method

The advantages of one method are the disadvantages of the other, 

but the following concepts are not discussed above because they are more 

appropriately mentioned as part of the quantitative method. Advantages 

claimed for the quantitative method are only potential advantages and 

are contingent upon overcoming the disadvantages of the method and 

actually making it usable.

Use of the quantitative method provides a detailed compilation 

of data that shows the degree of correlation between various geologic 

features and mineral deposits. This compilation forms a quantitative 

basis for estimating the probability of discovering ore deposits that 

is likely to be more accurate than a qualitative estimate baaed upon 

the same basic information or a portion of it for the reason® explained 

in the preceding section. Presumably this increased accuracy can reduce 

exploration costs by eliminating expensive drilling and other investi

gation of localities which do not warrant such activity.

At this early stage in our study of the quantitative method, 

prediction of potential savings in exploration cost is not possible, but 

a study of the magnitude of current exploration expenditures furnishes 

some idea of the maximum savings to the mining company that could result 

from reduced exploration expense.
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Table 1 shows expenditures for exploration and development as

a percentage of principal expenses for various segments of the minerals

industry; the data are from the U. S. Bureau of the Census (1961). 

Exploration and development is_a large cost item (18.4 percent of

principal expenses) in the oil and gas industry; it is a small item

(0.7 percent) in nonmetallic minerals mining, and it is moderately 

important (3.5 percent) in metal mining.

The census does not list exploration expenditures separately, 

but development expense is probably a significant part of the combined 

exploration-development figure for metal mines. According to Tyler 

(1959): "A review of numerous cost sheets tends to indicate that

development costs at large underground mines may average between 5 and 

15 percent of the total operating cost, but there are mines where cur

rent development costs as much as stoping." The contradiction between 

Tyler's statement and the 3.5 percent combined exploration-development 

figure given by the census probably results from differences in defini

tions of development, principal expenses, and total operating cost. 

However, we are probably justified in concluding that exploration 

expense does not exceed 1 or 2 percent of the total principal expenses ■ 

for metal-mining companies.

Exploration expense assumes greater importance when compared 

with net income, however. Table 2 shows that average exploration and 

research expenditures for four major mining companies range from 6.8 to 

18.2 percent of net income after taxes for the years listed in the 

table. If use of the quantitative method can substantially reduce ex

ploration costs, then profits can be increased by a significant amount.
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Table 1.-"Relation of exploration and development expenditures to 

principal expenses for various segments 
of the minerals industryB 1958.

/Data from U. S. Bureau of the Census, 1961, United States 
census of mineral industries--1958, v. 1, p. 1-67

Principal
expenses®
($1,000)

Exploration
and

development
expenditures
($1,000) Percent

All mineral industries0 10,231,181 1,140,198 11.1
Metal mining 1,281,064 44,228 3.5

Iron 380,326 10,913 2.9
Copper 360,343 9,720 2.7
Lead and zinc 106,978 4,160 3.9
Gold and silver 32,533 1,181 3.6
Bauxite 6,275 24 .4
Ferroalloys 68,364 1,303 1.9
Miscellaneous metals 304,728 16,927 5.6

Anthracite coal 260,593 3,818 1.5
Bituminous coal and lignite 1,762,421 9,058 .5
Oil and gas 5,836,521 1,075,313 18.4
Nonmetallic minerals 1,090,582 7,781 .7

a. Principal expenses include wages and salaries, minerals 
received for preparation, supplies and purchases for resale, fuels, 
electricity, and contract work. Not included are such costs as 
advertising, insurance, telephone service, research and consulting 
services, depreciation, rent, interest, and royalties.

b. Exploration expenditures do not include expenditures for 
land and mineral rights.

c. Mineral industries include establishments engaged in mining, 
quarrying, well operation, mineral preparation, exploration, and devel
opment. Smelters, refineries, and plants producing cement, brick, tile, 
pottery, or dressed stone are not included.

d. Principally uranium-radium-vanadium ores.
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Table 2 -Relation of exploration expenditures to net income 

for four major mining companies.

/.Data from company annual reports/

A. American Smelting and Refining Co.

Year

Net income 
after taxes 
($1,000)

Exploration and 
research expense ($1.000) Percent

1962
-1961
1960
1959
1958
1957
1956
1955
1954
1953
1952

27,721
21,422
23,744
12,980
17,280
24,967
39,827
33,529
21,478
19,112
32,340
274,400

2,815
2,654
3,292

2,715

6.355
37,722

B. American Metal Climax, Inc.

Year

Net income 
after taxes 
($1,000)

Exploration and
research expense 

($1,000) Percent

1960
1959
1958
1957
1956
1955

38,705 
30,833 
18,250 
27,895 
23,859 
19,810 
159,352

6,951
5,223
5,202
6,091
3,449
2,097
29,013

21.8



Table 2 -Continued.

C . Kenneeott Copper Corp.

Year

Net income
after taxes 
($1,000)

Exploration, 
research, and 
miscellaneous 

expense 
($1,000) Percent

1962 65,655 6,241 9.5
1961 61,897 6,302 10.2
1960 77,362 7,158 9.3
1959 57,340 5,456 9.5
1958 60,121 3,946 6.6
1957 79,252 7,187 9.1
1956 143,154 7,101 5.0
1955 125,516 4,964 4.0
1954 77,906 4,367 5.6
1953 88,754 4,038 4.5

836,957 56,760 6.8

D. Mewmoat Mining porp.
Net income Exploration and
after taxes research expense

Year ($1,000) ... ($1*000) Percent

1962 10,386 951 9.2
1961 14,899 813a 5.5
1960 12,313 3,636 29.5
1959 11,182 847 7.6
1958 10,613 976 9.2
1957 14,160 870 6.1
1956 17,085 1,308 7.7
1955 11,796 777 6.6
1954 9,787 523. 5.3
1953 ,8J>23 1,321 15.3

120,844 12,022 9.9

a. Includes losses realized on investments in affiliated 
companies amounting to $3,019,284.
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Any reduction in unwarranted drilling expense resulting from 

better knowledge of probabilities of ore occurrence might well be offset 

by the added cost of obtaining and analyzing the necessary statistical 

data. Therefore, the annual expenditure of the exploration department 

of a mining company might not be reduced by a change from the qualita

tive to the quantitative method of exploration.

However, the significant measure of exploration cost is not 

annual exploration expenditure but exploration expenditure per ton of 

ore discovered. More accurate knowledge of the probability of discov- . 

ering ore should permit greater concentration of exploration effort in 

the most favorable areas and should therefore increase the number of 

ore deposits found for a given expenditure of effort.

For example, suppose that a mining company now spends $2 million 

a year for exploration and discovers a major ore deposit approximately 

every ten years. Using the quantitative method and spending the same 

amount on exploration each year, the company might discover one major 

deposit every seven years. The exploration cost per ton of ore found 

would be decreased, and the annual net income of the company would be 

substantially increased.

The probability that ore will be found at a given prospect 

would at first seem to be independent of how accurately we know that 

probability. This is not true, however, because of the economic impli

cations of the word "ore". If exploration uncertainty is reduced by 

more accurate knowledge of the probabilities of ore occurrence, then the 

present value of any mineral deposit under investigation is increased. 

This, in effect, increases the number of mineral deposits which are ore
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deposits and thus increases the probability of finding an ore deposit.

Consider, for example, the calculation of expected value of 

undiscovered ore. As mentioned previously (p. 5), expected value is the 

product of present value of any ore that might be found and the proba

bility that it will be found. Suppose that we have studied the geology 
of a certain prospect and have compiled statistics which indicate that 

in one-tenth of all areas with geology similar to this prospect ore has 

been found which could yield an annual income of $1,000,000 for 20 years. 

