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ABSTRACT

Statistically, the study of the copper, lead, zinc, gold, and
silver content of the ore reserves of fifty-two Canadian base metal
deposits suggests that greater quantities of gold relative to the
amount of silver are associated with sulphide deposits composed
essentially of copper and zinc, Where lead and zinc are the dominant
sulphides present, the amount of gold relative to silver is generally
less and silver is often the only significant précious metal present.
It is suggested that gold is concentrated in basic and intermediate
igneous rocks and silver is concentrated in scidic igneous rocks.

Precious metal associations in three specific base metal deposits
were as follows; gold and silver are directly proportional to copper,
lead, and zinc at the Vermilion Lake Mine, silver is directly pro-
portional to copper at the Geco Mine, and gold and silver are
directly proportional to copper at the Flin Flon Mine. Further,
statistical studies of the metal contents of the ores of these
three mines suggest that the economic metals have been deposited
contemporaneously by the injection of a single ore fluid (sulphide
melt) or by deposition, at almost constant temperature and pressure,
from a hydrothermal fluid and that the metals were then distributed
and deposited according to some particular distribution or partition
ratio between the ore fluid and the geologic enviromment of the

deposit,




CHAPTER I

INTRODUCTION

General Statement

Distribution studies of elements in silicate rocks contribute
g0 much ©6 our knowledge of the origin of these rocks that it seemed
desirable %o extend this type of investigation to the distribution
of the metallic elements in ore bodies.

Studies of metal distributions in copper-nickel deposits have
already yielded some remarkably consisbtent results with respect to
metal ratios. In consequence, il was decided to extend this form of
investigation to copper-lead-zinc deposits conbtaining precious met-
als. Examinabions to-dabte on the compositions of such deposits
have indicated thal some noteworthy relationships exist and that
the composition of many of these deposiis exhibit reasongbly consist-
ent metal ratios. The results of such studies may contribute to our
knowledge of the waried origins of these ore deposits, and in turn,
influence the planning and the course of operations employed in the
search for more ore.

To achieve this objective, assay dats from mining properties
and prospects has been statistically analyzed. Mach of the data
required for this study is readily available at all mines and much
of it was derived from published reports in volumes such as the
Canadian Mines Handbook, the Northern Miner Weekly, Surveys of Mines,

and in the technical journals.
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Compilation and analyses of such assay data from a large number
of mining operations would no doubt indicate some important metallic
ratio trends. It 1s the aim of this thesis to test the potentiality
of such statistical analyses for indicating any trends that may add to
our knowledge of the genesis of such ore deposits and the metal assoc-
iation contained therein. The body of this paper is a progress report
on a continuing study which will continue to grow as new data and
methods of handling such data are found.

Statement of the Problem

The recent interest in metal distribubtion studies has init-
iated new trends in studying ore bodies. It has been statistically
shown {Wilson and Anderson, 1959) that Canadian sulphide deposits
generally have compositions containing characteristic metal ratios.
Further, statistical studies of the compositions of Canadian ore
deposits have suggested that the interpretation of paragenesis may
be wrong.

The purpose of this thesis is, in general, two fold.

Firstly, from a statistical study of the Cu, Pb, Zn, Au, and
Ag content of the ore reserves of fifty-two Canadian base metal
deposits, it is hoped that some specific relationship between the
base metals and the precious metals can be discovered.

Secondly, the Cu, Pb, Zn, Au, and Ag contents of three spee-
ific Canadian Cu - Pb = Zn deposits have been studied in detail %o
determine: (1) the distribution of the metal ratios, and (2) the

existence of a specific base metal - precious metal association
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in each deposit and if such ratios and associations have any bearing
on the genesis of the ore,
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Previous Work

Considerable work has been completed on base metal disﬁribm
utions for Canadian ore deposits. The most gignificant studies
concluded to-date are those by Wilson (1953), and Anderson (1959).
Data on the distribution of the precious metals in Canadisn ores
are generally lacking in published form.

tanton' s (1958) investigation was confined to sulphide ores
which are conformable with enclosing sedimentary formations. Wilson

and Anderson (1959) have generally limited their research to Canade

ian ore deposits, their study being essentially a statistical analysis.



4
This paper is e continuing study using their methods and with a simile
ar objective, but dealing only with Cu - Pb = Zn and Cu - Zn deposits
containing some precious metals.

The distribution of elements in sulphide ore deposits according
to Wilson and Anderson (1959), suggests that copper, lead, and zinc
are deposited simultaneously in relatively constant proportions
rather than successively in a paragenetic sequence. Zoning may be
due to different ratios of metals being deposited under changing
temperature, pressure, and chemical environment, or may be the resg-
ult of other processes. letals are produced from many ore bodies
in almost the same ratios year after year, or new ore reserves may
heve metal ratios almost identical to those in ore preoduced in
past years. The conclusion seems valid that Canadian ore bodies
containing copper, lead, or zinc do have characteristic compositions.
Variations in these compositions may be due to genetie factors which may
be discovered by studying the variations in The compositions.

It is apparent from Wilson and Anderson's (1959) study
that dominant copper-zinc combinations (in the Canadian Shields)
ars characteristically related to gabbros and diorites; lead-zinc
combinations are related to granite; and high zinc with moderate

copper and lead are associates of intermediate rocks.




CHAPTER II

THE DISTRIBUTION OF ELEMENTS IN A CRYSTALLIZING MAGMA

The Magmatic Environment

Mogma 1z essentlally a hot silicate melt and is the parent
material of igneous rocks. The formation of igneous rocks can be
observed in volecanic regions, bul considerable magma solidifies
within the crust of the earth and the rocks thus formed can only
be observed where erosion exposes them at the surface.

Igneous rocks are nobt the only products of crystallization.
of a magma. In addition to the major rock forming elements such
as O, Si, Al, Ca, Mg, Fe, Na, and K, magmas also contain minor ame
ounts of almost all the remaining elements. The progressive
crystallization of minerals from a magme results in a concentration
of many of these minor elements in the residual liquid ineluding
volatile matter such as Hpo, COps N2, compounds of sulphur and
boron, HCL, and HF. Magma rieh in water gives rise to pegmatites
and hydrothermal solutions. Thus, the magma progressively gives
rise to four types of mineral occurrence: (1) igneous rocks, (2}
pegmatites, (3) hydrothermal deposits, and (4) fumsrole deposits.
The most important base metal deposits are developed in the mag-
matic and hydrothermal phases.

Fractional Crystallization

The formation of magmas of different compositions can be

explained by fractional crystallization of a basaltic magma and



the separation of residual melts of different compositions. Ieny
varieties of igneous rock represent the end product of such rock
differentiation processes., Differentiation cannot be attributed
to any one mechanism. Crystallization differentiation, sssimil-
ation; mingling of magmas, etc., may each have played its part
and there may be still other processes of which little is curr=—
ently knoun.

Basic and ultrabasic rocks, such as dunites, peridotites,
pyroxenites, and gabbros are generally considered to have formed
from crystallization or erystallization differentiation of the
sarly formed basic minerals from a cooling basaltic melt. Removal
of these basic minerals from the system yields a residwal liquid
enriched in acid components. According to Bowen's reaction prin-
ciple, the fractional erystellization of a basaltic melt under
suitable conditions can lead to the successive formation of more
siliceous magmas until finally a grapitic composition is reached.

Each of the rocks in the differentiation sequence posses
a characteristic mineral assemblage, and the minerals in each
rock type have characteristic chemical compositions. The earl-
iest forming crystals will be olivine and pyroxene end these
crystals will contain more magnesium than the olivines and
pyroxenes formed later. Similarily, the early plagioclase will
be enriched in calcium relative to sodium. Continued differen-

tiation yields plagioclose progressively enriched in sodium with

respect to calcium. Silieca undergoes a very significant change



in the differentiation process, gradually increasing frem 4O0%
ultrabasic rocks to approximately 707 in granites. Generally, mag-
nesia decreases in amount from approximately 25% in ultrabasic
rocks to about 1% in granites.

Chemical Fractionation by Magmatic Crystallization

The silicate minerals erystallizing from a magma remove from
it not only the abundant elements, but also other trace lithophile
elements whose ionic size and coordination rumber enables them to
enter the crystal structures of these minerals, Thus nickel is
largely camouflaged in the olivine structure in which it substitutes
for magnesium; gallium substitutes for alumimm in aluminosilicates;
titanium, vanadium, and manganese are largely removed in the ferro-
magnesian minerals,

The lithophile elements which do not readily substitute for
the major elements in the essential minerals of igneous rocks re-
main in solution and hence are enriched in the residual liguids of
magmatic crystallization. These elements, such as Be, W, Sn, U, Li,
etc., mainly crystallize as components of minerals in pegmatites
apd hydrothermal veins.

Chalecophile elements in a magma combine with sulphur and
lesser amounts of arsenic, anbimony, bismuth, selenium, and tell-
urium to form sulphides and related compounds. Pyrrhotite and
pyrite may separate from a mag%na at an early stage of crysté,lliza
ation, but sulphide minerals characteristically segregate at a
later stage and are ultimately deposited from hydrothemal veins.

The separation of sulphides is depsndent upon the low thermal



gtability of most sulphide minerals and also upon 2 sufficient con-
centration of sulphur ioms in the magma. Sulphides are also removed
during silicate crystallization when the concentration of sulphur
is at its maximum, There is some question of whether sulphur con-
cenbrates in a late phase. Amalytical studies of sulphides in ig-
neous rocks indicates that siliceous megmas are much poorer in
sulphur than basic magmas (Newhouse, 1936).

The progressive crystallization of a magma results in the
formation of a residual liquid and a concentration of the volatile
matter present in the magma. These residual solutions give rise to
contact metamorphic ore deposits, hydrothermal veins and pegmatites.
Chemical and geological evidence indicates that the residual melt
from the fractiomal crystallization of a magme will generally be a
siliceous liguid rich in alkalies and alumimm, containing water apd
other volatiles, and with a concentration of those minor elements
that are not incorporated in the structures of the common minerals
of igneous rocks.

The Distribution of Sulphides in Igneous Rocks

Studies of igneous rocks suggest that a spacial relation
exists between the type of igneous rock and the type of sulphide
contained therein. Nickel ore deposits occur within or along-
side basic and ultrabasic rocks., Primary platimum deposits
occur only in ultrabasic rocks; diamonds in kimberlite; chrom-
ite in peridotite or serpentine; corundum in guartz-free rocks;
tin in silicic granites; and beryl in granite pegmatiﬁéo These

associations are so universal as to render inescapable the



conclusion that the rock and associated ore were derived from the
Same mMagma,

The ratios of copper, zinc, and lead in ore deposits have been
compared with the ratios of copper, zinc, and lead in igneous rocks.
Wilson (1953), Stanton (1958), and Kilburn (1959) pointed out the
similarity between the compositions of ores and the minor constit-
uents of the related igneous rocks. Wilson and Anderson (1959)
compared the compositions of 125 ore bodies containing copper,
zinc, and lead with Sandell and Goldich's similar copper, zinc,
and lead diagram for igneous rocks. The similarity of the ratios
of these metals in ore deposits and igneous rocks is obvious
and suggests, but does not prove, a genetic relationship. Sand-
ell and Goldich showed that, in general, the ratio of the metals
in igneous rocks depends upon the rock type. Wilson and Anderson
(1959) show that it is apparent im Canada, that dominant copper—
zinc combinations aré'related to gabbros and diorites; lead-zinc
combinations are characteristic of granites; and high zine with
moderate copper and lead are characteristic of intermediate

rocks,

Metallic Element Distribution in a Differentiating Silicate Magma
| Goldschiidt (1937) classified the elements acecording to
their geochemical affinities as siderophile, chalcophile, or
lithophile depending upon whether the elements are concentrated
in a metallic iron phase, a sulphide phase, or 2 silicate phase.

The major igneous rock forming elements such as Na, Ca, K, Mg,
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A1, and Si, are all strongly lithophile and therefore would not appear
in the sulphide phase. The metallic elements, Ni, Cu, Co, Fb, Zn, Fe,
Cd, Hg, etc., have either chalcophile or siderophile affinities, but
because the metallic iron phase (siderophile) is assumed mot to be
present in the enviromments of crustal rock formation, these metallic
elements will then concentrate in the chalcophile or sulphide phase. In
general, the classification of an element as lithophile, chalcophile,
or siderophile refers to its behavior in liguid-liquid equilibria in
melts, However, it has been shown that pyrrhotite sulphides can extract
nickel from nickeliferous olivine crystals.

Some elements show affinity for more.than one group be-
canse the distribution of any element is dependent to some extent
on the temperature, pressure, and chemical environment of the
system as & whole, By comparing the heat and free emergy of
formation of its sulphide with the sulphate and carbomate, the
position of an element in the scale of relative chalcophile
affinity may be approximated.

Goldschmidt (1937) realized the significance. of. . .crystal
structure in controlling thé distribution of elements. in the
earth's crast. The basic unit in all crystal structures is the
atom or ion, Among silicate minerals, ionic structures are
dominant. The structure of a mineral is a function of the
energy relationships existing between the constituent ions or atoms
as well as purely space considerations. Ions can be considered as
being approximately spherical with & definite radius characteristic for

the element in question and the charge on the ion. The stucture of an



jonic compound is determined by the size of the ions and the charge
on the ioms.

In an ionic structure, each cation terds to surround itself
with anions, The number that can be grouped around it will depend
apon the relative sizes of the cations and anions. The relative
size is expressed by the radius ratio. The mumber of anioms that
can fit around each cation is called the coordination mumber of
the cation. AssumingAthat ions act as rigid spheres of fixed
radii, the stable arrangement of cations and anions for particular
radius ratios can be calculated from purely geometric consider-
ations.

Minor metallic elements that are preferentially concentrated
in the sulphide phase, may also concentrate in the silicate phase
“and in silicate minerals under special conditions. Substitution of
such ions and atoms is related to the size and charge of the ions.
From studies of crystal structures and independently of energy con-
siderations, Goldschmidt formulated the following empirical rules
as a general guide to the course of crystallization of an element
during liquid =—-» crystal formation in 2 mmlticomponent system.

1. If two ioms have the same radius and the same charge, they will
enter a given crystal lattice with egqual facility.

2. If two ions have similar radii and the same charge, the smaller
jon will enter a given crystal lattice more readily.

3, If two ions have similar radii and different charges, the ion

11



with the higher charge will enter a given crystal lattice more
readily.

These rules have wide application in the geochemistry of
jgneous rocks, but have had their greatest utility in predicting
the order of removal from a magma not only of the major ions, but
of the minor elements also.

Electrical stability is a primary factor in ionic structures.
The requirement of electrical stability means that the sum of pos-
itive and negative charges on the ions must balance. Pauling's (1927)
rule of valency states that := %In a stable structure the total
strength of the valency bonds which reach an anion from all the
neighboring cations is equal to the charge on the anion". This
rule imposes strict conditions on the substitution of ions in
crystals if the substituting ions have different valencies.

The phenomenon of atomic substitution is also an important
factor effecting the distribution of elements. In an ionic str-
ucture, there is an infinitely extended three-dimensional net-
work. Any ion in the structure may be replaced by another ion
of similar radius without causing serious distortion.of the
structure, Some foreign ions are often incorporated in mineral
structures because minerals usually crystallize from solutions
containing many ions other than those essential to the mineral.

As a general rule, little or no atomic substitution takes place
when the difference in charge on the ions is greater than one,

even when size is appropriate, Also, & wide range of atomic



substitution may be expected at room temperature in & magma or in e
hydrothermal solution provided that the radii of the substituting
jons do not differ by more than 15%.

The formation of solid solutions and mixed crystals and the
existence of defect lattices also effects the distribution of ele-
ments during crystallization. The extent to which atomic substi-
tution and solid solution formation takes place is determined by
the nature of the structure, the closeness of correspondence of
the ionic radii; and the temperature of formation of the substan-
ce. Many of the ore minerals are capable of solid solution. The
processes involved appear analogous to those shown by metals,

Three types of solid solution aré possible:

1. Substitutional solid solution where atoms of the solute metal

replace atoms of the solvent metal in their normal positions

in. the lattice of the solvent metal,

2, Interstitial solid solution where the solute atoms are dis-
persed in otherwise vacant lattice positions between the solvent

atoms. The atoms are introduced in addition to the solvent atoms
in the lattice.

3, Omission solid solution (proxy solid solution) where a small
number of metal atoms may occupy positions normally occupied by
sulphur or metal atoms so that the minerals concerned have a

metal contemt slightly in excess of their ideal compositions.

Wide solid solution is fawored by high temperature, The

13



consequence of atomic substitution is that most minergls conbain
not only the elements characteristic of the particular species but
alsc other elements able to fit into the crystal lattice.

It is apparent that the fate of an elémemt during magmatic
crystallization is largely controlled by the size and the charge of
the elemental ion. Ions with small ionic radii are the first to
be removed from a cooling magma or melt, Thus,the Mg ion, being
somewhat smaller than the ferrous ion, is always concentrated
in the early formed ferromagnesian minerals, Ioms with large
radii and charge tend to remain longer in the residual melts
though many other factors control the ulbtimate fate of these
elements,

Magmatic crystallization is controlled by temperature,
pressure, the nature of the ions present, their concentration, and
the types of crystal lattices formed. Changes in the composition
and physiecal conditions of the magma affect the solubilities
of the many different possible compounds. Temperature and pressure
variations undoubtedly exert 2 strong influence upon the
crystallization of silicates and sulphides., Obther factors, such
as chemical potential, latiice energies; reaction rates, ard
vapor pressure also exert am effect on the fate of elements
during magmatic crystallization,

The total amount of an element availeble for crystallization
in later differentiates will be greatly reduced where the

element is concentrated in the early crystallizing fractions of




g differentiating magma. The later differentiates will become pro-
gressively enriched in an element if this element is not concentr-
ated in the early crystallizing fractions. Hence, during crystall-
ization of a basalbic magma composed of liguid siliestés plus
sulphur, the first crystallization preducts will be high magnesian
olivine and pyroxene, The residual or rest magma containing liquid
silicates plus sulphur will be progressively impoverished in a
metallic element if this element is concentrated in the early formed
silicate minerals. '

HMagmas containing a low concentration of & particular
element can never produce & relatively high concentration &£ it
in any phase except possibly in the late pegmatitic or hydrothermal
phases,

Studies of the solubility of sulphur (Vogh, 1918) indicate
that the solubility of sulphur decreases with increasing siliea.
Newhouse's (1936) studies on sulphides in igneous rocks pointed
to the greater abundance of sulphides im basic rocks although
sulphides were present to some extent throughout the. series of
basic to acid igneous types. This too, suggests 2 higher sol-
ubility of sulphur in low-silica differentiates. That is, if a
silicate melt separates into & low silica-high magnesia liquid and a
high silica-low magnesia liguid, sulphur will be much. more
soluble in the low siliea liguid, Crystallizetion from these
liquids should result in the early forgation of sulphides in the
high silica liquid as contrasted %o b@th.éarly,and,la&e.snlphideg

15
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in the low silica liquid.

Gold, Silver, and Copper in Solid Sclutions

Gold and silver, and also copper and gold fulfill the cond-
itions required for solid solution formation (Edwards 1954, p-47).

Coppef and gold may form a continuous solid solution series.
Both elements crystallize in a face~centered cubic lattice. The
atomic diameters of gold and copper are 2,87 A° and 2.55 AC regp-
ectively and their difference is within the 15% limit. Silver
and copper are cgpable of limited solid solution formation and
they may form two restricted solid solutions which yield a eut-
ectic. Gold and silver also form a continucus solid solution
series. Gold and silver crystallize in a face-centered cubic
lattice and their atomic diameters are very similar, being 2.87 A°
respectively.

