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FOREWORD 

This report represents the first quantitative estimates -
quantitative in terms of statistical probability - by the Geological Survey of 
Canada of the undiscovered mineral resources of a region based on a statis ­
tical appraisal of certain geological and geophysical parameters. The method 
employed is still under development and is restricted by the very limited 
types of geoscience information thai are avail able in consistent and quantifi­
abl e form for the whole of the region being assessed . The main value of these 
early results lies in the objective multivariate integration of certain geolog­
ical and geophysical features and the ir systematic correlation with the occur­
rence of mineral deposits to yield tentative estimates of undiscovered resources . 

The results reported are only one preliminary step in the use of 
geology to appraise the mineral potential of a region. Their use should be 
governed by full recognition of the limited scope of the geoscientific observa ­
tions on which ihey are based. Ideally, they provide a quantified input to a 
much broader geological assessment of potential resources which would also 
incorporate consideration of essential l ocal geol ogical , geophysical and geo­
chemical observations, lar ge scale features such as geosynclines, plate tec ­
tonics, paleoclimates etc .; and appropriate conceptual models of ore genesis . 

September 9, 1 971 . S. C . Robinson, 
Chief, 
Economi c Geology and 

Geochemistry Division. 
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ABSTRACT 

A number of geological features and geophysical parameters 
were coded systematically by superimposing a network of cells over the 
Abitibi area . A parameter expressing amount of metal per cell is calcul ated 
for cells (control ce ll s ) known to contain one or more large copper or zinc 
orebodies. 

This parameter for known mineralization is related to the coded 
values of the geological and geophysical measurements inside and outside the 
control cell s; the resulting relationship is extrapolated to all other cells in 
the area . The result is a set of predicted values which are scaled , summed 
for l arger unit cells and contoured to give a probability index. 

The metal potential of an area is then equal to the difference 
between total value as predicted by the probability index and total known value 
for proven reserves within the area. The predictions are subject to certain 
limitations in the method of approach and have wide confidence limits which 
can be calcul ated . 

RESUME 

Les auteurs de l'etude ont effectue un codage systematique de 
plusieurs parametres geologiques el geophysiques en surimposant un reseau 
de cellules sur l a region de 11Abitibi, La methode consiste a etablir, pour 
chaque cellule de contr6l e reconnue contcnir un ou plusieurs importants 
massifs de minerai de cuivre et de zinc, un parametre qui exprime la quantite 
de metal par cellule. 

Ce parametre est mis en regard des valeurs codecs des 
mesures geologiques et geophysiques prises a l'interieur et a l'exterieur des 
cellules de contrOle; l e rapport qui resulte de cette comparaison est extrapole 
pour l)tre applique a toutes les autres cellules de la region. On obtient alors 
une serie de previsions quantitatives qui sont ramenees a une echelle 
commune, additionnees dans le cas des unites plus grandes, puis les courbcs 
isoparametriques sont etablies pour obtcnir un indice de probabilite. 

Le potentiel en metaux d 'un secteur donne equivaut done a la 
difference entre la valeur totale connue etablie d'apres les reserves connues . 
Les previsions sont sujettes a certaines limites dans la methode d'approche, 
ct leur exactitude, bien que tr es variable, peut l)tre calculee. 





GEOMATHEMATICAL EVALUATION OF COPPER AND 
ZINC POTENTIAL OF THE ABITIBI AREA, 

ONTARIO AND QUEBEC 

INTRODUCTION 

In 1967, the Geological Survey initiated studies designed to pro­
vide quantitative estimates of the mineral potential of a region from the appli­
cation of statistical m ethods to the analysis of systematically mapped geolog­
ical information. This paper presents the first results of these studies com ­
prising maps displaying contours of the mineral probability index for copper 
and zinc in the Ontario - Quebec Gold Mining Community Region, approx­
imate ly 33, 000 square miles in area. These results are only one stage in a 
comprehensive evaluation of mineral potential of this region and are subject 
to modification by specialists in metallogeny and regional geology. 

Traditionally, mineral potential has been assessed in qualitative 
terms in which formations, structures and other geologic al features compris -
ing favourable environments for various types of mineral deposit, are identi­
fied. Such assessments have taken the form of metallogenic maps and reports 
on economic geology. More recently, research studies on the geology of 
deposits of economically important mineral commodities (copper, nickel, 
iron, etc.) have resulted in identification of geologically distinct types of 
deposits, d e finition of the geological environment favourable to their occur -
rence, development of concepts of processes leading to their deposition and, 
by comparison with the geology of a region, delineation of favourable areas . 

An important further step consists of the application of statistics 
to combine individual opinions of several expe rts on the mineral potential of 
a region to reach consensus through the Delphi technique. This step can also 
provide a quantitative assessment as des c ribed by Barry and Freyman (1970) 
for the mineral endowment of northern British Columbia and the Yukon. 

In the present study, statistical assessment of certain systemat ­
ically mapped geological and geophysical variables and their relation to occur ­
rence of known mineral deposits is used to assess the probability of occur­
rence of mineral deposits of various commodities throughout the region. A 
grid of cells of equal area is superimposed over the region , and some of the 
cells, containing mineral deposits of known size and grade, are selected as 
control cells . Using multivariate statistical techniques, the geology of each 
cell being assessed is compared with the geology of the control cells; the 
degree of geological similarity is used as an index of the probability of occur ­
rence of mineral deposits of each commodity in the cells being assessed. The 
distribution of known mineral deposits throughout the region is also a factor. 

The resulting maps are, in some respects, a quantitative equiv ­
alent to metallogenic maps . Togethe r with these, they should be used as a 
basis for further appraisal by economic geologists, metallogenists, regional 
geologists and other specialists, using conceptual mode ls, local geological 

Original manuscript submitted : 29 November , 1971 
Final version approved: 5 January, 1972 
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knowl edge , broader geologi ca l features (e .g. tectonic pl ates , geosynclines, 
pal eoclimate s ) and other va riables not used for statistical analys is, to e stab­
lish a more precise estimate of mineral potential. The Delphi method wo uld 
be appropriate as a means of achieving con sensus amongst these specialists. 

The value of thi s m ethod lies in the systematic measuring of 
geo l ogi cal variables , the objectivity of their cor r elat ion with occurrences of 
mineral deposits and the use of multivariate analysi s to ascertain the r e l ative 
importance of the variab l es , s ingly a nd in combination, to the occurrence of 
mineral d epos its. 

The obvious limitations of the method include the p a u city of 
variables for which cons i stent data are availabl e thr oughout the region, the 
assumptions that the ap pli ed geological va riabl es are equally significant in 
different parts of the region a nd to diffe r e nt typ es of d e posit, the possibility 
of undiscovered d eposits in or n ear the contr ol cell s , the fact that coinc ide n ce 
of several local features in time a nd s p ace may seem to be more significant 
t h an a r eally favourable features, and others that a r e dis c uss e d l a t e r. 

Tests made of results, howeve r, do indi cate a significant co rre­
l ation between the variables c hosen and the occurrence of copper and zinc in 
t h e Abitibi r egion. 

HISTORY OF M ETHOD 

Quantification of geological features and subsequ ent us e of math­
emat i cs , es p ec i a lly statistics, to treat the nume rical d ata for classification, 
corre l at ion and extrapol ation are n ow wide ly appli e d in various branches of 
geology. Although the basic foundations for the framework of a pplication we r e 
l a id earlier , l arge - scale processing of dato. became possibl e with the advent 
of the computer. A review of compute r usage in the var ious fields of geolo gy 
h as been given by different authors in M erriam (1969). The initial applications 
to economic geology were mainly devoted to the delineation of ore bodies. For 
a review of d eve l opments in this field, reference is made to a Symposium 
volume e di ted by We i ss (1 969) and a recent book by Koch and Link (1971). 

An early major application of math emat i cal r easonin g to explo­
ration covering a larger region was made by Alla i s (1 957). After examining 
certain statistics of the sizes and spatial distr ibution of orebodies, Allais 
proposed that both the size and t h e place of occurrence of an orebody we r e 
random events . From this, he developed a model with whic h the amount o f 
metal to be found per unit area could be predicted . The a pproach was proba­
bilistic in that the uncertainty of the predicted amount w as assessed by the 
use of confidence limits. Since Allais gave no cons iderat i on to geology , the 
amounts predicted for any area depended only on the size of the area. 

Griffiths {1 966) refined the Allais model by a llowing for t h e 
possibility of the cluster ing of orebodies and us i ng a different function for the 
spatial distribution of deposits. 

Harris (19 65) made a signi ficant advance over previous work by 
taking account of t h e regional geol ogy of the areas under study. H e quantified 
the geo l ogy by making measurements of areas and l ength s of various geolog­
ical features from maps . As a result, Harris was able to make pred i ction s 
of t h e total value in dollars of metals to be foun d in variou s areas w hich 
depended not only on the sizes of t h e areas but als o on their geology . The 
mathematical constraints of the m ethod s u se d required that relative l y l a rge 
(400 square m iles ) units of area , be consid ered . 
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Many geological features can be treated as "presence/ absence" 
variables if measured on small areas; for example, a mineral deposit either 
occurs in a cell or it does not occur. Again, a small area will not contain all 
rock types and other features present in the region. The presence or absence 
of a specific feature in an area may be a significant indication of the presence 
of some kind of mineralization. Recent work by Botbol (1971) and Vyshemirsky 
tl al. (1971) is based on the statistical analysis of data of this type. An 
important result of these studies is that the presence or absence of combina­
tions of geological features are usually better indicators of certain types of 
mineralization than the individual features taken alone. 

GENERAL DISCUSSION OF METHOD USED 

In the present report, we draw on several of the models dis­
cussed above. A more complete discussion will be found in the sections on 
methodology; the following is a brief account of what was done. 

In a manner similar to most e3.rlier studies, we subdivide the 
region under consideration into small (10 x 10 km) cells. We assume that the 
Allais model is essentially correct for these cells and also for (40 x 40 km) 
areas consisting of groups of cells, but that the mineral potential varies from 
cell to cell, being dependent on the geology . It is not required that the spatial 
distribution or sizes of deposits fit the specific distributions proposed by 
Alla is or Griffiths; rather, we consider that the occurrence of one or more 
orebodies in the same cell is a single "event" (in a probabilistic sense). This 
leads to a situation where the number of new "events" in an area consisting 
of a group of cells is independent of the initial distribution of deposits through­
out the individual cells . 

Rather than subdivide the region into a "control area" and a 
"study area" as others have done (e.g. Harris, 1965; Kelly and Sheriff, 1969), 
we select a number of cells within the region to be used as control cells -
these are not, in general, contiguous , the chief criterion being the existence 
of substantial known mineralization of a specific commodity. 

As Harris has done, we have quantified a number of geological 
variables for all cells by making measurements from geological maps. 

The methods of analysis, however, do not have the same 
constraints as those Harris used, so that we have been able to make the cells 
less than one - tenth the area of his. 

We have also drawn on the work of Botol and Vyshemirsky ~~· 

by forming new variables from pairs of the original set of variables which 
were measured. 

Simply stated, the method consists of making a quantitative 
comparison between the geology of each cell where potential is to be predicted 
and the aggregate of control cells, taking into consideration the distribution 
of known mineral occurrences in the area. 

The degree of similarity is used as a measure of the probability 
of the existence of undiscovered mineralization of stated amounts for the com­
modities being considered in the cells being assessed. The results are pre­
sented as probability contour m'l.ps for the number of 10 x 10 km cells with 
significant mineral ization expected per group of sixteen cells covering a 
40 x 40 km area . 
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A brief explanation of the method is given on the copper potential 
map (Fig. 1). A glossary of terms with a specific meaning in this paper is 
given in Appendix 4. 

The basic assumption for constructing a probability map such as 
Figure 1 is that the probability of occurrence of mineral deposits is system­
atically determined by composition and structure of the geological framework. 

The contours apply tobothdiscoveredandundiscovereddeposits 
of a commodity. The potential of any specific area is the difference between 
the total amount of mineralization predicted for that area (based on the contour 
v.alues) and the total known mineralization in that area. The reader is pre­
septed with two separate patterns on a map (one for probabilities and one for 
known data) instead of a single pattern for the difference (potential). We do 
this so that the reader can evaluate the contours in a qualitative manner on 
the basis of their degree of matching in places where deposits were discovered 
in the past. Furthermore, the probability index has been scaled in such a 
manner that, on the average, the predicted amount of mineralization is equal 
to known amount in parts of the area which are considered to be well-explored 
and where mineralization is known to be. Consequently, for contouring, we 
have assumed that the potential is zero in the richest parts of the area where 
most mines occur. Known mineralization is quantified for statistical analysis 
as the sum of past production for mines and reserves as estimated in 1968. 
These reserves are "measured" and, in part, "indicated". It is likely, 
however, that in the control cells and in cells adjacent to the control cells, 
there exist more orebodies which have not yet been discovered or for which 
estimates of reserves have not yet been published for lack of development. 
During evaluation, the reader may rescale the contours on the map by multi­
plication by a constant factor to account for "possible" reserves in the mining 
camps. It would not be possible to rescale the contours by a simple operation 
if the map applies to the difference between contours and known values. 

