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ABSTRACT

For large deposits of nickel-copper sulphides fo separate from an ultrabasic
magma, the sulphur content of that magﬁa must be relatively high at an early stage
in its crystallisation history. If the sulphur content is high the solubilityA
products of metal sulphides will Eeexcaibdand sulphide liquid or érystals will
separate and have the opportunity to coa%esce before they can be trapped and
diluted by crystallising silicate minerals. The purpose of this study was to | .
discover whether there was indeed énrichment of sulphur or the sulphides of
copper, nickel, and cobalt in ultramafic rocks associated with copper-nickel
deposits and, if this were so, to determine the best combination of chemical
variables for predicting the ore potential of an ultramaficubody.

1,079 samples pf ultramafic rock were cdllécted from 61 widely scattered
1ocalities across the Canadian Shield and fhe Easéern Townships of Quebec. |
;372 of these sémples come from ultramafic bodies associated with moaerate to large
deposits of nickel—copper'suiphides; 91 are from bodies associated with small
deposits or significant showings of sulphides; while the remaining‘616 samples come
from barren ultramafics or those cdntaining only minor quantities of sulphides.
Copper, nickel and cobalt present as sulphides were determined on these samples
by atomic absorption spectrometry,,f§llowing leaching with a mixture of ascorbic
acid and hydrogen peroxide. -Sulphur was Aeterm;ned by a combustion method.

Sulphur-and.leachable copper, nickel, aﬁd to a lesser extent cobalt are
considerably enrighed ih.the ore grouﬁ of ultramafic rocks compared to the barren
sampies. Discriminant equations have been derived to best distinguish between |
the ore and the barren groups. Copper and sulphur contribute the most information
to these discriminant equations, with nickel less and the contribution of cobalt

negligible. Differences in the ratios of the above elements between the different



groups of ultramafic rocks and between these rocks and the associated mineral
deposits contribute to an understanding of the processes of chemical adjustment

between sulphides and silicates that take place after crystallisation of the

primary minerals.
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INTRODUCTION

In a paper by Cameron and Baragar (this volumg) the frequenc§ distribution
of copper in two voleanic groups was compared. One of these groups contains
copper mineraliia;ion'that appeafs.to have beén derived by the segregation of
cosper sulphides within the basaltic magma. The other group is barren of such
mineralizatién. Another type of mineral deposit that‘is considered by many
to have been derived by the segregation of'sulphides within a magma are the
nickel-copper ores that are associated with ultramafic focks. These form an
economically important class of mineral deposits. In this present paper
the+distribution of the elements forming.the sulphide componeht are compared
for ore-associated and barren ultramafic rocks.

‘The approéch taken in the investigations reported in tﬁe two papers has
been quite different. In the case of the study of volcanic rocké by Cameron
and Baragar three belts of volcanic rock were sampled with a moderate to high
degree of.intensity. For the study described below a very 1argé.number of
ultramafic bodies scéttered_acrdss much of the Canadian Shield and adjoining
areas have been sampled in reconﬁaissance fashion. This approach has, in part,

been determined by geological ‘considerations. Within the Coppermine River
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and Yellowknife volcanic belts, those rocks that are presently exposed at the

surfaée probably form a fairly representative sampie of fhe”ofiginal magma.

In turn, the samples collected for analysis are reasonably representative of the
‘rocks exposed at the surface. In contrast, many of the ultramafic bodies of the
Canadian Shield are.small in extent and are poorly exposed. There ére, for instance,
over two hundred ultramafic bodies along the Waboden-Moak Lake portion of the Thompson
Belt, of which only three outcrop (Kilburn et al, 1969). Thus the samples that

~we can collect without great expense from these bodies are unlikely to be represen;
tative of the original magma. We cannot, therefore, hope to construct distribution
curves as we did for the Coppefmihe Group and expect to find a depletion of the
sulphide component in some parts of the magma, compensated by.an enrichment in others.
‘The questions poéed in this study cannot therefore be strictly quantitative. Rather,‘
we have-broadly'compared the sulphide content of ultramafic bodies which appear

to- have or have not an association with nickel-copper ores.

There has beeﬁ a substantial amount of work carried out in the Soviet Union on
the geochemical differentiation of nickél—bearing mafic and ultramafic sequences from
barren ones. The results reported by Godlevskiy (1959), Polferov (1§62), Polferov et
al (1965), Polferov and Suslova (1966) and Volkov (1963), particuiarly in the enrichment
of trace métais within the mineralized sequences, have encouraged the writers to under-
fake this work in Canada.

Copper, nickel, cobalt and sulphur wére determined in the samples. Since the
purpose of the study was;fo»examine the frequency distribution of thé sulphide
component of the magma, particular emphasis was gi?eﬁ to employing an analytical
method that séparated the fraction of the copper, nickel and cobalt present as sulphide

from the silicate component of these elements.
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NICKEL ~ COPPER DEPOSITS IN ULTRAMAFIC ROCKS

OF 'THE CANADIAN SHIELD

Because of their economic importance, nickel-copper sulphide ores associated
with ultremafic bodies within the Canadian Shield have received a considefable
amodnt of study, much of which is unfortunately net published. ‘Recent summary
reports have been given by MacKenzie (1968) and by Kilburn et al (1969). A‘
report coverlng all North American dep031ts was written by Cornwall (1966) .