Gold in solid solution with other minerals has also been
noted. Pyrite and pyrrhotite containing as much as 300 grams of
gold per ton as particles of submicroscopic size have been synth-
esized by Meslinitslky (1944). Such solid solution of gold in pyr-
ite must occur as an interstitial solid solution. Pyrite and
pyrrhotite are notably non-stoichiometric and the departure from
stoichiometric proportions must arise from defects or vacant
sites in the iron lattice. In metals showing lattice defects of
this kind, the vacant metal sites may be filled by atoms of other
metals, giving rise to restricited interstitial solid solutions.

In pyrite, the atomic diameters of gold and iron are 2.88 A® gnd
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2,50 A® respectively. Gold has been detected as crystal grains
of the order of 107° cum in diameter (Edwards, 1954, p=113),

Metals containing invisible (submicroseopic) gold should
unmix and segregste from such a solid solution during the auto-
ammealing of the ore deposit. Auto=annealing 1s a progess in
which partial recrystallization takes place during slow‘cooling
of the ore deposit. Invisible gold has been reported in arsence
pyrite (Stillwell and Edwérdsg 1946) apd sphalerite (Hoffmann,
1931). Chalcopyrite is not a perfectly stoichiometric compound
above 525005_so‘that a similar phenomenon may be possible in
chalcopyrite. In the extreme case of refractoriness, gold may
occur as particles of submicroscopic size distributed through
the contemporaneous sulphide or in solid solution in it, and it
has been suggested that much fine gold is deposited in this menn-
er and éubsequently aggregates by solid diffusion into visible
grains whose size depends on the initial temperature and rate of
cooling during auto-annealing of the ore.

The Distribution of Metallic Elements in a Silicate=Sulphide Liquid

In a melt composed of a metallic iron phase, a sulphide ph~
ase and a silicate phase under equilibrium conditions, the metallic
elements would be distributed according vo their siderophile, chal-
cophile, or lithophile affinities. HNickel and gold should be high-
ly concentrated in the metallic iron phase, less strongly in the
sulphide phase, and least strongly in the silicate phase. Copper,’

lead, zinc, and silver should be highly concentrated in the sulphide
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phase and least concentrated in the metallic iron and silicate
phases. Nickel and gold, which are both strongly siderophile,
are both found with sulphides in crustal environments due to the
absence of the iron phase.

Some elements may have affinities for more than one geoch-
emical group since the type of compounds an element may forum is
dependent not only on the nature of the element, but also on the
temperature, the pressure, and the other elements present. Thus, .
gold may be concentrated in the metallic iron phase or the sulphide
phase. Molybdenum, which is strongly siderophile, should be great-
ly enriched in the metallic iron p‘nasea In the absence of an iron
phase, molybdeﬁum tends to be moderately concentra ted in the sil-
icate phase and must be present to a minor extent in the sulphide
phase., Tin is strongly siderophile but also possesses chalcophile
and lithophile tendencies. In crustal eavironments, tin is enrich-
ed in the silicate phase.

Vogt accounts for the origin of certain sulphide deposits
by considering that dissolved sulphides separate with lowering
temperature in part as immiscible droplets that settle out as a
molten fraction, in the same menner that molten copper matte
settles to the bottom of a copper furnsce while the silicate sleg
floats at the top.

FoGo, Smith (1961) has recently reviewed and condensed the
date aveilable on artificial sulphide-oxide~silicate liguids and

applied them to the natural system pyrrhotite-magnetite~-silicate,
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tracing out the cooling and crystallization history for ligquids
initially rich in silicates, some with & low and others with a
higher magnetite-~silicate ratio. Only in the former does liquid
immiseibility appear to play an important role. Wager et al (1957)
postulated that the miscibility gap between silicates plus some
oxides and sulphides plus oxides and silicates increases with low-
ering temperatures. Smith has noted that factors other than temp-
erature affect this miscibility gap, which appears to be reduced
by oxides of iron, alkalies, and increased by Ca0, AlpO3, and
CUQSe Wager et al contend that once the solubility of sulphides
in silicates has been exceeded, two liquids will form and will
begin to separate by gravity. With falling temperatures and dec-
reasing solubiliiy of one in the other, the compositions of the
two liquids will graduslly change to a silicate liquid crystall-
i;ing dominantly silicete minerals and a sulphide liquid crystali-
izing mainly sulphide minerals. Smith indicates a slightly diff-
erent cooling history, in which the miscibility gap decreasses with
falling temperatures and that at a ternary eutectic, oxides, sil-
icates, and sulphides crystallize out together. Isolation of the
predominantly sulphide liquid would eliminate such a eutectic
crystallization.

The hypothesis presented by F.G. Smith (1961) states that
"Separation of a metallic sulphide liquid from the residual sil-
icate liqﬁid during crystallization of silicates is possible if

the oxidation potential of the magme is below gome critical value.”
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Other varisbles exist in addition to oxidation potential
and thus many complications must be considered in detailed anslyses
of possible phase sequences during cooling. Iﬁ is reascnably certe=
ain however, thal we .can accommodate physico-chemical data by ad-
opting the working hypothesis that in basic magmas, two classes
of sequences are possible, based on the ratic of ferrous to ferr-
ic iron. Cne, where this ratio is below some critical value,
involves the separation of a sulphide melt from the silicate melt
during crystellization of silicates or the sulphides may become
immiscible before erystallization of silicates begins. The other,
where this ratio is greater than the critical value, involves no
liquid immiseibility during crystellization. Both classes may
develop a final liquid fraction rich in pyrrhotite, but this
terminal liquid, expeclted in a dry magma, may not be reached in
hydrous magmas due to the appearance of a separate aqueous phase
which would contein much of the sulphides.

The segregation of a sulphide liquid from a dominantly
silicate basic magma by differentiation appears to be a valid
process. Thus, in a crystaliizing basaltic magma composed of
molten silicates plus sulphur, the first crystallization prod-
ucts will be magnesian rich ferromsgnesian minerals and the
system will be made up of two phases: a solid silicate phase,
and silicate plus sulphur liquid phase. With falling temperate
ures, this liquid phase may form an immiscible liquid consisting

of a liguid silicate phase with minor sulphur, and an immiscible
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sulphide liquid phase. The system would then be composed of three
phases: a solid silicate phasé, a liquid silicate phase with minor
sulphur, and an immiscible sulphide liquid phase.

Two important factors which affect the partitioning of metals
between the silicate and sulphide liguid fractions are the concen=
tration of sulphur and the relative affinity of the metals for sul-
phur (their chalcophile affinity). Copper is more chalcophile than
nickel or iron, so that the Skaergaard intrusion, which was low in
sulphur, yielded a copper rich liquid from which copper minerals
erystallized while nickel and most of the irom remained in the
liguid. In the sulphur-rich Sudbury intrusion, much nickel and
iron separated along with the copper.

The Distribution of Metallic Elements in a. Sulphide Melt

The course of crystallization of sﬁlphide liguids is largely
controlled by the mode of crystallization of solid solutions, which
in turn, depends on whether.this;occurs.under.eqnilibriumfor non-
equilibrium conditions, Bowen (1928) comsidered such. processes
vital in the crystallization differentiation of igneous rocks.
Under nonequilibrium conditions, early formed crystals fail to
react for one reason or another, and thus have a different comp-
osition than those formed later. Uniform metal ratios should be
expected from erystallization under equilibrium conditions. Separ-
ation of silicate and sulrhide liguids, and volatiles from contact
with the solid phases present in the system, would establish. a new

set of eguilibrium conditions and a new crystallization sequence



would occur in a different wmagma chamber.

Solubilities of metallic elements in sulphide ligquids is
still another factor. Data from meny magmabtic sulphide deposits
indicates that elements such as Pb, Zn, Sn, Bi, Te, As, Se, and the
precious metals, under suitable fractionation (non-equilibrium) con-
ditions, appear to be enriched in copper-rich sulphide liquids, but
as solubilities in crystels of copper minerals is low, the removal
of copper by crystallization tends to enrich the residuwal ligquid
forther in these elements until their solubility products are reach-
ed, at which time they would crystallize, along with remasining copp-
er gulphides to form sulphides, tellurides, bismuthides, szrsenides,
and native metals.

Liquid immiscibility between liquid silicates and sulphur
would create three phases in a crystallizing silicate melt. At
high temperature, the three phsses in equilibrium would then be; (1)
a solid silicate, (2) a silicate plus minor sulphur liquid and (3)
an immiscible sulphide liquid. With decreasing temperatures, some
so0lid sulphide would be expected. The relative concentration of
sulphur and chalcophile elements probably increases in the late
liquid frections of a crystallizing magms &s a result of the re-
moval of the lithophile elements in the silicate minerals. In a
magme contailning such elements as S, Ni, Cu, Zn, Pb, fLu, and Ag,
the compositions of the phases in equilibrium with each other shou=-
1d be; (1) a solid silicate with relatively high Niz (2) a reside

ual silicate-sulphide melt containing Ni, Cu, Zu, Pb, Au; and Ag,
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and finally, (3) an immiscible sulphide melt containing Ni, Cu, Zn,
Pb, Au, and Ag.

Olivine and pyroxene would predominate in the solid silicate
phase, Much of the Hi would be camouflaged in these high Mg miner-
als, In general, depending on the original composition of the melt,
the sulphide liquid should contain the higher proportion of metallic
elements, With decreasing temperature and increasing crystallization,
the residual silicate-sulphide liquid should become more and
more impoverished in Cu and Ni, and sulphur wculdvbécome less
soluble in the silicate melt. The immiscible sulphide melt should
therefore be enriched in Cu and Ni. High temperabure sulphides
containing Cu and Ni will begin to crystallize, Most .of the Cu and
Ni should have been removed either as Ni-bearing silicates or as
high‘ temperature sulphides when the solid silicate phase has reached
the composition of a gabbro.

Virtually all of the Cu and Ni should have been removed from
the silicate-sulphide liguid _when.,the composition of the. solid sil-
jcate phase is that of a diorite. The immiscible sulphide melt
should be erystallizing high copper and low nickel sulphides. The
residual liquid will be relatively enriched in Pb, Zn, Au, and Ag
and impoverished in Cu and Ni due to the higher chalcophile affin-
ities of Cu and Ni. The final crystallization should be.a granitic
silieate and low temperature sulphides of Cu, Pb,.Zn, and Ag, plus
native Au.

An original melt with a low sulphur content, on. the other
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hand, would result in a distribution whereby Ni would be camouflaged
in the early magnesian silicabte minerals, and the remaining metallic

elements would be progressively enriched and distributed in the

residual silicate-sulphide ligquid and any immiscible sulphide liguid

Removal of the rest liquid from contast with the sgolid phases
at any stage in the erystallization sequence would also influence
the distribution of the elements. A new egquilibriuvm and crystall-
ization sequence in a different megms chamber will result if the

1iguid silicate and sulphides are removed from contact with the solid

The Partition Ratio hypothesls of H. Weumsnn (1948) i

‘Q
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important in understanding the distribution of the elements, Metals
extracted from o magme by any mechanism will not be removed in the
proportions in which they occur in the magma, but will be extracied
according bo some partition ratic. Consider the case where Cu and Zn
sacur in 2 silicate melt in the ratlo of Llil. That g sulphide globule
separating from the silicate melt would be composed of equal parts Cu

1

and Zn appears very unlikely. Either Cu or Zn would be relatively

enriched in bthe sulphide and impoverished in the silicale. Early cry-
gty i et zy

o

stallization products will be enriched in one element and as this el-
ement becomes lmpoverished in the liquid, later products will becoms

°

increasingly enriched in the second element. This hypothesis is

discussed in detail by Anderson (1959) and Wilson and Anderson (1959).

Hydrothermal Processes

Progressive differentiation of silicate magmas resulis in a
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residual (alkaline) liquid that becomes enriched in volatiles and
other constituents including metals that were formerly dispersed throu-
ghout the magma. With continuing crystallization of this magma, an
aqueous residue charged with volatiles and metals may be produced. An
additional distribution of the metallic elements would take place when
a highly volatile phase formed. Some Ni, Cu, Pb, Zn, &g, and Au may
be carried away from the magma in the resulting hydrothermal solutions
to form medium to low teﬁperature sulphide veins or replacement dep=
ogits of these elements,

Two distinet schools of thought regarding the stateof hydroth-
ermal sclutions exist. One group postulates that the ore forming mat-
erial was expelled from the magme chamber as a gaseocus emanation that
later condensed to a hydrothermal liquid which deposited the ore. The
liquids formed by the condensation of such gaseous emanstions were
acidic at first but later became alkaline upon reaction with the wall
rocks. A second group proposes that the hydrothermsl solutions leave
the magms originally as liquid aqueous solutions. Since metallic sule
phides are extremely inscluble in pure water, but are more or less sol-
uble in alkaline liquids, it is presumed that these liquids are alkaline
from the begining.

Definite criteria do not exist for determining whether a deposit
was formed from a gaseous or liquid solution. It follows that if the
temperature was above the critical temperature, then transportation
and deposition should take place in a gas phase, no matter how high
the pressure. If the temperature was below the critical temperature,

then the depositing solutions were probably liquid since pressures at
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moderate depths are usually greater than the critical pressures of mod-
erately dilute solutions. It seems probable that hydrothermal solutions
originate in both ways. On proceeding ocutward from the magma chamber,
the temperature will decrease and material leaving the magma in a gas
phase may be expected to condense to a liguid when it cools below the
critical temperature.

A gas phase associabted with a magme at depth would have a dens-
ity of the same order of magnitude as liquid water at.the earth's sur-
face. This dense phase would be capable of dissolving and transport-
ing many non-volatile substances. It has been proposed that the pres-
ence of halogen compounds aids the solution and transportation of met-
allic compounds. As the chlorides of the common metals have high vapor
pressures, it is considered probable that chlorides are the most impor-
tant form in which metals are removed from a magma. The physico-chem=
ical principles governing the conditions under which the metallic hal-
ides mey exist in a gas phase together wilth such precipitating agents
as Ho0 and HpS are expressed by the Law of Mass Action.

Considerations of this kind suggest that gases containing halogen
acids would be efficient transporting agents of many rocks. Bowen
states that the gas phase escaping from residual magmatic liquids must
be acid because it will contain HCL, HF, HoS, 002, H50,, and other
volatile acids. Present in this gas should be H, 02, CL, S, F, B, K,
Na, Fe, Ti, and Al along with minor Sn, Pb, Zn, Cu, Ag, and other
metals (Zies, 1924). Direct observation of hot gases of fumarolic
areas confirms this. Neutralization of the acid by reaction with

country rock would cause precipitation of various oxides and sulphides.
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With decreasing temperatbures at increasing distances from the magnma,
the geses would condense to liguids. If the gases or liquids were or-
iginally acidic, then reactions with alkalies in the wall rocks would
tend to change the pH and the fluids would become weakly alkaline.
Many other types of reaction are possible with the varlous mineral assem-
blages present in the ore channels.

The existence of gas phase in a magma chamber would have g pro-
found effect on the distribution of elements undergoing hydrothermal
differentiation. In a magma containing 1% of dissolved water, the re~
maining residual liquid would become relatively enriched in water as
crystallization progressed. Such an enrichment in water would continue
until either water is forced out of the magma chamber by differential
pressure or until the true saturation point has been reached. At this
time, further crystallization would result in the production of water
vapor as a separate phase and this process would continue until cryst-
allization is complete., Weumann (1948) thus suggests that three phases
are present in the magma chamber; (1) a solid phase (rock); (2) a liquid
phase (magma); and (3) a vapor phase; which may develop gradually into
hydrothermal solutions.

In the magma chamber, every compound in the magma will distrib-
ute itself between these three phases in proportion to their solubil-
ities in each phase in accordance to the distribution law. 4s crysi-
alligation of the magma proceeds, the composition of the vapor phase
will change. H. Neumann has used the term "endomagmatic hydrothermal
differentiation® for this phenomenon of a magma yieldinglgases and

solutions of different chemical compositions at different times.
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Using the distribubtion law, Neumenn was sble to indicate that a
compound will be enriched in the youngest or in the oldest vapor phase
or hydrothermal solutions according to whether the distribution coeff-
icient of the compound was greater or less than the fraction of water
dissolved in the magma. Two general cases must be considered; (L)
where the vapor or fluld remains in the magme chamber in equilibrium
with other phases until final solidification of the magma and; (2)
where the vapor or fluid continuously escapes from the magma chamber
immediately on its formation.

The actual course in nature would most likely lie between these
two extremes as it appears most likely that either the vapor or hydre-
thermal fluid will be removed by degrees from the magma chamber, or
the rest of the magms will at some time be removed from contact with
the solid and vapor phases. The gaseous or liquid nature of the fluid
phase which appears when the magms is saturated with water is disputed.

The composition of the vapor phase or hydrothermal solution
expelled by the magma must vary with time. In the early stages of
crystallization of the magma the compounds or metallic sulphides of
high relative solubilities or volatilities in the vapor or fluid phase
(i.e. the more volatile compounds) will predominate, and in the later
stages, the relative amounts of the less soluble or volatile compounds
will increase.

It has been contended that the various heavy metals are transp-
orted by vapors giving rise to ore deposition. The metals will be

only minor constituents of the vapor and the form in which the metals

8
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occur will be partly determined by the nature of the major gaseous con-
stituents.

Vapors must play an important part in transporting metals where-
ever a vapor phase forms in appreciable quantity because many of the

heavy metals will necessarily vaporize at 600°¢ and 1000 atmospheres

pressure if given an opportunity to do so {Krauskopf, D.B., 1961}. Such
conditions should be possible at an intrusive contact at a depth of sev-
eral kilometers below the earth's surface. The gas phase may be import-
ant due to physical transport of solid particles in the gas or absorbed
on gas—liquid interfaces, or because of the solvent action of highly
compressed water vapor. Water vapor at 1000 atmospheres will have a
density of roughly one third that of liquid water. This gaseous ( or
supercritical) water should be capable of acting as a solvent for some
substances.,

The major magmatic gases having left their magmatic source and
partly condensed to hydrothermal solutions, will change in chemical
composition during their progress along ore channels, partly due to
fractional precipitation and partly because of reactions between the
solution and the wall rock. Hydrothermal differentiation of this type
partially explains why the compositions of volecanic emanations varies
rather rapidly from place to place and from time to time,

Some authorities postulate that the ore material left the magma
originally as liquid aqueous solutions. Since metallic sulphides are
extremely insoluble in pure water, bub are more or less soluble in

alkaline liquids, it has been assumed that these liquids are alkaline
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from the begining. One of the wain criticisms of this theory is the
decrease in sulphur solubility with increasing acidity as shown by Vogb.
A;so, it can be shown that the solubilities of the ore minerals are gr-
eater in gases than in liquids.

The dominant factors affecting mineral deposition from gaseous or
hydrothermsl solutions are chemical changes in the solutions, reactions
between the solutions and wall rocks or vein material, and changes in
temperature and pressure. Further changes in the deposits may be br-
ought about after deposition has taken pleace.

As indicated by Wilson and Anderson (1959}, the factors controll-
ing ore compositions and metal ratios appear to bes
(1) the initial composition of the magma.

(2) the distribution ratios of the metals (i.e. if the elements are
extracted by gaseous or hydrothermal solutions)

(3) the nature of the ore deposition (i.e. conditions at the site of
deposition),

The influence of pH, oxidation-reduction potential, and chemical
composition of the liquid phases on the partition coefficients of the
elements in chemical patterns in ores is not clearly understood at the
present time. Much date based on physico-chemical and thermodynamic
considerations is required. In general, depogition of metallic elem-
ents from hydrothermal solutions Shduld result in varying metal ragtios.