The contours given indicate whether or not a geological environ­
ment within a 40 x 40 km cell is favourable. The probability that mineraliza­
tion will occur can be contoured but, as yet, we have not devised a method for 
contouring the known mineralization. If the difference is calculated for 
40 x 40 km cells, this type of potential map would not correspond to a smooth 
surface but would show many local discontinuities coinciding with the artificial 
boundaries between cells of the grid overlain on the region. 

The probability index is calculated by first comparing the pattern 
of control cells with the patterns of all geological (and geophysical) variables 
that were coded. The variable with the best match is selected. Next, 
the pattern of control cells is compared with all possible combinations of the 
variable selected and each of the remaining variables. This gives the best­
matching combination of two variables. This procedure is repeated and, 
during each consecutive step, a new geological variable is added. The total 
effect of adding new variables decreases gradually when more and more vari­
ables are added to the list. At a given point, it makes little difference whether 
or not more variables are included. At this cut-off value, an equation is cal­
culated for the relationship between known mineralization and those geological 
variables selected as "relevant". By means of this equation, a value is com­
puted for every 10 x 10 km cell, which is, in turn, converted to a probability 
measure expressing the chances that a cell contains significant mineralization 
or not. 
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(a) Values of probability index before 
contouring; 

(b) Ditto, by using 19 control ce lls in 
western Quebec only; 

(c) Ditto by using 8 control cells in 
east -central Ontario only. 

Figure 2. Schematic block diagram for copper potential; lines represent 
UTM-grid with spacing of 10 kms; boundaries as for Figure 10. 
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These probabilities are added for groups of sixteen cells at a 
time. The resulting sums give the probable number of mineralized l 0 x l 0 km 
cells per larger 40 x 40 km unit area. For copper, it is shown in the three­
dimensional block diagram of Figure 2 (a). Each grid-line intersection in 
Figure 2(a) represents one value of the probability index computed for the 
enclosing 40 x 40 km cell. The probability index can be contoured in the same 
manner as elevations above sea level are contoured on a topographical map. 

The present method has been tested rather extensively as will 
be shown later. In Figure 2 , we present the result of one of these tests. 
Figure 2(a) was calculated from data on copper deposits in twenty-seven con­
trol cells. Eight of these lie in the Ontario part of the Abitibi area and nine­
teen in Quebec. Suppose that no copper deposits had been found in Ontario. 
We rn,,ay then use the nineteen control cells in Quebec to make a prediction for 
Ontario. The result is shown in Figure 2(b). The resemblance between 
Figures 2(a) and (b) indicates that the probability contours are not changed 
significantly by making use of the copper discoveries in Ontario. 

The pattern changes, however , when the objective is to predict 
copper mineralization in Quebec by using the eight control cells in Ontario. 
:This evaluation is shown in Figure 2(c). However, thediscoveryofthemining 
area near Timmins , Ontario would have led to the discovery of that near 
Noranda, Quebec, because of strong similarities in geology between these two 
areas. 

The preceding remarks illustrated that our evaluation of mineral 
potential is largely "two-dimensional". Bymeasuringfeatures shownonmaps, 
all cells in the larger region are compared with one another and classified on 
the basis of occurrence of mappable features coexisting with orebodies in the 
control cells. 

The method can be summarized by saying that the pattern of 
known deposits is contoured in terms of variables which can be measured 
everywhere in the region . This is done in the hope that we are contouring not 
only known deposits, but also the undiscovered deposits . 

On the whole, the Abitibi area is well-explored . When mineral­
ization is significantly correlated to geological factors, one would expect the 
contoured probability index to coincide more or less with the pattern of known 
deposits if the region is well-explored everywhere. This is the case in 
Figure 1. However, in several sub-areas indicated by a pattern in Figure 3, 
the contours indicate copper potential in places where few or no deposits 
were discovered in the past. 

Our predicted potential for such areas should be evaluated further 
by experts. For example, the amount of glacial debris in a favourable area 
may be such that local exploration by geophysical methods is hindered; or, on 
the basis of other factors, not used during the statistical analysis, a metal ­
logenist or regional geologists may be able to suggest that a specific area is 
not likely to be mineralized although its measurable features are similar to 
those in the control cells. 

GEOLOGY AND :MINERAL DEPOSITS IN THE STUDY AREA 

The Abitibi area studied in this paper covers the southern parts 
of the so-called Abitibi belt of the Superior Province of the Canadian Shield. 
In total, the area is 86, 200 square kilometers (or 33, 282 square miles). 
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It surrounds the m1n1ng camps of Timmins and Kirkland Lake in east - central 
Ontario and Noranda and Val - d 10r in western Quebec. The boundaries (see 
Fig . 1) are longitudes 76° and 84° , latitudes 47°30 1 and 49° in Ontario; and 
latitudes 48° and 49° in Quebec. This represents close to one per cent of 
Canada's total land area or six per cent of t h e Superior Province . A lterna ­
tively, i t covers about five per cent of the combined areas of the Superior and 
Southern geo logical provinces. 

A brief geological description has been given by McGlynn (1 970 , 
pp. 60-63) and an account of base metal d eposits in the area by Lang 
(pp. 1 85 - 194). 

The Abitibi area (Fi g . 1) consists of ninety per cent Archean 
rocks, and of ten p er cent Proterozoic rocks of t h e Cobalt Group. The oldest 
Archean volcanic and sedimentary rocks in the area form easterly trending 
belts separated by rocks of granitic composition . They were repeated l y 
intruded by mafic and ultramafic intrusions which are older than the acid 
intrusive stocks in the area . Locally, they are unconformably overlain by 
t h e predominantly sedimentary rocks of the Timiskaming Group. 

The oldest rocks were r epeatedly subjected to deformation and 
metamorphism during Archean time. Most folding and faulting took place 
during the Keno ran orogeny at which time many granitic stocks intruded . The 
l atter range in age from 2 , 300 to 2 , 600 million years averaging 2 , 490 m . y. 
for the entire Superior Province (Stockwell , 1964). 

In the southern parts of the area , this basement complex is 
over l ain unconformably by Proterozoic sediments of the Cobalt Group . During 
Proterozoic t ime, the Archean rocks were intruded by at least three swarms 
of diabase dykes (Fahrig et~·, 1965, and Fahrig, personal communication). 
These are the north - striking Matachewan swarm (about 2 , 485 m . y.) the 

southwest - directed Preissac swarm (approx . 2, 000 m.y .) and the west ­
southwest - directed Abitibi swarm (approx . 1 , 230 m. y.). 

Several major faults r emaine d active after the Kenoran orogeny 
which closed Archean time . Several younger alkaline - syenite - carbonatitc 
masses occur in the area (Carl son and Donovan, 1965) . Paleozoic sediments 
of Ordovician and Silurian age occur south of Kirkland Lake in a northwesterly 
trending belt. 

The area is, in many places , covered by glacial debris which 
often reaches consid erabl e thickness, representing one of the major obstacles 
to expl oration and the systematic mapping of bedrock geo lo gy. 

Statistical data on large copper and zinc deposits are given in 
Appendix 1 and Figure 3. The areal distribution of copper, zinc and gold 
deposits is shown in Figures 1, 4 and 5 . Most production of metal in the are a 
was for the elements gold, silver , copper and zinc . The total production and 

reserve figures for these four elements are given in Table 1. 
Most large base metal deposits in the area are lenticular, 

massive to disseminated, stratabound deposits enclosed by volcanic and sedi ­
mentary rocks of Archean age . These deposits contain mixtures, in various 
proportions, of pyrite, pyrrhotite , sphalerite, chalcopyrite and, in some 
instances, gal ena . They also may contain significant amounts of gold and 
sil ver. Although these deposits are essentially all of the same type, the rel ­
ative amounts of metal recovered from them varies significantly, as shown 
in Figure 3 . Zinc is not recovered from a number of d epos its and significant 
copper may be absent in others. 
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Table l 

Totals of production and reserves for study area 

Production Reserves P+R 
Area Commodity (oz. or (oz. or (oz. or Percentages 

Studied or metal tons) tons) tons) Reserves 
xlOOO xlOOO xlOOO 

Pntario Au 86, 941 4, 286 91 , 227 
1 area Ag (Au-Ag+ 

base metal) 3 5, 71 7 258, 114 293 , 831 
2 

Ag (Ag - Co) 85,411 127 85 , 538 
1 2 

Ag +Ag 121, 128 258, 24 1 379, 370 

Cu 207 801 1 , 008 

Zn 532 3,878 4,410 

!Quebec Au 31, 061 4,374 35 ,435 

area Ag 79, 168 18, 741 97 , 908 

Cu 2, 226 234 2,459 

Zn 1, 682 513 2 , 1 96 

Total Au 118, 002 8 , 660 126,662 6.86% 
area 

Ag 200, 296 276, 982 477 , 278 58 . 03% 

Cu 2,432 1, 03 5 3 ,4 67 29 . 85% 

Zn 2, 214 4, 391 6 , 606 66 .47 % 

In the western Quebec part of the 'area, pyrite-sphalerite bodies , 
from whic h zinc is recovered, tend to lie above pyrrhotite - chalcopyrite bodies 
with copper as the principal commodity . 

Several authors believe that these deposits are related geneti ­
cally to the volcanism . If this is so , they would be of Archean age and only 
slightly younger t h an the volcanic and sedimentary rocks in their vicinity. 
The deposits and their enclosing rocks were subsequently fo lded and ti lted to 
the ir present attitudes during the Kenoran orogeny . 

Goodwin and Ridler (1970) take this view and point out that the 
deposits occur in the vicinity of the sites of ancient volcanic centres . One of 
the characteristic features of these volcani c centres is the r e l ative abundance 
of acid volcanic rocks (rhyolites and tuffs ) in the upper parts of volcanic 
sequences, otherwise mainly consisting of mafic volcanics (basal ts and 
andes i tes). 

Kutina and Fabbri (1 97 1) have done an extensive study on the 
relationship between copper and gold deposits and structural lineaments in 
the area . They found t h at structural control can be important, both locally 

and regionally. 



- 9 -

Although it was mentioned above that the large copper-zinc 
deposits are essentially of one type, there are a few notable exceptions lo 
this rule for the area. At the Mcintyre gold mine near Timmins, Ontario, an 
important copper deposit was also found (No. 6, Appendix 1 and Fig. 5). Al 
this place, the copper occurs as a dissemination of chalcopyrite in the Pearl 
Lake quartz - feldspar porphyry stock. 

About half of the copper production from the Canadian Shield 
comes from nickel - copper mines. All important nickel deposits in the 
Canadian Shield are located in or near magmatic rocks of mafic or ultramafic 
composition, which were their source . This type of deposit is rare in the 
Abitibi area . In Appendix 1, the only large deposit of this type with signifi­
cant copper reserves is No. 56, where the nickel and copper are associated 
with a mafic intrusion. 

For the statistical analysis carried out to construct the contours 
of Figures 1 and 3, only large copper and zinc deposits were selected 
containing at least 1, 000 tons of copper and/or zinc, respectively. They were 
treated as if they were of a single metallogenic type and were related to fea­
tures of Archean bedrock only. Cells falling in the parts of the area covered 
by Proterozoic rocks were not used for this statistical comparison. 

Large silver-cobalt orebodies are associated with mafic sills of 
Proterozoic age in the Cobalt Subprovince to the south. 

Large, low - grade, banded cherty iron deposits with magnetite 
and /or hematite , of the Algoma type, are common in the sedimentary parts of 
the Archean volcanic - sedimentary piles, e.g. at Kirkland Lake. Their place 
of occurrence in the area is one of the factors consideredduringthe statistical 
analysis . 

Various types of geophysical expressions of the Archean bedrock 
also contribute information to the geomathematical classification of the 
10 x 10 km cells . For example, Roscoe (1965) has pointed out that various 
types of volcani c rocks have a different signature on regional aeromagnetic 
maps. Bouguer anomalies provide approximate information on the thickness 
of the volcanic pile in the earth's crust that overlies rocks of granitic or 
granodioritic composition. This is because mafic volcanic rocks have a higher 
specific gravity than other types of Archean rocks in the area . Since the 
volcanic rocks were subjected lo folding and erosion, the Bouguer anomaly 
does not provide a measure of the original thickness of the Archean volcanic ­
sedimentary complexes . Moorhouse (1965) has estimated that, for these 
rocks , t h e stratigraphic column reached a maximum thickness of 59 , 000 feet 
in the Quebec part of the area . 