We therefore have good reason to believe that the probability is 0.1 

that such an ore deposit will be found at the current prospect. We want 

to snake an interest rate of 8 percent on our investment, so the present 

value of the ore deposit, if found, is $9,818,100 (Parks, 1957, table 

4). Because the probability of finding such a deposit is only 0.1, the 

expected value of the deposit is $981,810.

On the other hand, suppose that we have not compiled statistics 

from which to estimate probability. We believe that the probability of 

finding an ore deposit is 0.1; but we have no quantitative data to 

support this belief, and our estimate is therefore rather uncertain.

To compensate for this uncertainty, we might use a higher interest rate, 

perhaps 12 or 16 percent, when computing present value. For these 

interest rates, the present value of $1,000,000 a year for 20 years is 

$7,469,400 or $5,928,800 respectively, and the expected value is 

$746,940 or $592,880.

Uncertainty can therefore, in effect, decrease the value of a 

deposit, and conversely greater certainty can increase i t. Uneconomic 

mineral deposits can thus become ore deposits when probabilities of
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discovery are more accurately known. The chances for ore discovery and 

the mineral resource wealth of the nation are increased.

Another benefit from use of the quantitative method is a better 

understanding of ore deposits and their origins. Any theory of ore 

genesis must be supported by field observations, including any signif

icant correlations observed between ore deposits and other geologic 

features. For example, the frequent association of ore deposits with 

igneous rocks is important evidence supporting the hydrothermal theory.

A concentrated search for and tabulation of significant correlations 

would supply evidence which would further refine our concepts of 

genesis.

All scientific studies use correlations, or observed relation

ships, to prove or disprove hypotheses. Testing of hypotheses is a 

basic feature of the scientific method. But a single observation of 

a relationship is rarely significant by itself. For example, a single 

instance of an ore deposit occurring near an igneous rock is not suffi

cient to prove that there is a significant relationship between ore 

deposits and igneous rocks. On the other hand, even if all ore deposits 

were related to igneous rocks, we would not expect to find an ore 

deposit near every igneous rock nor an igneous rock near every ore 

deposit because of accidents of faulting and erosion. Failure to 

observe the relationship at some deposits does not cause us to reject 

the hypothesis, and observation of it at one or a few deposits may not 

give us sufficient cause to accept the hypothesis. How consistent must 

the relationship be, then, to be significant evidence in support of the 

hypothesis? Statistical analysis can supply the answer, as it has



for similar questions in other sciences (Steel and Torrie, 1960).
Statistical analysis can he a powerful tool in scientific 

inquiry, but its use requires quantitative data. Scarcity of such data 

is probably the reason that little use is made of this tool in economic 

geology. Data collected for use in the quantitative method of explora

tion relieves this scarcity and can lead to significant additions to our 

understanding of ore deposits. Not only can we better evaluate the 

significance of the evidence cited in support of hypotheses of ore 

genesis, but we can also undoubtedly discover new evidence through our 

efforts to tabulate correlations between ore deposits and other geologic 

features.

The principal disadvantages of the quantitative method have 

already been discussed as advantages of the qualitative method and need 

not be repeated here. These disadvantages are the result of two prob

lems which attend the use of the quantitative method; (1) limitations 

of statistics of past discoveries as estimators of present probabilities 

of ore discovery, and (2) difficulty of obtaining and using appropriate 

data. The two problems are now considered in detail because use of the 

quantitative method requires overcoming or at least compensating for 

them.

Limitations of Historical Statistics as Estimators
of Probability

The example used previously (p. 4) to illustrate the relative 

frequency concept of probability was a simplified example of the type 

of information needed to quantitatively design an exploration program.

If it is known that the probabilities of finding small, medium, and
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large ore deposits are 0.2, 0.03, aad 0.01 in localities where geologic 

features X, Y, and Z are present, then exploration in localities con= 

taining X, Y, and Z can be conducted by the quantitative method.
However, the problem is more difficult than merely counting small, 

medium, and large ore deposits that have been found in the past because 

of the economic implications of the word "ore" and because a count of 

known ore deposits shows the number found in the past but not the number 

remaining to be found.

Variable Economic Factors
Tabulation of the number of ore deposits which have been found 

in a given geologic environment must take into account the siae of those 

deposits. A few previous discoveries of porphyry copper deposits, for 

example, are of much greater significance than many discoveries of small 

copper veins. The illustration given above mentions small, medium, and 

large ore deposits, but these terms would be inadequate in a practical 

exploration situation.

An ore deposit is a mineral deposit from which useful metal® or , 

minerals can be won at a profit. The size or value of an ore deposit 

therefore depends on economic factors as well as on the physical and 

chemical characteristics of the deposit. The characteristics of the 

deposit are fixed; but the economic factors vary with time. For 

example, Tyler (1959) states: "Whereas a half century before, a deposit

carrying 2 percent copper was of doubtful value, orebodies that yield no 

more than 12 lb of copper per ton are being exploited successfully 

today." On the other hand, he says:
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Many gold mines in the southeastern United States were picked 
clean before the Civil Mar by plantation workers who had to be 
fed during the winter and who had no other useful outlet for 
their energy. Under such circumstances it paid to work ores 
that were far too low-grade to yield a profit under present- 
day conditions. Except where the rock was too hard for hand 
drilling, or the flow of water was too great for primitive 
pumps, or the ores were refractory, no amount of modern 
equipment or know-how can, in general, offset the higher wages 
that must be paid today. The traditional benefits of modern 
machines and mass production methods, moreover, are likely to 
prove illusive when it comes to mining small or erratic ore- 
bodies.

The gold mines of the southeastern United States produced 

a total of $45 million (Becker, 1895), but many of them would not be ore 

deposits under present conditions. Stringham (1958) lists 107 mining 

districts in the Basin and Range provinc^, each of which has produced 

more than $3 million. If the deposits were discovered today, would they 

contain more or less mineable ore than at the time they were actually 

mined? How many of them would not be ore deposits at all today? On the 

other hand, how many of the small, high-grade producers of the past 

could be mined as larger, lower grade deposits today? Because the 

largest and most valuable ore deposits are sometimes of the lowest 

grade, small economic changes can turn very large tonnages of ore into 

waste or waste into ore*

If probabilities calculated from historical statistics are to be 

truly meaningful for present or future exploration situations, variable 

economic factors must be sgparated from the fixed characteristics of the 

deposits. In other words, deposits must be tabulated according to 

tonnage and grade rather, than total value of production. Appropriate 

economic factors can then be considered at the time the prospect is 

evaluated.
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This requirement makes the tabulation of the required data much

more difficult. Mineral deposits' are rarely uniform in grade. Vein

deposits usually have high-grade shoots surrounded by lower grade

mineralisation. In porphyry copper deposits, the grade may decrease

outward from the center of mineralisation. Richard and Courtright

(1954) describe such a situation at Silver Bell, Ariz., where two ore-

bodies occur within a large altered zone;

At least a few hundredths of 1 percent copper is present 
nearly everywhere in the altered zone; better values occur 
where there are mineralized fissures and the best values 
where the fissures are close-spaced. The two comparatively
large groups of these close-spaced structures coincide with
the positions of the two brebodies.