Deposits of nickel-copper sulphldes within the Shield show all stages of
segregation and migration of their sulphlde component. In some the sulphide
_remalns thinly disseminated through parts of its ultramaflc host. Id other deposits
the sulphides have been segregated into zones of hlgh grade ore and in some cases
the sulphide has moved away from its original ultramafic host to be intruded into
the ad301n1ng country rocks. The degree of segregation and migration experienced
by the sulphides is, of course, influenced by the type of ultramafic body and its
geological history. Kilburn et al (1969) have grouped ultramaflc host rocks into
three broad types, two of which are of importance in Canada. In the flrst type,
the’dltramafic rocks are intruded along belts of major crustal‘faulting. The
Thompson Belt, running for 100 miles along the'boundary between the Churchill and
Superior sub-provinces of the Canadian Shield; is a good example of this orogenic
type. The second or volcanic type consists of concordant sills or dikes distributed
tﬁrouéh volcanic belts. There is an;extensive development of this,type of ultramafic
rock through the Archean greenstone belts of northeastern Ontario and adjacent parts
of Quebec. Nickel—cepper sulphides in the ultrabasic sills of the Shield have often
settled by gravity as bands and lenses along the bases of the sill and in some cases
may have penetrated the wallrock of this lower contact. Segreéation in this form is

less common for the bodies that have been iritruded along orogenic belts. These
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bodies more often tend to contain disseminated ore, although the Thompson
Aore‘body is a prime'example of an ore bédy that has been iﬁjected into the wall-
rock. Further reflecting the relative minimization of segregation proceéses within
the bodies of the orogenic belts, the ultramafic host rock is mére.homogeneous
- than that of the bodies intruded along volcaﬁic belts. These latter
bodies may often be differentiated into mafic as well as ultramafic rock types.
The ultramafic rocks of both assoéiations have usually been serpentinized to a
greater or lesser exteﬁt.

While a magmatic segregation hypothesis cannot be doubted for many of the
nickel—copper‘deposits of the 6énadian Shield, evidence has been presented by
Sullivan\(1959); Wilson and Brisbin (1961), Kullerud and foder (1965), and by
Naldrett (1966) that some deposits ﬁay have formed by sulphurization of ultramafic
rocks; in understanding this process it is important to consider the chalcophile
character of thé elements involved. -Goldschmidt (1954, p.'19, Table 5) lists these
elements in the following order of increasing chalcophile character:.iron, nickel,
" cobalt, copper. During the crystallisation of the ultramafic rock the iron, nickel,
and the cobalt may enter both thé silicate and sulﬁhide minerals; in the aﬁsencg
of sulphur they can be entirely contained within the silicate components. in
contrast, copper is sé strongly'cﬁalcophile thaf it shows little tendency to enter
the ferromagnesian. silicates and it may persist after crystallisation of the
basic magma as a residual copper sﬁlphide liquid (Wager et al, 1957). If sﬁlphur
is introduced into a partiélly or completely crystallised ultramafic rock that
previously contained little sulphur, sulphides are derived by the reaction of
sulphur with the iron, nickel and cobalt bearingbsiiicates,vprincipally olivine.

In the ﬁresence of limited quantities of sulphﬁr, tﬁe nickel and cobalt sulphides

will tend to dominate the iron sulphides because of the more chalcophile character
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of these metals. After formation of the nickel-rich sulphides, which are dispersed
.through the ultramafic rock, there must be a mechanism for their concentration to
ore grade. These ores, if such exist, will tend to have a low Cu/Ni ratio, a
character which they are likely to share with the earliest precipitated magmafic

sulphides (Wager et al, 1957; Chamberlain, 1967).

SAMPLING OF ULTRAMAFIC ROCKS

The samples utilized for this study were collected by G. Siddeley for a
broader project on the total major and trace element content of ultramafic
rocks from the Shield and adjoining areas. For this study, 1079 rock samples have
been grouped into 61 locations. .Some of these locations contain -samples
from but one ultramafic body; étbers are composed of samples from several bodies.
" Thus some locations represent a few hundred or thoﬁsand of feet of section of
ultramafic rocﬁ; others may represent bodies scattered over several tens of miles.
Afn estimate of the maximum distance between samples for each location is given,
along with other data on the nature and sampling of the bodies, in Table 1. The
geographid locations of the samples aré shown on Figure 1.

Because of the often limited exposﬁre of these Bodies all ﬁossible types
of sample had to be utiliéed. Thus the total sample is a mixture of outcrop
hand speéimens, hand specimens from mine workings, and drill core. 1Im all
cases as close to 1/2 1b. of sample was cfushed and ground by the same procedures
given by Cameron and Baragar (this volume). V

.For mineralized intrusions the ore zone itself was st:ictiy'avoided during
the sampling, since the purpose of the work was t§ discover whether significant
mineralization was scattered through the rest of the rock body. The samples are as
representative as was possible of the total'population of the ultramafic rock
in the body. For iphomogeneous bodies, the different parts of the body were

"~ usually sampled.
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CLASSIFICATION OF NICKEL OR NICKEL~-COPPER DEPOSITS BY SIZE

An attempt has been made to discover the quantity of nickel and copper sulphides
associated with each of the ultramafic localities that have been sampled. Unfor-
tunately, the resulting data can only be an approximation of the truth, since
the different bodies have been explored w1th a varylng degree of thor oughness and
the cut-off grades for ore vary from company to company and from locality to
locality, Further, ore reserves are considered by some companies to be confidential
information and are not published. |

In Table 1, mineralizatién_that is known to be associated with the different
bodies has been noted.. In Table 2, those localities that contain workablg,
potentially workable, ot significant showings of nickel and copper sulphides are
examined in more detail. Those localities'thét are not included in Table 2 are
: glésSed as BARREN, even though fhey may contain minor amounts of sulﬁhide. |
| in 6rdér to have a hoﬁ~subjeCtivé 3udgément.as to which localities should
be classed as QORE, all those which have produced, .or have known reserves
containing greater than 5000 tons Ni + Cu have been placed in this category.

-The remainder, with less than 5000 tons Ni + Cu, have Leen classed as MINORE
(g@géraliZed to minor amounté_of ore grade material). Note that apart from important
ghowings of sulphides this group contains one former producer (the Alexo Mine), so

. that inclusion within this gr&up does not necéss;rily preclude commefcial exploitatior
The Preissac Township locality is classed as MIﬁORE because these samples were
collected several miles from the Marbfidge Mine in what appears to be the same

band of ultramafic rocks.
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ANALYTICAL CONSIDERATIONS

Copper, Nickel, Cobalt: Since the purpose of this study was to examine the dis-

tribution'of the sulphide fraction of certain metals in ultramafic rocks, it was
important to use an analytiéal method that is Specific for'sulphidgs. This is of
particular importance for nickel and cobalt because these elements may be several
times moré abundant in the silicate plus oxide ;omponent of aAsample'than in the
sulphide component. The method used for copper, nickel and cobalt employs a cold
leach with a mixture of ascorbic acid and hydrogen peroxide to selectively dissolve
the sulphides: This method has been extensively used in the Soviét ﬁnion (Yegorova,
1938; Dolivo-DobroVol'skiy and Klimenko, 19473 Dodin, 1963; a;d Smirnova et al,.
1968) . - The details of tﬂis method are given in an appendix by John J. Lynch.