The Geochemistry and Distribution of Ag, Au, Cu, Pbe Zn and S

The geochemical distribution of elements is controlled primarily

by the structure of the ions or atoms - their size, their valence, and
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the configuration of their electron shell structures. Goldschmidt's
(1937) principles of the distribution of elemenits in minerals and roclks
hold only for ionic compoundse Pauling's rules for determining the nat=
ure of possible packing arrangements apply only to ionic compoundg, bub
to a large extent they also are applicable to other compounds with very
1ittle modification (Azaroff, 1960, p-83). Notable exceptions sre pure
metals and organic compoundse.

| Many pairs of substences with similer structures form eitvher a
limited or complete range of so0lid solution (mixed crystals)o Cther
factors then similer structure are important for the formetion of solid
solutions. The size of atoms (gize factor) must not differ by more

than approximately 15% of the radius of the smaller atom and the bonds
in the two crystals must be of similar type. In simple ionic crystals,
there are similsr restrictions (Wells, 1962, p-185).

The distributions of Ag, Au, Cu, Pb, and Zn in silicate minerals,
which are primarily ionic, are therefore governed by general empirical
rules of crystel chemistry.

Sulphide minerals are characterized by covalent and mixtures of
covalent and ionic bending. Electronegativity differences can be used
as a guide to the percentage ionic character of bonds (Wells, 1962,p-33)
A comparison of Pauling's electronegativity values for sulphur (2.5) and
cxveen (3@5)>show that the bonding in binary sulphides has less ionic
character than is present in the structurally related oxides (Lzaroff,
1960, p-368). Further, the stoichicmetric compositions of sulphides do

not bear & simple relstionship to the number of valence electrons



present.

The only ionic sulphides are those of the most electropositive
metals, the alkalis and the alkaline-earths. The fact that simple sul-
phides exhibit such a variety of different structures, often of consid-
erable complexity, is attributed to the essentially homopolar nature of
the metal-sulphur bonds in sulphides of elements other than the most
electropositive., Such bonds tend to be formed at definite angles to
one another and are alsc limited in number. Further, the semi-metallic
properties of many sulphides show that all the bonding electrons are
probably not behaving as in simple covalent crystals. 411 these fact-
ors underlie the complexity of the crystal structures of sulphides, and
complex sulphides have the additional complication that metal atoms of
more than one kind are presént, each with individual requirements to be
satisfied.s A great variety of complex sulphides are found in the miner-
al world, and comparatiwvely little systematic examination of these comp-
ounds has yel been made.

A characteristic of sﬁlphide minerals is that the composition is
rarely tha£ of the "ideal" formula, partial replacement of one kind of
atom by another being extremely common (Wells, 1962, p-529), For ex-
ample, ZnS may contain as much as 20% Fe and in the related mineral
colusite Zn is partly replaced by Cu, Fe, Mo, and Sn. Isomorphous re-
placement is common in oxides structures but the relétion between atoms
capable of replacing one another in oxldes is different from that which
holds for sulphide structures, a point which illustrates the difference

between the types of bonding in the two classes of compounds. In ionic
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oxides, ®the possibility of isomorphous replacement depends largely on
ionic size, since the ions concerned both have to occupy a hole of a
certain sige in a lattice of oxygen lons which are usually close-packed
or approximately so. In sulphides, on the other hand, the criterion is
the formation of a similar number of bonds and we find such atoms as Cu,
Mo, Fe, Sn, Ag, and Hg replacing Zn in sphalerite or compounds closely
related to ite In crystals exhibiting isomorphous substitution, there
is rendom arrangement of the various metel atoms among the available
positions,

Minor and trace amounts of many elements have been reported pr-
esent in chalcopyrite, e.g. Ag, Au, Pt, Pb, Co, Ni, Mn, Sn, and Zn,
replacing Cu or Fe; and As or Se replacing S. Tor some specimens how-
ever, these elements may be ?resent in admixed impurities, for example,
As in arsenopyrite, Sn in stannite, and Zn in sphalerite (Deer, Howie,
and Zussman, 1962, Vol. 5, p~153).

The minor and trace elements of sphalerite have been studied
extensively and there is general agreement that Fe, ¥n, Cd, Ga, Ge, In,
Co, and Hg all occur in sphalerite substituting for Zn. OCu, Ag, and
Sn are also recorded but some of these elements may be present in small
inclusions of other minerals (Deer, Howie, and Zussman, 19629‘Vb1059
p=-168).

The estimation of the extent of substitution of other elements
for Pb in galena is often uncertain because many of them may be present
in associated minerals. It appears, however, that substitution for Fb

in galena is not very extensive. Sb, As, and Bi have all been reported,



though some Sb may be present in tetrahedrite, and some of the As in
arsenopyrite or sphalerite impurities. Bl occurs together with Ag;
both in solid solution in galens and as exsolved matildite. Traces of
Au, Pt, Pd, Mo, Wi, and Hg have been recorded; Cd, Fe, ¥n, Cu, Sn, and
Zn occur but are probably mostly present in assoclated sphalerite, chale-
copyrite, or in other sulphides. It has been concluded that Ag, Bi, Sh,
Sn, and Cu do not enter the crystal lattice but cccur as microscopic
inclusions of other minerals (Deer, Howie, and Zussman, 1962, Vol. 5,
p-182), |

Modified crystal chemistry principles should also govern the dis-
tribution and substitution of many metellic elements in sulphide miner-
als during crystalligzation of a sulphide melt. Many sulphide minerals
exhibit non-stoichiometric compositions. These compositional variate
ions may be due to admixed minerals or tc the direct substitution of
foreign elements in the lattices. Substitution or incorporation of for-
eign elements should be possible if the size of the structural units
(atoms or simple ions) is comparable and a similar bond type exists.

Ionic and atomic radii of some of the elements are shown in Table I.

Silver

Silver shows definite chalcophile affinities and therefore
should exhibit a strong attraction for sulphur.

The gilicate minerals constituting the normal igneous rocks con-
tain only very small amounts of silver.

Silver associations in ore deposits appear to be associlated with

a bhree-part thermal sequence (Goldschmidt, 1954, p=191):
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TABLE 1.

Tonic and Atomic Radii of Elements.

Blement Tonic Radii Tetrahedral Metallic Radii
Z Covalent Radii Z z
Ag 1+(1.26) 2+(0.89) 1.53 1,44
An 1+(1.37) 3+(0.85) 1. 50 Lo 4t
Cu 1+(0.96) 2+(0,72) 1.35 1,26
Pb 2+(1,20) 4+(0.84) 1.46 1.75
Zn 2+(0.74) 1o31 1e33 = L.45
S R=(1e74) 1,02 1.27
Fe 2+(0.74) 3+(0.64) 1o 24

(After L.V.Agaroff, 1960, p-438.)

(1) High temperature magmatic, and high, medium, and low temp-
erature hydrothermal deposits associated with gabbroic magmas.

(2) Eydrothermal deposits associated with residual solutions
from more siliceous magmas, such as andesites and phonolites,

(3) Hydrothermal deposits associated mainly with plutonic rocks
of the granite family.

Sphalerite, chalcopyrite, and galena appear to be favorable
hosts for silver,
Gold

Silicate minerals forming the normal ignecus rocks contain only

very small amounts of gold,

Occurrences of gold in hydrothermal deposits associated with

sulphides and related minerals suggests a chalcophile affinity for gold
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(Goldschmidt, 1954, p=197). However, Goldschmidt's investigations cl-
early show that gold is strongly siderophile. Gold readily accompanies
the chalcophile elements copper and silver in the upper lithosphere,

Gold has been found in olivine rocks, peridotites, pyrite-pyrr-
hotite ore magmes, and in high temperature hydrothermal deposits assoc-
iated with dacitic and andesitic volcanic rocks, and with diorites,i
quartz-diorites, granodiorites, and in places, granites. TUsually, gold
is found in part as the metal and in part combined with Te, Se, Bi, Sb,
and Ag (Goldschmidt, 1954, p~198).

Gold and silver, which both have similar atomic radii and Crys e
allize in a face-centered cubic lattice, form a continuous solid sol-
ution series (Goldschmidt, 1954, p=200). Similarily, copper and gold
also form a continuous series of solid solutions (Edwards, 4.B., 1954,
P-4E)e

 Silver is found associated with sulphides and teiiurid939 and
gold combines only with tellurides to any extent. Like copper, gold
and silver also readily become enriched in sulphides separated during
the early stages of magmetic differentiation (Renkama and Szhama, 1950,
p=703). In the ease of silver, which is geochemically chalcophile, this
behavior isbnaturalo Gold, which is strongly siderophile, may be com-
bined with the chalcophile elements copper or silver.

Pegmatitic and hydrothermal formations are the most chaerscter-
istic abodes of silver and gold. Native silver is never pure; it us=
ually contains copper, gold, and other metals as impurities. Native

gold is also impure; with silver, copper, iron, and the platinum



metals being the foremost iwpurities.

The geochemistry of copver, lead, zinc, and sulphur heve been
well reviewed by Wilson (1953). In the following paragrephs, brief
summaries of the geochemistry and associations of these elements will
be noted,

Copper

The ionic and atomic radii of copper are shown in Table I.
“ Copper is strongly chalcophile in charscter.

In igneous rocks, copper varies inversely with silica. The
copper in igneous rocks has usually been observed to be most abundantly
present in the form of sulphides, although apparently it may also be
concentrated in the silicate minerals (Wager and Mitchell, 1948).

Two types of segregated sulphide magmas heve been recognized
associated with basic magmetic rocks (Goldschmidt, 1954, p-179). The
first type i1s characterized by pyrrhotite, pentlandite, and chalco-
pyrite which appear to have separated at high temperstures during the
late stages of norite crystallization. The second type of sulphide
rock consists mainly of iron pyrite with subordinate chalcopyrite.
Sphalerite is often present to the extent of several percent. This
second Type of sulphide deposit has been formed at lower temperstures
than the first, several independent criteria suggesting the high hyd-
rothermal range. Copper ores are sometimes associated with pyro-met-
asomatic deposits which grade continuously into hydrothermal wveins and

zones of impregnation.
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The ionic and atomic radii of zinc are shown in Table I. Geow
chemically, zinc exhibits both lithophile and chalcophile affinities,
The silicate geochemistry of zinc is mainly determined by the similar-
ity of radii between divalent zinc and the metals of the magnesium=
iron group, especially Fe?¥, 1In silicate crystal structures and in
sphalerite, zinc tends strongly to tetrahedral coordinstion. The ste
ructural arrangement in chalecopyrite is very similer to that of sphal=
erites

The distribution of zine in silicate rocks is still contradig-
tory to some extent. Wedepohl {1953) however found that zinc was most
concentrated in gabbro (basalt, diabase), peridotite, and pyroxenite,
with lesser amounts in intermediate and acid rocks. Most major ore
deposits of zinc are of the hydrothermal replacement type where zinec is
present as zinc sulphide which may bé assoclated with copper, lead,
silver and gold.

Zinc also occurs tc some extent in copper-nickel deposits but
the relative concentration is much less than that of nickel and COPPET.
Kilburn (1960, p-134) hes shown that many Zn-rich ores are not aesoc—
iated as closely with igneous rocks as Cu and Cu~Zn-rich varieties, and
that lead-ores commonly occur in areas where igneous rocks do not out-
crop. Many Cu-rich and Cu=Zn-ores are closely associated with inter-
mediate to acidic igneous rocks.

Lead
The ionic end atomic radii for lead are given in Table I. The

geochemistry of lead in the minerals and rocks of the upper lithosphere
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is dominated by its properties both as a chalcophile and as a lithophile
element (Goldschmidt, 1954, p=398). As & chalcophile element it is
found mostly as the sulphide galena, and iﬁ reiated compounds with gelen-
ium and tellurium, where it is highly concentrated in hydrothermal dep-
ositbs.

Lead is also a lithophile element occurring in a large number of
rock-forming minerals. Its ionic radius makes it possible for lead to
replace diodochically such elements as strontiun, barium, potassium, ang
even calcium. Therefore, lead may be present in potassium feldspars, in
which it replaces potassium. Geochemically, the distribution of lead in
magmatic rocks is generally controlled by the laws of crystal chemistry
whereby lead ions are concentrated in potassium minerals, especially
the early crystallizates., The concentration of lead during crystallige
ation processes, follows rather closely that of potassium. As potassium
follows silicon rather closely in the main line of evolution of magmatic
rocks, so silicon, potassium, and lead are concentrated in residual mag=
mes (Goldschmidt, 1954, p=400). As lead is usually a very minor elem-
ent in basic rocks, its concentration in residual magmas derived from
basic magmas should never be very large.

Sulphur

As sulphur may exist in volatile form or separate as an immisc—
ible liquid, its distribution in igneous rocks is very complex. The
solubility of sulphur in rocks and magmas is difficult to determine as
both dissolved and suspended sulphides must be considered. Vogt (1918)

determined the sulphur solubility in slags considering dissolved and
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suspended sulphides separately. Wilson (1953) has plotted Vogt's res-
ults and it is spparent from the graphical spread of the points, that
sulphide solubility differs in slags of different composition but all
follow the same tendency of lower sulphide solubility with higher silica.
It is probable, therefore; that sulphur solubility decreases with incr-
easing silica content of magmasg and that the relative solubility in mag-
me 1s similar to that in slag. Thus, in magmas with a low silica cont-
ent, large amounbts of sulphide should separate from a fractionally cr-
ystallizing magma, providing sufficient sulphir i present. Experim-
ental and field evidence clearly indicate that an immiscible sulphide
liquid can separate from a basic silicate magma during fractional cre
ystallization. This magmatic sulphide is apparently enriched in the
chalcophile elements concentrated in the basic and ultrabasic silicate
magmas, that is Ni, Cu, and Co. The minor metallic elements present in
the basic magma, such as Pb, Zp Au, and Ag are also present in this

sulphide ligquid, but tend to concentrate and become enriched in later

magmatic liquids and hydrothermal fluids.




CHAPTER III

METHODS OF STUDY

General Statement

The distribution of metallic elements has been reviewed in the
foregoing pages with respect to theoretical considerations. The foll-
owing sections contain the resulte of a study of the relationships be-
tween the base metals copper, lead, and zinc and the precious metals
gold end silver in Canadian base metal deposits in general, and more
specifically in the following three deposits:

1. The Vermilion Lake ¥ine of Consolidated Sudbury Basin Mines Limited.
2« Geco Mines Limited.
3. The Flin Flon Mine of Hudson Bay Mining and Smelting Company Limited,

Assay date ubilized in the study were collected from Canadian publicat-

fty

ions covering fifty-two deposits in general and from the assay files of
the three mines listed above. It is hoped that this study will estabe
lish the existence of proportional relationships which will be applic=
able to all such deposits.

A brief description of the statistical methods employed in eval-

uating this data is given on the following pages.

Assay Data Evaluastion by Statistical Methods

Canadian Base !etal Deposits in Genersl. The sampling must be

random and a sufficient number of assays must be considered in the dig-
tribution if the distribution characteristics are to be indicative of

the ore deposits as a whole. In this study, the following metallic
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distributions are consideredt-
{1) the distribution of gold and silver with each of the base metals
present in the deposit.
(2) the distribution of the base metals with respect to each other in
the deposit,

The obvious meﬁhpd of determining these relationships is by a
gtatistical evaluation of the assay data. |

The median value was used throughout whenever an average value
was reqguired,

Ihe ledian
| The median is the value of the middle item when the items are
arranged according to magnitude. It is an average position.

The median was computed from dats by interpolation., The num-
ber of desired items was first determined by N/2 vhere N= the number of
items (assays). The enterpolation for the medisn value was then cal=
culated using the following equation:

Median = L + i ¢

£
where L = value of the lower limit of the class interval
containing the median assay determined by N/2.
§ = class interval or the difference between the
upper and lower limits as indicated in the
grouping of the data.
i = number of assays required within the group.

-y

= total number of assays within the group.

The characteristics of the median are sueh that the medisn is
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affected only by the number of assays, not by the magnitude of the ex-
treme values (i.e. it is an average of position).

Advantages of the median ares
(1) It is easily calculated from grouped data.

(2) It is not distorted in value by unusual assays and is therefore
more typical of the series because of its independence of unusual
value.

The principal disadvantages are that the data must be grouped or
arranged according to magnitude before the median can be computed, and
also that it possesses larger standard and probable errors than the
arithmetic mean.

Grouping of Assay Data

Use of the median requires that all data must be grouped accord-
ing to size or magnitude. The base metal percent may be used as a base
for this grouping and the variation of the precious metal value deter-
mined with increases in base metal content, or conversely, the precious
metal content may be used as the base and the variation of base metal
content determined with increases in precious metal content, In gen-
eral, the variabtion in gold and silver values has been determined with
respect to increases in base metal contents The major portion of the
graphical work has been carried out on an arithmetic base and the base
metal value has been used as the independent variable.

It is first necessary to arrange or group the data systemmatic=
ally in order to analyze numerical data. The data may be arranged in

a nunber of ways. Technically, such an arrangement is known as &
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"distribution or seriesz"., When the date is grouped according to mag-
nitude, the resulting series is called a "frequency distribution". In
this thesis, the median was calculated for each class interval of the
independent variable in a multicolumn frequency distribution table.

Graphical representation has been shown by the followings
(1) line or curve graphs on arithmetic ruling.
(2) line or curve graphs on semi-logarithmic or logarithmic ruling.
(3) histograms or rectangular frequency polygons.
(4) Logarithmic frequency percentage cuumulative curves on a semi-

logarithmic base.
Unless otherwise specified, all graphs have been plotied on an

arithmetic base.
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THE DISTRIBUTION OF GOLD AND SILVER IV CANADIAN BASE METAL DEPOSITS

General Statement

The assembled base mebal assays were converted to weight per—
cent values assuming thet these metal values equalled 100% for plott-
ing on triangular Cu-Pb-Zn diagrams. The converted weight percent
value for Cu, Pb, and Zn werse also changed to atomic percent by di-
viding by the atomic weights of the elements. Asgay values for gold
and silver were converted from oz/ton to parts per million (ppm)
and to atomic proportions. Where used in this study, the atomic pro-
portions of Au and Ag were multiplied by the same factor (atomic
factor) as that used to convert the base metal weight percent values
to atomic precent for each deposit. This was done to give the pre-
gious metals the approximate same order of magnitude as the copper,
lead, and zinc atomic percent wvalues.

The data was compiled and tabled (Table 2) and the following
triangular diagrams were constructed:

a. Cu-Pb-Zn (weight %) combined with Au (ppm).
b. Cu-Pb-Zn (weight %) combined with Ag (ppm).

} combined with %ﬁ (oz/ton).

2

&

¢. Cu-Pb-Zn (weight ¢

d. Cu~Pb=Zn (weight %) combined with &% (1000) (oz/ton).

Ag
e. Cu-Pb-Zn (atomic %) combined with Au (atomic proportion X

<

atomic factor).

f. Cu~Pb=Zn (atomic %) combined with Ag (atomic proportion X atomic



L&

factor.

go Cu~Pb-Zn (atomic %) combined with Ag (atomic proportions) x
Eu(1000)

atomic factor.
Base metal values were plotted on the triangular diagrams and the pr-
ecious meltal values, convential or atomic, were entered with their
corresponding base metal values. These precious metal values were
contoured after obtaining the medisn value contained in a hexagon
having an area of about 1/25 of that of the triangular diagram. Area

centers are shown on the disgramg with the median values oblained.