Because the total tonnage and average grade of ore contained in 

a mineral deposit depend on variable economic factors, a statement of 

the grade-tonnage distribution, rather than of total past production and 

average grade, is the most useful description of a mineral deposit when 

predictions of future discoveries are made on the basis of past discov

eries. But assay data necessary to determine the grade-tonnage distri

bution for defunct mines, or even for operating ones, may be impossible 

to obtain. Tonnage and grade figures are confidential information and 

are rarely published. A particularly difficult situation arises when 

economic conditions permit the mining of material of lower grade than 

has previously been possible. Because the material has never before 

been of commercial importance, knowledge of its grade and tonnage will 

be especially meager. Yet utilization of lower and lower grade material

is likely to be the general trend in the future, as it has been in the

past.
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One possible way to overcome the unavailability of gradestonnage 

distribution information is to reconstruct it from yearly production* 

average grade„ and reserves figures when these are available. Lasky 

(1950) applies this method to porphyry copper deposits and explains the 

procedure as follows:

With respect to the porphyry copper deposits, constantly 
improving efficiency in mining and processing has made it 
possible to mine each year, on the average, lower-grade 
material than was mined the year before. As a result, each 
year (again, on the average) the estimate of reserves is based 
on a lower cutoff than for the year before and has a lower 
average grade...

When the material estimated as reserves at any particular 
time is added to and averaged with the ore produced to that 
time, the resulting figure can be said to approximate the total 
amount of material in the deposit at that average and corres
ponding cutoff grade. Inasmuch as ever lower-grade material 
is mined from year to year on the average and is included in 
succeeding reserve estimates, each succeeding ’total1 value 
shows a greater figure for tonnage and a lower figure for 
average grade. When the tonnage is plotted against the average 
grade, there results a curve that corresponds to equation:

G == ** Kg log T
wherein T is the tonnage produced to any given time plus the 
estimated reserves, G is the weighted average grade of this 
tonnage, and K|_ and Kg are constants to be determined for each 
deposit. — -

Figure 1, taken from Lasky (1950), shows the relationship of 

grade to tonnage for 10 American porphyry copper deposits calculated 

according to the above procedure. Three fairly distinct groups of 

deposits can be distinguished: one containing a, b, £, d, and _f$ the

second containing j[, e, and j|j and the third containing h and i_. These 

groupings are based upon fixed characteristics of the deposits rather 

than upon economic factors? thus they are suitable for making predic

tions about future ore discoveries,
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Figure 1 .--Grade-tonnage relations of 10 American porphyry
copper deposits.

/Ordinate scale left off to avoid revealing Identity 
of individual deposits. From Lasky (1950)^/
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Unfortunately $ the information needed for use e>£ Lasky's method 

is almost as difficult to obtain as mine assay data. Lasky used confi

dential production and reserves records which were available to him as 

Chief of the Mineral Resources Section of the U. S. Geological Survey. 

The U. S. Bureau of Mines receives confidential production and reserves 

data from operating mining companies. The reported reserves figures, 

however, probably do not represent actual total reserves in many cases 

because mining companies are reluctant to prove up reserves much in 

advance of mining because of the higher taxes which would be incurred 

and the tying up of capital in the extensive sampling required 

(M. H. Salsbury, oral communication). Unavailability of suitable 

Statistical information therefore prevents the use of even Lasky's 

approximate method, unless the work is done by the federal government 

and with an understanding of the limitations of the reserves figures.

In view of the difficulties involved in obtaining grade and 

tonnage figures, there seems to be no recourse but to use the less 

desirable total-value or total-tonnage statistics that are available for 

most mining districts. Making this concession decreases the accuracy of 

the probabilities that are calculated and thus weakens one of the main 

advantages of the quantitative method of exploration.

Discovered and Undiscovered Deposits

A second limitation of historical statistics for probability 

calculations is that they show the number of deposits which have been 

found in the past but not the number remaining to be discovered.
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Suppose, for example, that a study is made to determine the 

probability that a large copper deposit will be found in an area exhib

iting strong hydrothermal alteration. First it is necessary to distin

guish clearly between the Study region and the exploration site. The 

study region is some geographical region in which a study is made to 

determine the proportion of all known altered areas which are accom

panied by large copper deposits. The exploration site is the locality 

where exploration will actually be conducted. We want to know the 

probability that a large copper deposit is present if strong hydro- 

thermal alteration occurs at the exploration site. Presumably the 

geologic characteristics of the study region and the exploration site 

must be similar if an extrapolation is to be made from one to the other.

A count can be made of the total number T of known altered areas 

in the study region and the number D of them where large copper deposits 

are found. The proportion of altered areas known to have associated 

deposits is then D/T, and this might be interpreted as the probability 

that a large copper deposit is present where strong hydrothermal altera

tion occurs at the exploration site.

This interpretation is not necessarily correct, however. Prob

ably some of the T altered areas in the study region are accompanied by 

copper deposits that have not yet been discovered. If U is the number 

of undiscovered deposits among the T altered areas, then the true pro

portion of altered areas accompanied by deposits is (U+D)/T. This pro

portion is an estimate of the probability that a deposit is associated 

with a previously unknown altered area discovered at the exploration 

site.
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Because some of the known altered areas in the study region may 

be accompanied by undiscovered deposits6 exploration for deposits among 

these known altered areas may be considered. The (T*»D) altered areas 

where deposits have not yet been found contain 0 undiscovered deposits, 

so the probability that a deposit is present at any one of them is 

U/(T-D).

Therefore, whether the exploration site contains a newly 

discovered altered area or contains one of the known altered areas in 

the study region, the probability of occurrence of a deposit cannot be 

calculated unless the number of undiscovered deposits is known.

What would happen if D/T, the proportion of known altered areas 

containing known deposits, is erroneously used to estimate the two 

probabilities (0+D)/T and U/(T-D)? In the first case, the true proba

bility would always be underestimated, but as more and more deposits are 

found in the study region D would Increase and U would decrease until 

finally all deposits in the study region are known and a true estimate 

can be made of the probability of occurrence of a deposit at the explo

ration site. In the second case, D/T Would accurately estimate the 

probability U/(T-D) only when

D/T = 0/(T-D)

or 0/0 = T/(T-D).

That is, the estimate would be accurate only when the ratio of discov

ered to undiscovered deposits in the study region equals T/(T-D), which 

nearly equals one if D is small compared to T. Therefore, the estimate 

is accurate if about half of the deposits in the study region have been 

discovered. If less than half of the deposits have been discovered, the
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true probability is greater than that estimated, and if more than half 
have been discovered, the true probability is less than that estimated.

Some means of determining the number of undiscovered deposits in 

the study region is necessary if an accurate estimate of probability is 

to be made. That deposits remain to be found in the explored regions of 

the world is shown by the fact that discoveries are frequently made in 

these regions. According to Nolan (1961); "Each year new discoveries 

on the outcrop remind us that all of the ore deposits that lie beneath 

exposed areas have not yet been discovered." If nearly all deposits had 

been found, the frequency of discovery would be very low.

This relationship between number of undiscovered deposit® and 

amount of effort required to find an additional deposit is used by Arps 

and Roberts (1958) to predict the number of oil fields remaining to be 

discovered in the Denver-Julesburg basin. They postulate that the prob

ability of finding an additional field of .'size A, for each additional 

wildcat drilled, is proportional to the number of undiscovered fields 

of that size and to the areal extent of the fields. The following 

relationship is obtained;

Fw = FQ(l-e-CAW)
where Fy is the number of fields of size A that have been found when W 

wildcats have been drilled, Fq is the total number of fields of size A 

that exist in the region, e is the base of natural logarithms, and C is 

a number whose value depends on the exploration method used. For random 

drilling within the general productive region (Denver-Julesburg basin),

C equals 1/B, where B is the area of the general productive region.

When drilling is controlled by geological and geophysical information.
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the chances for discovery are Improved. Statistics compiled by the 

American Association of Petroleum Geologists show that the average 

success ratio for wildcatting controlled by geology and geophysics is 

2.75 times that for uncontrolled drilling. Arps and Roberts feel that 

this figure should be reduced to about 2.0 for the Denver-Julesburg 

basin because in this basin oil occurs mainly in stratigraphic rather 

than structural traps, and the stratigraphic traps are more difficult 

to detect by geological and geophysical methods. For controlled drill

ing, therefore, C equals 2/B.