Smirnova et al (1968) have statedvthat the cbmmén sulphide minerals of
ultramafic rocks afe soluble in an ascorbic acid-hydrogen peroxide mixture within
;'few hours.. In this study we have confirmed that pyrite, pyfrhotite, pentlandite,
chalcopyrite, tetrahedrite, sphalerite, galena, and arsenopYrité are soluble when
’ presenf in tﬁe amounfs commonly encountered in a mineralized rock sample.

Testing of the other facetlof 1eaching.efficiency——the extent to which these
metals remain within the silicate and oxide minerals of iﬁe rock--is more complex.
Leaching of a monominerallic concentrate of a siliéate or oxide mineral may give
misleading results because of possible sulphide inclusions within these minerals.
By leaéhing samples of olivine, clinopyfoxene,and titanomagnetite with ascorbic acid-
hydrégen peroxide, Smirnova et al (1968) found quite substantial amounts of nickel
and cobalt to be dissolved. TFor oliviﬁes,the average percentage that were dissolved
was 41.7% for Ni, apd 51.8% for Co; for clinopyroxenes 34.8%Z for Ni aﬁd 38.8% for Co;
 and for titanomagnetites 54.9% Ni and 60:0% Co. They attributed these soluble |

amounts to. sulphide-inclusions. For this study we have tested two samples of olivine,
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a clinopyroxene,and an orthopyroxene. The resulting data (Table 3) are very
‘satisfactory, for they indicate that the amounts of niékelvand cobalt leached
from the silicétes are quite minor, in every case being less than 5% of the total.
For all samples but the brthopyrbxene the total copper contents are quite trivial.
The orthopyroxene contains 33 ppm Cu which is due to coppex as sulphide (T.N. Irvine,
.personal coﬁmunication). This amount has been almost totally leached from the
- powder, |
For ultramafic rocks which have been serpentinized or altered in other ways,
‘the  matter is less clear. Are the metals bonded within silicate alteration
products also stable to aséqrbic>acid-hydrogen peroxide attack? Chénges that
accompany serpehtinization include the reduction of metal sulphides or of metals
- bound within the primary silicates (Ramdohr, 1967) to metal ailoys such as awaruite,

3

tested by Mr. Lynch decomposed when attacked for several hours with ascorbic acid-

Ni Fe. A sample of josephenite, composed of a mixture of awaruite and native copper,

hydrogen peroxide. But does this hold for other élloys and other mixtures?

The detection limit of the analytical method ié 1 ppm for Cu, 2 ppm for Co and
3 ppm for Ni. Copper and éobalt could not be detected in some samples. TFor the
purposes of calculation, values of 1 ppm Cu or 2 ppm Co were given to these samples.
Productivity of the analytical method fof‘coppef, nickel and cobalt were 100 sampleé
per man day using an automatic sampling attachment’, punch taﬁe-output, and calculation
6f the ppm values by computer. _
Sulgﬁur: Sulphur was determined by a rapid combustion method described by Sen Gupfa
(1970) . Detection limit of the method is 100 ppm S. Quite a conside:able number
of the samples contained less than this amount and again, for purpoéeé oficalculation,
a value of 100 ppm S has been given to these samples. Productivity of the method

is 18 samples per man day.



INTERPRETATION OF THE DATA

In Table 4'statistical data fof the 1079 samples classified into 61 localities
‘and three groups are given. For éach locality and for each groﬁp fhe mean, standard
deviation and geometric mean are given for each of the elements'Cu, Ni, Co, and S.
Correiation coefficients for all possible combinations of these variables are also
given. The correlation coefficients have been computed from logarithmically trans-
formed data. Values fér the discriﬁinant equation best separating the barren from
the ore ultramafics have been qomputed from the logarithmically. transformed values
of Cu,‘Ni and Co. This will be>discussed in some detail later.

- The data for each element .at every 1oéélity are\plo£ted in Figures 2-5. The
plots.are on aAlogarithmic scale with the interval for each 101 increment being
constant from figure to figure. This allows the relative dispersion of the different
_ ¢lements to be visually compared. Tﬁe gebmetric means of the elements at each
locality are shown by an upward facing arrow. If two or more samples from one
locality have the identical content of a given element, the '+' signé marking
the second and succeeding samples with this eiement content have been successively
incremented to the rigﬁt of the figure. Thus é number of samples with tﬁe same
caontent of an element (for example at the O.OlZIdeteption 1limit for S) appear as a
band stretching to the right of the given‘value} In Figure 6 the follqwing ratios
are plotted for each locality: (Cu + Ni 4 Co) /S;.Cu/Ni; Co/Ni3 where Cu, Ni, Co, and S
are the arithmetic mean contents of these elements at each locality. |

It is at once apparent from the data listed in Table 4 and shown in Figures 2-5
that there is a‘distinct'enrichmént of copper, nickel and sulphur, and to a lesser
extent cobalt, in the ultramafic rocks asso;iated with ore deposits,'compared to
barren ultramafic rocks. On each of Figures 2-5 a line has been drawn at an
arbitrary position which best appears to separate #he distribution of the sulph?de

component of the barren ultramafics from that of the ore bearing ultramafics. For

“\
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the barren ultramafics, few samples contain a greater concentration. than the
~value represented by this line. Converéely,for the ore bearing ultramafics, a
substantial prppo;tion of the samples contain a greater amount of one or mofe of
these elements. For copper the line is drawn at 10310 2.00 (100 ppm Cu); for nickel
at 1og10 3.25 (1780 ppm Ni); for cobalt at loglO 2.20 (158 ppm Co); and for sulphur
at log, -1.25 (0.178% S) . '

At this point it is necessary to digress in order to discuss the‘physiCO-
chemical mecﬁanisms which may have given rise to the above element values. In a -
basic or ultrabasic magma an.immiscible sulphide liquid and/or sulphide crystals
will separate when the solubility product of one or more of the different metal-
sulphide bombinétions is exceeded. Until this occurs alllof the metals and the