THE DAT A BASE 

Geol ogical Data 

In studies of this nature , geologica l data are usua lly q u antified 
by super impo>ing a network of equal-area cells on maps of t h e area of inter ­
est and measuring areas , l ength s , etc ., in each ce ll. We have followed t h is 
procedure . Canad ian topograph ic maps at scales of 1 :_250 , 000 and larger , 
p ubli s h ed by t h e Su rveys and Mapping Branch of the Departme n t of Energy, 
Mines and Resources , have overprinted on them the Universal Transverse 
Mercator (UTM) g r i d system . In th is system, the surface of the earth 
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is divided into 60 zones, each zone being 6° of longitude in width. A rectan ­
gular co - ordinate system is constructed in each zone ; the origin of each zone 
being on the equator 1t a point 500, 000 metres west of the central meridian 
of the zone for points in the northern hemisphere (The origin for each zone 
is in £3.ct west of the zone ; this convention i s adopted so that there will be no 
negative co-ordinates ). The position of a point is then specified by giving 
the zone number, the easting (i.e . , the x-co - ordinate) and the northing 
(y- co -ordinate). For point s in the southern h emisphe re, a "false northing" 
of 10, 000, 000 metres is added, also to avoid n egative co - ordinates. 

The grid lines printed on Canadian maps at a scale of 1: 250 , 000 
are at 10 km intervals. This produces a convenient precise grid system for 
our purpos es . Although most of the study area is in UTM zone 17 , the east ­
e rnmost 2° lies in zone 18 . To preserve the equal - area ce ll structure t here ­
fore, it was nece ssa ry to extend the grid zone 1 7 eastwards into zone 18 . In 
a small extension such as this , the errors introduce d are negligibl e . Figure 3 
shows the grid used, in relation to the geographic co - ordinate system . 

Most geol ogical maps used for data collection were at a scal e of 
1: 253, 440 (1 inch= 4 miles) . The grids were fitted by photograph ic re d uction 
of the 1:250 , 000 grids, matching the geographic co - ordinates of se l ected ref ­
erence points (for one entire NTS l ettered quadrangle or part of it) by trial 
and error to compensate for such factors as paper shr inkage . An add itional 
complication was that some of the geologi cal maps were based on a Lambert 
Conformal projection, whereas the grids we re based on the Transverse 
Mercator projection. As a result , exact fits could not be obtained . However , 
in all cases, the errors were less than a distance equivalent to 0 . 25 km on 
the ground (i . e . , 2 . 5%). 

Each grid square was subdivided into 400 (1/2 x 1/ 2 km) sub ­
cells . Using a graticule, the rock type present at the central point of each 
sub - ce ll was noted, r es ulting in 400 "yes /no" type data for each ce ll. 

Most "point - counting" was done using Ontario Department of 
Mines maps 2046 and 2116 and Map 1 600 - V accompanying Special Paper No. 2 
of the Quebec Department of Natural R esources . In some areas more recent 
larger scal e maps were us e d, notably for the area north of Timmins , Ontario , 
where use was made of a map compiled by J . L . Kirwan (Appended to Ph. D 
thesis, University of London, England , 1968). 

Contacts between rocks of different types are often so irregu ­
larly shaped in nature that they must be generalized for representation on 
geological maps, the degree of generalization depending on the scale of the 
map . Furthermo re , altho~gh rock types ar e shown as being mutually exclu ­
sive on maps, the ground truth is that interbedding of different rock types is 
commonly leading to another kind o f general ization. Consequently, point 
count measurements made from maps may not be individually meaningful. 
However, totals for larger ce ils b ecome increasingly representative of the 
mapped data as a whole. 

In order to produce meaningful results with minimum bia s , it is 
n ecessary to use as quantified variables only those geological features which 
are mapped consistently over the whole area . Thi s imposes severe restric ­
tions on the amount of information which can be derived from geological 
maps . Local areas in the neighbourhood of large operating mines or well ­
d eve loped prospects tend to be i:nore thoroughly explored and mapped in 
greater detail than l ess productive areas . Consequently , whereas one map may 
simply show a particular unit as "granitic rocks" , an adjacent sheet may 
show its continu ation subdivided into other units such as granodiorite, s yenite 
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and quartz porphyry. The question of scale also comes in: for a given con­
stant "gr.iininess" of map, lhe detail will be greater on larger scale maps. 

Another complication is that parts of the area are covered by 
very thick overburden and the bedrock character is unknown , These cells 
could not be used for ana lysis. Where there are adequate drillhole data, of 
course , this problem is obviated . 

These considerations, plus the fact that all of the deposits 
included in the data base occur in rocks of Arch ean age, led to a decision to 
use a cell for analysis only if 25 per cent or more of its area was known to 
b e covered by Archean rocks. The areas were recalculated to percentage 
values for Archean rocks by the e l imination of points covered by rocks of 
other ages, t hick overburden, water , or unmapped terrain . The result was 
seven ge n eral ized vari abl es for Archean rocks, which are mapped consis ­
tently in the w hole area . They are shown in Tabl e 2 . 

For stratigraphic control of the sedimentary rocks, the approx ­
imate lotal length of banded cherty iron-formations per cell was included. 
These d ata were d erived from maps compil ed by G . A . Gross , of the Geological 
Survey of Canad a , at a scale of 1 :1, 000, 000 (G. S . C . Preliminary Series, 
1 963 : Nos . 13 , 14 , 16, and 17). 

T ab l e 2 

Ten basic variables coded for Archean rocks 
(percentage values for fir st seven variabl es ) 

1. Granitic rocks (acid intrusions and gne i sses ) 
2 . Mafic intrusions (gabbros and diorites) 
3 . Ultramafics 
4. Acid volcanics (rhyolites and pyroclastics) 
5 . Mafic volcanics (basalts and andesites ) 
6 . Archean sedimentary rocks 
7. Metamorphic rocks of sedimentary origin 
8 . Approximate total l ength of l ayered iron 

formations per ce ll 
9 . Average Bouguer anomaly per cell 

10 . Regional aeromagnetic anomal y at ce ll centre . 

Many geophysical parameters are known to be good indicators 
of potential mineralization. In the study are a , data we re available from 
aeromagnetic and gravity surveys . 

Aeromagnetic anomal y values for the centre of each cell were 
derived from unpublished 1: 500 , 000 scale maps supplied by the Exploration 
Geophysics Division of the Geo l ogical Survey of Canada. The anomalies 
plotted were the residual values of total magnetism after subtraction of the 
earth' s main magnetic field . 

Bouguer anomaly values for all gravity measurement stations in 
the area were obtained from the Gravity Division, Earth Physics Branch, 
Department of Energy, Mines and Resources , Ottawa. Values for two or 
more stations i.n the same cell were average d - values for cells with no 
stations in lhem were computed by interpolation from surrounding cells . 
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The result is ten basic measurement variables, for 644 cells, 
as shown in Table 2. In Figure 10, to be discussed in more detail later, the 
unused cells are indicated by minus signs. 

Associations of basic variables can be used to provide important 
new variables. Forty-five such associations were derived from the measured 
variables, taking the products of all possible pairs. (There are 45 combina­
tions of 10 items taken 2 at a time.) 

The main reason for using artificially derived variables such as 
these is to allow for some of the many possible interactions found in geology. 
Some examples are: contact between two rock types or the proximity of an 
intrusion to a nearby rock type may be more important factors in the develop­
ment of concentrated mineralization than the rock types themselves; the asso­
ciation of sedimentary rocks and iron formations defines a different facies 
than the sediments taken alone. 

Mineral Deposits 

The primary data on mineral deposits used for this study are 
represented in Figures 1 , 3, 4 and 5 and in Appendix 1. These data were 
obtained from such publications as the Financial Post Survey of Mines, the 
Canadian Mines Handbook and from unpublished data files of the Mineral 
Resources Branch, Department of Energy, Mines and Resources, Ottawa, the 
Ontario Department of Mines, Toronto , and the Quebec Department of Natural 
Resources, Quebec City, 

The main emphasis was on the large copper and zinc deposits 
shown in Figure 3 . Figures 1 and 4 illustrate the sizes of these deposits. 
Appendix 1 gives data on the sizes, grades and main enclosing rocks. In 
most cases, the estimates of tonnages and grades are as of the end of 1968. 

The definition of terms such as deposit, ore body etc. , usually 
derives from economic, rather than purely scientific considerations . For 
example, many mines contain more than one distinct orebody . Conversely, 
more than one mine may have been established in a single mineralized zone . 
Consequently, it is often difficult to sort out the available data. 

To overcome this difficulty, the entity we have used for statis -
tical analysis is the aggregate of all mines, orebodies, etc ., in each cell. 

Only those deposits whose total production and reserves 
exceeded 1, 000 tons of copper and/or zinc were used for analysis . Although 
this cut-off point is arbitrary, deposits of this size account for practically 
all known production and reserves in the area. 

The tonnage/grade estimates are reasonably accurate for mines 
and developed prospects. It is more difficult to classify the smaller occur ­
rences by size, since they are not usually explored in three dimensions. As 
guidelines, we used classifications made by Dugas et~· (1967), Ferguson 
~ al. (1971) and Shklanka ~ ~· (1969) for data obtained from provincial 
departments. Gold occurrences (Fig. 5) were defined on the basis of grade -
e , g., if one or more as says of a quartz vein indicated high gold content, it 
would be classified as a gold occurrence. Copper occurrences were more 
difficult to classify, since small amounts of high-grade chalcopyrite mineral ­
ization are common in the area, For zinc, the problem is less severe 
as sphalerite mineralization in the area is less widely dispersed than chalco­
pyrite. The l arger copper and zinc occurrences are indicated by triangles in 
Figures 1 and 4. Some of the symbols represent several mineralized zones 
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within the same claim (1/4 x 1/4 mile) or group of adjacent claims. Usually 
these are less than 0. 5 km apart. The spatial distribution of occurrences 
was such that no strict mapping rules could be followed at the scale shown; 
consequently, the patterns shown should be regarded as generalizations. 

The clusters of deposits shown on the 1: 500, 000 maps do not 
provide a representative picture of the bedrock geology, as the local areas 
surrounding known l arge deposits have been, in general , more thoroughly 
explored . This may l ead to an artificial intensification of the occurrence 
density in such areas. 

In consider ing mineral deposits data, one encounters an imme­
diate classification problem. If the data used are of a very general nature, 
(e.g., simply the number and sizes of all deposits regardless of type), there 
can be only one class. The resolving power of the prediction models is then 
low and the possibility of identifying those geological features strongly asso ­
ciated with a particular type of deposit does not exist. 

On the other h and, if the parameters of each deposit are 
specified in great detail, the number of classes rises to the point where 
almost every deposit is unique; in this case , statistical analysis may have 
little o r no meaning. 

The problem, then, is to evolve a classification scheme in which 
a sufficient number of deposits will fall into each class to a llow meaningful 
statistical analysis, while having enough classes to permit adequate resolu­
tion of the correlations between each class and its geological setting. The 
lack of adequate computer-processable mineral d eposits files has prevented 
proper study of this problem in the past; however, this situation is now being 
rectified and work is in progress on the problem. 

In this study, a fa irly general classification scheme, which 
groups deposits by commodity, amount of contained metal and geological age, 
has been used. Although it is probably sub-optimal, it has proved adequate 
for our purposes. 

METHODOLOGY 

No attempt is made in this section to give a detailed, mathemat­
ical exposition of the techniques employe d. Most of them a re elementary and 
will be found in standard textbooks or reference works on mathematical 
statistics. Instead, the methods are discussed very briefly for the math­
ematically inclined reader. Those not so inclined may skip the first two 
parts of this section without loss of appreciation of the remainder of the 
paper. The section consists of three parts. In the first, the data on occur­
rences of copper and gold in the area are subjected to a preliminary statisti­
cal analysis without consideration of geological factors. 

In the second part, the methods used to calculate a probability 
index for copper and zinc in the Abitibi area are discussed in more detail. 
When the method is applied (see third part), one is faced with having to take 
a number of decisions with regard to the types of variables to be related to 
one another, size of study area, spacing of grid overlain on the area, selec ­
tion of control cell s and size of control area . These factors will influence the 
strength of the relationship between mineralization and coded variables to be 
used for prediction. 