Because Fy» A, and B are all known, Fq can be calculated. 

Subtracting Fy from Fq gives the number of undiscovered fields remain

ing .
The petroleum industry collects and publishes statistics on the 

number of productive and dry holes drilled annually and their locations. 

Without this information the method postulated by Arps and Roberts could 

not be used. Unfortunately, other segments of the minerals industry do 

not compile this type of information. If mining companies could be 

persuaded to furnish exploration information for compilation, the as

sistance this information would give to future exploration programs 

might outweigh any competitive advantage enjoyed by keeping the inforaia- 

tion confidential.

Up to this point we have been discussing the probability that 

a deposit occurs where a given geologic feature is present. However, 

as mentioned previously, the probability that a deposit will be discov

ered depends not only on the probability that a deposit is present but 

also on the probability that it will be detected. Arps and Roberts
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illustrate this concept when they reduce the success advantage of 

geologically and geophysically controlled drilling from 2.75 to 2.0 
because of geologic conditions in the Denver-Juleaburg basin which make 

oil fields there difficult to detect. Probability of detection of 

various types of deposits by various exploration techniques could be 

calculated if adequate records were available of the results of many 

successful and unsuccessful exploration programs employing the various 

techniques. Case histories of successful programs, which are usually 

the only ones reported in the literature, are not adequate in themselves 

to Show the effectiveness of exploration techniques.

Obtaining and Using Geological Data 

Type of Data Required

If the problems pertaining to variable economic factors and 

undiscovered mineral deposits can be overcome, problems connected with 

the collecting of statistics of geologic features which are associated 

with mineral deposits will still remain.

Table 3 lists some geologic features which may be important in 

the search for certain types of mineral deposits. Not all features 

apply to any one mineral deposit. Geophysical and geochemical features, 

which are used in many exploration programs, are not included. The 

table is not a complete list of geologic features important in explora

tion but is only intended to show the large number of features that the 

geologist uses in ore search.

The quantitative method of exploration will be at a disadvantage 

compared with the qualitative method if it fails to take into account



Table 3 .— Some geologic features important in the search
for mineral deposits.

Structural features 
Geosynclines 
Plateau margins 
Lineaments
Lineament intersections 
Fractures 

Attitude
Changes in attitude 
Displacement 
Intersections 
Intensity of fracturing 
Relation to wall-rock structures 
Fracture pattern 
Tension openings 

Folds
Fold axes 
Domal structures 
Drag folds 

Contacts
Impermeable barriers 
Unconformities 

Intrusion features 
Cupolas 
Roof pendants 
Mode of emplacement 

Host rocks
Chemical characteristics
Texture
Competency
Age
Permeability
Minor sedimentations1 features 

Alteration
Mineralogy 
Intensity 
Zonal arrangement 

Physiographic features 
Depressions 
Eminences 
Outcrops 
Climate 
Soil color 
Erosional history 

Zonal arrangement of deposits 
Metalldgenetic provinces 
Proximity to known deposits
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all pertinent geologic clues available, or at least all of the moat 

important ones. For each geologic feature thought to be important in 

the localization of the type of orebody sought, one must determine (a) 

the number of known occurrences of the,feature, and (b) the number of 

them which have related mineral deposits.

Availability of Data

Because literature on the geology of ore deposits is extensive, 

the number of occurrences of a geologic feature which have associated 

mineral deposits is not difficult to obtain. On the other hand, deter

mining the number of occurrences of a geologic feature which do not have 

associated mineral deposits is much more difficult. Areas devoid of 

known mineral deposits are usually less well mapped than mineralized 

areas, and certain types of geologic information of considerable signif

icance to mineral exploration are rarely studied outside of mining 

districts. For example, hydrothermal alteration is often a useful clue 

to ore, but according to Schwartz (1955), "There are large areas of 

alteration that do not have ores." Few of these barren altered areas 

are shown on geologic maps or are discussed in the literature.

A Study by Stringham (1958) illustrates the difficulty of 

obtaining information about barren areas and the importance of such 

information. In an attempt to correlate economic mineralisation with 

intrusive igneous rock texture, Stringham finds that of 107 mining 

districts in the Basin and Range province, 18 districts contain only 

granitoid rocks, 39 contain only aphanitic rocks (porphyritic and wholly 

aphanitic), 46 contain both granitoid and aphanitic rocks, and 4 contain
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no intrusive rocks. Hone of the 18 districts with only granitoid rocks

are large producers. Stringham concludes that

the geologic processes which make or form an intrusive aphanitie 
textured rock of intermediate to acid composition, whatever 
those processes may be, are also capable of forming associated 
economic hydrothermal ore deposits, and further that the geo
logic processes which form a granitoid rock, of intermediate 
to acid composition, Whatever those processes may be, are not 
capable of forming large hydrothermal ore deposits.

This conclusion, although supported by the lack of large produc

ers among the 18 districts with only granitoid rocks, is not necessarily 

supported by the relative numbers of districts with granitoid and 

aphanitie rocks. The numbers of barren granitoid and aphanitie plutons 

must also be considered. Of the 103 districts which contain intrusive 

igneous rocks, 17 percent contain only granitoid rocks, 38 percent con

tain only aphanitie rocks, and 45 percent contain both. Could it be 

that of all areas, barren and productive, which contain intrusive rocks, 

17 percent contain only granitoid rocks, 38 percent contain only 

aphanitie rocks, and 45 percent contain both? If so, then we have no 

statistical reason for believing that aphanitie intrusions produce ore 

deposits more frequently than granitoid intrusions do. A conclusive 

statement can only be made after the barren intrusions are studied, but 

Stringham finds that "good detailed descriptions of the barren plutons 

are,few. The geographic position and general rock type of most of them 

is known but this information, though extremely helpful, is not complete 

enough to make basic comparisons.11 Although Stringham estimates that 

350 to 400 barren granitoid plutons exist within the Basin and Range 

province, he also notes that "extensive intrusive aphanites do exist in 

some areas without significant quantities of exposed associated economic
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mineralization." Only after the numbers of barren granitoid and 
aphanitic intrusives are known can we estimate the proportions of each 

which have associated ore deposits.

In some cases, adequate information about the geology of known 

ore deposits may even be difficult to obtain. We have already mentioned 

a study by Schmitt (1929) in which a search of "all available literature 

on veins in Utah" yielded only eight examples of the ratio of outcrop 

length to depth extension for important oreshoots, and the ratios varied 

from 6:1 to 1:4. Estimation of the probability that an oreshoot will 

have a given depth extension is impossible on the basis of such scanty 

and variable data.

Collection of additional data seems desirable, but the question 

then arises of how far afield one can go in gathering the required data. 

To predict the depth extension of a lead oreshoot in the Bark City 

mining district of Utah, should data from all known oreshoots be used, 

or just those in the Rocky Mountain region, or just those in Utah, or 

only those in the Park City district? Should all types of oreshoots be 

considered, or just lead oreshoots? Obviously, the more closely the 

data collection is restricted to situations similar to the one under 

investigation, the smaller will be the amount of available information.

A compromise must be made between amount of data used and pertinence of 

the data.

Tabulation and Use of Data

In order to determine the number of times a geologic feature 

occurs with and without associated economic mineralisation, one must
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first decide whether or not the feature is present at each locality 

Studied. The decision is often not a simple one.