- sulphur are held in solution within the silicate liquid. The point-at which sulphide

" separates from the silicate liquid is dependent on the relative amount of metals

which are available to enter the sulphide fraction, upon the content of other com-
ponents within the silicate melt, and upon ﬁemperature and pressure. However, the
dominant, gross control on the separation of sulphide is the sulphur content of the
magma. For magmatic segregationbore deposits of nickel-copper to.form, an immiscible
sulphide liquid or crystalline sulphides must separate ét an early stage in the
crystallisation 6f the silicate liquid, in order that these sulphides are not

trapped between silicate crystals. This implies_a high sulphur content for the
siliéate liquid.whether it be the original magma or a diffefentiate of this ﬁagma.
‘Aftef the initial separation of sulphides thevsilicate liquid will still contain sulpht
which will cdntinue to separate as sulphide liquid or crystals fr&m the silicate
liquid as the latter crystallizes. These later éulphiées will tend to be dispersed

through the résulting ultramafic rock because they are precipitated with and thus
< . .

trapped and diluted by silicate crystals.
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The¥e are a limited amount of data on the solubility of sulphides in basic
~magmas. Wager et al (1957) for the Skaergaard intrusion estimate that copper-rich
sulphides were separating at different times when the sulphur content of the
magma ranged bétween approximately 100 to 300 ppm S. Léter, iron sulphide separated
when tﬁe silicate liquid contained approximately 600 ppm S. Skinner and Peck (1969)
found that liquid and crystalline sulphides sepgrated from a basaltic magma when
that magma reached a content of 380 ppm S at a temperature of 1065°¢.

Examining the data for sulphur given in Table 4 and in Figure 5, it may be
seen that the mean content of sulphur in the BARREN class of ultramafic localities
is mostly in the range 0.01 - OQiZ S. The mean sulphur content of the 616 sampies
from this group is .0597Z S and the geometfic mean content 0;0311 S. Relating
these data to the ébove values for sulphide soiu£iiity in basic magmas, it appears
that the majority of bodies classed as BARREN may have been too low in sulphur.to
a;iow early sepafatiqn éﬁd segregation of sulphide crystal§ 6r.1iquid. For most
of the bodies ér localities classed as Q§§ the converse is true. Here the range
in mean sulphur values is in ﬁhe range 0.11 - 1.92% and the mean content for the
372 sampleé 0.582% S, almost exactly an order of magnitude higher than for the
BARREN group.

It is pertinent here to ask how rgpresentative of the ultramafic bodies are

~ these mean sulphur values, particularly for the QORE group. .Fortunately, some of
.the bodies that are richest in sulphides are aiso among the most representatively
sampleﬂ. The Werner-Gordon Lake belt mean value of 1.92% S and geometric mean of
1;09Z S are derived froﬁ 29:saﬁples spaced along the‘seven mile length of the belt.
The values for the three Qgg localities in Ungava (Katiniq, Raglan, and Expo) are
derived from drill core or outcrop séecimens that representatively-sample these
ultramafic sills from top to bottom, avoiding of course thé ore zone at tﬁe base,
In the case of the Katinigq ldcality we may compare our results for 16 drill core

N

'samples of 1.92% S arithmetic mean and 0.71% S geometric.mean with a mean of
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1.21%Z S and a geometric mean ef 1.01%7 S for 37 serpentinite samples listed by Wilsen
et al (1969, Table 2). The latter samples eome.from ; eemplete drill core section
through the sill whose location relative to the. core that we have sampled is not
known. In compiling these data the basal massive sulphide zone has also been omitted
The mean values derived from Wilson et al's data are likely to be more precise than
“that for the deta reported here, since they have aﬁalysed the entire length of the
core as composite samples of eech 10 feet, It is therefore not surprising to find
a much lower variatien for their data - expressed as a small difference between the
geometric and arithmetic means——compared to our analysis of 1/2 1b. samples taken
at intervals of approximate1y>20 veftical feef. Considering the different parts
of the sill were sampled by quite differeﬁt sampling meehods, the agreement for the
two sets of data from Katiniq are excellent.

We may concludethat those ultramafic bodies that are associated with nickel-
.’copper.deposite are enriched in sulphur, often Ver& considerably. For those deposits
that have formed by magmatic segregation processes, this enrichment of sulphur
in the parent ultramafic magma will have caused early separation and concentration
of sulphides. It may be of significance that the smell nickel deposits of the
Porcupine area (Alexo, Texmont, Langmuir), whereiNaldrett (1966) has Suggested
formation of the nickel sulphides by sulphurlzatlon, together with other deposits
from this general region (Sothman Townshlp, Marbridge), are lower in sulphur
thap the average for the ORE group. The 157 samples that were taken from these
five locations average O.i61% S, with a geometric mean of 0.064%Z S. |

Enrichment of sulphur in the ORE group of sawples is, of course, paralleled
by an enrichment in one or more of the elements copper, nlckel and cobalt in
the same samples. For most of the ORE localities the enrichment in nickel and
cobalt is not very high in relation to the total nickel and cobalt con;ent of
typical ultramafic rocks (Turekian end Wedepohl, 1961: 2000 ppm Ni, 150 ppm Co,

10 ppm Cu). For copper this enrichment is often very considerable. This observation

poses some interesting questions. Vas this copper introduced with the sulphur either
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from an external source or by concentration from other parts of the primary
magiha? If it were not introduced with the sulphur what occurs during the crystal-
lisation of sulphur deficient but copper enriched ultrabasic magmas? Can consider-

able volumes of eopper-rich residual solution result, which then can migrate to

o,

aposit copper ores apparently unrelated to the ultramafic mateiial? For the
total set of samples, the ¢orrelation between copper and sulpﬁur is, at 0.65 (Table 4),
higher than the correlation of nickel or cobalt with sulphur at 0.49 and 0.59 respec- -
tively. |

Although ébpﬁéf and nickel are so often associated in ore deposits derived
from ultramafic rocks,»théir chemical properties are rather dissimilar. The very
low eorrelation of 0.19 between copper ana nickel is thereforé not unexpected.
G@béit'é éérrélatibn"with_épppeg;ofuo,go'apq;with_n§gkg;fof;0;71”iqdi§gﬁés:iﬁé§
eebalt is intermediate im character between the other two elements, but more
gl@éély resembles nickel. For the ORE group the Co-Ni correlation rises to 0.89.