Regsults of the Study

The resulis of this portion of the study are shown in Table 2
and illustrated in Figures 1 to 7 inclusive. Figure 8 has been ine
clud to indicate the silica contents of igneous rocks (after Wilson
and Anderson, 1959). The triangular diagram (Figure 1), illustrat-
ing the possible relation between Cu~Pb-Zn (weight percent) and Au
(ppm) shows a concentration of higher Au values toward the Cu~Zn-
slde of the diagram. Very similar results were obtained in Figure
4 which illustrates the possible relation between Cu~Pb-%n (weight

percent) and the ratio A2 (og/ton x 1000), and in Figure 5 which

g8

illustrates the possible relation between Cu~Pb-Zn (atomic percent)
and Au (atomic proportion x atomic factor). Comparing these three
figures with the silica contours in Figure 8, it will be noted that
the higher Au values appear to be associated with a low silica con-
tent in igneous rocks. In figure 1 and 4, the small high occuring

along Pb-Zn side has been attributed to an erratic value, possibly
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Figure l. Copper-lead-zinc ratios (weight percent) in some Canadian .:
ore deposits showing median value contours for the respective gold
content (ppm) in each deposit.
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Figurs 2. Copper-lead-zinc ratios (weight percent) in some Canzdian
ore deposits showing median value contours for the respective silver
content (ppw) in each deposit.
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Figure 3. Copper-lead-zinc ratios (weight percent) in some Canadian
ore de;zosits showing median velue contours for the respective Lg/Au

ratio (oz./ton) in each deposit,
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Figure L. Copper-=lead-zine ratios (weight percent) in some Censdian
cre deposits showing medien value contours for the respective Au/Ag
retio (oz./ton) in each deposit. ~
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Figure 5. Copper-lead-zine ratios (atomic percent) in some Cansdian
ore deposits showing medien wvalus contours for the respective gold
content (atomic proportion X atomic factor) in each deposit.
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- Piguwre 6. Copper—lead-zine ratios (atomic percent) in some Canadien
ors deposits showing medien value contours for the respective silver
content (atomic proportion X atomic factor) in each deposite.
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Figure 7. Copper-lead-zine ratios (atomic percent) in some Canssiian

ore de%osits showing median value contours for the respective Lg/Aa

ratio

atomic proportion X 1000 X atomic factor) in each deposits




Cu

Pb

[A) FA) [A)

A 7N 7 A

Floure 8., The field of copper-iead-zinc retios in igneous rocks.
The approximate percentage of silica in the igneous rocks is
shoun by contour lines. Afier Wilson and Anderson (1959).
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due to another phase of mineralization.

The triangular diagram (Figure 2) illustrating the possible
relation between Cu-FPb-Zn (weight percent) and Ag (ppm) shows a con-
centration of Ag values along the Pb-Zn side of the diagram with a
peaking towards the Pb end. Comparison of Cu~Pb-Zn (weight percent)
and the ratio Ag (oz/ton) (Figure 3) also gives a similar trend with
the higher ratgz values, generally lone Ag, ¢ccurring along the Fb=
Zn side. In Figure 6, which illustrates the possible relation between
Cu=Pb-Zn (atomic percent) and Ag in atomic proportions (mltiplied by
atomic factor), a general concentration of high Ag values occur along
the Pb-Zn side. Several erratic values are present, but again, these
appear to be due to a second phase of mineralization or to a high
gold content in the silver. Similar results are obtained when Cu~FPb-
Zn (atomic percent) is arranged against the ratio Ag (atomic proportion
multiplied by atomic factor), where again the concggbration of high
Ag values is along the Pb=Zn side of the diagram with a general peak-
ing near the Fb end. Comparison of Figures 2; 3, 6, and 7 with the
silica contours in Figure 8 indicates a possible association of high

silver values with high silica content in igneous rocks.

Discussion of Results

The limited amount of data show that gold and silver
are preferentially distributed between the combinations Cu-Zn
énd Pb=Zn respectively. Higher gold values are associated
with Cu<Zn ore deposits containing minor amounts of Pb, and high
silver values are associated with Pb-Zn ore deposits which

contain minor amounts of Cu. Comparison of these trends (Figures
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1 to 7) to the diagram illustrating the silica contents of igneous
rocks on a Cu-Pbe=&n diagram (Figure 8) suggests that the high gold
values are assoclated with lowsr silica rocks. Geochemical studies
on the distributions of gold and silver in ignéous rocks is generally
lacking, and the limited data does not show any significant concente
ration of gold or silver in any igneous rock type (Goldschmidt, 1954).
Thus, the distributions of these metals in ore deposits may be an ine-
direct method of determining the concentration of gold and silver in
an asscclated lgneous rock.

In the chapter on theoretical considerations, it was showm
thet the elements Cu, Zn, Pb, Au, and Ag should be preferentially
enriched in the immiscible sulphide liquid during fractional cryst-
allization of a bagic megma containing these metallic elements. Whe-
en the solid silicate phase has the composition of a diorite, the
sulphides crystallizing from the sulphide liquid should be mainly Cu
and Zn accompanied by Au and Ag. Continued differentiation of the
silicate-sulphide liquids would result in the crystallization of
igneous rocks containing higher silica and ?baZn sulphides accomp~
anied by remaining Ag. The present distribution study suggests that
the largest porition of the Au is removed during crystalligation of the
Cu=Zn sulphides and that the Ag is removed during the crystellization
of both Cu=Zn and Pb-Zn sulphides and is generally the only precious
metal present in the Pb-Zn stage. Similar effects might be expected
if a highly volatile phase resulted rather than an immiscible sulph-

ide liquic.
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The nature of the precious metal associstion must awallt fur-
ther research into the problem of the state of occurrence of these
elements, especially for gold, Investigations are required to deter-
mine if the gold is present in the native state or incorporated in an

accompanying sulphide mineral.




CHAPTER V

THE DISTRIBUTION OF METALS IN THREE CANADIAN

BASE METAL DEPOSITS

Resulbs of the Distribution Studies

1. The Vermilion Iske Mine of Consolidated Sudburv Basin

Mines Limited, Sudbury Districy, Ontario.

This mining property is located in Northern Ontario and lies
near the southwest end of the Sudbury Basin. AlLL rocks in the vicin-
ity of the mine ares are of Precambrian age. The mine area is under—
lain by sedimentary and tuffaceous rocks which have been complexily
folded and faulted. The main rock types are voleanic fragmentals
and tuffs, argillite, carbonate, cherty carbonate, chert breccis,
limestone, and slate. Several late diabase dykes traverse the
formations (Martin, 1957).

Structurally, the mine lies within the Sudbury Basin and along
the Vermilion fault. Folding and faulting are generally complex.

The main structural feature at the Vermilion Lake Mine is an anti-
cline with axis striking NéOOE0 All ore to-date has been found on
the south limb of this anticline.

The ore consists of chalcopyrite, sphalerite, galena, with pyr—
ite, marcasite, and minor pyrrhotite. The sulphides occur in both
magsive and disseminated form. The massive pyrite type is generally
high in zinc and low in copper, and occurs mainly along the stratig-
raphic footwall of the Vermilion carbonate member. Higher copper

values are mainly assoclated with the margins of the deposits.
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An epigenic origin was postulated for the deposit. Collins
(1937) thought that as crystallizetion of the Sudbury magmatic nickel
ores proceeded, the end fluids would be enriched in volatiles and wo-
uld thus account for the late quartz-carbonate and lead-zine veing,
both in the main nickeliferous ores and also within the basin to form
the Cu-Pb=Zn ores at the Errington and Vermilion Lake properties.
Thompson (Hawley, J.EB., 1962, p-19) postulated that in the southwest
part of the Sudbury Basin, the fine-grained copper, lead, and zinc
deposits are of a nonenickeliferous variety and have resulted from
contemporaneous fumarolic activity. Stenton (1958) bvelieves that
these Cu~Pb=Zn deposits have a syngenetic sedimentary origin.

A maximum of 2800 samples were utilized from the asssy files.
Assay date from this property contained values for Cu, Pb, Zn, Au,
Ag and some for iron. This assay date was not divided into massive
and disseminated types. |

Metal Ratios

Figure 9. Wilson and Anderson (1959) have discussed the
distribution of Cu and Zn in Cu-Zn ore bodies. A similar frequency
distribution for Cu was compiled and compared to the graph

Cu+ Pb + Zn
presented by Wilson and Anderson. This figure shows that the Verm~

ilion Lake curve is similar to the curves for the Flin Flon Mine,
Geco Mine, and for all Canadian copper-zinc sulphide ore bodies.
The Vermilion Lake distribution curve exhibits very sharp peaks at
both the high zinc end and at the high copper end. The Flin Flon

messive ore has a distribution curve with a broad peak at the zine
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end and a sharp peak at the copper end. The curve for the Geco magse
ive ore exhibits only Ofe sharp peak at the zine end whereas the diss-

eminated ore exhibits a rather sharp peak at the copper end.

Figure 10. Frequency distribution histograms for Cu s
Cu+ Pb + Zn
In s Pb for the Vermilion Lake Mine are shown in

Cu+Pb+Zn Cu+Ph+ Zn

this figure., The waégzw histogram (1520 assays) shows a unimodal
u g

right skewed distribution, peaking between 0.0l and 0,02, The histo-

gram for Pb (1634 assays) resulted in a unimodel, right sk-
Cu + Pb + Zn

ewed distribution, but the peak was much broader than that for the

—-Au__ and ocourred at about 0.,05. The histograms for Zn

Au + Ag v Cu + Pb + Zn

(1605 assays) and Gy 2807 assays) are bimodal with peaks
Cu + Pb + &n ( ass2ys) pea

oceurring at 0.05 and 0.75 for the zinc and 0.05 and 0.95 for the
copper.

Metael Ratios in the No. 4 Zone

Studies of the base metal ratios in the No. 4 ore zone are
shown in Figures 11, 12, and 13. In these histograms, the distrib-
utions of the various base metals are shown for the whole gone and
for the ore bodies on the 4th, 7th, and 9th levels of the Vermilion

Igke Mine.

Figure 11. The No, Z gzone Cu distribution is bimodal
Cu+ Pb + Zn
and shows the same form as the Cu ratio distribution for the mine.
The distributions of the Cu ratic by levels are also bimodal and are

identical in form to the mine distribution. Examination of these

histogrems indicates a small decrease with depth in the low Cu ratio
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peak at the Pb~Zn end and a corresponding small increase in the high
Cu ratio peak at the Cu end.
Figure 12. The Wo. 4 zone Fb distribution is unimodal

Cu % Ph ¢+ Zn

and right skewed and is similar to the mine distribution., The distrib-

utions of the Pb ratiocs by level are also unimodal and similar to the
mine distribution in form. Examination of the level distributions in-
dicates an increase in the Pb ratio frequency with increasing depth
"plus a shift to a lower Pb value of the central tendancy or peak.

Figure 13, The frequency distribution of the Zn
Cu+ Pb + Zn

ratio for the No. 4 zone is bimodal and is similar in form to the Zn

ratio distribution for the mine, The digtributions of the Zn ratios
by level are alsc similar in form to the mine distribution and show

a slight decrease in frequency at the high Zn end with inereasing
depth. The frequency at the low Zn end of the diagram remains fairly
constant with changes in depth,

Figure 14, This figure illustrates the wariation in Zn ratios
in the No, 4 zone by means of a logarithmic cumulative frequency gr—
aph. The similarity in form and the slight variations with depth are
well illustrated.

Figure 15. The same date as was utilized in Figure 12 has been
plotted as a logarithmic cumulative frequency curve and clearly ill=
- ustrates the small variations in the Pb ratics with depth.

Figure 16. Logerithmic cumulative frequency curves are shown
here for the Cu, Pb, Zn, and Au ratics for the No. 4 ore zone and for

the mine Cu ratio. In general, the various curves show little relation
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Figure 15, Logarithmic cumulative frequency curves of Pb/Cu*Pb+Zn retios by

levels in the No. 4 Zone, Vermilién . Lake Mine.
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Figure 16. Comparison of cumulative frequency curves of Au, Cu, Pb, and Zn

ratios in the No. 4 Zone and for -the mine Cu ratio,

Vermilion Lake Mine,
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to one another, The Cu ratios show the greatest dispersion egbout the
mid point, followed by Pb, Au, and Zn.

Figure 17. This logarithmic cumulative frequency curve of the
Cu ratios in the No. 4 zone again illustrates the similarity in form
of ratio distributions within the mine and the small increase in high
copper values with depth,

Figure 18, This figure graphically illustrestes the variations

with depth of the Cu, Pb, Zn, and Au ratios. ED and
A Cu+ Pb + Zn
ﬁﬁ%%—gg (x10) exhibit parallel decreases in median values with depth.
Cu median values increase with depth and Zn median
Cu + Pb + Zn - 5 Cu+ Pb + &n )

values decrease with depth., These ratios are for the No. 4 ore gzone.

Metal Associations in the Mine

Figures 19, 20, and 21, Arithmetic rectangular graphs with Au

(oz/ton) have been plotted against each of Cu, Pb, and Zn (weight %)
in these figures. The resulting graphs are all linear with positive
slopes. While none of the straight lines pass through the origins,
the y-intercept value for Au was less than 0.0L oz/ton which is with-
in the 1imit of error of the reported gold assays.

Figures 22, 23 and 24. Similar graphs with Ag (oz/ton) plott-

ed against each of Cu, Pb, and Zn (weight %) alsc resulted in straight
lines with positive slopes. The y=intercept was much closer tc zero
than for the golds.

Figure 25. This graph of the relation between Ag and Au (oz/ton)
for the No. 4 zone plus random samples from other sectiong of the mine
resulted in s straight line with a positive slope, passing through the

origin, thus indieating a very close relation between these two metals.
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Figure 21. Zn-du relations (wt %) at the Vermilion Lake Mine.
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Figure 27. Zn-Pb relations (wt %) at the Vermilion Lake Mine.
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Figure 26. Plotting of random samples from the Vermilion Lake
Mine for Cu and Zn (weight %) resulted in a straight line plot with
a positive slope. The y-=intercept value of 0.50% Cu indicates a sep-
aration of the ore into high copper and high zinc portioms.

Figure 27. Plotting of random samples of Zn and Pb (weight %)
from the mine yielded a straight line with a positive slope, passing
through the origin.

Iron Associations

Arithmetic graphs involving Fe assays were rather inconsistent
but general trends could be noted. The actual source of the Fe could
not be determined from the assays alone. Only Zn versus Fe (weight %)
was plotted for the mine because Cu, Pb, and Zn appear to be closely
related,

Figure 28. In the No. 4 zone, 9th level, zinc and iron show a
linear relation between 0-=3.0% Zn and 12-16% Fe. Above 3% Zn, the Fe
content of the ore shows very little variation.

Figure 29. This graph indicates a linear relation between Zn
and Fe at 0-5% Zn and 10-19% Fe. Above 5% Zn, the Fe values tend to
decrease rapidily.

Figure 30. The relation between Cu and Fe in the No. 6 zone,
Tth level is shown in this figure. The relation is similar to the
trends shown in Figures 28 and 29, Fe increases with increasing Cu
up to about 8% where, with continued increases in Cu, the Fe tends
to decrease slightly.

Zone Variations

Numerous statistical analyses were carried out on individual
ore zones in an attempt to detect any variations in these zones from

the mine distributions and to further delineate a specific base metal-
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7%
precious metal affiliation.

Figures 31, 32, 33, 34 and 35, Arithmetic grephs of Au versus

Ag (weight %) from various ore zone and levels were constructed. As
previously noted, Figure 25 has been assumed to represent the mine Au-
Ag relation. TFigures 31 to 35 inclusive yielded linear graphs with
positive slopes, all passing through the origins. Some chenge in sl-
ope is to be expected as it has been shown that there is a small vare
iation in XE”%EE“ with depth (Figure 18). The ore zones studied weres
No. 4 zones on tie 4thy 6th, 7th, and 9th levels and, No. 6 zone on

the 6th and 7th levels.

Figures 36, 37. and 38, In the No. 4 zone of the 9th level,

graphs of Zn versus Pb; Zn versus Au; and Pb versus Au (weight %) ha-
ve been drawn up. In these three cases, linear plots with positive
slopes were obtained. All lines passed through the origins, In Fig-
ure 38 (Pb-Au relations for No. 4 zone, 9th level), only three asssay
values could be found in the 4-5% Pb range so that the resulting Au
median value was assumed to be erratic and was not considered in the
graphical interpretation.

figure 39. Cu-Au relations (weight %) in the No., 6 zone, 7th
level are linear with a positive slope. The y=-intercept value of
0.005 (Tr. gold) is due to the fact that an assay value of 0.005 oz/ton
was used for assays reported as trace.

Figures 40 and 4l. In the No. 6 zone, 7th level, grephs of Zn-

Pbs Pb-Ag; (weight %) resulted in straight lines with positive slopes,

passing through the origins.
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Figure /2. The relation between Zn and Cu (weight %) in the
No. 6 zone is shown here, A4 linear relation exists between Cu and
Zn above 2% Zn. Some high Cu values appear to be associated with
the low Zn values and this scatter at the low zinc end of the diag=
ram is assumed to be due to the separation of Gu and Zn ore types.

Figure /3. Cu~Zn relations (weight %) for the No. / zone are
represented by a straight line with a positive slope. The y-inter-
cept value of 0.40% Cu again points to a separation of ore into Cue-
rich and Zn-rich portions.

Figure 44. Cu-Zn relations (weight 3) in the No. & zone, 7th
level are similar %o the results for the No. 6 zone (Figure 42), in
that the relation between the elements is linear above 2% Zn and that
Cu may be present in the absence of Zn.

Figure 45 and 46. In the Wo. & zone, 7th level, graphs of Zn-

Au and Pb-Au (weight %) resuited in straight lines with positive sl-
opes passing through the origins.

Figure 47. Combined Pb and Au values (weight %) for the Nog.
/ and 6 zones, 7th and 9th levels, again resulted in a straight line
passing through the origin. Some scatter of points can be noted,
especlally for the high Pb values. The relations between Ag and Au
in ‘these zones has been discussed previously (Figures 3L, 33, 34 and

35).

Atomic Proportions

In a further study to determine a specific base metal=precious

metal affiliation, statistical studies in atomic proportions were
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carried out on lead, zinc, and gold in the No. 4 zone, 9th level,

and the No. 6 zone, 7th level of the Vermilion Lake Mine.

Figures 48 and 49. Graphs of %n versus Au and Pb versus Au

(atomic proportions) in the No. 6 zone, 7th level, resulted in st=
raight lines with positive slopes passing through the origins, ind-
icating a very close relation between these three metals.

Figures 50 and 51. Graphs of Zn versug Au and Pb versus Au

(atomic proportions) in the No. 4 zone, 9th level, again resulted
in straight lines and resulbs similar to those obtained in Figures
48 and 49.

Figure 52. The data for Zn versus Au and Pb versus Au (atomic
proportions) for the Nos. /4 and 6 zones, 7th and 9th levels, was com=
bined and plotted in this figure. Here again, straight line plots
with positive slopes passing through the origins resulted.

Fipure 53. Combined atomic values for %n versus Pb were also
compiled for the Nos. 4 and 6 zones and again a linear graph resulted.
The line had a positive slope and passed through the origin.