If intrusive rock type is the geologic feature under investiga

tion, how much of the igneous rock must be present to constitute an 

occurrence? Would a small isolated dike be counted, or only intrusions 

larger than some minimum outcrop area or inferred volume? If more than 

one intrusion occurs at a locality, should only the largest one be tabu

lated (Stringham, 1958) or should each intrusion be tabulated as a 

separate occurrence? Should rock types be distinguished according to 

a chemical, a normative, or a modal scheme of classification? How near 

must the igneous intrusion be to an ore deposit to be counted as an 

occurrence of igneous rock with associated ore deposit?

If alteration or fracturing is the feature under investigation,

the problem of intensity must be considered. Intense alteration and 

fracturing probably have ore associated with them more often than mild 

alteration and fracturing do, but how does one decide whether a given 

area contains intense or mild alteration or fracturing? Should inten

sity of alteration be measured by the size of the altered area, by the

percentage of alteration minerals in the rock, by the mineralogy of the 

alteration, or by the porosity or permeability of the altered rock? 

Measures of intensity of fracturing which have been suggested are number 

of joints per linear yard in a joint set and number of fractures per 

cubic yard of rock (Badgley, 1962), total length of fractures per unit 

map area (Hough, 1960), and, in diamond drill holes, percent of core 

over 3 inches long (Ruff and Parkinson, 1959).
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Thus, meaningful quantitative classifications must be developed 

for many features which geologists tfsually describe in only qualitative 

terminology.

After each locality investigated is properly classified as to 

whether it does or does not contain the geologic features under study, 

the resulting data must be organised to show the proportion of local

ities with any given combination of the geologic features which have 

associated mineral deposits. A simple statement such as "1 percent of 

all quarts monaonite intrusions, 5 percent of all intensely altered 

areas, and 3 percent of all highly fractured areas contain large copper 

deposits" is not sufficient. It does not show the percentage of areas 

with all three geologic features which have associated copper deposits. 

Perhaps 25 percent of the areas which contain all three features also 

contain large copper deposits, but this figure cannot be obtained from 

the three unrelated statistics just mentioned. All pertinent geologic 

features must be studied together, rather than independently, if the 

probability of ore occurrence where all features occur simultaneously 

is desired. -

The importance of studying the various geologic features 

together can be illustrated with a simple example. This example also 

illustrates a method of effectively organising and summarizing the 

statistical data which is collected.

In this hypothetical example, the presence of an igneous 

intrusion, hydrothermal alteration, and fracturing are considered to be 

important in the localization of the ore deposits in a certain geologic 

province. Therefore, a study is made of each locality within the
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province which exhibits one or more of these geologic features. One 

hundred localities are studied, six of which contain known ore deposits. 

Problems such as intensity of alteration and fracturing, intrusive rock 

type, grade and tonnage of ore deposits, and undiscovered ore deposits 

are ignored in this simplified example.
The results of the study are shown in table 4, and table 5 

summarizes the statistics obtained from table 4. When the three geo

logic features are considered independently, without regard for presence 

or absence of the other two features, there is some correlation with ore 

deposits (8.2 to 16.7 percent), but none of the three features is sig

nificant alone because no ore deposits occur where only one of the three 

features is present. Similarly, ore occurs more frequently where at 

least two feature® are present and most frequently where all three 

features are present, even though only half of the ore deposits are 

found where all three features occur. If a prospect under examination 

exhibits all three features, chances are the best for finding an or© 

deposit, even though an equal number of deposits have been found where 

only two features are present.

The percentages in table 5 illustrate the change in probability 

of ore discovery as more geologic information becomes available. If we 

know only that an intrusion is present at a prospect, but no information 

is available about alteration or fracturing, then the probability of 

discovering an ore deposit there is 8.2 percent. If further investiga

tion shows that neither alteration nor fracturing is present, the prob

ability drops to zero. If an intrusion and fracturing are both present, 

but no information is available about alteration, the probability
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Table 4 .--Geologic features found at 100 localltles-- 

hypothetical example.

Locality Intrusion Alteration Fracturing Ore deposit

1. X

2. X X X

3. X

4. X

5. X X

6. X

7 . X  X

8 . X

9. X

10. X

11. X

12. X

13. X

14. X

15. X X

16. X

17. X X

18. X

19. X X X

20. X
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Table 4.--Continued.

Locality Intrusion Alteration Fracturing Ore deposit

21. X

22. X

23. X X X

24. X

25. X

26. X

27. X

28. X

29. X

30. X

31. X

32. X X

33. X

34. X X X X

35. X

36. X

37. X

38. X X

39. X X  X

40. X
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Table 4.--Continued.

Locality Intruaion Alteration Fracturing Ore depoait

41. X

42. X

43. X

44. X

45. X X

46. X

47. X

48. X X

49. X

50. X

51. X

52. X X

53. X

54. X

55. X

56. X

57. X

58. X

59. X X

60. X
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Table 4.--Continued.

Locality Intrualon Alteration Fracturing Ore deposit

61. X

62. X

63. X

64. X

65. X

66. X X X X

67. X

68. X

69. X

70. X

71. X

72. X X

73. X X X X

74. X

75. X

76. X

77. X X

78. X

79. X

80. X
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Table 4.--Continued.

Locality Intrusion Alteration Fracturing Ore deposit

81. X

82. X X

83. X

84. X

85. X X X

86. X

87. X

88. X X X

89. X

90. X X

91. X

92. X

93. X

94. X ' X

95. X

96. X

97. X

98. X

99. X

100. X
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Table 5 .— Statistical summary for hypothetical example

shown in table 4.

Geologic features present

Intrusion, with or without 
other features

Intrusion only

Fracturing, with or without 
other features

Fracturing only

Alteration, with or without 
other features

Alteration only

Intrusion plus alteration, 
with or without fracturing

Intrusion plus alteration only

Intrusion plus fracturing, 
with or without alteration

Intrusion plus fracturing only

Fracturing plus alteration, 
with or without intrusion

Fracturing plus alteration only

Intrusion plus alteration plus 
fracturing

Number Percent 
Number of with ore with ore 
localities deposits deposits

61 5 8.2

41 0 0

44 6 13.6

29 0 0

24 4 16.7

6 0 0

14 3 21.4

8 0 0

12 5 41.7

6 2 33.3

10 4 40.0

4 1 25.0

6 3 50.0
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becomes 41.7 percent. Finally, if further investigation shows that 

alteration is absent, the probability drops to 33.3 percent, whereas if 

alteration is present, the probability increases to 50 percent. Each 

time the probability changes, the exploration program can be re

evaluated so that the prospect can be dropped if the relation between 

exploration expenditures and expected value.of the property becomes 

unfavorable. This step-by-step evaluation procedure is used in the 

qualitative method of exploration; the statistics in table 5 merely 

illustrate the principle quantitatively.

Although the geologic relationships shown in table 4 are purely 

hypothetical, they are believed to be realistic in emphasizing the 

importance of simultaneous occurrence of several favorable geologic 

features. The actual numerical values obtained, however, may not be 

realistic.

A preliminary statistical study of the known ore deposits, 

neglecting barren areas, would have shown that useful results can be 

achieved with a much smaller volume of data. Table 4 shows that all of 

the six known deposits have fracturing associated with them. Therefore, 

data about localities without fracturing need not be collected because 

the proportion of them containing ore deposits is obviously zero. 

Similarly, all of the known deposits have at least one of the two other 

geologic features in addition to fracturing. Therefore, localities with 

fracturing alone can be eliminated from consideration. When the 84 

localities without fracturing or with fracturing alone are eliminated, 

we are left with the data shown in table 6. Table 7 summarizes the 

statistics which are obtained from table 6 and shows that all of the
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Table 6 .— Geologic features found at 16 of the 100 localities
shown in table 4.