As might be expeéted ffom their low correlation, the Cu/Ni ratio varies widely
from loeality to locality. Where data are available, the correspondence between
the Cu/Ni ratio of the ore depoéits and the Cu/Ni ratio of the sulphides contained
in the associated ultramafic rocks is generally close (Tables, Figure 7). Only
for the Eastern Metals Prospect aﬁd for the.Strathy Township deposit are there
gross differences between the pair of ratiosfl For these two- deposits this may be
‘feason enough to question the‘genetic relationship between thé sulphides of the
ore and the gulphides of the adjoining ultramafic'rock. It may be seen from Figure
7 and Table 5 that there is a general tendency for the sulphides of the ultramafic
rocks to have a lower Cu/Ni ratio than the associated ore body. At first sight

this is surprising since the sulphides disseminated through the ultramafic rocks
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should, in parg, have separated later than those that went to form the ore
déposit. Chamberlain (1967) has shown, for the Muskox intrusion, that nickel-
rich sulphides separate before nickel-copper sulphides. A possible explanation for this
anomaly is that the disseminafed sulphides of the ult:amafic rock will have had a greater

opportunity to re~equilibrate with nickel-rich copper-poor silicates during serpentinizat

)
than will the massiﬁe sulphides of the ore zone. During the re—equilibration;processes
vnickel may become enriched in these disseminated sulphides bécause it is more
chalcophile than irom, thus decreasing the Cu/Ni ratio. If this explanation is correct
one might expect the BARREN ultramafics to have a lower Cu/Ni ratio. than the ORE
group, since enrichment of nickel by this mechanism will be relatively greater the
lower  the sﬁlphide content. This is indead the case. Based on the mean copper
and nickel contents of the three groups, the Cu/Ni ratio-‘for the ORE group is 0.234;
for/the MINORE group 0.070; and for the BARREN group 0.045. It shouid be pointéd.
ou£ that a non-geological factor will influence this ratic. As was explained in an
earlier section, some nickel - hopefully small in amount - is leached frbm the
silicate components of each sample. On éverage, this amount will remain constant
over the range of sulphide content; dealt with here and will therefore contribute
a built-in decrease in the Cu/Ni ratio of the_samples as the sulphide content of the
samples decrease.

If re-equilibration processes are éignificant in causing the ratio changes
noted abpve, they should also influence other metél ratios. Slightly more chalcophile
cobalt éhould'be enriched reiative to nickel in the low sulphide rocks. Both-
elements are available within silicates. Again this is the case. The Co/Ni rati§
of the.ggg group is 0.045, increasing to 0.052 for the MINORE group, and to 0.Q75 .‘
for the BARREN group. Another raﬁio which should change as a result of re-~

‘equilibration is the Ni/Fe ratio, increasing from the ORE group to the BARREN group.
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Although iron has not been measured, we may examine the (CutNi+Co)/S ratio. fhis
_increases from 0.41 in the ORE group to 0.53 in the MINORE group, to 1.10 in the

" BARREN group. A decrease'in the amount of iroh ;elative to copper, nickel, and

cobalt will, in part, explain the increase in this ratio. Other causes are a loss

in sulphur and the creation of sulphur—deficient mineral species such_és heazlewoodite
(Ni382), or of metai alloys sﬁch as éwaruite (Ni3Fe) which are at least partially
soluble in the leaéh solution. The metals to form these alloys may have céme from
either sulphides or from silicateé (Ramdohr, 1967).

A considerable amount éf information of academic and economic interest is
revealed by compé:ison of the-ﬁétal contents and element ratios for the different
localities as.éhown in Figures 2 to 6. It is not appropriate to detail such
comparisons here. There are, however,'some points which should be noted. For
the BARREN group, samples with sulphur contents greater than 0.178% S (Figure 5)
ihclude‘somé'frém farry Sound —AHuntsville, Malartic Township, Laé Bourbeau, Kenogamin,
Towhship, and the Thompson Belt (Hargrave River, Resting Lake, Bucko Barren Sill).
The enrichment in the Thompson Belt is not surprising because of the abundance of
nickel and copper sulphides in this belt. The Malartie ultramafic rocks were
empiaced along a notébly mineralized, major fault zone and the Lac Bourbeau samples
come from an area of widespread copper mineralizatioﬁ. Minor pentlaﬁdite miqeraliz—
ati§n is known within the rocks sampled in Kenogaming Township. The Parry Sound-
Huntsville samples are peculia; in having a very ﬁigh content of leachable éobalt.
The ﬁean value for»this locality is 99.1 ppm Co, which is three-times greater
than the mean for the whole group, and is exceeded only by three localities of the

ORE group.
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- APPLICATION TO MINERAL EXPLORATION

Since the four element components which we have studied are enriched in the
" ore-associated ultramafic rocks comparéd to barren ulffamafics, we may now éonsider
how best to use this phenomenonjto prédict the ore potential of any given ultra-
mafi‘c'bod‘y.
One of the primary considerations must be the analytical productivity for
measuring the different elements. For the methods used in this study, the sample
-productivity to determine copper, nickel and cobalt is approximately five times
greater than that of thebmethod used to determine sulphur. Thus, provided little
information is lost, the practicality of this methéa in mineral exploration is
considerably énhén¢éd if Sulphuf need not be détermined. We have, therefore, first
examined what ééntiibutiOn is made by copper, nickel and cobalt to disériminaging
'be£WEén the QBE_and.the BARREN groups; we have then considered what additional
informatibn is comri’bﬁted by sulphur.
The primary S;atistical method employed in this section is discriminant
analysis. Discrimiﬁant analysis finds the best combination of variables to separate
S two oY more groups of samples. In determining which of two groups a sample Most resem;
u bles, one may compare the different vafiabies one by one. It is, ﬁowever, much
easier and more efficient to combine these different variables into one measure
(the discriminant score) for each sample, which may then be compared with the
diseriminant score of every other sample. Discriminant analysis is more efficient
the greater is the number of variables to be compared. For the three or four variable
to be compared here,fhe advantages to be derived from empldying discriminant analysis

are obviously much less than when twenty or thirty variables are to be compared.
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The discriminant equations described below are computed to best distinguish the

616 samples of BARREN ultramafic rock from the 372 samples of the ORE group. The

method of discriminant analysis has been particularly well described by Cooley

and Lohnes (1962), and has previously been applied to nultivariate geochemical

data by Cameron (1969). The element values were first converted to logarithms

because of the high variance of the data. The matrices ¥ and 4 were then computed

_from the transformed data:

2[2 (Fin—Fu)( kn—p.lk)]
i g(x;k"x)(x,k'—xj)

where g is the number of groups, Ng the number of samples in group ‘g and 7 and § -

run from 1 to p, with p being the number of variables.