The choice of these variables is very important for the end 
result. Initially , however, several decisions must be taken in a manner 
which may not be better than arbitrary . However, during analysi s, by trial 



- 14 -

and error, one may be able to improve the results considerably by modifying 
the factors initially selected. This does not mean that the data base (see 
previous section) is c hange d; rather that it is treated in a slightly differ e nt 
manner to bring out a relationship between minerali zation and coded variables 
which is statistically significant and from which distorting factors have been 
eliminated as far as possible . 

For example, in one preliminary experiment, we tried to relate 
the place of occurrence of some 718 copper deposits in the area to the coded 
geological variables. The result was little better than random because the 
smaller copper deposits shown by triangles in Figure 1 are not significantly 
correlated to their geological setting as coded for 10 x 10 km cells by 
the method discussed in the previous section . On the other hand, if the 
control cells are selected on the basis of l arge copper deposits, a statis­
tically significant relationship emerges rapidly. 

In other experiments, i t was found that a single analysis for a 
large region may give better results than a number of simil ar analyses for 
smaller , separate parts of the same region . In other work based on smaller 
areas and fewer variables, it became apparent that the cell size of lOxlOkm 
was too small and that better results could be obtained by also considering 
geologi cal data from ce ll s surrounding the control cells . The contours 
presented in Figures 1 and 4 of this paper will be tested for possib l e 
adverse effects of this nature in the third part of this section . 

Another problem to be assessed here i s which geological vari ­
ables singl y and in combination are most strongl y correlated to copper min ­
eral ization. This probl em was studied in detai l. However, at this time , we 
can onl y provide a partial answer which cannot be separated from multivari ­
abl e methodology. For example , it is we ll -known that in the Abitibi area, the 
large copper - zinc deposits tend to occur in places where acid volcanic rocks 
are relatively abundant. This would appear to be confirmed by the statistical 
analysis used to construct the contours of Figures 1 and 4 since acid volcanic 
is part of the first set of variabl es se l ected as most relevant out of the total 
set of 55 variables . However, we also did the statistical analysis with 
a modi fied data base where acid and mafic volcanic were lumped together 
as volcanics. The interesting result of the experiment was that the final 
contoured probability index has a pattern (Fig . 12(b), see later) which is not 
markedly different from that shown in Figure 1 . However, more geological 
variabl es were needed before the same type of pattern was obtained. This 
does not mean that acid volcanics are not correlated to the occurrence of 
mineral izat ion in the area . Rath er, the fact that it is not required as a vari ­
able to do a geomathematical evaluation illustrates that the geol ogical and 
geophysical variables that were used are strongl y intercorrelated . From 
a statistical point of view, a combination of several geological variables 
may be as strongly correlated to a specific type of mineralization as 
another variable which , taken singly, is a more direct indicator. 

Preliminary Statistical Analysis 

Elementary statistical methods , including the use of histograms 
and the chi - squared goodness - of - fit test , were used to examine the distribu ­
tion of deposit sizes, grades and the spatial distribution patterns. Figures 6 
through 9, inclu sive, illustrate these. 
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Figure 6 . Size - frequ e n c y distributions for large copper and gold d e posits 
plotted on logarithmic probability paper. 
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Note that the plots shown in Figure 6 are logarithmic. The 
shape of the curve indicates that the sizes of both copper a nd gold depos­
its are log-normally distributed, a lthough Figure 6A suggests that the 
l arger c opper d e posits may not satisfy this distribution. Chi -s quared tests 
confirm these suggestions. 

The histograms in Figure 7 indicate t h at the variability of aver­
age grade for large deposits is small in comparison with the v ariations in total 
size . 

An interes ting test was performe d as p a rt of some earlier, pre ­
liminary wo rk on t h e same area . The ratio of the number of l a rge d e posits 
of gold and c opper per unit a r ea to the total numbe r of known occurrences of 
these same commodities per unit area was computed. ("Large " in this con­
text is d ete rmine d by the cr it e ri a m entioned earlier, i . e ., production plus 
r ese rves greater tha n 1, 000 o z . of gold or 1, 000 tons of coppe r.) At the time 
these calc ul a tions were made , 8 x 8 -mil e cells were being used, so that the 
unit of area was 64 square miles. 

This ratio, R, tend e d to be constant in are as wh e r e the density 
of occurr ence s (of all sizes) exceed s a thr esh old value of 4 or 5 per ce ll 
(Fi g . 9). For gold, th e thr e sho ld value of 5 occur r ences per 8 x 8-mil e ce ll 
is also th e approximate lower limit o f dens ity in gold-producing areas (see 
Fig. 8). A s imilar result for coppe r could not be obtained either for l ack o f 
sufficient data or becau s e lar ge r and smaller copper deposits are not as 
strongly related to one anoth er as lar ge and small go ld deposits, or , more 
probably , because both preceding reasons are val id to some extent . 



- 16 -

40 

41 COPPER DEPOSITS 161 GOLD DEPOSITS 

D Au-Ag DEPOSITS 

30 
- BASE METAL-Au 

(/) 

t: 
DEPOSITS 

(/) 
0 
Q.. 
w 
Cl 
u. 20 20 0 
a: w 
CXl 
~ 
::::> z 

10 10 

0'--''---'--'"--'"-'--'--'--'--'--'--'--'--'-~ 

3 4 5 0 2 
0 

.2 .3 4 .5 .6 .7 .8 6 0 

GRADE INTERVAL, % Cu GRADE INTERVAL, OZ/TON Au 

Figure 7. Histograms for grades of large copper and gold deposits. 

Although Figure 9 shows the threshold value to be the same in 
both the Ontario and Quebec parts of the region the average ratio, R, is 
smaller in Ontario than Quebec, for both gold and copper. These measures 
may be useful, in that both Rand Rare probably not very sensitive to varia­
tion in the intensity of exploration. 

The significance of these results is not immediately obvious. 
We do not know to what extent they reflect natural populations of mineral 
deposits, since the data are no doubt biased, to an unknown degree, by 
economic effects. 

It is probably safe to assume that the threshold value and lower 
tail of the size-frequency distributions a.re almost completely determined by 
economic factors. 

The spatial distribution patterns for copper and gold occurrences 
have been studied in more detail by Agterberg and Fabbri (in press) who 
used methods of harmonic analysis. 

Apart from these complications of an economic nature, the 
results of the preliminary analysis indicate that the spatial abundances of 
large and small deposits are related to one another. In general, the 
deposits form clusters. If the density increases, the average size of the 
deposits also increases. This relationship was more clearly established 
for gold than for copper. 
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Figure 10. Cells used for coding, based on UTM grid; those with less than 
25% coverage of Archean rock are indicated. 

Table 3 

Frequency of occurrence of 10 x 10 km cells 
with one or more large copper and/or zinc deposits 

Number of cells with 
Number of large 
deposits per cell Copper deposits Zinc 

0 617 

1 19 

z}one or ~ }21 
3 more 
7 1 

deposits 

627 
13 

~}11 
1 
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In practical exploration, relationships of this type are well­
known and have led to the rule that more exploration is warranted in places 
where discoveries have been made in the past. It is likely that this rule 
remains valid for the Abitibi area, in that undiscovered deposits are likely to 
occur in the vicinity of known deposits, particularly at some depth below the 
surface, where they are not easily found. 

The spread in average grade values for the copper and zinc 
deposits of Appendix l (also see Fig. 7) is relatively small compared with the 
size values expressed by total amount of metal present. However, the size­
frequency histogram becomes more or less symmetrical when a logarithmic 
scale is used for amount of metal. In the statistical analysis of the next sec­
tion, total amount of copper and /or zinc per cell will be weighed by using the 
logarithm of total amount of metal present. An analogous procedure was used 
for the representation of individual large deposits in Figures 1, 4 and 5. 

Calculation of Probability Index 

As mentioned previously, data for two or more deposits falling 
in the same cell were combined. The 41 large copper deposits in the 
area fall in 27 control cells; the 26 zinc deposits occur in 17 control ce lls. 
The frequency distribution of number of copper and zinc deposits per control 
cell is shown in Table 3. Most control cells have one deposit, a few two or 
three, bul one (cell no. 37, 8) near Noranda has seven large copper and zinc 
d epos its. 

Statistical analysis was done on the basis of values which are the 
common logarithm (base 10) of combined size for large d eposits falling in the 
same cell . These copper "weights" are represented graphically in Figure lO(a) . 
They constitute a patte rn which was systematically correlated to the 55 
geological and geophysical variables and to combinations of these variables. 

In order to illustrate the method of calculation, a simplified 
example from Agterberg and Robinson (in press) is discuss e d first. The 
coded values for the 644 cells of the data base are numerical values. For 
variables 1-8 in Table 2, they can be reduced to binary data by replacing the 
numerical value by a one for cells wh ere a feature is present and maintaining 
the zero when the feature is absent. The same was done for variables 9 and 
10 by subtracting the mean for all 644 cells from ce ll values and replacing 
positive numbers by ones and negative numbers by zeros . The meaning of the 
45 additional variables for pairs of basic variables now is as follows. A new 
var i abl e for a pair is one when both variables constituting the pair are 
one (since l x l = l). If one or both of the original variables are zero, the 
new variable is also zero (1 x 0 = 0 x 1 = 0 x 0 = 0). Those fami liar with set 
theory will recognize that the additional variables are intersections of two 
sets of cells each characterized by the presence of one or two basic variables. 

The copper weights now can be connected to each of the 55 sim­
plified variables. It was done by computing the 55 ordinary correlation coef ­
ficients. In general, one variable out of 55 has the largest correlation coeffi ­
cie nt. This variable is selected for further analysis . For the copper in 
Abitibi, it is the combination of acid volcanics present and Bouguer anomaly 
above average . The l atter two variables are represented both singly and in 
c01mbination in Figure lO(b). 
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For further illustration, the copper mineralization pattern can 
also be re<juced to binary form. For this the numerical value for every control 
cell is set equal to one. By graphical comparison of Figure 1 O(a) to 1 O(b), we 
count that 18 out of 27 control cells coincide with 18 out of 120 cells where 
acid volcanics are present and the Bouguer anomaly is above average. On 
the other hand, 9 out of 27 control cells fall in 644 - 120 = 524 other 
(non-black) cells in Figure lO(b). Suppose that one black cell is selected at 
randomfrom F\gure lO(b), then the probability that it is a control cell is 
18/120 = 15. 0 per cent. For a non-black cell in Figure lO(b), we have a prob­
ability of 9/524 = 1 • 7 per cent that it is a control cell. Figure 10 (b) can now be 
replaced by a probability map by assigning a probability of 15. 0 per cent to 
all black cells and of 1. 7 per cent to other cells. This model would be 
appropriate if all large copper deposits had been discovered. Suppose, 
however, that instead of 27 cells with at least one major deposit, there are X 
such cells in the region, X minus 27 of which remain to be discovered. It 
would be reasonable to assume that out of these (X - 27) undiscovered 
deposits, as before, 18/27 = 67% will fall in black cells of Figure lO{b), and 
3 3 % in non-black cells. 

Of course, we do not know how many cells with significant 
undiscovered mineralization occur in the region. This problem is solved by 
defining a control area to be used for scaling. For Figure lO(a), we assumed 
that 25 cells near Timmins and 25 cells near Noranda are well-explored and 
that all copper-rich cells have been dis cove red here. In total, 12 out of 50 
cells in the control area are control cells. On the other hand, 32 black cells 
of Figure 1 O{b) fall in the control area. 

Suppose that as before, the probability, is 15. 0% that a black 
cell contains significant copper mineralization. The sum of one 15. 0% 
probability for each of the 3 2 black cells in the control area amounts to 
32 x 15.0% = 4.80. To this, 18 x 1. 7% = 0.31 is added for the remaining 
(non-black) cells in the control area. Our estimated total becomes 5.11. It 
is the total number of copper-rich cells initially predicted to exist in the con­
trol area, and is less than the number actually known to .exist in the control 
area that number being 12. 

For this reason, we correct all probabilities by the factor 
12/5.11 = 2.35. This gives a modified probability of 2.35 x 15.0%= 35.2% 
for black cells in Figure lO(b) and 4. 0% for other cells. The final set of prob­
abilities is such that the quantity "predicted-minus-known" is exactly zero in 
the control area. 