Locality Intrusion Alteration Fracturing Ore deposit

2. X X X

7 . X  X

13. X X

19. X X X

23. X X X

32. X X

34. X X X X

39. X X  X

45. X X

48. X X

66. X X X X

72. X X

73. X X X X

85. X X X

88. X X X

90. X X
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Table 7 .•-Statistical summary for 16 localities 

shown in table 6.

Geologic features present

Fracturing plus intrusion, 
with or without alteration

Fracturing plus intrusion only

Fracturing plus alteration, 
with or without intrusion

Fracturing plus alteration only

Intrusion plus alteration plus 
fracturing

Number Percent
Number of with ore with ore
localities deposits deposits

12 5 41.7

6 . 2  33.3

10 4 40.0

4 1 25.0

6 3 50.0
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statistics useful for exploration which are obtained from table 4 can be 
obtained from the much reduced data of table 6.

Tabulations such as tables 4 and 6 are not necessary for obtain

ing the summary statistics, but they aid visualisation of the calcula

tion process. The statistics can be obtained more efficiently by 

substituting for each line in the table a punch card containing the 

corresponding geologic information. Ayler (1962) suggests a coding 

procedure for efficiently placing geologic data of this kind on punch 

cards. A card-sorting device can make the necessary card counts. 

Manipulation of the collected data thus presents no great difficulties.

The simplicity of the procedure results from the use of enumera

tion data rather than measurement data to compare geologic environments. 

Enumeration data "consist of the numbers of individuals falling into 

well-defined classes" (Steel and Torrie, 1960). In table 7, for 

example, two occurrences fall in the class characterised by fracturing 

plus intrusion without alteration with ore deposit. As already 

explained, geologic features must be objectively defined and perhaps 

measured in order to set up the "well-defined classes", but measurements 

of geologic features are npt used in the resulting computations.

In contrast, use of measurement data requires the assigning of 

numbers to geologic features and environments. This method is employed 

by Harris (1964), who describes the geology of square cells 20 miles on 

a side by measurements such as percentage of cell consisting of pre- 

Tertiary sedimentary rocks, distance of the trace of a northwest 

structural lineament from the center of the cell, and length of the 

contact of Laramide and Nevadan intrusive rocks with sedimentary rocks
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within the cell. When mathematical methods are used to correlate 

geologic environments as defined by these measurements with the mineral 

wealth produced from the cells, the complex mathematical concepts and 

assumptions required largely obscure the geologic relationships and make 

interpretation of the results very difficult. Use of enumeration data, 

on the other hand, focuses attention upon the geologic and interpretive 

problems rather than the calculation process itself, and it is prefer

able for that reason.

)



TEST CASE

Formulation of the Problem 

To gain a better understanding of the problems Involved in 

design of exploration programs, a test case is formulated so that the 

calculation of exploration probabilities for a specified exploration 

site can be attempted.

The exploration site selected for the test case should have 

geologic features sometimes associated with known ore deposits but not 

enough features to prove conclusively the presence of ore. In other 

words„ the exploration site must be an economically interesting but 

untested prospect. Therefore, the following exploration site is 

specified for the test case.

The site is in southern Arizona and consists of a highly altered 

area 1500 feet in diameter in a quartz monzonite porphyry intrusion.

The altered rock contains sericite, clay, and introduced quartz and is 

stained with iron oxide. Throughout the altered area the rock is 

extensively fractured. Copper staining is visible on a few of the 

fractures. Near the edges of the altered area are several shallow 

prospect pits in which copper staining is abundant.

To estimate the probability that a mineral deposit occurs at 

this exploration site, we must determine how many localities with 

similar geologic characteristics have associated ore deposits and how 

many do not.

66
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The study region, wherein data is collected, is the Basin and 

Range province of southern and western Arizona as defined by Heindl and 

Lance (1960). This region is selected for the test case because most of 

the published information and many unpublished theses concerning the 

geology of the region are available for study. Availability of informa

tion is therefore better for this region than for any other that might 

be selected.

One of the problems in selecting the boundaries of the study 

region is deciding how geologically homogeneous the region must be and 

how similar it must be to the region in which the exploration site is 

located. For example, one can argue that the Colorado Plateau province 

of Arizona can logically be included in the study region because if an 

altered, fractured, copper- and iron-stained quartz monzonite porphyry 

intrusion is found in the Colorado Plateau province, it is as likely to 

contain ore as any similar occurrence in the Basin and Range province.

On the other hand, one can argue that metallogenetic provinces, such as 

those described by Burnham (1959), indicate fundamental differences in 

the ore-producing capabilities of different segments of the earth and 

that the study region should therefore be restricted to the same metal

logenetic province as the exploration site. Definition of the bound

aries of the metallogenetic province is then an additional problem.

For the present test case, the Colorado Plateau province is 

excluded from the study region because few, if any, localities similar 

to the exploration site are found there. Information from the Colorado 

Plateau province would therefore add little to the study even if it 

could be validly included. The question of whether or not the Basin and
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Range province in Arizona contains several portions which differ in 
their fundamental capabilities of producing ore deposits remains to be 

determined. For this test case, all of the Basin and Range province in 

Arizona is included in the study region.

Two methods can be used to find localities in the study region 

similar to the exploration site: (1) a grid can be placed over a map of

the study region, and the number of grid cells or grid intersections 

where relevant geologic environments are found can be counted; (2) if 

the geologic environment under study is a well-defined and easily 

recognisable entity, occurrences of the environment can be counted 

without a grid. Use of a grid to study geologic environments raises 

questions about proper size, shape, and orientation of the grid; pos

sible continuation of geologic environments from one grid cell into 

another; and possibility of more than one distinct occurrence of the 

geologic environment within a single grid cell. For this reason it is 

desirable, whenever possible, to define the geologic environment under 

study so that the second method can be used. For the geologic environ

ment studied in this test case, a patch of altered quartz monzonite 

porphyry which is fractured and stained with iron and copper, the second 

method is appropriate.

Collection of Data

The following sources have been used to compile a card index of 

available references containing geologic descriptions of the study 

region: the bibliographies of Arizona geolggy prepared by Wilson (1939)

and Anthony, Wilson, and Moore (1953); "Annotated Bibliography of
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Economic Geology"; "Bibliography of North American Geology"; "Geoscience 

Abstracts"; and the thesis collection of the University of Arison®«

These sources contain reference to a large percentage of all available 

geologic information on Arizona. The most important additional source 

of information consists of the private reports of mining companies and 

consulting geologists. No attempt has been made to acquire this type of 

information.

More than 300 references show some possibility of containing the 

type of geologic information sought. These references have been re

viewed to determine (1) the number of known large copper deposits in the 

study region which occur in geologic environments similar to that of the 

prospect site, and (2) the number of localities exhibiting such geologic 

environments which do not contain large copper deposits.

Results

Among the known copper deposits, ore occurs in quartz monzonite 

porphyry at Castle Dome and Copper Cities (Peterson, 1962), Morenci 

(Butler and Wilson, 1938), San Manuel (Schwarz, 1953), Esperanza 

(Schmitt and others, 1959), Bisbee (Smith, 1956), and Silver Bell (Kerr, 

1951). At Ajo ore occurs in quartz monzonite (Gilluly, 1946). In all 

of these deposits, the rock mentioned forms a significant part of the 

deposit, although other rocks are usually present as well.

These eight deposits in all probability qualify for Inclusion in 

our statistical sample as far as rock type is concerned. The decision 

is more difficult for four other deposits: Mineral Park, Bagdad, Ray,

and Miami-Inspiration.



At Mineral Park, the mineralized intrusion has been described as 

a porphyritic granite (Dings, 1951).