These matrices are then formed into the following equation, I being the

identity matrix, and the eigenvectoré and eigenvalues are extracted:

(W4 — Al =0

The eigenvectors are the discriminant functions; for this two~group problem only

one eigenvector is extracted. To test for a significant difference between the

composition of two groups A is computed:

A =1/(1 + i)

where X is the eigenvalue associated with the eigenvector that is the discriminant

function. Lambda is tested by the F approximation of Rao (1952). For a two-group

problem 7 is computed thus:

FP=[(1-A/AIGp)

where v =N - p + 1, N is the number of samples, and p is the number of variables.
<

A may also be computed as the ratio of within groups scatter to total scatter. Thus
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A may be conveniently used to measure the diseriminating power of differeht
combinations of variables. The lower is the value of A, the greater is the
discriminating power of these variables. |

To show the relative contributions of the different variables to a
discriminant equation a scaled discriminant vector may be obtained by multiplying
~the vector of disériminant coefficients by the ;ector of square roots of the

diagonal of the W matrix.

Discriminating between the‘ORE and BARREN groups of samples using the variables
copper, nickel aﬁd cobalt, théVfollqwing values are obtained:
Discriminant Vector (1) 0.92 Cu, 0.37 Ni, 0.08 Co
Scaled Vector (1) 22.6 €Cu, 6.85 Ni, 1.0l Co
A =0.2, A=0.70, B,
?hé F and p values indicéte that there is a very high probability that the two

groups are different. This information'iSvalmost superfluous, since this fact is
visually observable in Figures 2 - 5. What is of more interest is that the écaled
vector indicates that a considerable role is played by copper in distinguishing
between the two groups, while cobalt plays a very minor role. That cobalt is of
little help in discriminating between the two groups is nof surprising. Comparing

the plots for the four elements (Figures 2 = 5) or the group mean values (Table 4),
_cobalt shows the least relative difference between the ggg_énd the BARREN groups.
Further, since it has moderate to high correlations with the other elements, much of t
discriminating power 6f the data for cobalt is rendered reduhdant by these correlation

The very considerable difference between the ORE and the BARREN groups is
also reflected in differences in their vaiianéé - covariance matrices (Table 6),

which can be shown, by techniques described in Codley and Lohnes (1962), to beb_
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markedly heterogeneous. Most multivariate analysis of vériance and covariance
- methods énd discriminant analysis methods assume a reasonable degrée of homogenéity
in the different variance - covariance matrices. Anderson and Bahadur (1962); have
described a pfocedure for constructing a discriminant vector for unequal variance-
covariance matrices. A Fortran coding of the procedure has been published by
Reyment et al (19695. Using this method the following discriminant equation was
obtained -~
Discriminant Vector (2) 1.59 Cu, 0.63 Ni, 0.14 Co
Althoﬁgh at first sight, this vector appears to be different from discriminant
vector (1) above, converting the two vectors to percentage values shows that
this is not so: » .
D 67 cu, 27 M1, 6 Co
(2) 66 Cu, 29 Ni, 5 Co
If we now'inélude sulphur (as 1og10 ppn S) in the discriminant analysis.the
following values are derived:
Diseriminant Vector (3) 0.51 Cu, 0.10 Ni, —0.18»Co, 0.84 S
Scaled Vector (3) 125 Cu; 1.87 Ni, -2,22 Co, 14.3.S
, 4

A =,0‘53’ A = G.65, F983 = 130., p <‘0.0001

The decrease in the value of A compared to.the value associated with discriminént
v;ctor (1) indicates that a modest increase in the dlscr;mlnatlng power |
of the data set is galned’by including sulphur. If we again compute a dlscrlmlnant
_vecﬁor by the method of Anderson and Bahadur (1962) the follow1qg coefficients are
ob tained: | '

Discrimiﬁant Vector (4) 1.04 Cu, 0.20 Ni, f0.37 Co, 1.75 8 ‘
Again, in terms of percentage value; there is not a great deal of difference between

¢

discriminant vectors (3) and (4).
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The value A has been computed for all possible combinations of variables:

Cu-Ni-Co-8S  0.65

Cu - Ni -8 0.65
Cu ~Co -8 1 0.65
Cu - S ‘ 0.65
Cu -~ Ni -~ Co 0.70
Ni - Co -8 ' 0.70
Cu - Ni 0.70
Ni - S 0.70
Co -8 0.70
Cu - Co - 0.71
ML - Co 0.91

From this data it appears that copper and sulphﬁr ére of approximately equal value

/in~discriminating between the ORE and the BARREN groups; that nickel ié of lesser

‘importance and that cobalt is of very little value. Copper énd sulphur together are

as powerful'for diseriminating between the groups as are all four elements combined.
.The scalar discriminant score may be computéd for each sample by multiplying a

row discriminant vector by a column vector.of element values (as 1og10 ppm in this

" case).  This has been‘done for the sample data using discriminant vector (2). The

discriminant scores are plotted on Figﬁre 8 and the locality and group means are

given in Table 4.> In Figure 8 a line has beén drawn at én_arbitrary score value

of 5.5 which best appears to separate the distribution of the BARREN group from

the upper part of the distribution of the ORE . group. On or to the right of this line

" score values are plotted as a larger cross. Mean values fbr the discriminant scores

at each locality were computed and these are plotted aé an upward facing arrow.