We can now compute the potential for any block of cells. For the 
entire area, the probabilities add up to X = 120 x 3 5. 2% + 524 x 4. 0% = 63. 2. 
Subtraction of the total number of control cells would give 63 - 27 = 3 6 cells 
for total potential of the Abitibi region or 36/27 = 1.33 times as much as has 
been already found. This calculation was carried through to its conclusion 
for illustration only. A better estimate of potential will be obtained later by 
adding other variables. One objection to this initial estimate is that all non­
black cells in Figure 1 O(b) would have a 4% probability of being rich in copper. 
However, many of these cells are underlain by acid intrusions and gneisses 
for which the calculated probability should be less, since none of the known 
large deposits in the Abitibi area occur in a cell underlain by granitic Archean 
rocks only. 
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The previous results can also be obta in ed by performing a linear 
regr es sion analysis to relate contro l cel ls in Figure J O(a) to black cells in 
Figure lO(b). The regr es si on model is of the form 

and 

When B 
0 

and B
1 

ar e e stimated by the method of least squares, 

Nl:XY - (i:X) p-:Y\ 

mx2 - (l:X)2 

The expression E (Y X) den o tes the expected value of Y when X is known; Y 
is one for control cells and zero otherwise; X is one for black cells in 
Figure lO(b) and zero otherwise . 

and 

Hence, L: (Y X) 

644 x 18 - 120 x 27 
644 x 120 - 120 x 120 

27 - 0.132824 x 120 
644 

0.132824 

0.017176 

We see that B0 = 1. 7% denotes the previously calculated probability for non­
black ce lls whereas (B0 + B1) is equal to 15. Oo/o for black ce lls (with X = 1 ). 
The advantage of using regression analysis is that instead of binary data, the 
original numerical values for the variables can be used. Also, by doing a 
multiple regression analysis, the "dependent" variable Y can simultaneously 
be related to two or more variable s. 

A conventional measure for the strength of the relationship 
between two variables is the square of the correlation coefficient R~. x 

with 

[N L:XY - (l:X) (E Y)] 2 2 
Ry.x [N EX 2 - (L: XJ2)[NE y2 - (EY)2 ] 

2 
For the previous example , R 

y.x 
= o. 067 

In most practical applications of regression analysis, such a 
low value would be regarded as indication t~at there is only a weak correla­
tion between the variables X and Y . This is contradicted by a visual compar­
ison of Figures lO(a) and (b) which suggests that the two variables are signif­

icantly correlated . The reason for a low value of R~. x is that the present 
result depends strongly upon the size of cells of the grid overlain on the area. 
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Suppose that the cells are made smaller by decreasing the spacing between 
grid lines. This has little effect upon the terms LXY, ~Y, ~ y2 and 0:: Y)2. 
For example, LY cannot exceed 41 which is the total number of large copper 
deposits in the area. On the other hand, the terms N, 'EX, !:X2, and (!:X)2 
will increase rapidly when cell size decreases. The effect of this is that 
R~.x also will decrease. The explanation is that the variables X and Y have 
different geological characteristics. Y is related to the presence of mineral 
deposits which are relatively small bodies plotting as points on a small-scale 
map. On the other hand, the X•s correspond to features which are more 
widespread in the area. 

When multiple regression is used, ~.xis replaced by the so­
called squared multiple correlation coefficient ~.x1 x 2•. providing a mea­
sure of the strength of the multiple correlation. When the cell size is kept 
constant, this parameter can still be used to compare different solutions 
obtained by multiple regression. The statistical model used for multivariate 
analysis was 

Y represents the logarithm (base l 0) of total tonnage copper in control cells 
and is zero elsewhere. X1, X2, X3, ••• represent the geological variables 
that were coded. In total, there are 55 geological variables which are 
strongly interrelated with one another. 

Multiple regression can be used to estimate the coefficients B , 
B1, B2, .•. B55. However, since the Xi's are, in part, percentage values 

0 

which add up to 100% per cell, it is not possible to do a full regression on all 
55 variables. In fact, there may exist a number of perfect or practically 
perfect linear relationships between the geological variables. In general, 
this has the effect that computing of the B's becomes difficult because of pro­
pagation of the truncation errors caused by the limited precision of the digital 
computer. 

We used stepwise regression to obtain a solution. This method 
is fully described in Draper and Smith (1968). A computer algorithm for the 
basic operations was developed by Efroymson (1960). Miesch and Connor 
(1968) used the same method for their more elaborate algorithm and gave 
geological applications. 

Stepwise regression essentially consists of the following 
procedure: 

1. Select, from the simple correlation coefficients, the geological vari­
able most highly correlated with metal value. 

2. Using partial correlation coefficients, select the next most highly 
correlated variable. Perform a multiple regression. 

2a. Having included two variables, repeat step 2 once, then go to step 3. 
3. Perform a backward elimination; this is done by treating each vari­

able, except the last one entered, as if it were the last, and calcula­
ting its contribution to the regression. If its contribution is signifi­
cant, it is retained; if not, it is eliminated. 

4. Repeat steps 2 and 3 until either all variables have been used or a 
pre-determined "Q-value" (explained below) has been reached. 

The Q-values represent the probability that a given step is not 
significant in terms of the conventional F-distribution. This is a standard 
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method of determining the "goodness-of-fit" of a regress i on; i t is expl ained 
in Draper and Smith (op. cit.) and most other standard works , 

The stepwise regression that gave the contours in Figure 1 is 
shown in Appendix 2. The rank indicates the order in which the variables 
entered the regression. The product variable for acid volcanics and mafic 
volcanics was selected first. It has the lowest Q-value. Remember that we 
were operating on the data base itself without making the simplification lead­
ing to Figure 1 O(b) where Acid volcanics x Bouguer anomaly was selected first. 

For this run, we specified that the multiple regression would be 
stopped at a predetermined Q-value equal to 0. 5. The variable included at 
step 16 was later deleted at step 19, but this was the only backward pass 
made for Q<O. 5 . In total, 26 variables (out of 55) were selected. Their 
regression equation is of the form 

Y= -0.14863 + 0.00045 x
1 

+ 0.00147 x
2 

where Y is the calculated value for logarithm of tonnage copper per cell; x 1 
is Acid volcanics x Mafic volcanics; X2 is Granitic rocks x Acid volcanics ; 
etc. The final regression coefficients are listed in Appendix 2. 

By means of this equation, a value was calculated for each of the 
644 ce lls. These are shown in Appendix 3 (They were multiplied by a factor 
of 10 and rounded, in order to made direct use of a computer print-out). 

Calculation of moving averages on the basis of these values 
combined in blocks of sixteen at a time, and contouring the result gives 
the pattern shown in Figure 1. 

In order to assign values to contours in Figure 1, we extende d 
the argument used for the simplified example of Figure 10. 

Within the study area, a control area was selecte d to contain 
mining camps of Timmins, Kirkland Lake, Noranda and Val d ' Or. It consists 
of the 145 cells outlined by a frame in Appendix 3 . 

The simple method that we used in practice was as follows: 
1 . Take the sum of all calculated values in the control area. 
2 . 

3 . 
4. 
5 . 

Divide this sum by the number of control cells in the control area . 
This gives a scaling factor . 
Divide calculated values for all cells in the area by the scaling factor. 
Sum the scaled va lues for overlapping blocks of 16 cells . 
Contour the results by computer program. 

For the data of Appendix 3 the scaling factor amounts to 3 . 20 
When a ll values are divided by 3 2 (accounting for the multiplication by 10 used 
for the print-out) they become, by approximation, probabilities. The proba­
bility for a singl e cell then indicates the chances that this cell contains a sig­
nificant amount of copper . Addition, for blocks of 16 cells , gives the 
probable number of 10 x 10 km ce lls with metal per surrounding 40 x 40 km 
cell. From here on, we can use Alla is' method for computing total amount of 
metal per area, as will be discussed in the section on use of the probability 
maps. The preceding method of assigning values to the contours , which can 
be interp rete d readily , is approximate. The validity of the a pproximat ion can 
be tested , however . 

The dependent variable Y used for regression is a so - called 
compound random variable . 
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It means that a calculated value 1, obtained by regression 
reflects one or both of two variables expressing different properties of 
copper deposits in the region: 
If 1 is high, this means (1) that there is a high probability that the cell 
is rich in copper; or (2) that, if copper deposits are present, they have 
a high probability of being large. These two explanations are quite dif­
ferent; in reality, both may be valid to some extent. For convenience, 
we assumed that the first factor related to place of occurrence (1) is 
more important and that the second factor related to size of deposits (2) 
can be rejected. In practice, Y is then rewritten as the product P x Y 
where P is the estimated probability that the cell is mineralized and Y 
the average amount of metal per cell . If this explanation is valid, Y 
should be uncorrelated to Y for control cells . 

For copper, there are 27 control cells with Y - values (weights 
shown graphically in Figure lO(a) whose distribution is normal by close 
approximation . The conventional correlation coefficient between Y and 1 
amount s to 0.31. It can be tested for significance by consulting standard 
statistical tables for the product-moment correlation coefficient. Since 
there are only 27 data, the value 0. 31 is not significant at the 95 per 
cent level. For zinc (17 control cells), this coefficient amounts to 0. 11 
w hich is a lso not statistically significant. 

For the 644 cells on Figure 1 Oa and Appendix 3, an initial 
set of probabilities P therefore is obtained by dividing all calcul ate d values 
YbyY =4. 31, representing the average copper weight assigned to control 
cell s . As before, these probabilities will underestimate the true proba­
bilities. This effect is compensated for by summing P for the control 
area (145 ce lls in Appendix 3) and comparing the sum with the number of 
control cells in the control area, this being 24 for copper . The ratio of 
these two sums amounts to 1.35, and a ll initial estim3.tes of P must be 
multiplied by it. This procedure gives exactly the same result as the 
simpler method described above , when the values Y were divided by 3 . 20 
being the sum of Y in the control area divided by number of control cells 
(= 24) in this area . 

The method i s approximate and i t is possible that some of the 
corrected probabilities for individual cells fall outsid e the interval (o, 1] 
where they should li e . In Appendix 3 , several of the calcul ated values are 
negative, w hich would correspond to negative probabilities for these cells . 
The effect of these values is largely eliminated when s um s are taken for 16 
values at a t ime . 

In the contouring program, negative values for sums of 16 values 
are automat i cally replaced by zeros . It is a l so possible that probabilities 
compute d this way exceed 100%, although this did not happen here . The 
l argest value in Appendix 3 is 28 giving a probability of 28/32 = 88% . 

The values for cell s in Appendix 3 show a number of trends . 
Their local p attern of variation is irregular because t h ey reflect local discon­
tinuities (mainly contacts between rock types ) in the geological framework . 
By enlarging the cell of reference, such local effects tend to disappear. The 
"moving average" becomes increasingly smooth and can be contoure d for 
40 x 40 km ce lls. A di sad vantage of smoothing is that some resolution is 
lost. If the geology is favourable at a specific place, the probability index 
for 40 x 40 km cells will reflect this at points up to 20 km away, both in the 
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north-south and the east-west directions. Nevertheless, regional interpreta­
tion is greatly facilitated by using such contours and the probability index is 
meaningful if related to all terrain within the surrounding 40 x 40 km cell . 

We have conducted a series of experiments to test the pattern of 
contours in Figure 1 by changing size of the control area, number of control 
cells, number of geological variables included for computing, sizes of grid­
cells and by considering systematic variations in the pattern of copper miner­
alization perhaps not adequately expressed by the coded variables. 

Some of these experiments are discussed in the third part of this 
section. 

Other Probability Maps for Copper 

The first experiment was discussed in part in the section on 
summary of method. Two 50 x 50 km squares near Timmins and Noranda are 
depicted in Figure lO{a). Together they can be used as a control area consist ­
ing of 50 cells, or about one third of the control area of 145 cells shown in 
Appendix 3. The contoured probability index for 55 geological variables, 
based on this new control area, is shown in Figure 11 (a). Being similar , the 
results indicate that the exact shape and size of the control area is not a crit ­
ical factor in this type of application. 

The statistical analysis was repeated by omitting the 8 and 19 
control cells falling in Ontario and Quebec, respectively . For the prediction 
based on Quebec (also see Fig. 2B), the 25 cells near Noranda were used as 
a control area. Those near Timmins were used for prediction from the 8 
control cells in Ontario. The results are shown as contoured probability 
maps in Figures ll{b) and (c). 

Mathematically, it is of interest that the 644 calcul ated values 
underlying Figure 11 (a) are equal to the sum of the calculated values underlying 
Figures ll(b)and(c) , respectively. Itindicatesthatwe can divide the pattern 
of probabilities for a larger region into components each of which is based on 
part of the control cells. For Figure 11, this sub-classification of control 
cells was based on geographical location. In other situations it can be based 
on types of deposit, if the control cells are defined for deposits which belong 
to different classes from a metallogenetic point of view . Several experiments 
were done to check the extent to which the contour map of Figure 1 is influ ­
enced by specific geological variables or groups of variables. The results 
obtained for two runs are shown in Figure 12. The statistical method used 
was the same as that for constructing Figure I. The only difference was that 
fewer basic variables were used (see Table 2) . In the run leading to 
Figure 12(a) , variables 8, 9 and JO of Table 2 were not used and variables 6 
and 7 were combined into a single one by addition of percentage values for 
each cell . This left six bas i c variables from which 15 additional variables 
were constructed by combining the basic variables pairwise . 