Graphical plots of Pb, Zn, and Au in atomic proportions result-
ed in straight lines indicating direct proportionality between these
metals,

Figure 54. It has been shown that there is a very close rel-
ation between Cu, Pb, and Zn and the precious metals Au and Ag. To
illustrate the variation in gold distribution with base metal grade,

a logarithmic cumulative frequency curve was drawn up for the combe

ined assays {(weight %) of Zn and Au in the No. 4 zone, 9th level and
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the No. 6 gzone, 7th level, Due %to the similarity of relation between

the base metals and gold, the figure should be representative of the
distribution of gold assays with any of the three economic base metals
at the mine. The change in frequency from low gold walues with inc-
reasing zinc values is readily apparent. The coefficient of variation
also shows a significant decrease with increasing zinc contente

Individual Element Distribution

Figure 55. Frequency distribution histograms of the abundances
of individual metallic elements occurring in the deposit have been
prepared. Stanton (1958) carried out similar distribution studies
for Cu, Pb, and Zn in some sulphide deposits. Histograms for Cu, Pb,
Zn, Au, Ag and Fe are shown in Figure 55. The distributions for Cu,
Pb, Zn, Au, and Ag are all unimodal and right skewed and exhibit sharp
central tendancies. The Cu, Ag, and Au content of the ore generally
remains low and very constant as shown by the rapid, regular decline
in frequency. The Zn and Pb content of the ore is somewhat higher
and the distributions appear to be much more variable,

The Fe content of the ore exhibits a bimodal distribution with
one sharp peak at the low Fe end of the diagram and a very broad pesk
ranging from 2% Fe to 32% Fe. The Fe distribution differs greatly
from the distributions of the other metals and shows a wide range of
values. HMedian metal content of the ore as determined from these
distributions is as follows: Zn = 1.18%, Cu = 0.71%, Pb = 1. 0%,

Ag = 0,64 oz/ton, Au = 0,10 oz/ton, and Fe = 13.5%,

Frequency distribution tables compiled for this mine are shown
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in the appendix.

Summary of Results

L. The distribution of _ ) at the Vermilion Lake
Cu + Pb + Zn

Mine is similar to the copper: zinc distribution curves for the Flin

Flon Mine, Geco Mine, and for all Canadian copper-zine sulphide ore
» P PP P
bodies (Figure 9),.
2 Au_ ond Pb distributions for the mine are

Au + Ag Cu + Pb + Zn
unimodal and right skewed (Figure 10).

3e Cu and Zn
Cu + Pb + Zn Cu+ Pb + Zn

are bimodel with sharp peaks at the high Zn and high Cu ends of the

distributions for the mine

diagrams (Figure 10) indicating seperation of the ore into high Zn
and high Cu zones.

4o High Cu ratio frequency shows a small increase with depth
(Figure 11) in the No. 4 zone.

5« Pb ratio frequency increases slightly with depth and the
peak shifts to a lower Pb wvalue (Figure 12) in the XNo. 4 zone,

6. High Zn ratio frequency shows a small decrease with depth
(Figure 13) in the No. 4 zone.

7. The distributions of Cu, Pb, and %n ratios in various
sections of the mine show no variation in form with respect to the
mine distributions (Figures 10 to 17 inclusive),

8. Pb, Zn, and Au ratios show small decreases in value with
increasing depth. Cu ratios increase slightly with depth (Figure 18),

9. Au and Ag are directly proportional to Cu, Pb, and Zn in

the mine (Figures 19 to 24 inclusive).




10, Au is directly proportional to Ag in all parts of the mine
(Figures 25, 31, 32, 33, 34, and 35).

11. Cu is directly proportional to Zn in the mine. At nil Zn,
the median Cu value is about 0,50% indicating separation of the ore
body into Zn rich and Cu rieh portions (Figures 26, 42, 43, and 44).

12, Pb is directly proportional to Zn in the mine (Figure 27).

13, Iron shows a linear relation to Cu, Pb, and Zn at low to
moderate base metal assay values. Above 5-8% Zn and Cu, the iron
content of the ore generally decfeases (Figures 28, 29, and 30).

14, Direct proportionality relations between Cu, Pb, Zn, Au,
and Ag exist in all parts of the mine. No zonal variations were
noted (Figures 31 to 47 inclusive).

15, Pb, Zn, and Au are directly proportional also in atomic
units (Figures 48 to 53 inelusive). A specifié precious metal-base
metal association could not be found.

15. The individual element distributions .of Cu, Pb, Zn, Au,

and Ag 2ll have similar form (Figure 55),

2. Geco Mines Limited, Manitouwadge Area, Ontario

This property is located in the Manitouwadge Iake mining area
of Northern Ontario. A1l consolidated rocks im the mine area aré of
Precambrian age (E.G. Pye, 1957)., The property is underlain by a
series of metasediments and iron formation having an east-west trend
ard dipping north. Granodiorite intrudes this series in the form of
dykes and irregular bodies. Small bodies of pegmatite, micro-grano-

diorite, basic intrusions and.diabase also make up a portion of the

87



rocks in the mine area,

The principal structural feature on the property is a large
right-hand deflection in strike. It is believed to represent an open
or incipient drag fold compatible with the major structure in the ares.

The main ore body is composed of two types of ores massive sule
phide rich in zinc with copper and silver; and disseminated sulphide
which is poor in zinc but containsg COppéP and silver. The massive
ore is principally composed of pyrite, pyrrhotite, chalcopyrite, and
sphalerite;, and i1t is made up of three principal ore mixtures:—

a) pyrite and chalcopyrite with minor sphalerite and pyrrhotite.

b} pyrite and sphalerite with minor chaleopyrite and pyrrhotite,

c) pyrite and pyrrhotite with minor chalcopyrite and sphalerite. The
disseminated sulphide ore is composed of pyrite, pyrrhotite, and chal-
copyrite with subordinate sphalerite,

The ore body has been classed as a replacement deposit of the
fissure type where a core of massive sulphides is enclosed by an en-
velope of disseminated mineralization. The host rock is a muscovite—
quartz schist.

The péragenesis of the ore is as follows:=
1. pyrite
s quartg=pyrrhotite
3. formation of chalecopyrite, sphalerite, and cubanite
4o formation of galenz, tetrshedrite, marcasite and sericite followed

by or accompanied by the formation of argentite, pyrragyrite and

native silver.




&9

Spectrographic analysis (F.F, Langford, 1955) has shown that
silver is closely associated with chalcopyrite,

Approximately 1500 assays were evalusted in the study. Assay
data from the Geco Mine contain vslues for Cu, Zn, and Ag, and have
been broken down into massive and disseminated ore at the mine office.
Individual metal ratios were investigated and separate graphs were
compiled for massive and disseminated ore types. Where linearity app=
eared vague on arithmetic based graphs, plots were done on légarithmic
paper to ascertain whether the relations were logarithmic., Histrograms
of the distributions of individual metal assays were compiled. GConsid-
erable work on the __CU_ . patios has been completed by H.DeB. Wilson

Cu + Zn
and D.T, Anderson., The relationship between total base metal content

and silver was also investigated,

The distribution of the ratio Cuz (wight percent) for this
Cu + Zn

property has been dealt with previously by Anderson and Wilson (1959},
It was shown that the Cu ratio distribution for the Geco massive ore
was unimodal and right skewed with sharp peak or central tendancy at
the high Zn end of the diagram. The frequency distribution for the
Geco disseminated ore was again unimodal but was left skewed and the
central tendancy was very broad and occurred at the high Cu end of
the diagram (Figure 9). The vertical distribution of copper: gzinc
ratios was found to be relatively uniform in shape and median value.
In this study individual metal ratios were studied separately

in the massive and disseminated ore types and for the mine in general.
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Figure 60. Ag-Cu relations (wt %) in the maséive ore, Geco Mines Limited.
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Massive Ore

Figure 56. The arithmetic graph of Cu versus Ag (weight %) re-
asulted in a straight Line with a positive slope. The y-intercept for
Ag being about 0.75 oz/ton.

Figure 57. The graph of Zn versus Ag (weight %) yielded a gen—
eral scattering of points over a small range of Ag along the total
range of %n values. In the low assay range, only a single point is
lower than the trend and this represents almost no mineralization at
all, Analysis of Zn values greater than 1% results a straight with
a small negative slope, indicating little or no relation between Zn
and Ag. The negative slope indicates that Ag values decrease with
incregsing Zn.

Figure 58. Analysis of the Zn-Ag data using Ag as the indepen=-
dent variable yielded the results shown in Figure 58. The trend is
linear with a negative slope indicating decreasing Zn value with in-
¢reasing Ag values.

Figure 59. Analysis of Cu + Zn values using 4g (weight %) as tle
independent varisble resulted in a exponential type curve. The graph
shows a linear trend up to 13% Cu + Zn, where a break occurs and the
trend changes to one showing no relation between Ag and Cu + Zn.

Figure 60 and 61. The graph of Cu versus Ag, with Ag being

the independent variable (same data as Figure 56) using an arithe
metic base resulted in a straight line with a positive slope and
passed through the origin (Figure 60). Plotting of this same data

on logarithmic paper (Figure 61) yielded a straight line with a
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positive slope which passed through the origin. Similar trends
were obtalned in Figures 56, 60 and 61 and indicate a direct rel-
ation between Cu and Ag,

Figure 62 and 63. The arithmetic relstion between Ag and Cu

* Zn (veight %), as shown in Figure 62, is exponential. The graph,
while being somewhat linear; rises to a maximum and falls off with
increasing Cu + Zn values. The maximum silver content occurs at
about 17% Cu + Zn. Plotting of this same data on logarithmic paper
(Figure 63) resulted in a linear trend with a rapid drop off at the
high Cu + Zn end of the graph. The relations shown in Figures 59,
62, and 63 indicate that Ag is not directly proportional to combined
Cu + Zn values.

Figure 64. Plotting of Cu against Zn (weight %) in the massive
ore resulted in a linear trend with a negative slope. There is a
fair amount of scatter ghout this line, but the trend of decreasing
Zn values with increasing Cu content is real and apparent.

Disseminated Ore

A similar statistical analysis was carried out on the metal
content of the disseminated ore,

Figure 65. Plotting of Cu against Zn (weight %) yielded a lin-
ear trend (4) with a small positive slope, indicating only small
changes in Zn with large changes in Cue This line suggests an appar-
ent relation between Cu and Zn. Howvever, if one considers that the
Zn associated with low Cu values represents little or no minersliz-

ation at 21l and can be represented by a line with a zero slope
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(line B), then the higher Zn values asscciated with Cu mineralization
can be represented by a line with a zeroc slope (1ine C). ILines B and
C indicate that no relation exists between Cu and Zn.

Figure 66. The graph of Ag versus Zn (weight %) shows two trends,
Ag and Zn are directly related to about 2.75% Zn, where the curve bri
eaks and the slope changes from a positive value to zero. About 2.75%
Zn, Ag shows no relation to the Zn content of the ore.

Figure 67. Analysis of the Zn-Ag data from Tigure 66 on a logar-
ithmie base resulted in a more linear relation, suggesting that the Zn-
Ag reletion is exponential.

Figure 68, 69, and 70. The relation betveen Cu and Ag (weight %)

on an arithmetic scale 1s shown in Figure 68. The resulting straight
line has a large positive slope and passes through the origin. Plott-
ing of these Cu and Ag values on logarithmic paper (Figure 69) resulted
in a sinuous linear trend, indicating that the reletion between Ag and
Cu is erithmetic rather than exponential. Flotting of the Ag values
on a logarithmic scale with Cu values on an arithmetic scale tended
to make the linear relation between these two metels more apparent.
Figure 71l. This graph shows the relation between Ag and Cu + Zn
(weight %) in the disseminated ore. The resulting straight line passed
through the origin and had s positive slope. As Zn i1s a minor coasit-
ituent in the disseminated ore, its effect in the Cu + Zn relation
will be very small.

FPigure 72. The relation between Cu and Ag (weight %} for the mine
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ig shown in this figure. he resulting graph is alstraighﬁ line
with a positive slope and passes through the origin.

Figure 73. This graph agein suggests that Zn and Ag (weight
%) are not directly related. Zn and Ag show a linear relsbtion up to
about 2.5% Zn where the curve breaks and the slope of the line begins
to decrease. A second break in the curve occurs at about 8% Zn where
the slope of the line becomes negative.

Figure 74. Zn-Cu relations using Cu as the independent varisble
are shown in Figure 74A. GCu and Zn appear‘ﬁo be directly related up
to 9% Cu and 2.5% Zn. At the point, the curve shows a large brealk.
Above 9% Cu, Zn values decrease with increasing Cu., Analysis of the
date vsing Zn as the independent varisble yielded similar results
(Figure 74B). 1In this case, Cu increases proportionally to Zn up o
about 2.5% Zn, where the curve shows a sharp break. With increasing
Zn values, Cu shows a rapid decrease. These figures suggest that Cu
and Zn are releted over the lower grade ranges.

Individual Element Distribution

Figure 75. Frequeney distribution histograms of abundances of
individual metallic elements occurring in the Geco deposit have beeit
prepared and the following distributions have been noted (Figure 75).

In the massive ore, copper and silver show similar distribut-
iong, being unimodal and right skewed with sharp central tendancies
in the low assay range. Such distributions indicate that the Cu and
Ag values generally remain low énd show a constant distribution. The

zine distribution is characterized by a large degree of dispersion
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and by two broad peaks. No definite central tendancy is clearly showm.
Hedian metal values for the massive ore as determined from these digte
ributions are; Cu= 1.61%, Zn= 8.84%, and Ag= 1.98 oz/ton.

In the disseminated ores, Cu, Zn and Ag have similar distribute
ion being unimodal and right skewed. Peaking is very sharp in all
cases and occurrs in the lowest assay ranges. The distribution for
Cu is slightly more varisble in that the Cu values do not fall off as
rapidly as the distributions of Zn and Ag. IMedian metal values for
the disseminated ore, as calcuiated from these distributions are; Cu=
0.60%, Zn= 0.36%, and Ag= 0.34 oz/ton.

The copper distributiéq for the mine, includes massive and diss-
eminated ores, remains unimodal and right skewed. The peak is very
sharp and occurs in the low‘Cu éssay range. The mine distribution of
Zn values becomes strongly right skewed and unimodal with a very sharp
peak at 0.69% Zn. The silver distribution for the mine is strongly
right skewed and unimodal. Peaking is sharp and occurs at the low Ag
end. Median values for the elements are; Cu= 0.85%, Zn= 0.69%, and
Ag= 0.73 oz/ton.

Frequency distribution tables used in the Geco study are includ-
ed in the Appendixo

Sunmery of Results

Massive Ore.
l. Cu and Ag occur in direct proportions (Figures 56, 60 and
61,

2. Zn and Ag show very little relation to one snother. In
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general, Ag decreases with increasing Zn (Figures 57 and 58).
3. Ag shows no direct relation to combined Cu + Zn values.
The relation appears to be exponential (Figures 59 , 62, and 63},
4o Cu and Zn show indirect proportionality. Zn decreases with
increasing Cu (Figure 64).

Disgeminated Ore.

5. Cu and Zn show little or no relation in this ore type
(Figure 65).

6. Ag and Zn show a direct relation up to about 2.75% Zn.
Above 2,75% Zn, Ag is unrelated to Zn (Figures 66 and 67).

7. Cu and Ag are directly related (Figures 68, 69, and 70).

8, Ag shows an apparent direct relation to Cu + Zn, possibly
due to the minor effect of low zinc assays in the disseminated ore
(Figure 71).

Mine Digtribution.

9. Cu and Ag show a direct relation (Figure 72).

10. Zn and Ag show an apparent direct relation in the low Zn
assay range only. With higher Zn wvaluves, Ag tends to decresse with
increasing Zn (Figure 73).

1l. Cu and Zn sppear to be directly related over low assay ranges
only. In the higher assay ranges, Cu and Zn show indirect proportion-
ality (Figure 74).

12. Distribution histograms of the abundances of individual
elements are generally similar in form for Cu, Zn, and Ag in all ore

types. The Zn content of the massive ore is an exception however,
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and is characterized by a large amount of dispersion. Such histo-
grams do not suggest any specific element associaticns atb the

Geco Mine,

3o The Flin Flon Mine of Hudson Bay Mining end Smelting,

Northern Manitoba.

The Flin Flon Mine is located in Northern Menitoba, about
400 miles north of Winnipeg, Manitoba. ALl rock formations in the
mine area are Precambrian in age and consist of a series of voleanie
rocks overlain unconformebly by & clastic=—sedimentary series. This
sedimentary=volcanic series has been intruded by acidic and basic
intrusions. The volcanic series is made up of acidic and basic flows,
tuffs, agglomerates, plus some irregular intrusive bodies and minor
schists. The sedimentary series is mainly arkose and conglomerate.

The earlier intrusive rocks are of basic composition and have
been emplaced as dykes and small masses. These were followed by
batholithic intrusions of granite and granite gneiss accompanied
by dykes of granite and quartz porphyry. Later dioritic dykes cut
these granites (Llecock, FoJ., 1930, and Brownell, G.M., and Kinkel,
A.Ra, 1935),

In the mine area, the lava flows and pyroclastics trend N30Qw
and dip 70° East. Faulting is parallel tc these beds. Pre-ore shear-
ing and reverse faulting provided channels for the mineralizing
golutions,

The principal minerals in the orebodies are pyrite, sphalerite,




104
chaleopyrite, plus minor amounts of gold and silver.

Two distinct types of ore are mined, but three ore types have
been recognized:

L. Solid sulphide ore (massive} composed of pyrite, sphalerite,
chalcopyrite, with minor pyrrhotite, arsenopyrite, caleite , gold,
and silver.

2. Disseminated ore composed of cowntry rock impregnated_wiﬁh
sulphides. Chalcopyrite and some pyrite are the main sulphides
present. Minor amounts of sphalerite, gold, and silver have been
noted.

3. Interbanded ore which represents the transition between
massive and disseminated ores and contains sphalerite, chalcopyrite,
pyrite, gold, and silver.

The solid sulphide bodies form the central portion of the ore
lenses vhereas the disseminated sulphide ore is largely confined %o
the footwall and hanging wall zones.

A hydrothermal replacement origin has been postulated for the
deposit. Parzgenesis of the sulphide minerals has been indicated as
pyrite, arsenopyrite, chalcopyrite, cubanite, galena, and precicus
metals. Mineralizing solutions have been assumed to come from the
grenite but the basic intrusions have also been considered as a
possible source. However, the most recent paper presented by the
mine staff postulates an origin related to sulphide injection
(Koffmann, A.A., Cairns, R.B., and Price, R.L., 1962).

Assay sheets from this property give the values for Cu, Zn, Au,
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and Ag for both massive and disseminated ore types. Approximately
2400 rendom assay values were utilized in this study. Wilson and
Anderson (1959) have carried out a preliminary study on the %ﬁ:iz
ratic at this property. Currently, individual metal retios were
invetigated in both the massive and dissenminated ore types. Statistical
analyses were also carried out to determine the relation between
precious metal values and the total base metal content, and to
determine the relation, if any, between EQEEM and the precious metal

utén

values. Histograms of the distribution of individual assays were also

compiled,

Metal Batios

The distribution of the Eﬁg%f ratio for the Flin Flon massive
ore has been described by Wilson and Anderson (1959). While their
study wes incomplete, it was apparent that the massive ore was mainly
compoged of zinc and that the type of distribution for the CusZn
ratios was very similar on the 2700!' and 3000' levels. CuiZn ratio
distribution in the massive ore is bimodal (Figure 9). One peak is
broad and occurs on the zinc end of the diagram. The second peak is
sharp and occurs at the copper end of the diagram. It was postulated
that this double peaking indicated a greater separation of chalco-
pyrite and sphalerite at the Flin Flon Mine than in the massive ore
at Geco, or that the massive and disseminated types may be intermixed
at the Flin Flon Mine,

Separate statistical anaiyses were carried out for both the
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messive and disseminated ore types at the Flin Flen Mine.
Massgive Ore

Figure 76, Cu and Ag (weight %) show a definite relation in this
diagram. Up to 2.5% Cu, the Ag content increases proportionally with
increasing Cu, the relation being very close tc linear. Above 2.5%
Cu, the slope of the line decreases abruptly, but direct proportion~
ality is maintained at a much smaller slope.