At Bagdad, the host rock is called a quartz monzonite. However,

Anderson, Scholz, and Strobell (1956) note that

much of the unaltered rock closely approaches a granodiorite in 
composition..., but in the hydrothermally altered facies, 
orthoclase and plagioclase are nearly equal in amount, and for 
some time the term 'quartz monzonite' has been used for these 
rocks in the Bagdad area. Because the differences between 
quarts monzonite and granodiorite are not great, it seems 
desirable to retain the term 'quartz monzonite.'

At Ray, ore occurs mostly in schist and diabase, but quartz 

monzonite porphyry "is mineralized similarly to the schist" and "is 

regarded as the source of the copper" (Clarke, 1952).

The Miami-Inspiration orebody also occurs in schist, but it is 

closely related to the Schultze granite. According to Peterson (1962), 

"... the Schultze granite is difficult to classify, for chemically it is 

a sodium-rich granite, but mineralogically it is a quartz monzonite."

The lobe of Schultze granite which borders the Miami-Inspiration deposit 

is described as a granite porphyry, "although it includes varieties that 

range from rock that cannot be distinguished from that of the main body 

to typical quartz porphyry" (Peterson, 1962).

Thus, at the start of the study we have encountered some of the 

problems anticipated. Should rocks be classified chemically or mineral

ogically? Must only quartz monzonite porphyries be included in our 

study or may granites and granodiorite* be included as well? To be 

counted as an occurrence of ore deposit with associated igneous rock, 

must the ore actually be within the igneous rock? Theories of ore 

genesis are involved in any attempt to answer these questions. The
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apparently simple task of listing ore occurrences therefore becomes a 

rather complex problem.

In order to continue the study, an arbitrary decision has been 

made to include Mineral Park, Bagdad, Ray, and Miami-Inspiration. No 

arguments are given for or against their inclusion because the purpose 

of this study is not 'to solve problems of this kind but to show that 

they do exist and that they must be solved if exploration probabilities 

are to be calculated from statistical data.

Descriptions of alteration, fracturing, and appearance of 

oxidized capping at the known ore deposits are generally adequate for 

qualitative comparison with the alteration, fracturing, and capping at 

the prospect site but not for quantitative comparison.

Mineralogy of the alteration is described for each deposit, and 

alteration intensity is always indicated by some expression such as 

"extensively replaced," "highly altered," "moderate alteration," or 

"mild alteration."

The closest approach to a quantitative description of alteration 

is presented by Peterson, Gilbert, and Quick (1951), who map the distri

bution and relative abundance of pyrite, introduced quartz, sericite, 

altered biotite, and molybdenite at the Castle Dome orebody. Abundance 

of introduced quartz and sericite is recorded as "less than 5 percent," 

"5 to 15 percent," and "more than 15 percent." The other minerals are 

designated by qualitative terms such as "little," "intermediate," and 

"much,"

Similarly, Gilluly (1946) divides the Ajo deposit into squares 

200 feet on a side and designates the intensity of development of each
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of nine different products of mineralization within each square. 

Estimated proportion of pyrite to total sulfides is expressed in per

centage, but other minerals are described by such terms as "none," 

"little," "considerable," and "much."

Intensity of fracturing is also usually designated in qualita

tive terms, such as "highly fractured," "intricately broken," or 

"moderate to strong brecciation." The description is more quantitative 

for four deposits. At Ajo, "... in the entire volume of the orebody 

hardly a piece of rock a quarter of an inch on a side has remained 

unfractured, and in much of it the fractures are even more closely 

spaced" (Gilluly, 1946). At Castle Dome, the fractures "are spaced a 

few inches to a foot or more apart; the greatest number are probably 

between 6 and 10 inches apart" (Peterson, Gilbert, and Quick, 1951).

At Mineral Park, mineralized veinlets "are rarely more than 6 inches 

apart" (Dings, 1951). At Silver Bell, veins or seams vary "in thickness 

from paper-thin to several inches and in spacing from inches to several 

feet ..." (Richard and Courtright, 1954).

Presence of iron oxide in the capping of each deposit is men

tioned, the color is described, and occasionally the mineralogy is 

discussed. No quantitative description of the amount of iron-oxide 

minerals in the capping could be found.

Areal extent of economic mineralization, or of the altered 

zone containing it, is indicated by measurements or is shown on a map 

for each deposit. Total tons and average grade of ore produced or of 

reported reserves is given for each deposit. Information on grade 

distribution within the deposits is more scanty. For a few deposits



maps and sections shot* the boundaries of rock with copper content 

greater than a specified cutoff grade, usually 0.5 percent. For 

San Manuel, Schwartz (1953) presents numerous drill-hole assays and a 

sample calculation of the tonnage of rock averaging 0.3 percent copper 

in one block of ground. With this one exception, the published data 

are inadequate to permit estimation of the tonnage of rock which would 

be mineable under economic conditions different from the present ones.

In sunsnary, descriptions of the ore deposits are sufficient to 

indicate whether or not the deposits exhibit geologic features similar 

to those of the exploration site, provided one is rather vague about how 

similar the features must be. However, except for the few exceptions 

noted above, comparison of the geology of the deposits in quantitative 

terms using published information is not possible. It is apparent that 

a statistical study based on enumeration of similar geologic environ

ments is difficult, but it is much more practical than one based upon 

measurement of geologic environments.

As expected, information about the geology of localities without 

known large ore deposits is less satisfactory than for the known ore 

deposits. For this reason, considerable latitude has been allowed in 

selecting localities which are "similar" to the prospect site. Local

ities included are those described as exhibiting hydrothermal alteration 

or iron-oxide staining in an igneous rock of alkalic to intermediate 

composition or in schist near such an igneous rock. Mineralized areas 

less than about 500 feet in diameter are excluded. Some showing of 

copper in the area is necessary.
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Twelve described localities seem to fall within these loose 

limits. The localities are listed in table 8. Decision to include or 

exclude any locality is influenced to a large extent by the adequacy of 

the geologic descriptions available. Perhaps some of the other local

ities reviewed would qualify as well as or better than the 12 selected, 

but this is not apparent from the meager geologic descriptions avail

able. Other localities for which no published information is available 

may also qualify; the author knows of one locality (Mineral Butte, 13 

miles northeast of Florence) which probably qualifies but which is not 

described in the literature. Nevertheless, the 12 localities shown in 

table 8 are the only ones found in available sources of information 

which are described as being approximately similar to the exploration 

site in this test case.

Nine of the 12 localities occur in intrusive rocks which range 

in composition from granite to granodiorite; six of the nine are in 

quartz monzonite or quartz monzonite porphyry. Three of the localities 

(Cactus, Cave Creek, and Madera) are in schist.

Thus, a search of available literature has disclosed 24 local

ities with geologic environments approximately similar to that of the 

prospect site * Known large copper deposits are associated with 12 of 

these localities. If none of the other 12 localities contain an undis

covered ore deposit, then the probability of finding a deposit in this 

type of geologic environment is apparently 12/24 or one-half.

If undiscovered deposits do exist among the other 12 localities, 

the probability is higher. On the other hand, if additional barren



Table 8.-“Localities without known large ore deposits.

Locality 

Cactus prospect

Cave Creek

Copper Basin

Copper Creek

Copper Hill

Four Metals prospect

Gross prospect 

Ko Vaya Hills 

Madera prospect 

Saginaw Hill 

Sedimentary Hills 

Three R mine

Location

2 miles southwest 
of Castle Dome

28 miles north of 
Phoenix

10 miles southwest 
of Prescott

11 miles east of 
Mammoth

8 miles southwest 
of Winkelman

3 miles northwest 
of Washington

4 miles west of 
Washington

10 miles northwest 
of Sells

5 miles southwest 
of Miami

8 miles southwest 
of Tucson

6 miles west of 
Tucson

5 miles south of 
Patagonia

References

Peterson, 1962, 
p. 95=97

Lewis, 1920

Johnston and Lowell 
1961

Kuhn, 1941

Evensen, 1961

Schrader, 1915, 
p. 317=320; 

Baker, 1962

Schrader, 1915, 
p. 313

Bryner, 1959; 
MacKallor, 1957

Peterson, 1963

Allen, 1920; 
Brown, 1939

Bennett, 1957; 
Davenport, 1963

Handverger, 1963
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localities exist which are not described in available sources of 

information, then the probability is lower.