It should be recalled that Figure 8 is essentiaily a logarithmic plot, since the

element values have been tfansformed to logarithms prior to the discriminant

scores being computed.
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Oﬁly 16 of the 616 BARREN samples have discriminant score values equal or

' greater to 5.5. .In contrast,va substantial proporiibn of the ORE group of samples
have scores equallor greater to this value. On the basis of this plét many of the
ore - associated ultramafic bodies could be identified as Such, particularly those

- associated with greater quantities of ore grade material. The majority of MINORE
localities more closely resemBle those of the gégggg group. In practical exploration
it would b¢ worthwhile to follow-up any sample which gave a discriminant score

greater than 5.5.



APPENDIX

THE DETERMINATION OF COPPER, NICKEL AND‘COBALT
IN ROCKS BY ATOMIC ABSORPTION SPECTROMETRY
USING A COLD LEACH

by

John J. Lynch

. PRELIMINARY REMARKS

The method dgscribed in this paper is an applicatién of'the.studies carried
out by N. P. Smirnova, et al (1968) wherein certain trace elements occurring in
rocké as sulpﬂi&e minerals weré preferentially dissolved by the agtién of hydrogen
peroxide in\thé presence of ascorbic acid. The ascorbic'acid 1§wers the pH_o? the
solution to approximately 2.5 and provides a reducing medium which inhibits the
oxidation of ferrous sulphafg to ferric sulphate which in turn hydrolizes to
‘ﬁydrous ferric oxide. The ascorbic acid-hydrogen pefoxide solution prepared as
- described below was found to”decompose galena, arsenopyrite, chalcopyiite;'pyrite,
pyrrhotite, pentlandite, tetraﬁedrite, éphalerite, and awaruite,

Mixed standard solutions for the calibration of the atomic absorption speétfoﬁ
:photometer were initially prepared in the same concent£ation of ascorbic-acid
hxdrogen peroxidebas was used for the decomposition of the samples. These standard
solutions were found.to be unstable over pe£iods longer than three or four days. A
fresh set of standard solutions contained in ascorbié acid and hydrogen peroxide
were compared against a set of standard solutions contained in IN HNO3. There was
no appreciaﬁle difference in pércent absorbance readings between the standard
solutions prepared in the two media. (Table 1). Standard solutions contained inm

3

calibration.

-~ 1N HNO ﬁéﬁewbéénifﬁﬁhéuédvbé-éfable for over a year and these are used for
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TABLE 1
Comparison of Standard Solutions prepared in ascorbic acid-hydrogen peroxide and in
1,N HNO,.
'Cu, % Absorption Ni, % Absorption Co, % Absorption
Concentration o= - H 02 = H 02
ng/ml ascorbicacid | 1 N HNO, |ascorbic’Acid | 1 N HNO, AscorBi? Acid |1 N HNO,
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5 18.5 1 18.5 7.0 7.1 11.8 1116
1.0 36.6 36.9 13.8 13.8 23.0 23.2
2.0 70.4 70.0 24,2 24,2 435 43.9
4,0 - - 44,7 44.9 79.7 80,1
ANALYTICAL PROCEDURE
Decomposition of the ‘Sample

1. Into a clean dry test tube (16 x 125 mm), calibrated at 10 ml,, weigh a

100 mg sample of the ground rock. A larger sample weight may be used if
low values are anticipated.
Add 7 ml. of ascorbic acid-hydrogen peroxide mixture and allow to stand approxi-

mately 18 hours (overnight) with occasional mixing. Do not heat.

“Dilute to the 10 ml. mark with metal free water. Stopper the test tube with

a clean cork and shake vigorously to mix.

Centrifuge for 5 minutes to obtain a clear supernatant solution.

General Procedurée for Calibration of Instrument

 The operating parameters described here refer to the Perkin Elmer Model 303

atomic absorption spectrophotometér. Other makes of instruments will require
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changes in some of these parameters.

Paramefer
Meter Response
Filter
Scale
Slit
"Source Cufrent
Range |
Wavelength
Burner
Air Pressure
Air Flow
Acetylene Pressure

'Acetylehe Flow

* NOTE: Arbitfary units given by Perkin-Elmer

Copper

1%
out
x5

4 (75)
15 ma
U.v.

3247 R

10 cm Single slot

30 psi
9%
8 psi
8% .

Nickel

out

x2

3 (28)
25 ma
U.Vv.
2320 &

Boling

30 psi

9%
é psi
RES

2. Aspirate 1N HNO, into the flame and zero the instrument.

3

Cobalt

1%

out

3. Using the parameters listed above, the following standard solutions are used

for calibration:
Cu:
Ni:

Co:

0.5, 1.0 and 2.0 ug/ml

0.5, 1.0, 2.0, 4.0 pg/ml

0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 hg/ml'

4. Calibration curves are plotted relating percent absorption and ug/ml;
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General Procedure for Analysis of samples

After calibrating, aspirate 1N HN03 and readjust ;erobif necessary.

Aspirate sample solutions and record percent absorption. Care should be taken
not to suck any of the sediment into the burner. Aspirate 1IN HNO3 between each
sample and check a calibration standard after every tenth sample. 'If check
standard changes more than 1 pércent absorption, recalibrate and repeat ﬁre—
vious ten samples.

Using calibfation curves, interpolate percent absorption of samples to obtain

pug/ml. Calculate the concentration in parts per million using the equation:

pg/ml x 10 .
sample weight (gm.)

ppm element =

Should tﬁe sample be above the top standard of the calibration curve, an
aliquot of the sample solution may be diluted'to 10 ml with the appropriate
volume of ascorbic-acid-hydrogen peroxide mixture and metal free water.
Alternatively the sensitivity of‘the instrument may be lowered by reduéing
the scale expansion and/or using é smallef burner. This permits use of

standards up to considerably higher concentrations.

Preparation of Reagents

1% Ascorbic Acid solution: Dissolve 5.0 gm ascorbic acid in metal-free water '

- and dilute to 500 ml with metal free water. This solution should be prepared

freshly just prior to using.