Figure 77. Zn and Ag (weight %) are related in a similer
manner as Cu and Ag. Ag increases repidily and proportionally with
increasing Zn up to about 6% Zn. Here, the curve breaks and the slope
of the line decreases to almost zero, indicating little or no relation
between Zn and Ag above 6% Zn.

Figure 78, The relation between Cu and Au (weight %) is similar
to that for Cu and Ag (Figure 76). Cu and Au increase proportionally
and rapidily up to about 6% Cu. Above 6% Cu, the linesr relation is
maintained but the slope of the line has decreased to almost zero.

Figure 79. Plotting of Zn versus Au (weight %) yielded similar
results to those for Zn and Ag. Zn and Au oceur in direct proportion
up to about 6% Zn. Above 6% Zn, the slope of the curve decreases
rapidly to a negative value, indicating an indirect relation between
Zn and Au, especially above 14% Zn.

Figure 80, Analysis of Cu + Zn versus Ag (weight %) resulted
in a straight line with a positive slope. The y-intercept has a value
of about 0,40 oz/ton Ag.

Figure 8l. The plotting of Au versus Cu + Zn (weight %) yielded
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a linear trend with a positive slope and a y=intercept value of about
0.0l oz/ton Au. Some scatter of points occurred about this trend in
the 6 to 11% Cu + Zn range suggesting a break in the line such that
the relation between Au and Cu + Zn may be graphically represented
by two linear trends (dashed lines). In this case, the break in the
relation would occur at about 6% Cu + Zn.

Figure 82. Additional statistical studies were carried out with
pedian %ﬁ ratio values arrayed against Cu, Zn, and Cu + Zn (weight %).
The trends for the three base metal combinations are such thst éﬁ
decreases rapidly from an initial high value at low base metal
contents, reaches a minimum value in the moderate base metal assay
ranges, and increases siightly in the higher assay ranges. The initial
high %ﬁ in the low assay renges is probably due %o very low Au as5says
in the weakly mineralized materisl. Above the 6% base metal assay
range, the variation in %ﬁ is generally small and may be due o

changes in the precious metal ratio in various sections of the mine.

For example, %g may vary with depth.
u

Figure 83. Analysis of Au with respect to Gucz - (weight %)
suggests that Au is related to one of the base metals, Cu or Zn. The
resulting curve is parabolic in form and the maximum Au value occurs
when Cu and Zn are approximately equal to 3% and 6% respectively. Au
decreases from this maximum toward the high Zn and high Cu ends of
the diagram,

Figure 84. The Zn-Cu relation is characterized by a scattering

of points in the low to moderate Cu assay range and by a trend with
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a negabive slope. Above 8% Cu, the Zn content of the ore shows a
definite decrease. The low Zn values associated with low Cu are due %o
the incomplete separation of massive and disseminated ore types
during ore generation. Separation of the assay data into ore types
also may not be fully reliable.

Figure 85. Au and Ag data (weight %) were analyzed with respect
to the upper (0-2200') levels and the lower (2700-3500') levels of
the mine. In both cases, Au and Ag are present in direct proportions.
However, the plot for the lower levels has a steeper positive slope
indicating slightly higher grades of gold relative to silver at
lower levels in the mine.

Figure 86, Plotting of Ag against Au (weight %) resulted in a
straight line with a positive slope which passed through the origin.

Au and Ag are present in direct proportions in the massive ore. A4

Ag
in the massive ore equals 0.05,

Diggeminated Ore

Figure 87, The graph of Cu versus Au (weight %) resulted in a
linear trend with a positive slope and & y-intercept value of about
0.005 oz/ton Au. However, the distribution of points also suggests
the possibility of a bresk in the trend at about 3% Cu. In this
case, Cu and Au would be directly proportional up to 3% Cu. Above
3% Cu, linearity is maintained, but the slope of the line has
decreased appreciably.

Pigure 88. A linear relation exists bebtween Cu and Ag in the
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disseminated ore. The resulting plot is a straight line with a
positive slope and a y-intercept of 0.2 oz/ton Ag.

Figure 89, The graph of Ag versus Zn (weight %) resulted in a
straight line with a positive slope and a y-intercept value of about
0.4 oz/ton Ag.

Figare 90. Ag and Au show a direct relationship in the diss-
eminated ore, The slope of the line is positive and passes through

the origin. Au equals 0.35 &n the disseminated ore and 0,50 in the
kwmassive ore,Agndicating a lower Au content with respect to Ag in
the disseminated ore.

Figure 91. Zn and Au show a direct relation in this graph., The
slope of the line is positive and the y-intercept is at about 0,015
oz/ton Au,

Figure 92. Analyses of Cu versus Zn (weight %) in the dissem-
inated ore ylelded a straight line with a near zero slope. The y=inter-
cept is at about 0.18% Zn. This graph suggests that Cu and Zn show
little or no relation to each other. However, in the low assay range,
much weakly mineralized country rock has been included in the sample
so that the slope of the line may actually be more positive,

Figure 93, The relation between AZ and the Ag content of the
disseminated ore is such that the Ag rigio increases with increasing
Ag values, The relation is linear g?fh a positive slope and suggests
that in the disseminated ore, Ag is enriched with respect to Au.

Figure 94. This diagram illustrates the partial relation

between Au and _ Cu__ (weight %). As the disseminated ore is mainly
Cu+ Zn
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composed of copper with minor zine, the bulk of the ratio values lie
between 0.8 and 1.0, with only sbout 15% of the values oceurring
below 0.8. Therefore, any interpretation made between ratio values
of 0.0 and 0.8 would be unreliable. The form of the curve appears
to be parabolic and is similar to the Cu ratio-Au relations in the

massive ore (Figure 83).

Figure QQ& The relationship between Cu and Au for all ore
types at the mine can be represented by a straight line with a
positive slope and a y-intercept of 0.02 oz/ton Au. As Au and Ag
are directly related in the me.ssive and disseminated types (Pigures
86 and 90) and in the whole mine (Figure 98), then it can be
assumed that Cu and Ag are also directly related in the whole mine.

Figure 96. This diagram illustrates the relationship between
Zn and Au for the mine. Zn and Au are present in direct propertions
up to about 6% Zn, where the curve breaks and the slope changes to
a gero value. Above 14% Zn, the élope of the line is negative,
indicating decreasing Au content with increasing Zn. Similar
relations are to be expected between Zn and Ag.
Figure 97, Au and Ag occur in direct proportions as shown by
the linear relation belween these two metals. The line has a positive
slope and passes through the origin.

Figure 98, Analysis of Cu with respeot to Zn for the mine
resulted in a sinuous curve, especially up to values of 10% Zn. Above

10% Zn, Cu shows a definite decrease with increasing Zn. The scattering
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of pointe in the lower zinc range is possibly due to the intermixing
of massive and disseminated types. The general trend of points has
& negative slope indicating decreasing Cu with increasing Zn values,

Figure 99. This figure illustrates the fluctuations in zinc

values with respect to the grade of copper for assays from the 2700

to 3500 foot levels. The distribution histograms for each range of

copper assay is bimodal, containing one strong peak at low gzine

values and a second weaker peak at a much higher ginc value, especially
in the low to moderate copper assay ranges. Each copper range is
dominated by a strong freguency distribution of low zinc values

which indicates one trend for the Cu=Zn relationship such that Cu

and Zn show no association (red trend). The position of the second
weaker peak varies with the grade of copper and indicates another

trend for the Cu=Zn relationship (green trend). The position of this
second peak varies in value from high zine in the low copper ranges

to low zinc in the high copper assey ranges, indicating an inverse

relationship between Cu and Zn. The bimodal distribution of Zn assays

indicates that there is considerable mixing of ore types throughout
the mine and that the separation of massive from disseminated ore is
incomplete. Also, the differentiation of massive and disseminated
types on the assay data sheets may not be completely reliable. A
similar relation between Cu and Zn is to be expected in other portions
of the mine.

Figures 100, 101, and 102. These figures illustrate the relation

between Cu and Zn on the upper levels (0-2200'), lower levels {2700-
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00%), and for the complete mine section. Consgiderable variation
3 13

fte

n the zinc content can be noted up to 10% Cu at which point there

is a definite decrease in Zn with increasing Cu. As illusireted in

=

igure 99, the mixing of massive and disseminated ore types in the
lower Cu grades appears to be responsible for the observed fluctustion
in Zn values, when Cu is less than 10%. Low zinc values of the disge=
eminated type are more frequent and tend to mask the occurrence of any
high zinc values that are also associated with these lower copper gr-
ades. However, there is an apparent trend indicating decreasing Zn
with increasing Cu in three diagrems. The trend line with the larg-
est negative slope occurs on the lower mine levels indicating higher

rades ol copper ore in this section of tne mine., Calculated medisn
AT K

[ij)

velues for copper and zine are:

0=2200° 1.89% 1.85%
| 2700-3500" 2.76% 1.79
0-3500" 2.23% 1.82%

Individual Element Distribution

Figure 103. Frequency distribution histo grams of the abundances
of individual elements for the Flin Flon Mine are illustrated in this
lgure,

In the massive ore, copper assays exhibit a unimodal right skewed
distribution with a broad peak and a ceniral tendancy in the 0 to 1%

assay range. The distribution for zinc is also basically unimodal and
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right skewed. Several other small peaks occur in the distribubtion

i

i}

pointing to the fact that the distribution ig not too regular. ALl
peaks are generally sharp. The distribution of silver is unimodal
and right skewed and in form, generally resembles that of copper
as the peak is rather broad. The unimodal right skewed distribut-
ion of gold has a very broad peak and a fairly regular distribution
over the higher assay ranges.

In the disseminated ore, copper assays approach & normal dis-
tribution being only slightly right skewed and having a fairly sharp
peak. The distributions of silver and gold are very similar. In

form they are unimodal and right skewed with fairly broad peaks and

ol

n general they resemble the copper distribution more closely than
the zinc distribution. The zinc distribution is characterized by a
very sharp peak or central tendancy. The form is unimodal and right
skewed and the central tendancy contains over 60% of the assay values.
Yedian metal values for the various ore types calculated from
these frequency distributions are as follows. In the massive ore,
Cu= 2.26%, Zn= 3.564%, Ag= 1.97 ozfton, and Au= 0.086 oz/ton. In
the disseminated ore, Cu= 4.32%, Zn=0,082%, Ag= Q.44 oz/ton, and

0.021 oz/ton.

i

A
For the mine, the copper distribution remsined unimodal and
right skewed, but it can be seen that the peak has become broader
and that the distribution is quite regular. Zinc also remains un-—
imodal and right skewed, but here the skewness and peakedness fact-

ors have increased. Peaking is higher and sharper and the distrib-
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utions at higher Zn values have hecome less erravic, tending to show
very little change with higher Zn values. The silver distribubion

is unimbdal and right skewed and has a very regular form, resembling
the silver distribution in the massive ore. The distribution of gold
content is again unimodal and right skewed and the form shows more
regularity than in the massive ore. In general, individual metal dige
tributions have tended to become more reguler in form. %inc, silver,
and gold have greater skewmess and peaking has become more sharp.

Very little change in the copper distribution is apparent.

Frequency distribution tables used the the Flin Flon study are
g J

included in the appendix.

Summary of Resulis

agslve Ore

1. Cu and Ag are directly related and the ratio Cuthg is @iff-
erent above and below 2.5% Cu (Figure 76).

R. In and Ag are directly related up to 6% %Zn. Above 6% Zn,
the slope of fhe Lline approaches zero indicating little or no relation
between Zn and Ag (Figure 77).

3. Cu and Au are directly related up to 6% Cu. Above 6% Cu, Au
shows no apparent relation to Cu (Figure 78),

4o Zn and Au show a direct relation up to 6% Zn. Above 6% Zn,
Au tends to decrease with inecreasing Zn (Figure 79

5. Cu # Zn'and Ag are present in direct proportions (Figure 80).

6. Cu + Zn and Au show an apparent linear trend indicdating direct




\J

6

;

proporvionality. However, the scatter of points may also suggest that
the ratio of Cu + Zn to Au changes at 6% Cu + Zn and that two linears
are present (Figure 81).

7. The ratio %ﬁ is reasonably constant for all values of Cu,
Zn, and Gu *+ Zn. The major variation occurs in the low base metal
assay ranges where low Au assays may be due to weakly mineralized
meterial (Figure 82).

8., Au is at a maximum when Cu and Zn are approximately 3% and
6% respectively (Figure 83).

9. Cu and Zn ere indirectly proportional (Figure 84).

10. Ag and Au occcur in direct proportions. The Au content of
the massive ore increases with depth with respect to Ag. %ﬁ decreases
with depth (Figures 85 and 86).

Disseminated Ore

1l. Ag and Au show a direct relationship to Cu (Figures 87 and
88).

12. Ag and Auv show an apparent direct relation to Zn (Figures
89 and 91).

13. Ag and Au are directly related (Figure 90).

4. Cu shows little or no relation to Zn as the slope of the
line is almost zero (Figure 92).

15, %ﬁ increases proportionally with increasing Ag (Figure 93).

16. The relationship between Au and Eﬂg%a;m is similar in form
u 40
to the Cu

e -Au relation in the massive ore, and does not indicate



a base metal-precious metal affiliation (Figure 94).

Mine Distribution

17. Cu is directly proportional to Au and Ag (Figures 95 and
97). |

18, Ag and Au are directly related to Zn up to 6% Zn. Above 6%
7Zn, Ag and Au generally decrease with increasing Zn. Zn and the
precious metals are not directly related for all zinc values
(Figures 96 and 97).

19. Ag and Au are directly related (Figure 97).

20. Analyses of the Cu=Zn relation suggests indirect proportion~
ality (Figures 98, 100, 101, and 102).

21l. Massive and disseminated ore types are incompletely'
separated (Figure 99).

22, The distribution histograms of the individual elements
generally have similar forms and do not indicate any specific element

associations at the Flin Flon Mine (Figure 103).

Discugsion of Distributions at the Three Mines

Comparison of the distribution of the Vermilion Lake Cu
Cu+ Pb + Zn

ratio with those of the Flin Flon, Geco, and Canadian base metal

deposits (Figure 9) indicates that the Vermilion disbtribution
corresponds with the CusZn ratios of these other orebodies. The form
of the Vermilion distribution shows greater correspondence to the

Geco orebody with its two sharp peaks. Two ore types occur at Gecos
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massive and disseminated, which contain high zinc and high copper
respectively. The sharpness and amount of separation of the two
peaks indicates a high degree of separation of the copper and zinec
in these two ore types. The existence of two peaks at the Vermilion
Lake property must also indicate a similar separation of this ore-
body into a Pb-Zn rich portion and a Cu rich portion. However, at
the Vermilion Mine, the peaks are very sharp and of limited percent.
High copper and high zinc ores make up only about 50% of the orebody
and the remeining 50% is composed of ore in which Cu and Pb-Zn are
uniformily distributed and of low ratic value. The digtributbtion of
the CutZn ratic in the messive ore at the Flin Flon Mine is bimodal
indicating the existence of high zine and high copper ore sections.
The presence of the two modes in the massive ore is possibly due to
an incomplete separation of massive and disseminated ore types
(Wilson and Anderson, 1959). Such differences in composition in
these orebodies may be due To a greater migration of copper to

marginal zones or to two pulses of ore-forming fluid.

Vermilion Lake Mine

Cu Zn Pb
Cu + Pb + Zn® Cu + Pb + Zn? Cu + Pb + Zn’

Digtribution of the

Av s e s . . .
and Iy + hg ratios at the Vermilion Mine suggest that gold, silver,
and lead are in general, uniformily distributed in all parts of the

orebody (Figures 10 to 18 inclusive). Gold is always subordinate to

sllver and lead is always sssociated with zinc and is subordinate
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to the combined copper=zine values. Copper end gzinc, on the other
hand, have bimodal distributions indicating two different types of
occurrence in that zones exist which are rich in lead and gzinc and
low in copper, and zones rich in copper and low in lead and zinc.
These gzones must correspond to the massive and disseminated ore
types of the Flin Flon and Geco deposits.

Comparison of metel ratics by level in the major No. 4 ore
zone indicates very little change in ratio value with depth (Figures
11 to 18 inclusive). No factor has greatly influenced the metal

o<

ratios in a vertical field. Copper ratios do show a slight increase
with depth in the high copper sections (Figure 11). However, the
amount of change is relatively small. Pb, Zn, and Au ratios show g
slight decrease with depth. These variations in retvio msy be due to
the migration of copper to the base or margins of the ore zone. The
concentration of copper values around the margins of the ore zone

suggests 3 migration of copper sway from a high temperature center.

As many of the Vermilion Lake ore zones have been cut by post-minerale

ization faults, correlation between fault slices has not been

completed so thal ore zones that are now adjacent may have been
separated by considerable distence before faulting. Figure 18
summarizes the metel ratio variations with depth and it can be seen
that the magnitude of the veriations is very small. Lead, zinc, and
gold ratios show parallel decreases whereas the copper ratio shows &
small increase with depth. The magnjtude of the changes are not

great enough to be detected by any grade changes with depth,
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Figures 19 to 27 and 31 to 54 inclusive show that a straight
line relation exists between Cu, Pb, Zn, Au, and Ag in all portions
of the mine. The occuPrence of these elements in constent proportions
points to a single periocd of ore deposition. The small variations in
ratios which do occur are no doubt releted to minor wvarigtions in
temperature, pressure, and chemical conditicns at each deposition
gite and to the partizl migration of copper to the margins of the
orebodies.

Figures 26, 42, 43, and 4/, showing the relation betweem Cu and
Zn in the Nos. 4 and 6 ore zones and for the mine, indicate that the
CusZn relationship undergoes very minor chamges throughout the mine
even though copper has moved to marginal areas. The scatier of points
in the low Zn assay range may be due to the incomplete separation of
Cu rich and Pb=Zn rich ores. Examination of the assay date sheets
shows that zones of high grade copper appear to be rare and scattered.

Figure 54 illustrates the varistion in gold values with changing
zine grade. The amount of deviation from a central tendency (median
value) in gold decreases with increasing zinc content, leading 1o
closer correlation at higher zinc values. Similar distributions
must be expected for gold relative to copper and lead as all these
metals are closely associated in this deposit.

Analyses of the relation between iron and the base metals Cu
and Zn (Figures 28, 29, and 30) indicate that iron is only partially
related to these ore metals, being linear up to 16-19% Fe. 4s the

exact sources of the iron are not known, it is assumed that iron
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from sulphides and from iron silicates is present. This analogous
distribution of iron indicates that some of the iron was deposited
vith the ore minerals as shown by the partial linearity. The change
from & direct proportion relation may be due to a deficiency of Fe

in the ore fluid or to emplacement by an Fe rich fluid in the pre-

ore pericd. The divergence of the iron relationship mey also be due

to the association of a large part of the iron with high iron
silicates of early magmatic origin.

Freguency distribution histograms showing the abundances of the
individual elements (Figure 55) failed to aid in determining the
origin or an understanding of the metal asscciztions in this deposit.
From these histograms, it can be seen that the variation in abund-
ances of Cu, Pb, Zn, Au, and Ag are regular and of the same form. Fe ,
on the other hand, possesses a bimodal distribution, suggesting a
different form of occurrence, possibly resulting from two pulses
of ore fluid.