The result (Fig . l 2(a)) , is approximately equivalent to what can 
be coded using 4 - mile geological maps and disregarding geophysical data , 
etc., obtained from other sources . On the whole, Figure ! 2(a ) resemblesthe 
contoured pattern of Figure 1 . Locally, however , there are discrepancies. 
For example, the peak near Noranda is higher in Figure 12(a) and there is a 
new area of high copper potential indicated to the south of t h e Timmins area . 
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a 

b 
(b) Basic variables 4 and 5 were 
added to give undifferentiated vol­
canics as a single new variable. 

Figure 12. Copper potential maps computed by using fewer variables . 

We recall lhat in Appendix 2 , the first five variables lhat 
entered the stepwise repression for copper, contain acid volcanics as a 
factor , a factor which is singly most strongly correlated to occurrence 
of large copper (and zinc) deposits. We combined basic variables 4 and 5 
in Table 2 into a single variable (undifferentiated volcanics) and redid the 
analysis. This gave 9 basic variables and 45 geological variables in total. 
The resulting potential map (Fig. 12(b)) is very similar to that shown in 
Figure 1. 

The results of Figure 12 confirm that lhe geological variables 
in the data base are strongly intercorrelated. By working with many 
variables as was done for Figure 1 , we admit considerable redundancy in the 
data base. However, during the multiple regression, this redundancy is 
automatically eliminated. For this type of multivariate statislical analysis , 
is may be best to start. off with as many variables as possible and to let the 
e l imination of redundancies be done by computer . However , the method is 
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well-suited to solve specific problems such as how relevant it is to map one 
or more variables in a region if the object it to establish the mineral poten­
tial of that region . 

The ranks and weights of the variables as shown in Appendix 2 
individually, are not meaningful indicators of relevance since they are also 
d etermined by the strong interrelationships between the geological variabl es . 
In fact, these effects increase very rapidly when more than one or two geo ­
logical variables are used for multivariate analysis. Some of these prob­
l ems were discussed in more d etail by Agterberg (1971) and Agterberg and 
Kelly (1971). They are among the main reasons for cons idering, simul­
taneous ly, data for all cells in an area w h en a geomathematical evaluation is 
d one , both w hen t h e multivariable relationship i s being establishe d and w h e n 
individua l ce ll s are being classified. 

The next experiment to be di scusse d was done to test for 
possibl e effects r e l ated to c h a nging the predetermined Q-value of stepwise 
regression which, until now, was kept at O. 5 . A run was done whereby the 
Q-value was s et equal to 1. 0 implying that all variables may enter the 
regress ion equation . Out of 55 variables, 51 variables did actually e nte r. 
Four were left out b ecaus e there are several p e rfe ct or nearly perfect 
linear relationships b e tween them and other variables . For example, basic 
variables 1-7 of Table 2 add up to 100% for each ce ll, pr eventing a solution 
of the regression coefficients w hen these seven variables are used at the 
same time. Seven full runs were done with the results shown in Figur e 13 (a)-( g). 
The stepwise regression for these runs was terminated after 1, 2, 4, 8, 16, 
3 2 and 51 ste ps, r es p ectively . The multiple corre l ation squared (R2) for each 
run is shown in Figure 13. It increases from 0.073 to 0.248. However, it 
had r eached 0.246 after 32 variables we r e used; the r e maining variable s had 
practically no effect on this measure of the stre ngth of the relationship 
between coppe r mineralization and geological variables . The final pattern 
was reache d much earlier, after 8 variabl es we r e used (Fig. 13(d)). Later 
change s achieved by adding more variables were minimal. 

Suppo 5e that in Appendix 2, we set the Q-value at 0. 10. The 
cut -off the n occurs after selection of approximately 9 variables . (This 
number is "approximate " b ecause bac kwa rd pass e s m a y slightly change 
the outcome . 

The previous r es ults indicate that it is not very important 
where we s et the Q-leve l provided tha t it is at l east 0.1, or w h e n at le as t 
e ight variables a r e used . We norma lly us e Q = 0. 5, a dmitting considerable 
redundancy among the variables that are used. A re ason for doing this is that 
the computed Q-value may vary in an irregular manner at first, but its rate 
of c h ange usua lly stabili zes at a point somewhere near Q = 0 . 3 w h e r e back ­
ward passes also begin to occur. Our experien ce w ith oth er runs for fewer 
variables was t h at setting Q = 0.1 as the c ut- off l eve l may result in a prema­
t ur e termination of t h e regression, w h e r e a higher cut - off value of Q would 
h ave l ed to significantly better results. 

The d ependent variable Y u se d during t h ese runs i s definitely 
not normally distributed b ecause of abundant ze ro- values . This is one r eason 
w hy the problem of w hi c h is the best solution cannot be d ecide d exclusively 
by rigid statistical inference. Several results shown in Figures 11-13 could 
b e slightly better t h an the one selected for Figure 1. The significance of 
slight differences in pattern could not be assessed by us. It was pointe d out 
b efore (Fig. 1 O(b)) that taking a singl e variable for computing of copper poten ­
tial already prov ides useful r esults. However , it a lso l ed to unrealistically 
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high probabilities for cells underlain by granites and gneisses . The same 
objection can be raised against Figures l 3(a) and (b), where there are too many 
high probabilities for single cells. This is indicated by the shap of the 0. 5 
contour in these diagrams, which extends into barren terrain toward the east . 
This contour is also affected by the presence or absence of cells (- signs in 
Fig. lO(a) with less than 25 per cent of mappable Archean bedrock, since 
these cells were counted as zeros when the probability index for 40 x 40 km 
cells was computed. In the l ast experiment to be discussed here, the possi ­
bility was considered that the spacing of the UTM grid used for counting and 
analysis is too narrow and that a better map could have been obtained by rela ­
ting t h e known minerali zation to mor e regional changes in the constitution of 
the geological framework. Methods to deal with possibilities of this type are 
not e l ementa ry and a model that is satisfactory remains to b e d eve l oped . A 
two-stage l eas t-squares model approach was discu ssed by Agterberg and 
C a bilio (1 969), a nd Agterberg (1970). For large copper and zinc deposits in 
Abitibi, the problem is not seriou s , since for these the geol ogy of 10 x 10 km 
cells provid e good control. Neverth eless , the following results are 
inte r esting. 

To the 55 variables in the data bas e , we added 44 new variables , 
each of whic h is a function of one or both of the two geographi cal coordinates 
des c ribing the location of a ce ll within the r egion . Toge ther, these 44 vari­
ables make a polynomia l of the e ighth d eg r ee (octi c polynomial). Otherwise, 
the 99 variables were treated as the 55 variables in previous runs (Q < 0. 5). 
The result is shown in Figure 14. 

The p art in the final regression equ ation containing the selected 
part of the 44 new variables can be represented se parate ly. This gives a 
continuous polynomia l surface of the eighth d egree . It is shown for both 
copper a nd z inc in Figur e 1 5 . If the 55 original var i ables provide an adequ ate 
representation of the r e lationship b etween mineralization and geological 
framework, there should be little difference between t h e patterns of Figures 
and 14. Also, the pattern s of Figure 15 s h ould be close to zero eve r ywhere 
in the study area. These conditions are approximately satisfie d for copper 
and zinc in the Abitibi area. Possible exceptions a r e the east - we st trending 
copper peak west of Val d 10r and a zinc peak in this same area extending 
farth e r northward. 

A comparison of the contours to occurrence of known copper 
deposits in Figure 1 suggests that in the vicinity of Val d 10r, the contours 
und e restimate the amount of copper actually found in this area. In fa ct , this 
is the maximum negative dis c r e p a ncy between c ontour s and known d ata in the 
region. For a 40 x 40 km cell known to contain 5 control ce lls, the probabil ­
ity index is only 2. This would give a nega tive copper pot ent ial which, of 
course, is not possible . Howeve r, the probability index for 40 x 40 km ce lls 
can be regarded as the expec t e d value of a binomia l frequency distribution 
(s ee later). For m = 2, there is a 4 p er Cl=!nt proba bility tha t this actual 
number is 5 or 6 . Conseque ntly, the discrepancy n ea r Val d 10r could be 
explained as a statistical fluctuation within the mode l us e d for Figur e 1. 

On the other h and, the discr e pancy does not exist in the contours 
of Figure 14. If Figure 15 is compared with geo l ogical and m e t a lloge n etic 
maps for t h e region, it is immediately suggested that the unexplained coppe r 
p eak is genetically relate d to the Cadillac Break, a major east - west strati­
graphic dis continu ity, accompanied by shear zones. 

If this expl anation is acc e pte d, we can ask why structural linea­
ments such as the Cadillac Break were not coded and us e d in the data base, 
particularly since several large copper and zinc deposits els ewh e r e in the 
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Figure 14. Copper potential map based on same variables as Figure 1 but 
with 44 additional variables to consider location of cells with 
respect to one another; Note that the "fit" in the Val d 10r area 
is improved. 

area are also genetically related to geological structures . The reason is that 
it is difficult to describe in a systematic manner, structures in highly 
deformed, met'l.morphic terrain which is also extensively covered by glacial 
debris of various types. Locally, structural control is an important variable. 
By the construction of structural "trajectories" (Kutina and Fabbri, 1971) and 
relating patterns derived by harmonic analysis of occurrences to known linea­
ments (Agterberg and Fabbri, in press) some regional extrapolations can be 
made on the basis of structures. However, this topic is still in the field of 
research and has not led to simple practical methods useful for evaluating 
mineral potential on the Canadian Shield. 

Sinclair and Woods worth (1970), in a study of estimating explo ­
ration potential in an area near Terrace, B. C., have used distance of min­
eral deposits from a fault as a variable for multiple regression. This method 
can be used in areas where there is a well-described fault . In the Abitibi Belt 
there occur several important shear zones . The method employed for 
deriving Figures 14 and 15 accounts for the possibility that one or more of 
these shear zones are relevant factors since the relative location of all cells 
with respect to one another and implicitly to the shear zones is considered. 
Thus it is likely that the Cadillac Break is of both regional and local impor­
tance for copper mineralization but other faults and shear zones such as the 
Destor-Porcupine Fault may be of local importance only. 

Relationships of Method to Methods of Multivariate Classification 

Although the preceding calcul ation of the probability index was 
explained in terms of a linear l east squares model, the procedure is closely 
related to several "classification" techniques such as cluster anal ysis , factor 
analysis (bothR- andQ-modes) and, notably , discriminatory analysis . For 
those familiar with classification techniques , we formulate our problem in 
slightly different terms. 
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F i gure 15. Octic polynomials for copper and zinc, expressing systematic 
regional variations not explained by the 55 geological and geo­
physical variables used for Figure 1. 

There are 644 cells in the area and for each cell, p variables 
were considered. This gives a geological data matrix X of (p + 1) columns 
and 644 rows. (The first co lumn of X consists of 644 ones). Initially, we had 
p = 55, but because of elimination of some variables p = 26 was used for 
Figure 1 . At most, we had p = 51 for Figure 13(g). 

Suppose that we form the square matrix xTx with (p + 1) columns 
and rows. This matrix is closely related to that usually taken as a starting 
point for cluster analysis and factor analysis (R-mode). In fact, inpractice, 
we convert xTx to the corr e lation matrix R for convenience. Essentially, 
we did not do a classification of geologic al data on the basis of xTx (or R) but 
formed the square matrix X(XTX)-lXT with 644 columns and rows. Each 
column of X(XTX)-lxT corresponds to one c e ll in the area. Imagine that we 
=ade 644 different maps, o ne for eac h cell. Every map would have 644 
va lues represented by one column of X(XTX)-lxT. A single map would 

express the degree of similarity of all cells with one particular cell, which 
may be a control cell containing one or more large orebodies . 