Ascorbic acid-hydrogen peroxide mixture: Add 200 ml 30% hydrogen peroxide to

500 ml ascorbic acid and mixthoroughly. This solution is made up freshly each d
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Mixed copper, nickel and cobalt standard solution: 1000 pg/ml. (Solution A)

In a 1000 ml volumefric‘flaSk, dissolve 3.9297 gm copper sulphate (CuSO .SHZO),

4

4.0487 gm nickelous chloride (NiCl .6H20) and 4.0372 gm cobaltous chloride

2
(00012.6H20) in about 900 ml of metal free water. Add 6 ml concentrated
nitric acid mix and allow to cool to room temperature. Dilute to 1000 ml
with metal free water and mix well., This Solution is about 0.1N with respect

to nitric acid.

Mixed copper, nickel and cobalt standard solution: 100 ug/ml (Solution B), Pipette

100 ml of solution A into.a 1000 ml volumetric flask. Add 5.4 ml concentrated

nitric acid, dilute to about 900 ml with metal-free water, mix and allow to cool

" to room temperature. Dilute to 1000 ml with metal free water and mix well.

 This solution is about 0.IN with respect to nitric acid.

Mixed copper nickel and cobalt calibration solutions:

These are prepared according to the dilutions iistediin'Table I1

TABLE 1T

Concentration | Volume of Volume of Volume o Einal
(ug/ml) . Solution A(ml) | Solution B(ml) | Concentrated HNOq(ml) Volume (ml)
0.5 ' - 1 12.5 200
1.0 - 2 12.5 200
2.0 - 4 12.5 | 200
4.0 - 8 12.5 200
6.0 - 12 | 12.5 - 200
8.0 | - 16 | 12.5 200
10.0 - 20 12.5 | 200
15.0 3 - 12.5 200
20.0 4 - 12.5 200
25.0 5 - 12.5 A 200
30.0 6 - ) 12.5 - 200
35.0 7 - 12.5 200
40.0 8 - 12.5 200

IN HNO.: Dilute 125 ml concentrated HNO, to 2000 ml with metal-free wéter,

3 3
Store in a polyethylene bottle.
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Figure 1. Map showing sample locatio‘ns.
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Figure 2. Distribution of cobper as ascorbic acid - hydrogen peroxide éoluble metal
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Figure 4. Distribution of cobalt as ascorbic acid « hydrogen peroxide soluble metal.
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Figure 8. Distribution of discriminant scores computed from copper, nickel, and cobalt.
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Size of nickel or nickel/copper deposits within or adjoining sampled
ultramafic rocks. Upper five localities with less than 5000 tons

Ni + Cu classified as MINORE, all others classified as ORE.

Ascorbic acid - hydrogen peroxide leaching of silicate minerals.

Chemical data for localities and groups of ultramafic rocks. Data

for copper, nickel and cobalt is as ascorbic .acid - hydrogen peroxide
soluble metal. |

Comparison of Cu/Ni ratio of ore deposits with the Cu/Ni ratio of
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I THOUSANDS . OF TONS

MEAN CONTENT H202 SOLUBLE

. iEN]S)%‘XEIS,RODUCTmN (1 ELEMENT IN U.M. ROCKS OF (2)
-@ LOCALITY ' LOCALITY
% Cu Wi Cu/Ni . Cu Ni Cu/Ni
15 | Alexo Mine 0.4 2.2 | 0.18 15.2 | 1208. | o0.01
48 | Sothman Twp. - 2.7 Low 6.3 884, <0.01
2 | E. M. Prospect 14.5 4.9 | 2.96 2.5 | 1125. | <0.01
4 | Strathy Twp. 4.8 2.8 | 1.71 251. 587. 0.43
104 | Langmuir Ore i1l - 6.9 | Low © 50, | 742, | Q.05
14 | Texmont Mine - 37. | Tow 43.5 | 988. | 0.04
26 | Marbridge Mine' - 14.5 Low 57.5 1570. Q.04
30 | Werner-Gordon Lks. 7.6 14.9 0.51 2500. 4380. 0.57
31 | Bird River 4.6 14.3 | 0.32 263. 882. | 0.30
38 | Lynn Lake 135. 287. 0.47 94.7 396. 0.24
39A | Shebandowan N. ? ? ? 380, 1350. 0.28
' 41C | Bucko Ore Sill - 320. Low 31. 3330. | <0.01
43 |Moak Lake ? ? ? 221. 4180. 0.05 .
44A |Ratiniq 27. 104. 0.26 1180. 7570. 0.16
445 | Raglan 26. 116. 0.22 651. 2690. 0.24
44C | Expo 42. 38. 1.11 669. 960. 0.70
" 45 |Pipe Lake ? ? ? 122, 895. 0.14
47 |Lac Renzy 7.1 7.3 0.97 247. 386. 0.64

(1) From Table 2.

(2) From Table 4.

Table 5. Comparison of Cu/Ni ratio of ore deposits withrﬁﬁé‘Cu/Ni.raﬁibnoﬁ
' sulphides in associated ultramafic rocks. o




TABLE 6.

BARREN ORE
GROUP GROUP

Cu Ni Co S Cu: i Ni Co S

Cu| .46 -.07 .05 .11 | .85 .23 16 .39

Ni | -.07 .27 A1 .05 | .23 .46 26 .31

Co| .05 .11 15 .07 | .16 .24 16 .18

S a1 .05 .07 .20 | .39 .31 18 .46

TABLE 6. Variance - covariance matrices for BARREN and ORE
groups of ultramafic rocks.




e fdlléwing items have been placed on Open File for inspection at the library of the
sological Survey of Canada, 601 Booth Street, Ottawa 4.

7?34 Geology of Kekeko Hills and southern portion of S. W, quarter of Beauchastel
Township, Temiscaminque County, Quebec, by W, G. Q. Johnston, 1957,
71 pages, 2 figures and 1 map, scale 1" to 1000, Part of N, T.S., 32 D/3.

35 Distribution of ore elements in rocks for evaluating ore potential: Nu, Cu,

‘ 'S in ultramafic rocks of the Canadian Shield, by E.M. Cameron, G, Siddeley
and C,C, Durham with an appendix on the determination of Cu, Nu, Co in’
rocks by atomic absorption spectrometry using a cold leach, by John J. Lynch
(Presented at 3rd Int. Exploration Geochemical Symposium 1970). 32 pages,

8 figures, 7 tables., : ' :
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