Investigations carried out to determine a specific base metal

association for the precious metals at the Vermilion Lake Mine failed

to show that such an affiliation exists as all of the economic metals
were found to be closely associated. Direct proportionality exists
between Cu, Pb, Zn, Au, and Ag. The exact manner of the association
is not known but incorporation in the base metal sulphide structures
or in solid solution with Cu or Zn are possible. Detailed microscopic
and analytical studies of the ore minerals may offer a solution to

the problem. That the preciocus metals are uniformily distributed is
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shown by the presence of appreciable precicus metal velues in both
the copper rich and the zinc rich zones.

Statistical studies at the Vermilion Mine show that metal
ratios vary little with depth. Ore grades also appear to be ressone
ably constant throughout the mine and the metals, Cu, Pb, Zn, Au,
and Ag, occur in constant proportions. Copper does show some minor
variation with depth but the metal ratio studies indicate that there
has been a separation of Cu and Zn into Cu rich and Zn rich zones,
so that small differences in ratios are to be expected. Minor verie
aticns in metal distributions in the different zones are no doubt
due to temperature, pressure, pH, and Eo factors in the deposition
site. That the ore metals are present in such constant proportions
suggests that the metals were deposited simultanecusly or under

relatively constant pressure and temperature céonditions.

Geco Mine

In the massive ore, the distributions of individual metal
retios (Figures 56 to 64 inclusive) show that Cu and Ag occur in
direct proportions whereas Zn and Ag are present in indirect
proportions. The relation between Ag and Cu + Zn is exponential. Cu
and Zn are also present in inverse proportions.

In the disseminated ore, Cu and Zn show little or no relation
to one another. Ag and Zn do not appear to be related. The gpparent
relation between Ag and Zn in the lower grades may be due to weak

sulphide mineralization or to dominant unrelated iron sulphide
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mineraligation lowering both Ag and Zn assays. Cu and Ag appesar to
be directly related. Analyses of Cu * Zn with respect to Ag indicatesv
that Ag is related to Cu + Zn, but as zinc is subordinate to copper
in the disseminated ore, the low gzinc values have an insignificant
effect on the Cu + Zn values (Figures 65 to 71 inclusive).

For the mine as a whole, copper and silver show a definite
affiliation in that they are always present in a constant ratio. The
relation between zinc and silver is such that they exhibit g direct
relationship up to 2.5% Zn and little or no relationship above 2.5%
Zn. Thig apparent relation in lower grades may be simply due to
sparce sulphide minerslization as in the ¢ase for the disseminated
ore, Similarily, the partial direct relationship between Cu and Zn
in the lower grades may also result from weak sulphide minerslizaticn.
In the higher grades, Cu and Zn show an inverse relation (Figures 72
to 74 inclusive).

Frequency distributions of the individual element abundances
(Figure 75) indicate that all metals present have very similar
distributions when all mine assays are evaluated. The distributions
are unimodal and strongly right skewed. In the massive ore, copper
and silver show similar tendancies wheress zinc approaches a normal
distribution with a very broad peak. Copper is subordinate to zinec
and zinc values are evenly distributed within the massive ore. In
the disseminated ore, Cu, Zn, and Ag all have the same type of
distribution being Qnimodal and strongly right skewed, such that

one would suspect similar metal associations.. Whether such histograms
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contribute information regerding metal associations and origins is
guestionable, but metals with different distributions do show
different metal associations.

Silver is definitely associated with copper at the Geco Mine.
The exact nature of the affiliation is not presently known.

Statistical studies of the metal distributions at the Geco
Mine suggest that the metals were deposited contemperaneously as
the relations between the metals are not random. At the deposition
gite, copper and silver have migrsted to the margins vwhile gzinc
solidified in the central portions. This is indicated by the inverse
relation between Cu and Zn and by the existence of two peaks in the
Cuién ratio diagram (Figure 9). Silver values in the massive ore are
associated with copper that was trapped with the solidifying zinc.
Consequently, in the massive ore, low values of zinc are associated
with moderate grades of copper. As silver is affiliated with copper,
the Zn-Ag relation should be such that with low zinc values (high
copper values), silver should be at its highest. Similarily, the
relation between Ag and Cu + Zn in the massive ore will be expon-
ential, Ag is low with low Cu + Zn values, and with increasing base
metal content, both Cu and Zn increase and Ag increases proportion-
ally until Zn becomes the dominant metal where the Ag begins to
decrease.

In the high copper-low zinc disseminated ore, copper and silver
remain directly proportional. As zinc is subordinate to copper and

shows no relation to copper, the Cu + Zn-Ag relation should be linear.
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Low zinc values in the disseminated ore appear to be related to wesk-
ly minerslized country rock. Zn and Ag are inversely related as the

metals Cu and Zn show 1little or no relation to each other.

Flin Flon Mine

In the massive ore; Cu and the precious metals (Au and Ag) do
show a relation in which increasing Cu results in increassing precious
metal content but each curve (Figures 76 and 78) exhibite two diffe-
erent rates of increase. The Cu=Ag graph breaks at 2.5% Cu and the
Cu~Au graph breaks at 6%Cu. The double peak of the Cu:iZn ratio digt-
ribution at the Flin Flon Mine (Figure 9) may mean a greater separs-
tion of chalcopyrite and sphalerite than in the Geco massive ore, or
the massive and digseminated types at Flin Flon may intermix (Wilson
and Anderson, 1959). This intermixing of ore types is more prominent
in the low to moderate grade ranges of Cu and Zn. As the massive ore
gontains higher Au and Ag values than the disseminated, it is
suggested that Au and Ag have also undergone differentiation in the
deposition site. If the precious metals have entered the deposit as
ions or atoms substituted into the chalcopyrite structure at high
temperstures, such foreign elements will be expelled from the
structure at lower temperatures if in exzcess of the solubility limit.
As copper moves to a more suitable energy level at a lower temperature
or pressure, gold and silver mey be forced out of the sulphide struct-
ure to aggregate into discreet particles, the bulk of which remain

associated with the zinc rich messive sulphide ore. Some of the
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precious metals should migrate with the copper minerals, bubt the
amount of Au and Ag will be reduced. If the precious metals are in
solid sclution with copper, a similar distribution should result.
Thus, the precious metal content has been enriched in the low copper
ranges due to the associated high zinc portions of the ore. As Cu ard
Zn have undergone some separation (Figures 9 and 84), considerable
massive zine will be associated with low copper ore which should
account for the bulk of the precious metals associated with the
massive ore. Also, small amounts bf precious metals may be associated
with zinc such that the high gzine ore associated with low copper
significantly alters the rate of increase of the base metal-precious
metal relation or alters the content of precious metals in the low
copper assay range. ALl precious metel values associated with zinc
appear to be due to copper which remains with zinc as a result of the
mixing of massive and disseminated ore types. However, small amounts
of Au and Ag may be associated with zinc, suggesting that Au and Ag
were limited in amount in the ore fluid. The bulk of the precious
metals have been incorporated in the copper minerals to the limit
of their solubilities, leaving a small amount of Au and Ag available
in the fluid for incorporation in the zinc sulphide structures.

Zine and the precious metals are related in a similar manner
to Cu and the precious metels. Up to 6% Zn, Au and Ag increase pro-
portionally to szinec, the relation having a steep slope (Figures 77
and 79). Above 6% Zn, the precious metal=zine relationship becomes

very small, and in the case of Au, shows an inverse relation. The
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resulting distributions are again related to the Cu-Z%n relation in
the massive ore. On the basis of the assay data, considerable inter-
mixing of ore types is present in the moderate grade ranges and both
high and low zinc values are affiliated with low copper. Figure 84
indicates that Zn increases with copper up to about 4% Cu, so that
Au and Ag, which appear to be closely to copper, show parallel
increases. However, as the general trend is for Zn to decrease with
increasing Cu,; the Au and Ag begin to show little or no relstion to
Zn in the higher Zn grades. Swall amounts of precious metal assoc-
iated with Zn also compound the early increase in Au and Ag. The
precious metal relation with Zn is closely related to the precious
metal-copper association.

Direct proportionality generally exists between Cu + Zn and
the precious metals (Figures 80 and 81). This proportionality
suggests a direct relation between these metals in the original
magma or ore fluid and in the residual ligquid. The apparent break
in the Cu + Zn-Au curve (Figure 81) may be the result of mixing of
massive and disseminated assay data.

The relation between %ﬁ and the various base metals in the wmess-
ive ore shows reasonable constancy over all base metal grade ranges.
The gpparent increase in %ﬁ with respect to higher Cu and Zn grades
(Figure 82) indicates a relative change in Ag content with respect
to Au., The large variation in the low Cu and Zn assay ranges could
be due to an incomplete separation of ore types during ore generation

or to low Au assays associated with weakly mineralized material.
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The parabolic relation between Au and 5B (Figure 83) is
Cu + Zn

the result of the intermixing of massive and disseminated ore types.
Due to vhis mixing, this graph fails to indicate any specific prec-

ious metal assoclation. The maximum Au value occurs at 0.35 Lu

Cu + Zn
As the break in the Cu~precious metal relation (Figure 76 and 78)

occurs at about 4.2% Cu and the break in the Zn-precious metal relation
(Figure 77 and 79) is at about 6% Zn, substitution of 4.2% Cu and 6.0%
Zn into -..CU__ results in a value of 0. 35.

Cu + Zn

The distribution of points in Figure 84 indicates considerable
mixing of ore types up to about 6% Cu. In general, assay values of
Zn increase slowly with Cu up to 6% Cu, sbove which Zn decreases rap-
idly with increasing Cu., The general trend indicates an inverse rel-
ation between Cu and Zn which suggests separation of these metals in
the deposition site,

In the massive ore Au and Ag occur in a constant proportion
(Figure 85 and 86). The slope of Au-Ag relation is larger for the
lower levels (Figure 85) indicating an increase in Au content with
respect to Ag such that AZ Jecreases with depth. This change in AZ

u Au
suggests that there has been some differentiation of Ag with respect
to golds In a later discussion, it will be shown that the Cu content
of the ore is greater at depth, so that this increase in Au must be
associated with this increase in Cu. Also, at depth, less separation
of ore types may be the governing factor.

In the disseminated ore, copper predominates over zinc and the

zinc content of the ore is generally very low. The relation between
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Cu and Zn (Figure 92) is such tha® the slope of the line has only
a very small positive value, indicating little or no relation bew-
tueen Cu and Zn. Direct proportionality exists bebtween Au and Ag
and base metals Cu and Zn (Figures 87,88,89, and 91) indicating a
proportional relation between Cu and Zn., However, the point scatter
about the Cu-precious metal linears is much less than for the Zne
precious metal linear, indicating a closer associstbion of precious
metal to Cu. In general, the Zn content maintains a very low level,
s0 that higher Zn values associated with higher precious metal vale
ues must be related to massive sulphide intermixed in the dissemin-
ated zones. Zn assays of +1% must be related to transition and mags-
ive ore. Cu and the precious metals are more closely associateds the
apparent Zn association resulting from the intermixing of ore types.

\

Pigure 90 shows that Ag and Au are directly related in the

ey

L}

disseminated ore. %ﬁ values in the massive and disseminated ore
are about 22.0 and 3550 respectively, indicating & decrease in Au
with respect to Ag in the disseminated ore. Variation of %E with

u
respect to Ag (Figure 91) indicates an increase in ratio with increas—
ing Ag, again pointing to a decrease in Au with respect to Ag in low=
er grade disseminated ore, so that some differentiation has taken
place between these two metals. During cooling of the ore body, some
Au and Ag may be removed from sulphide siructures so tha£ the amount
of precious metal associated or combined with minerals in the dissem-
inated ore will be somewhat less than in the original ore fluid.

The relation between Au and 5 ,Cu§ in the disseminated ore
u todn




140

.{'
¥
11

ailed to iIndicate any specific precious metal association. In form

t~h

this curve is very similar to that for Au = Cu__ in the massive
Cu =+ Zn
ore (Figure 83).
Combination of massive and disseminated asssay data, which

should indicate the mine trends, indicates that Cu and Au occur in
3

direct proportions (Figure 95). As the mine relation between Au

O

and Ag is also linear (Figure 97), it is suggested that Cu and Ag

are also directly related. Figure 96 shouws that Zn and Au are only
partially related, being linear up to 6% Zn. Again, as Au and Ag
oceur in direct proportions, the Zn and Ag will exhibit only partial

inearity. Up to 6% Zn, Au increases proportionally with the Zn.
2 i s

|
(

With inereasing Zn values, the slope of the line changes, becoming
negative at about 15% Zn indicating an inverse relation between Zn
and Au (and Ag). It is suggestied that the precious metals are pre-
ferentially associated with copper in this deposit,

Figure 99 shows that the separation of massive and dissemin-
ated'ore types was only partial as there is considerable mixing of
ore types, especially in the low copper grade range. Nowhere is
the separation complete as all ore samples contein some Cu or Zn.
Figures 98 to 102 inclusive, illustrate a general relation between
Cu and Zn such that with incressing Cu, the Zn content of the ore
decreases. It is suggested that this points to the simultaneous
deposition of the ore minerals and that the partial separstion of
Cu and Zn occurred in the site of deposition.

Individual element abundances are illustrated in Figure 102,
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In the massive ore, histograms indicate that copner and zinc have
similer distributions but the zine distribution has a broader, more
gentle peak, bordering on multi-modal. Gold and silver have very
similar disbributions, the forms of which more closely resemble that
of coppers.

In the disseminated ore, it can be seen that copper is the dom-
inant metal, and its disiribution very closely approaches a normal
curve., The distributions of gold and silver also show an approach
to a normal distribution curve, which again is somewhat similar to
that for copper. Zinc has become strongly right skewed,

For the mine in general, the copper distribution is right skew=
ed with a broad gentle pesk. Gold and silver also have this same
curve form as copper. The gine distribution is strongly right skewed
and exhibits a very sharp peak indicating a predominance of low assay
values.

The significance of the histograms of the abundance of the
elements is doubtful, but if the form of the curve has any signific-
ance, then it is apparent that Cu, Au, and Ag are closely affiliated
becavse of the similarities in their distribubions.

Comparison of Distributions at the Three Mines

Wge

At the Vermilion Leke Mine, very little variation in distribe
7
ution was noted with the exception of Fe. Cu, Pb, Zny Au, and Ag are

{a]

present in constant proportions in all paris of the mine. Some sepae
ation of Cu and Pb-Zn hes occurred, but in general, the amount of

separation is minor considering all ore types. Separate analyses of
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Cu rich and Pb-Zn rich portions may show modifications of the metal

Silver is always directly proportional to copper at the Geco

Mine end is generally inversely proportional to zinc. Copper ratio
éistributions indicate a high degree of separation of massive and
disseminated ore types. As the distributions are notb random, definite
relations exist between the economic metals present.

Similarily, at the Flin Flon Mine, the precious metals,'gold
end silver appear to be preferentially associated with copper.
For all ore types, Ag and Au are directly proportiomal to Cu over the
full renge of Cu values whereas Au and Ag show only a pariial relation
to Zn. Copper ratio distribution indicates only a partial separation

of massive and disseminated ore types. & partial separation of ore

b

types is also indicated by the Cu~Zn relationship. urther, as the

Q,

istributions are not random, definite relations nmust exist between
all metals present.

Theories of Ore Genesis

In the following and subsequent pages, mush of the discussion
will deal with the possible reasons for the metal ratios and assoc—
iations observed. If the ore minerals do show reasoﬁably constant
relations to one another, then what possible processes were respons-
ible?

For the metallic elements to occur in reasonably constant prop—
ortions, they, in general, must have been introduced and deposited

el

at the same time. Therefore, one very good cause for such metallic




3
relations is the injection of the ore fiuid as a single injection.
J.E. Spurr (1923) was a strong proponent of such ore magmas, and he
believed that there was no sharp line between the magma solutions
depositing igneous rocks and those depositing ore minerals. Ore magmas
are highly concentrated fluids which have been injected as plastic sul-
phides to form ore deposits. Intrusions of this type should result in
constant metal ratios if all the metals were introduced simultaneouslye'

Opposed to this theory of genesis is one involving transportion
of the ore minerals in gaseocus or liquid solutions and deposition
from these solutions at different times. Deposition in such a2 time
sequence should not result in constant metal ratios, except under
special circumstances, such as constant temperature and pressure
conditions.

As previously noted, the factors affecting the distribution of
metals from a differentiating basic magma generally fall into two
groups:

1. those effective in partitioning the metals between silicate and
sulphide liguids, such as the concentration of sulphur and the rel-
ative chalcophile character of the elements and,

2, those which operate especially during crystallization of the
sulphide fraction such as;

a) during crystallization under non-equilibrium conditions,
early formed minerals fail to react with the residual liquid. This
residual liquid changes in composition, becoming impoverished in

early erystallizing compounds and enriched in the later crystallizing



The mechanism of the migration of +he different chemical

species - ions, atoms, molecules - is highly debatable. The process
is very complex and probably involves diffusion in the intergranular
films and mesaic fissures as well as volume diffusion in the differ—
ent phases. Iigration of ions or atoms along erystal boundaries or
even through solids appears to be universally accepted. However,
the magnitude of the effects that this form of material transfer
actually produces in rocks is a matter of greatl coniroversy.

Cther processes of transportation are readily availeble., Water
and other volatile substances are practically always present, at least
in smell amounts, in all rocks, and are liberated in large amounts by
igneous activity, thereby providing a universal and effective medium

3

for the transportation of material.

Also, in many areas, an alkali-rich mobile phase, some kind of
emanation, is produced, which by means of infiltration, permeation,
and diffusion, effects metasomatic granitization by processes of
ionic migration through solids. This involves not only the addition
of elements characteristic of granite rocks, such as Na, K, and silica,
but also the removel cf the superfluous ones, such as Ca, Mg, snd Fe.
The nature of the mobile agent is agsin controversial but such move~
ment must be along crystel and grain boundaries and through erystal
lattices.

Diffusion in the solid state can occur > only over limited dist—
ances in magmatic silicates. Solid diffusion in the sulphides, on

the other hand, is extremely important and takes plece most readily
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(iKinstry and Kennedy, 1957, p-389). 4lso, diffusion in the prese

ence of gases and liquids, along latbice boundaries, etc., can take
plece over much greater distances and is no doubt an important method
2terial transfer. Both processes must also be important and act-
ive during the formation of many sulphide ore deposits.

The following theories of origin have been suggested for the
three depositss

-~ Hydrothermal solutions

= Sulphide injection

- Fumarolic

~ Sedimentary

The data for the three deposits indiceates the followinge

Possible theories

2. Hydrothermal solutions with cons anttemperature and pressure
conditions. Composition of the solution remaining unchanged.

b. Sulphide injection. Elements deposited contemporaneously,

In the section on theoretical considera ations, it has been ine
dicated that copper-zinc combinations are characteristic of gabbrog
and diorites, and high zinc with moderate copper and lead are char-
acteristic of intermediate rocks in Canadisn ore deposits. Residual
solutions resulting from the differentiation of a basic or intermeds
iate megme containing Cu, Pb, Zn, Au, and Ag should be enriched in
these elements due to their ionic properties and thermodynamic rele

ations. If the sulphur concentration of the magma was very low, then

these elements, if present, would be enriched in the hydrothermal phase
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if one formed. Treznsport to and der the deposit site
k ks

ta

under constant temperature and pressure conditions would result in
an orebody contalning reasonably constant metal ratios end distribe-
uticns. Lf the parent megmas contained sufficient sulphur so that an
immiscible sulphide liquid formed and in which Cu, Pb, Zn, Au, and
Ag became enriched, injection of this sulphide liquid into the depe
osition site should again yield an orebodj conteining reasonably
constant metal ratios and distributions. Further differentiation of
either of these fluids in the deposition site should result in the
distributions of metals observed at these three deposits. Metal
distributions suggest that all metals were carried simulteneously by
the ore fluid and were deposited according to the partition ratios

between ore fluid and solid rock.