For copper, the 27 columns of X(XTx)-lxT for control cells 
can be added after weighing them according to values ranging from 3 to 6 (see 
Fig _ 1 O(a)). The resulting 644 sums are shown in Appendix 3. Of course, 
these sums can be divided into parts corresponding to specific types of 
control ce ll s. This was done by taking separate sums for the 19 and 8 control 
ce ll s in western Quebec and east-central Ontario, respectively (see Figs . 2 
and 11 ) . 
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Stated in these terms the problem can be regarded as a classifi­
cation problem. However, the classification of cells is done on the basis of 
similarity with control cells for one or more variables Y expressing miner­
alization. The data reduction is not done on xTx or a related matrix (as in 
cluster analysis and R-mode factor analysis). It is also not done on XX T 
or a related matrix (as in Q-mode factor analysis) but on X(XTxr 1 xT with 
respect to cells where Y> 0. Those familiar with discrimatory analysis will 
recognize that the present method is, from a computational point of view, closely 
related to that of calculating a discriminant function to separate two populations 
from one another. 

LIMITATIONS 

The formation of a mineral deposit at a given place was, in 
general, determined by many physical and chemical factors and conditions 
most of which are unknown. In order to reconstruct the processes, which 
resulted in a specific deposit, the geologist is forced to work with limited 
data for a complex three-dimensional assemblage of rocks preserved after 

"the metallogenic processes had ended. The changes that took place in the 
course of time cannot be studied directly. 

It is possible to map three-dimensionally the geological setting 
of large orebodies which are being mined out. The surrounding areas of 
mines also may be well-known because of extensive drilling. By a detailed 
interpretation of the setting of deposits, much can be said about provenance, 
processes and favourable conditions. This has led to guidelines for pros­
pecting, where the objective is to locate features elsewhere in the country 
indicating that favourable conditions may have existed. Features to look for 
may include certain types of faults and folds, other structures, rock types 
with specific properties such as porosity and permeability, contacts or other 
associations between two or more different types of rock, etc. 

The method used in this paper is different.· We could not make 
use of the many detailed relationships derived from the setting of specific 
deposits, mainly because most features listed above are rather specialized 
and unknown almost everywhere over a large region. Instead of this, our 
data base contains very limited facts available for most 10 x 10 km cells in 
the region. Consequently, the statistical results will not allow us to assess 
the probability that a specific type of deposit was formed at a given place 
which could, for example, be a good target for drilling. 

Another set of factors providing useful indicators of possible 
occurrences of hidden orebodies are those more directly related to the 
physical (and chemical) presence of deposits. They include certain types of 
geophysical anomaly (e.g. those related to susceptibility, conductivity or spe­
cific gravity of the ore), geochemical halos, and mineralogical indicators 
(presence of specific ore minerals in the country rock, various types of 
alteration). 

A mineral deposit qualifies as an orebody only if certain 
economic conditions, such as the anticipated price of copper and zinc, are 
satisfied. This leads to numerous other factors to be con side red such 
as size, grade and shape of orebody, accessibility by roads and railways, 
amount of overburtien or depth below the surface, applicability of specific 
techniques of mining and beneficiation, etc. 

These factors should be used to improve upon our evaluation of 
regional potential. Most of them represent local conditions indicating the 
sites where drilling and/or mining is feasible. 
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For this paper, we have coded the regional geology and used 
some geophysical variables. Limitations are that the size of various features 
resulting from processes such as geosynclinal subsidence, orogeny or plate 
tectonics is larger than the study area and they cannot be adequately treated. 
The present method does not evaluate features such as paleoclimates. Also, if 
coding is restricted to features from one region, no use is made of relation­
ships between mineralization and geological framework for deposits in other 
parts of the world. The significance of specific factors is rarely expressed 
in a clear-cut manner in nature and their relevance may become obvious only 
after a comparative metallogenic study of many similar deposits from differ­
ent areas. 

Regional geochemical surveys involving the systematic collec­
tion of chips of rock, samples of water, mud , etc., and trace element 
determination can provide useful information at the regional leve 1. If the 
region was at one time glaciated, the composition of tills, eskers , etc., may 
be useful to trace transportation routes of specific types of boulders or heavy 
mineral grains back to sources where deposits may be hidden. 

Oth er types of data which could be quantified systematically but 
were not used include chemical analyses of rocks, age determinations, shapes 
of certain intrusions , and petrographic modal analyses, e . g. for the study of 
regional metamorphic patterns and processes . 

The data use d by us are believed to be representative of a 
limited set of features. The main criterion for measuring them is their 
w idespread availabil ity. They are not screened before the statistical anal ysis 
but during this processing. We allowed the presence of both irrelevant and 
redundant facts in the data base which should be filtered out statistically. An 
advantage of this automatic coding is its objectivity. Initially, all facts in the 
d ata base are equally important in that they will all be correlated to one 
3.nother and to the occurrence of deposits. 

Problems of multiv3.ri3.te st3.tistical analysis include the fact 
that homogeneous multivariate populations can only rarely be defined for data 
from large regions , because the coded variables tend to vary from place to 
p lace within the area. During some initial experiments an area of the 
Superior Province was div i ded into parts and eigenvectors were extracted 
from the multivariate correlation matrices for these parts. No patterns 
could be established by experiments of this type. The apparent lack of con­
sistency in overall composition of the geological framework makes it difficult 
to develop a relationship between occurrence of deposits in one part of an area 
and to extrapolate the results to other parts . This problem was solved by 
proceeding as d iscussed in the previous section. Another problem of statis -
tical analysis is the fact that data for the (dependent) variable to be predicted 
are incomplete. The amount of information on abundance of deposits in the 
upper parts of the earth ' s crust varies according to what is truly present and 
intensity of exp l oration . Since exploration depends on many other factors 
(see below), we do not really know whether information on the dependent vari ­
able i s complete or not at any given place . 

F ina lly , most multivariate techniques in statistical textbooks 
appl y to situ at i ons where the variab l es fulfill specific auxiliary conditions 
suc h as normality . Many geological data are of the presence - absence type . 
If t h ey are present , their amo unt can be expressed by a number (e . g . a per ­
centage value). When they are absent , t h is number becomes zero . Unless 
t h e cells are made very large so that each ce ll contains all coded variabl es , 



- 3 6 -

zero values will occur, giving the frequency distribution of the variables a 
distinctly dichotomous nature which prevents transformation into Gaussian 
curves. 

The methods used in this paper to avoid these problems are not 
necessarily optimal. More research is needed, especially for the multivari ­
ate statistical analysis of presence-absence data since this type of informa­
tion will increase when more specific variables are coded , cells are made 
smaller and more distinct types of mineral deposits are treated separately. 

During the coding and presentation of results on maps, differ­
ences in cartographic projection between maps at different scales presented 
a problem. For example, the contours in Figure 1 were constructed' on the 
basis of the UTM-grid, which becomes slightly deformed when a Lambert 
conformal projections is used for representation. In the present work, the 
resulting discrepancies are very small and can be neglected, but cartographic 
problems of this nature will become more important for larger regions. 

Finally, one of the more severe limitations of the approach is 
the uncertainly regarding the completeness of information on the occurrence 
of mineral deposits. For copper, the data consisted of total production of all 
mines to the end of 1968 and reserves estimated at that time . Total reserves 
(see Table 1) for copper amount to thirty per cent of total estimated tonnage. 
They are largely for proven reserves. It is likely that these numbers would 
increase significantly when possible reserves could be considered. Estimates 
of possible reserves can best be attained in well-explored areas, usually in 
the vicinity of known deposits, where the geology is well-documented. Fair 
estimates could perhaps be gathered through the Delphi method. 

In order to construct the contours of Figure 1, we assumed that 
copper potential is zero in about 23 per cent of total area (145 cells in 
Appendix 3) enclosing the mining towns of Timmins, Kirkland Lake, Noranda 
and Val d 10r where about 90 per cent of the control cells are located. The 
areas with copper potential by Figure 1, therefore, must fall largely outside 
this control area . 

For example, in Figure 3, an area near Timmins of about 3 , 240 
square miles (or 10% of total study area) was analyzed for copper potential 
using the contours of Figure 1. This indicated that five cells with significant 
copper probably remain to be found as compared with (our cells known to 
exist. This estimate of potential can be converted to tonnage of copper and 
confidence limits can be computed . However, when we assume that there 
remains undiscovered copper potential in the control area, the estimate of five 
new cells must be revised. Suppose that, in terms of control cells , the copper 
content of the control area is twice what is known to exist. T h e potential for 
the control area then increases from zero to 24 new cells (or the total number 
of cells with copper increases from 24 to 48). This causes the potential for 
the Timmins area to incre3.se from 5 to 15 new cells. 

If the total potential for the control area is revised , estimates 
for all other areas must a l so change , but not in direct proportion to the change 
in the control area . As pointed out ear l ier , t h is is one of the reasons for 
presenting contours in Figures 1 and 4 which are not corrected for known 
deposits . T h ey can then be revised more readil y than con tours r eflecti ng t h e 
d ifference between the known and unknown . 

T h e two probl ems of l ack of completeness of d ata on l arge cop ­
per d epos i ts and variation s in intensity of expl o r ation are close l y in ter r e l a t e d. 
Intens i ty of expl oration i s t h e result of factors such as abundance and types of 
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outcrops, type and emphasis of exploration activity and amount of interpreta­
tion on the basis of local geology 'ind geophysical and/or geochemical surveys. 
The latter factor includes number and types of drillholes per cell. Abundant 
information is in existence for these factors but it is widely scattered over 
many different sources and not of a standard form. Moreover, much infor­
mation used for exploration in the past was lost or is still kept confidential. 
These factors were not considered in a direct manner by us. Use of the 
Delphi method has already been suggested as one method to obtain estimates 
of possible reserves in or near the control cells. Another possibility is his ­
torical studies of the type undertaken by Harris (1965) who plotted annual pro­
duction against time for mining areas, estimating final totals on the assump­
tion that trends of the past can be extrapolated into the future. 

A limitation is that the models can only predict the distribution 
of mineralization in two dimensions. The third dimension, depth, can be con ­
sidered in thewell-explored parts of the area. It is then necessary to perform 
a d etailed study of the geometr ical configuration in three dimensions of all 
large deposits a nd the geology of their immediate environment and to attempt 
systematic statistical extrapolations in three-dimensional space for the con ­
trol cells and cells adjacent to them. This would improve the results pre­
sented in this report which a r e based on generalized and restricted measures 
for total amount of copper and zinc per control cell . 

As mentioned in the introduction, the contoured probability index 
is not a sufficient basis for evaluating the mineral potential for a commodity 
in a region. The factors listed in this section, and others , should be consid­
ered by experts to revise the initial crude predictions based on multivariate 
analysis. At this time, we are far from a situation where all relevant facts 
can be measured and included in a single comprehensive statistical model. 
Moreover , expe rienced exploration geologists may be able to frame concep ­
tual models based on relatively few facts . Such predictions will vary from 
person to person but, again, a consensus might be reached through the Delphi 
method as dis c uss ed in the introduction. 

USE OF RESULTS 

The following method of evaluating the probability index and 
converting it into tonnage of copper or zinc expected in an area , was selected 
for its simplicity. It is b3.sed on the 3.ssumption that model of Allais (1957) 
is applicable within each area selected for predicting undiscovered resources. 

The results of the calculations by computer are shown for cop ­
per in Appendix 3 . There are hundreds of numbers for individual cells based 
on tens of variables. A furth er data reduction is required for better under­
standing of the trends in the region. By dividing the calculated values of 
Appendix 3 by 32 . 0, we obtain a probability for each cell. These probabili­
ties can be grouped into classes and represented on maps by different sym ­
bols. The resulting patterns are informative (s ee e . g. Agterberg and Kelly, 
1971). Nevertheless, the patterns remain compl ex and each of the values is 
subject to an uncertainty w hich cannot be est imated by simple methods, unless 
it is assumed that the auxiliary condition of normality is satisfied. However , 
because of the abundant ze ro values, we are dealing with a strongly bimodal 
distribution for meta l and, therefore, cannot rely on the normality assump­
tion which is being violated . 
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The probability that a single cell contains one o r more large 
deposits also can be seen as an expected value . The expected va lue for any group 
of ce lls is equal to th e sum of the expectations fo r the individual ce lls. This con ­
cept can be illustrated as fo llows. Ifwe loss a co in, the probability of hav ing 
heads is e ight. This sum of the individual pr obabilities is an exp ecte d v alue . 
A ctually, the number of times that h eads turns up is a random variable 
described by the binomial frequency distribution . 

For c oppe r, we look sums of probabiliti es for groups of sixt een 
cells al the time . This sum i s meaningful as an expecte d value (m). We can 
assume that the number of s maller cell s w ith m etal (x) sat isfies a binomial 
frequency di str ibution . The gen eral equ ation for this di st ribution then is 

P(x) = ( ~) (m/n)x (1 - m/n)n - x 

where P(x) d enotes the probability that exactly x ce lls will have metal given 
that the expected numbe r ism . In Figures 1 and 4 , n is e qual to sixte e n and 
the unit ce ll of refer e n ce is 40 x 40 km. Thus , each value of m defines a 
seque nc e of probabilities P(x) . Some of these s e qu e n ces are shown in Tabl e 4. 
The y were derived from the above equation of P (x ). 