No basis has been found for estimating the number of undescribed 

localities, but undoubtedly some do exist. Large areas of the study 

region receive almost no mention in the available literature. A dis

tinct bias in the literature is evident; the important mining areas 

receive good coverage, and the remainder of the region receives compar

atively poor coverage. Therefore, the number of apparently barren 

localities may be considerably larger than the 12 found in this test 

case.
An estimate of the maximum possible number of undiscovered 

deposits among the 12 localities not yet known to contain ore is possi

ble. Reported exploration activities at the Cactus, Madera, Sedimentary 

Hills, Saginaw Hill, Three R, and Copper Creek localities apparently 

have demonstrated that these six localities contain no large copper ore 

deposits. The other six localities might conceivably contain ore 

deposits. Therefore, the maximum possible number of undiscovered ore 

deposits is six.

An unexpected method of estimating the true number of undis

covered deposits became evident during the course of the study.

Although, as already mentioned, descriptions of known ore deposits are 

mostly qualitative rather than quantitative, and descriptions of other 

localities are even less satisfactory, nevertheless it is possible to 

designate the alteration, fracturing, iron-oxide staining, and size of 

the mineralized areas as either favorable or unfavorable for each local

ity on the basis of the descriptions found in the literature.
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Alteration is considered favorable if the locality is described as being 
intensely or highly altered; mild alteration is considered unfavorable. 

Fracturing is considered favorable if described as intensely developed 

throughout a large area; it is unfavorable if mild in intensity or if 

strong fracturing is confined to small areas. Iron-oxide staining is 

considered favorable if described as brown, maroon, or reddish-brown, or 

as indicative of copper mineralisation; it is unfavorable if described 

as red or yellow, or as derived from non-sulfide minerals. Size of the 

mineralized area is considered favorable if alteration, fracturing, and 

iron-oxide staining occur throughout an area about 1500 feet in diameter 

or larger.

Tables 9 and 10 summarize the findings for the 12 ore deposits 

and the 12 localities where ore has not been found. The difference 

between the two groups is striking. With two exceptions, the known ore 

deposits are rated favorable on all four geologic features; with one 

exception, none of the 12 localities without known ore deposits show a 

perfect rating.

The exceptions require comment. At Bagdad, Schwartz (1947) 

describes the alteration as mild, but Anderson, Scholz, and Strobell 

(1956) find the chemical and mineralogical changes comparable with those 

at other porphyry copper deposits. At San Manuel, the mineralised out

crop is small, but a large mineralized area exists under post- 

mineralization cover. The Cactus deposit has a favorable rating on all 

four features, but Peterson (1962) states that the major brecciation 

occurred after the hypogene metallization. The Cactus deposit does in 

fact contain a partly oxidized ehalcocite blanket formed by supergene
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Table 9 .--Geologic features at 12 ore deposits •

X indicates 
0 indicates

favorable rating, 
unfavorable rating.

Alteration Fracturing
Iron-oxide
staining

Size of 
mineralized 

area

Ajo X X X X

Bagdad 0 X X X

Bisbee X X X X

Castle Dome X X X X

Copper Cities X X X X

Esperanza X X X X

Miami-Inspiration xa X X X

Mineral Park X X X X

Morenci X X X X

Ray xa X X X

San Manuel X X X 0

Silver Bell X X X X

a. Alteration la strong in intrusive rocks associated with ore. 
Intensity of alteration of schist, in which most ore occurs, is not 
determinable.
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Table 10.--Geologic features at 12 localities without 

known large ore deposits.

X indicates favorable rating.
0 indicates unfavorable rating.
- indicates no information available.

Alteration 

Cactus prospect X

Cave Creek X

Copper Basin
Individual pipes 
Entire area

Copper Creek
Individual pipes 
Entire area

Copper Hill

Four Metals 
prospect

Gross prospect

Ko Vaya Hills

Madera prospect

Saginaw Hill

Sedimentary Hills

Three R mine

Fracturing

X

0

Iron-oxide
staining

X

0

Size of 
mineralized 

area

X

X
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enrichment, but it is too low in copper content to permit economic 

exploitation under present conditions (Peterson, 1962).

Assignment of a favorable or unfavorable rating for each feature 

on the basis of available descriptions of the localities has been done 

as impartially as possible, but some bias is perhaps inevitable because 

descriptions are much more complete for the known ore deposits. Never

theless, the ratings suggest that there are probably no undiscovered 

large copper ore deposits among the 12 localities listed in table 10.

A test of this conclusion will be furnished by results of current explo

ration at the Four Metals deposit.

If it is really possible to distinguish between barren and ore- 

bearing localities, as the data in tables 9 and 10 suggest, then proba

bility calculations are unnecessary. The concept of probability is 

needed only when available information is insufficient to positively 

distinguish between barren and ore-bearing environments. The present 

test case may illustrate one situation in which information is suffi

cient to make the distinction; on the other hand, the apparent distinc

tion may be a false one caused by the inexactness and incompleteness of 

the data.



CONCLUSIONS

The foregoing analysis of the design of exploration programs» 

supported by an attempt to compile data necessary for calculating explo

ration probabilities, leads to the following conclusions.

The geologist is faced with the concept of probability when he 

must determine the favtirability for ore occurrence of a particular 

geologic environment. Estimates of probability, whether made qualita

tively (by judgment) or quantitatively (by compilation of statistical 

data) must therefore take the geologic environment into account.

Costs of exploration are of sufficient magnitude that greater 

accuracy in estimating exploration probabilities, a potential result of 

using the quantitative method, is very desirable.

The major obstacles to the calculation of exploration probabil

ities are: (1) inadequacy of published information for compilation of

meaningful statistical data, and (2) the need for a better understanding 

of factors which control occurrence of ore so that the significant geo

logical features can be taken into account when data is compiled. 

Specific examples illustrating these problems are discussed in the pre

ceding sections of this study.

Much useful information to supplement the inadequate published 

data can undoubtedly be supplied from the records of mining companies 

and the personal knowledge of experienced exploration geologists. If 

the geologist has available records of many former successful and un

successful exploration programs Which contain the type of information

81
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necessary for calculation of probabilities, then the inadequacy of 

published data can be overcome*

A better understanding oil factors which control occurrence of 

ore is required for calculation of probabilities. Therefore, research 

on ore genesis will be given impetus and direction by any comprehensive 

attempt to use the quantitative approach in exploration. The results of 

this research will not only be valuable for calculation of probabilities 

but will also help solve other exploration problems as well. The 

knowledge gained indirectly during attempts to calculate probabilities 

should be at least equal in usefulness to the numerical probabilities 

obtained*

Use of probability calculations in exploration has certain 

similarities with the use of geochemical prospecting. At first glance, 

both appear to be simple techniques requiring only collection of data 

to arrive at a useful answer. Considered in more detail, both raise 

such questions as, What data shall be collected? How shall it be 

collected? and How shall it be interpreted? Design of exploration 

programs, like geochemical prospecting, is a complex field of study 

within the broader field of economic geology; it is not a simple 

technique.

If design of exploration programs is viewed in this light and is 

not excessively simplified or generalized, it can be a fruitful approach 

to the problems of economic geology*
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