Unlikely theories

a. Hydrothermsl solutions under varying temperature and pressure
conditions resuliting in successive depogition from solutions of changing
composition.

b. Fumarolic. Temperature, pressure, and compogition of the
gaseous phase would be continually changing.

c. Sedimentary (syngenetic), The base metal content of common
sedimentary rocké is similar to the average content of metals in the
crust whereas the base metals are greatly concentrated in common
"igneous rocks and, moreover, are concentrated in the same groups and
ratios as are found in Cansdian sulphide ore deposits (Wilson and

Anderson, 1959, p=20).
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Deposition resulting from these

¢
i

unlikely" origins would not
vield deposits with constent metal ratios. In general, completely
random distributions should be expected. The relatively constent

composition of many hydrothermsl ores from level to level lesds to
questloning of the theory that metels are always deposited success-

ively in a time or temperature sequence.




CHAPTER VI

CONCLUSIONS

The Digtribution of Metsls in Cansdisn Base Metel Deposits

This limited study of the compositions of Canadian base metal
deposits conteining copper, lead, or zinc and precicus metals suggests
that in the presence of significant amounts of copper and zinc and
minor lead, greater amounts of gold are preferentially associated
with the copper-zine combingtion. In the presence of significant
amounts of lead and zince where copper ls a minor constituent,
gregter amounts of silver are preferentially associated with the
lead—~zinc combination. This study suggests that greater quantities
of gold relative to the amount of silver are asscciated with
sulphide deposits composed essentially of copper and zinc. Where
lead and zinc are the essential sulphides present, the amount of
gold relative to silver’is generally less and silver is often the
only significant precious metal present. The distributions of gold
and silver in base metal deposits may be an indirect method of
determining the concentrationsg of these precicus metals in an
assoclated igneous rock;

Comparison of these results with a triangular diagrem contain-
ing contours for the silice content of igneous rocks further suggests
that the low silica rocks contain higher gold values. With increasing

silica content, silver becomes the dominant precious metal.
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The Distribution of Metals in Three Canadien Base Metal Deposits

Precious metal associations in the three ore deposits were
found to be as follows:

1. Vermilion Lake Mine. Au and Ag diréctly proporticnal ‘o

Cu, Pb, and Zn.

2. Geco Mines Limited. Ag directly proportional to Cu.

3. Flin Flon Mine. Au and Ag directly proportiocnal to Cu.

The study of the compositions of three Canadian base metal
deposits with respect to the distributions of the economic metals
contained therein has suggegﬁed that the metals have been deposited
contemporanecusly by the injection of a single ore fluid (suiphide
melt) or by deposition, at almost constant temperature and pressura;
from a hydrothermal fluid, and that the metals were then distributed
and deposited sccording to some‘particular distribution or partition‘
ratic between the ore fluid and the geologic environment ofyﬁh@
aeposit, The deposition of minerals in a time sequence, one after
the other, is difficult to justify when statistical analyses
indicate that thé metals occur in relativeiy constant proporticng
ﬁo one another,

During fractional cryéﬁallizaﬁion of a basic magma, certain
metallic elements will be preférentially enriched -in the different
phases thaﬁ tend to form. The distribution of the elements is
gontrolled by their icnic properties and thermodynamic po}entialso
Depending on the concentration of sulphur in the‘original magma, an

\

immiseible sulphide liquid may form. Cu, Pb, Zn, and Ag, if present,
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should be enriched in thig sulphide liquid due tc the strong chalco=
phile tendencies of these elements. Au, due to its apparent preferent-
ial association with Cu and Zn and in the absence of a siderophile
phase, would alsc become enriched in the sulphide liquid. Injection
of this enriched sulphide liguid into a deposition site should
result in the formetion of an orebody typified by relatively constant
metel ratics. In the absence of an immiséible sulphide phase, Cu, Pb,
Zn, Au, and Ag, if present, would tend to be enriched in the hydro-
thermal phase that formed. Injection (in a éingle stage) of this
enriched hydrothermal fluid into a depogition site under constant
temperature and pressure conditions should zlso result in the formation
of an orebody containing relatively constant metal reitios.

Variation in metal ratios may be caused by the formation or
expulsion of the ore fluid from the magma chamber at different stages
so that the composition of the fluid veries with the amount of magma
crystallized as suggested by H. Neumann (1948), by varying physical-
chemical conditions at the deposition site and, by varying thermo-
dynamic relations of the minerals involved, giving rise to various
partition ratics for the elements.

An intérpretation based on the constancy of metal rabios leads
to the assumpition that the ore minerals (or metals) such as chalco-
pyrite, sphalerite, galena, gold, and silver, may not be deposited
successively in a time sequence at any one_location in an orebody,
but are deposited more or less contemporazneously. Congequently, the

observed textures of the ore minerals may be due to metamorphism or
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reheating, or to cooling processes such as in the annealing of alloys,
and not with the order of crystalligetion. The distributions of the
various elements and the timing of depositional events are too perfect-
1y synchronized to be coincidental.

The formation of messive and disseminated ore types may possibly
be the result of ore minerals migrsting out from a center due to
changing temperature, pressure, and chemical conditions in the site
of deposition or may be due to two successive mineralization periods.
However, plotting and statistical analyses of the mediaﬁ values
indicates that there is considerable consistency of metal ratios in
the deposits studied. That such agreement could be obtained from
successive periods of mineralization appears unlikely.

Although some definite genetic relations are suggested by
statistical studies of metal ratios and distributions, the resulis
are notvconclusive. In any statistical study, the larger the amount
of data analyzed, the more conclusive the findings. Similar treat-
ment is required for a greater number of Canadisn base metal deposits.
- Increased studies may result in the establishing of several groups
into which mosgt ore deposite would fall. Comparison of the geology
of the deposits falling in the same groups may lead to new lines
of approach regaréing genegisg. Much of the statistical work could
be initiated at the mining properties, followed by compilation of
the data at a central location.

It is readily apparent thalt the metal content of ore reserves
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is lacking in important deta. It would be beneficial if reserve
figures included values for metals present but not considered to be
of economic value, such as minor lead at copper-zinc properties.

From the data compiled in this study, 1t is apparent that
such statistical studies may contribute to the knowledge of the
formation of orebodies.

The hisgtograms of abundances of individual elements in each
of the properties studied, whatever their form, are usually regular
and close to unimodal. Such distributions are most frequently right
skewed and J=shaped while othere do approach normal types. Histe=
grams indicate the central tendency and the degree of dispersion
or deviation from the central tendency. Sharp peaks generally
indicate very little dispersion whereas broad peaks are the result
of considerable dispersion about the mean or median. In general,
such histograms yield no clue as to the origin of the deposit. They
give only the mean, mode, or median walue of the assay of the ele=-
ments and give a general picture of the distribution of the elements
in the wvarious ore ﬁypes or for the wmine in general. Stanton (1958)
believes that similarity in shape in any single deposit indicates
that some major factor hag governmed the deposition of the metals.
However, similar distributions tudies at mining properties of
igneous origin yield distributions sgimilar to those proposed to
indicate a sedimentary origin. It is suggested that such individual
element histogram studies do not aid in the determination of genesis

of sulphide orebodies.
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MTNE: VERMILION TLAKE MINE (Figure 19)
ORE TYPE: Wine ORE ZO0NE: Wine Randoms
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MINE: VERMILION LAKE MIFNE (Figure 20)
ORE TYPE: Wine ORE ZONWE: Mine Randoms
¢LAss FREQUENCY
INTER: . *
VAL. ASSAY INTERVAL LEAD (WEIGHT PERCENT).
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o
MINE: VERMILION LAXE MINE (Figure 21)
ORE TYPE: Iine ORE ZOWE: Mine Randoms
cLass “ FREQUENCY
A  ASSAY INTERVAL Zinc (wErcwT  PERCENT)
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162
MINE: VERMILION IAKE MINE  (Figure 22)
ORE TYPE: Mine ORE ZONE: Mine Randoms
cLass FREQUENCY
INTER-
vAL. ASSAY INTERVAL CoPPER (WEIGHT PERCENT)
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MINE: VERMILION IAKE MINE (Figure 23)
ORE TYPE: Mine ORE ZOWE: WMine Randoms
cLass , FREQUENCY
e ASSAY TNTERVAL LEAD (werenr PERCENT)
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FREQUENCY DISTRIBUTION TABLE 10A 64,
MINE: LAYE VIR (Figure 24)
ORE TYPE: ORE ZONE: wine randong

CLASS FREQUENCY
INTER ~

VAL ASSAY INTERVAL ZINC (WEIGHT PERCENT)
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TABLE 11A

FREQUENCY DISTRIBUTION 165
MINE: VERMILION TAKE MINE (Pigure 25)
ORE TYPE: Mine ORE ZOWE: #4 zone
<LASS FREQUENCY
INFER~
VAL, ASSAY INTERVAL SILVER (o2 /TOoN)
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MINE: VERMITLION TLAKE WNINE (FTigure 26)
_ ORE TYPE: Mine ORE ZOWE: Mine Randoms

cLass FREQUENCY
e ASSAY TNTERVAL Zie  (wEronT  pemcent)
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MINE:

VERMILION TAKE

VINE

ORE_TYPE:

Mine

ORE ZONE:

(Figure 27)

167

Mine Randoms

i, ... FREQUENCY . é
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MINE:

FREQUENCY

DISTRIBUTION

TABLE 14A 168

VERWMILION

LAKE

MINE

(Figure 28)

ORE TYPE:

Mine

NE: #4 on 9th level

cLASS
INTEQ—~
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MINE: VERMILION TARKE WINE (Figure 29)
ORE TYPE: Mine ORE 7ZOWE: Mine Randoms

CLH‘? FREQUENCY
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vAL. ASSAY INTERVAL zZine (WEIGHT PERCENT)
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MINE: VERMILION TAKE MINE (Pigure 30)
ORE TYPE: Mine ORE ZONE: Mine Randoms
f:::: _ FREQUENCY
vAL. ASSAY INTERVAL CoPPeER (wEiGHT PERCENT)
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FREQUENCY

DISTRIBUTION

SILION

TAWE  WTHR

ORE TYPE:

Ao

<LASS

FREQUENCY
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vate.

INTERVAL
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TABLE 17A

(Figure 31)
ORE ZONE: 2 2 543 6 on




MINE:
ORE TYPE:

FREQUENCY

DISTRIBUTION TABLE 184 172

VERMILION TAKE WMINE

(Figure 32)

Mine

ORE ZOWE: #4 on 4th level

CLASS
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FREQUENCY

ASS5AY
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FREQUENCY DISTRIBUTION TABLE 19A
VERMILION (Figure 33)
ORE TYPE: Mine ORE ZOWE: #6 on Tth level
FREQUENCY
ASSAY INTERVAL Sicver (oz/7Tem)
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MINE: VERMILION LAKE MINE (Pigure 34)
ORE TYPE: Mine ORE ZONE: #4 on Tth level

cLAss FREQUENCY

€Q- -
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MINE:
ORE TYPE:

VERMILION

FREQUENCY

DISTRIBUTION TABLE 21A

TAXE WINE (Figure 35)

175

fine

ORE ZOWE: #4 on 9th level
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MINE: VERMILION TAKR MINR (Figure36)
ORE TYPE: pine ORE ZONE: #4 on 9th level
¢LAss FREQUENCY
INTER~ -
VAL ASSAY INTERVAL Zine (wEledT o)
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FREQUENCY DISTRIBUTION TABLE 23A 177
MINE: LAY R  VINR (Figure 37)
ORE TYPE: ORE ZOWE: #4 on 9%h level
CLASS FREQUENCY
" ASSAY TNTERVAL Zime  (wercnr  PercenT)
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FREQUENCY DISTRIBUTION TABLE 24A 178
MINE: VERMILION LAKE MINE (Picure 38)
ORE TYPE: Mine ORE ZONE: #4 on 9th level

CL":Q FREQUENCY
INTER- -

vAL. ASSAY INTERVAL LEAD (WEIGHT PERCENT)
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MINE:
ORE TYPE:

VERMILION TAKE

FREQUENCY

DISTRIBUTIONW

TABLE 25A

MINE

(Figure 39)

179

Wine

ORE 7OWE: #6 on Tth level
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VAL,

FREQUENCY
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FREQUENCY DISTRIBUTION TABLE 26A 180
VTNE: VERVILION LAKE MINE (Figure 40)
ORE TYPE: Vine ORE 70NE: #6 on Tth level

LRSS FREQUENCY
INTERQ ~

VAL ASSAY INTERVAL Zine (wEIGHT PERCENT)
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FREQUENCY DISTRIBUTION TABLE 2TA 181

MINE: VERMILION IAKE WINE (FPigure 41)
ORE TYPE: Mine ORE ZOWE: #6 on T7th level

cLass FREQUENCY
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VAL ASSAY INTERVAL LEAD (we16HT PERCENT)
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FREQUENCY DISTRIBUTION TABLE 284 182
MINE: VERMILION TIAKE MINE (Figure 42)
ORE TYPE: Mine ORE ZONE: #6 zone
cLass FREQUENCY
"k _ASSAY INTERVAL Zime  (WEIGHT  PERCENT)
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FREQUENCY DISTRIBUTION TABLE 29A 183
MINE: VERMILION TIAKE MINE (Figure 43)
ORE TYPE: WMine ORE ZONE: #4 zone
ceass FREQUENCY
INTEQ- . .
vaL. ASSAY INTERVAL ZINC (WEIGHT PERLENT)
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FREQUENCY DISTRIBUTION TABLE 304 184

MINE: VERMILION TAKE WINE (Pigure 44)
ORE TYPE: Mine ORE ZONE: #6 on T7th level

cLAass FREQUENCY
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vAL ASSAY INTERVAL Zive (WEIGHT Vo)
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FREQUENCY DISTRIBUTION TABLE 31A 185
MINE: RUTITION  TAKE WINE (Figure 45)
ORE TYPE: ¥ine ORE ZONE: #5 on 7th level
¢LAss FREQUENCY
"l ASSAY INTERVAL Ziwe (weiant PERCENT)
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FREQUENCY DISTRIBUTION TABLE 32A 186

MINE: VERMILION LAXKE MINE (Figure 46)
ORE TYPE: Mine ORE ZOWE: #6 on Tth level
s FREQUENCY
INTER ~ T
vaL ASSAY INTERVAL LEAD (weiewT PERCENT)
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(Figure 47)
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FREQUENCY DISTRIBUTION TABLE 34A 188

MINE: VERMILION TAKE WINE (Pigure 48)
ORE TYPE: Mine ORE 7ZONE: #6 on T7th level
¢Lass FREQUENCY

INTER-

vae. ASSAY INTERVAL Zin¢ (Aromic  PRoPorTIONS)
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MINE:

DISTRIBUTION

TABLE 35A

VERMILION TLAKE

ORE TYPE:

Mine
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(Figure 49)
ORE ZONE: #6 on Tth level
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MINE:
ORE TYPE:

FREQUENCY

DISTRIBUTION

TABLE 36A

VERMILION

LAKE

MINE

(Figure 50)

190

Mine

ORE ZONE: #4 on 9th level
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FREQUENCY
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MINE:
ORE TYPE:

VERMILION LAKE NMINE

FREQUENCY

DISTRIBUTION TABLE 37A

(Figure 51)

Mine

ORE ZOWE: #4 on 9th level
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MINE:

VERMITION

FREQUENCY

DISTRIBUTION

TABLE 384

TAXE MINE

(Figure 52)

ORE TYPE:

Mine

192

ORE ZOWE: Randoms, 7-9th levels
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MINE:
ORE TYPE:

FREQUENCY

DISTRIBUTION

VERMITTION TAKE

MINE

TABLE 39A
(Pigure 52)
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ORE ZOWE: Randoms, 7-9th levels
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FREQUENCY

DISTRIBUTION

VERMIT.ION TAKE

ORE TYPE:

Mine
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(Figure 53)
ORE ZONE:Randoms,7 and 9th levels
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FREQUENCY DISTRIBUTION TARLE 414 195
MINE: GECO_MINE (Pigure 56)
ORE TYPE: Vassive ORE ZONWE: Mine Randoms
f:fé:_ FREQUENCY
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FREQUENCY DISTRIBUTION TABLE 424 196
MINE: GRCO WINE (FiguresT)
ORE TYPE: Massive ORE ZONE: WMine Randoms
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MINE: GECO MINE (Figure 58)
ORE TYPE: Massive ORE ZONE: Mine Randoms
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MINE: GECO MINE (Figure 59)
ORE TYPE: Massive ORE ZONE: IMine Randoms
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MINE: GECO MINE (Figures 60 &61)
ORE TYPE: Massive ORE ZONE: Mine Randoms
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MINE: GECO MINE (Figures 62 & 63)
ORE TYPE: Massive ORE ZOWE: Mine Randoms
cLAss FREQUENCY
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MINE: GECO MINE (FPigure 64)
ORE TYPE: Massive ORE ZONE: Mine Randoms
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MINE: GECO MINE (Figure 65)
ORE TYPE: Disseminated ORE ZONE: Mine Randoms
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MINE: GECO MINE (Pigures 66 & 67)
ORE TYPE: Disseminated ORE ZOWE: Nine Randoms
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MINE: GECO IMINE (Figure 68,69, & 70)
ORE TYPE: Disseminated ORE 7ZONE: Mine Randoms
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MINE: GECO MINE (Pigure 71)
ORE TYPE: Disseminated ORE ZONE: WMine Randoms
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MINE: GECO WNINE (Figure 72)
ORE TYPE: Combined Types ORE 7ZOWE: Mine Randoms
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MINE: GRCO WMINE (Figure 73)
ORE TYPE: Combined Types ORE 7OWE: Mine Randoms
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MINE: GECO MINE (FPigure 74)
ORE TYPE: Combined types ORE ZONE: Mine Randoms
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FREQUENCY DISTRIBUTION TABLE 554
MINE: FLIN PFLON MINE (Figure 76)
ORE TYPE: Massive ORE ZOWE: Mine Randoms
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MINE: FLIN FLON MINE (Ficure 77)
ORE TYPE: g ssive ORE ZONE: Mine Randoms
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MINE: FLIN FLON MINE (Figure 78)
ORE TYPE: Massive ORE ZOWE: Mine Randons
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MINE: FLIN FLON MINE (Figure 79)
ORE TYPE: Massive ORE ZOWE: Mine Randoms
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MINE: FLON WMINE (Figure 80)
ORE TYPE: Massive ORE ZOWE: Mine Randoms
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ORE TYPE: Massive ORE ZONE: Mine Randoms
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MINE: FLIN FILON MINE (Pigure 87)
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MINE: FLIN PFILON MNINE (Figure 88)
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MINE: FLIN PLON MINE (Figure 89)
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MINE: PLIN FLON MINE (Pigure 90 & 93)
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MINE: FLIN PFLON MINE (Figure 92)
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MINE: FPLIN FLON MINE (Flgure 94)
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MINE: PLIN FILON MINE (Figure 97)
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MINE: FLIN FLON MINE (Figure 100)
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