Table 4 

Probability (in p e r cent) that the unit cell of 
40 x 40 km conta ins x smaller 10 x 10 km ce lls 

with m etal when m is given 

(x= ) 0 2 3 4 5 6 7 8 9 10 11 1 2 1 3 ( =x) I 
m 

0.5 60 31 8 1 
1. 0 36 38 1 9 6 1 
2 . 0 12 27 29 1 9 9 3 

4 . 0 5 13 21 23 18 11 5 2 
8 . 0 1 3 7 1 2 17 20 17 12 7 3 

We argued that mis a me a ningful numbe r as the sum of sixte e n different 
expected values for 10 x 10 km ce lls. However , in order to e val uate m sta ­
tistically, we assumed that the probability that a single ce ll has copper is 
m/16 for the sixteen ce lls per larger 40 x 40 km ce ll. This is equivalent to 
r e plac ing probabilities for 10 x 10 km ce lls by sixteen - point two-dimensional 
moving a v erage va lues . 

Alternatively, il can be said that a modification of the Allais 
mod e l i s a dopt e d for 40 x 40 km cells . The minerali zed 10 x 10 km cells can 
fall anywh e r e w ithin a 40 x 40 km cell. Allais assumed that the number of 
d e po s its exp ected p er equal - area ce ll in a r egi on i s the same for all cells . 
We assumed that the number of smaller cells w ith metal p e r large r equal ­
area ce ll in a region differs from place to place in the area and is given by 
the probability index . 
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The second basic asumption of Allais (1957) was that each 
deposit has a specific probability that its size falls within a given range. The 
size-frequency distribution can be that for deposits in the same area or for 
deposits from another area . 

The total amount of copper per control cell in Abitibi ranges 
from 1, 084 to 1, 179, 900 tons of copper. On the average, it is about 
140, 000 tons. This represents a wide range, as also illustrated by the group­
ings in Table 5. 

Table 5 

Probability that a 10 x 10 km ce ll with metal 
contains a specific amount of metal 

Class Probability (in per cent) 
(tons of metal) Copper Zinc 

1, 000 - 20, 000 59 29 
20, 000 - 200, 000 22 41 

> 200, 000 19 29 

In total, there were twenty-seven control ce ll s for copper and 
seventeen for zinc. The zinc average amounts to about 300 , 000 tons of zinc . 

The expected tonnage of copper per 40 x 40 km ce ll is obtained 
by multiplication of m by 140, 000. The area of the unit ce ll is 40 x 40 km 
(25 x 25 miles, approx.) or 618 square miles . Hence, the probable tonnage 
of copper per square mile (M) amounts to (140, 000 x m)/618 = 277 m. 

Confidence limits for probable tonnage in an area are even 
wider than those of m whic h were exemplified in Table 4 . They cannot be cal ­
culate d by using a simple equation, because total tonnage of copper per area, 
according to the Allais model, is a compound random variabl e . 

In our application, this compound random variable is d etermined 
by (1) a binomial distribution for number of ce lls w ith metal, and (2) the size ­
frequency di str ibutio n for amount of copper per control cell . The second 
distribution is approximately lognormal. Simple anal ytical expressions for 
compound distributions of this type have never been developed. However, 
the problem can be solved by Monte Carlo s imulation . For this , we assumed 
that tonnage copp er per 10 x 10 km cell has a probability of 1/ 27 of being 
equal to any one of the twenty - seven tonnage copper values of control cells . 

The uncertainty in estimates of probable total tonnage copper 
p er area w i ll be illustrated by two examples . 

If the contoured index of Figure 1 amounts to 4, the probable 
tonnage of copper in the su rrounding 40 x 40 km cell is 4 x 140= 560thousand. 
From Table 4, we know that the estimated value 4 is reasonably precise . 
For exampl e , x = 2, 3 , 4, 5, or 6 with a total probability of 86 per cent. 

Approximate estimation for the uncertainty in the estimate of 
560, 000 tons Cu , indicated that the median is 3 00, 000 tons . This means that 
the probability is 50 per cent of having more than 300 , 000 tons, and also 
50 per cent of less than 300 , 000 tons. The lower and upper quartiles are 
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50, 000 and 850, 000 tons, respectively. This means that with 50 per cent 
probability, the actual amount will fall between 50, 000 and 850, 000 tons. 
Further, there is a 2.5 per cent probability that the amount is less than 
3, 500 and a 2. 5 per cent probability that it exceeds 2. Z million tons. The 
great width of these confidence limits is comparable to that arising from 
attempts to predict sizes of oil pools in barrels (££, Kaufman, 1963). The 
uncertainty decreases somewhat when the size of area for evaluation is made 
larger. 

A second example is given to illustrate the estimation of the 
total amount of copper in undiscovered large deposits for a larger region. 

The Timmins area depicted in Figure 3 has significant copper 
potential. It consists of eighty-four cells or 8,400 km2 (or about 3, 240 square 
miles). 

Addition of 84 probabilities for cells and rounding gives a total 
expected value of 9. Alternatively, the average contour value for the depicted 
area can be determined from the contour map (e.g. by methods commonly 
used to compute average elevation for an area on a topographical contour 
map). It gives approximately l. 76. This number then must be multiplied by 
the number of times (=5 1/4) the sub-area is greater than the unit cell of 
40 x 40 km. Rounding off again gives nine as the answer. 

From this, the number of control cells in the sub-area must be 
subtracted (=4, see Table 3 or Fig. 1 O(a)). The potential is equal to 9-4 = S 
cells with copper. Multiplication by 140, 000 (average amount of copper per 
control cell) gives 700 thousand tons of copper potential. By Monte Carlo 
simulation, it was also estimated that the median is 400, 000 tons. The 
quartiles fall at 100, 000 and 1, 1 SO, 000 tons, respectively. 

The preceding calculations are useful. They should, however, 
be interpreted with moderation, because of the limitations of the method out­
lined in the previous section. The estimates of probable amounts of copper 
are likely to be conservative, mainly since we assumed that, at the end of 
1968, the amount of mineable copper in the vicinity of known mines (control 
area of Appendix 3) was exhausted except for 30 per cent of total tonnage 
copper for the region in proven reserves (see Table 1). The copper potential 
in the entire region, as calculated from the contours in Figure 1, is about 
1.3 million tons of copper, nearly all of which is concentrated in the three 
areas indicated by a pattern in Figure 3. If, for example, we assume that 
only SO per cent of mineable copper truly present in the well-explored parts 
of the area was used for control, our estimate of the total copper potential 
in the Abitibi region increases to 6.5 million tons of copper. 

The result of another use made of Figure 1 are the three anom­
alies shown in Figure 3. These are sub-areas where the probability index 
exceeds the density of control cells with known deposits in many places. The 
following simple operation was applied to Figure 1 in order to locate these 
three anomalies. 

1. Contour values at centres of 10 x 10 km cells were rounded 
off to the nearest integer. 

2. The number of control cells falling in the surrounding larger 
40 x 40 km cell was subtracted from the values for (1). 

3. The moving average for square blocks of sixteen values 
for the difference was taken, and 

4. Values greater than 0. 8 were retained and indicated by a 
pattern in Figure 3. 
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This operation is equivalent to filtering the difference between calculated 
probabilities and known data (0 or 1) for 10 x 10 km cells by means of a double 
triangular filter and using an arbitrary cut-off value. 

The three areas selected by this method have in common that 
their geology (as coded for our data base) is similar to that at places where 
large copper deposits are known to exist. The potential of those sub-areas 
should be evaluated in more detail by considering other factors (see previous 
section). Because of the two-dimensional nature of this study, little can be 
said about true copper and zinc reserves in the region. Much of these may 
be established by further drilling in the vicinity of known deposits and this 
would result in an increase of estimates of potential based on Figure 1 and 4. 
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APPENDIX 2: 

Variables used to calculate val ues of Appendix 3 for copper potential 

Rank 

o. 
1. 

2. 

3. 

4. 

5 . 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13 . 

14. 

15. 

16 . 

17. 

18. 

19. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

Name of Variable 

Constant term 

Acid volcani cs x Mafic volcanics 

Granitic rocks x Acid volcanics 

Acid volcanics x Sediments 

Acid volcanics x Iron formation s 

Acid volcanics x Aeromag. 

Mafic intrusions x Acid volcanics 

Metamorphic ro cks x Iron formations 

Mafic intrusions x Metamorphic roc ks 

Granitic rocks x S e dime nts 

Sediments x Bougue r anomaly 

Mafic volcanics x Sediments 

Acid volcanics 

Sediments x A e romagne tic anomaly 

Sediments 

Ultramafics x Sediments 

Granitic roc ks x Iron formation s 

Iron formations x Bougue r anomaly 

Iron formations 

Mafic volcanics x Iron formations 

Backward pass, No. 16 d e leted 

Iron formations x Ae romag. 

Ultramafics x Iron formations 

Sediments x Metamorphic ro cks 

Acid v olcanics x Metamorphic rocks 

Mafic intrusions x Mafic volcanics 

Granitic rocks 

Granitic rocks x Mafic volcanics 

Mafic intrusions x Sediments 

Q-value 

0. 3 6xl o- 9 • 

0.44x10-4 

0.70xl0- 3 

0.45xl0-4 

o. 63x l0- 3 

0.14x lo- 3 

0 . 87xlo- 3 

o. 9lx lo- 2 

0. 32xlo- 1 

0. 13 

0.021 

0.1 3 

0. 12 

0 . 14 

0.27 

0.30 

0.10 

0 .19 

0 . 09 

0. 65 

0.20 

0.29 

o. 36 

0.29 

0.41 

0. 38 

0.44 

0.50 

Regression 
coefficient 

-0. 14863 

0.00045 

0.00147 

0.00182 

-0.00 33 4 

-0.01 958 

0.00187 

0.00618 

0.00129 

0.000 3 7 

0.00027 

0.00017 

0.050 68 

0.00 56 0 

- 0.01726 

0.00049 

-0.004 90 

-0.40777 

0.00171 

0.021 33 

-0.00 332 

-0.0002 5 

0.00123 

0.00026 

0 .00128 

0.0000 3 

-0.0003 0 
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APPENDIX 4 

GLOSSARY OF TERMS 

Cell (10 x 10-km cell or square): Unit area of original grid overlain on area 
of study for coding of geological features; Universal Transverse 
Mercator (UTM)-grid with 10-km spacing for Abitibi area (see Fig . 10). 

Study area : Area consisting of all 10 x 10-km cells with data used for statis ­
tical analysis; includes control cells and control area. InAbitibi, study 
area consists of 644 cells each of which has more than 25 areal per cent 
Archean rocks on the geological map (see Fig. 10). 

Control cells : Those 10 x 10-km cells with at least one large deposit (e . g . 
there are 27 control cells for copper in Abitibi, see Fig. 1 0). 

Large copper (or zinc ) deposit: Mine or developed prospect with total pro­
duction and 1968 reserves of at least 1, 000 tons of metal. 

Calculated value (Predicted value ): Value for a 10 x 10-km cell obtained by 
multivariate statistical ana l ysis used to match copper (or zinc ) values 
to all values for all variables (644 x 55 = 35 , 420 values for Abitibi) 
inserting zero copper (or zinc ) values for cells without deposits (see 
Appendix 3). 

Control area : Area used for scaling calculated values so that the predicted 
number of ce ll s with at l east one large copper (or zinc ) deposit is equal 
to number of control cells in this area; measures 145 cells for Figures 1 
and 4 (see Appendix 3). 

n: number of 10 x 10-km cells per unit cell (n= 1 6 for copper and zinc). 

Unit cell : Area of reference for probability index; consists of a block of n 
ce ll s; measures 40 km on a side for copper and zinc in Abitibi , is 
oriented according to north-south direction, and can be superimposed 
anywhere on the contour map. 

m: probability index, contoured pattern for sums of 16 calculated values 
for ce ll s . Since these sums form a smooth pattern, they were con­
toured by machine after scaling; expresses number of smaller 1Ox10-km 
cells with one or more large deposits expected per unit cell. 

x : exact number of smaller 10 x 10-km ce ll s with one or more l arge 
deposits per unit ce ll. 

P(x): Binomial probability that a unit ce ll contains exactly x smaller 
10 x 10-km squares with one or more l arge deposits. 

M: ""' 227m for copper): probability index converted to expected tonnage 
of copper per square mile. For zinc , M""' 630 m. 
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