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ÃBSTR-åCT

liineralogical cross-sections of ore bodies

on the 300 foot, 600 foot and 900 foot levels of the

Coronation l,tine have been interpreted in terns of

centres of mineraLiøation. The maximu-rn concentration

of chalcopyrite occurs closest to th.ese centres, of
pyrite and pyrrhotite at some distance from the centres,

and of magnetite furLhest removed from the centres,

.4. hydrous halide fluid model is established.

"At-t erapt s to explain the observed míneralogy lcy the

action of temperature gradients on the fluid model were

uns'trccessful , Likewise the action of diffusion alone on

the flufd model cannot explain the observed mineral dis-
tri-bution. The concept of attenuation is introduced

i,¡herein tÌr-e rate of diffusion of a particle species is
related to the product e'z/M, the attenuation coefficient,
where e- is the particle radius, and M its molecular

weight. .fl.ttenuation, aciingr on the fluid ¡nodel alone,

wiLl not produce the observed mineral distribution, but

r^¡hen consídered together with the action of ternperature

graciients, the observed mineralogy can be well explained

by the combinecÌ effects of these two processes on the

assumed fluid ¡nodel"
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PART 1.

RESI.ILTS



Chapter L

IISIRODI'CTTTON

This study ls pa.rt of a comprehensive investi-
gation into the greneral geoloçry, geophysics and oriqin
of the Coronation MÍne ore body, located some fourteen
miles southwest of FlÍn Flon, Manítoba. Different organ-

izations are carrying out individual proJects under the
dírection and co-ordination of the Geological Survey of
Canada. This thesis proposes a possible ore controL

based on an examination of the guantitative mineralogy.

One hundred a.rrd ninety-four specimens frorn twenty-two
dianond drill holes on the 300 ft., 600 ft. and g00 ft.
levels were examined using a Swift automatic point counter

and reflecting, microsccpe.

It is emphasized that the proposed ore control is
not necessarily the control that actually existed. Other

controls may explain the observed mineralogy equally well_

or better, but have not been considered in this thesis.



Chapter 2

GENERÄL GEOLO T

The geologry of the mine and the surrounding

area has been studied by E. L. Faulkner and the follow-
inqi is a sunmary of his observations (8. L. Faulkner,

1964, personal con¡runication ) .

The ore body occurs in a seguence of massive

altered daeites, andesites and andesite breccias, with
some pillow lavas. The average strike Ls northwest, the

dip 750 southr+est and the rocks face east, The ore body

consists of varyíng amounts of massive to disseninated
pyrite, pyrrhotite and chalcopyrite with minor amount s

of nagrnetíte and sphalerite ín a series of ore shoots

¡¡ithin a concoidant shear zone some 900 feet long, 1000

feet deep and up to 200 feet v,ride. The ore body nay be

divided into three general sections.

Itre northern section, consisting of massive

high grade sulphides, with slight wall rock

aLteration.

The central, low grade section of disseminated

and massive sulphides.

Itre southern section, consistlng mainly of

disseninated sulphides with extensive wall
rock alterationo

1.

2.

ú.



Each ore shoot plungie s to the south at 80o,

approximately the same as lineations ín the near sur-

face rocks.

Ihe ¡nineral i zat ion, waIl rock aÌteration and

shearing are closely related.

the l'¡al I rock alteration is cornplex and consists

nostly of chlorÍte, hornblende, garnet and trenolite-
actinolite, with some zones contaÍning cordierite and

anthop*ryll ite, The alteration is best developed in the

southern section, Írhere recrystal l ization is coarse and

skarn like. ïn the northern section the alteration is
pat chy and fine grained.

Gançrue minerals are veriy rare and are confined

to guartz, guartz-epidote, guartz-carbonate or carbonate

infillings of minor fractures formed after the mafn

mineral í zatíon.

fntrusive rocks are present, in the form of dÍkes

and irregular masses of porphyritic rocks and diorite
masses which pre-date the ore, and a fer\' post ore fine
grained mafic dtkes. Ã. large syntectonic granodioríte

intrusion outcrops within a quarter of a mile of the

mÍne.



Chapter 3

FREPÂRATION OF SPËCTMENS

General

Each specirnen was crushed and sieved and the

fractíon between 28 and 200 nesh l¡as.retained. Thís

fraction was mounted in plastic and the specirnen was

ground, pollshed and staíned before counting.

The specirnens consisted of split E-size dlanond

drill core, in places skeletonized, but usually complete.

Ä srnall portion of core was retaíned for later polished

section examination, wherever possible. Care was taken

to ensure that the retaíned rnaterial approxLmated the

bulk composition of the sample.

Crushing and SievÍng

The specimens r^tere first coarsely crushed to the

size of a pea usÍng an iron pestle and mortar. The coarse

crush was then fed into a rotary pulverizer, and the pro-

cess continued untÍl the proporti.ons were about: > 28

mesh, I pa.rt; 2B-20O meshn 6 parts; (.200 mesh, 2

parts, the coarse fraction was discarded and the medium

and fine fractions were kept and labelled. .ålthough the

pulverizer produced ruuch dust, (the loss cìuring crushing

being up to L0% Ín a few cases) it r¿as by far superior

to the small stamp mill used inítíally, in that ít was



much faster, and produeed a hÍgher proportion of medium

fraction grains. Chemical analyses of medium and fine
fractions show litt1e evídence of differential crushing

of rrinerals, dre to varying hardness, or preferred

sievíng due to cleavagre; see Table I below.

TA,BLE T

CIIEMÏCJIL ANÃLYSES OF

MEDIIJM ß,ND FINE GRAINED FRACTTONS

AFTER SRUSIIING I

Samp1e 7.rÌFeCu

A

B

nediurr

fine
mediu¡r

fine
medir¡m

fine

20,9

20.2

¿.,5

2"3

6.0

7.2

27 .6

30.4

24.0

24.5

25.6

27.4

0.8

0.6

o.7

0.4

0.6

0.6

A.nalyses performed by Manitoba Mines Branch.

^fl. certain a¡nount of netallic i.ron was lntrod¡ced into the

samples during crushing, but ¡ra s not troublesome, as the

iron pa.rticles have a very distlnctive curved and feathered

appearance, and wü.en stained, react violently and produce

a bror^rn halo,



Mountínq. Grindlncr and Polishinrr

1\'¡o different plastícs were used for rnount ing;
1{ard's Bioplastic, which was used initially, and euick-
mount. the latter was found to be more satisfactory
than Bioplastic as it is easier to handle, guicker

setting and all"ows greater coveLag,e of the poLished

surface.

The mounted specimena were first g,round on a
steel lap using #400 and #600 carborÌrndum powders, untíl
more than one grain thickness had been rernoved. The

specimens were then polished on cloth laps usíng 6¡ and

17 diamond paste and magmesium oxide powder. The speci-
mens mounted in Bioplastic were susceptible to plucking

of the grains, particularly chalcopyrite. This problen

was largely elíminated by the use of Qui ckrnount.

Staining

Staining was necessary, for rapid poínt counting,
as iÍrned1ate visual identification is inperative. brite
and magnetite were particularly difficult to d.istinqnrish

from pyruhotite and sphalerite in unstained sections.

The stain used was 20% sílver nitrate solution
(Gaudin, 1935). The colours obtained are slightly diff-
erent to those described by Gaudin and are as follovss:-



chalcoPYritê ¡r 
;fi"ltå;';nieacock

pyrite - tan to buff, briqht.
Pvrrhotite - 

fffiå,o*åå.-: Bli5iì:
Sphalerite - whíte, bright.
Magnetite - unchanged.

Iron (from Pulverizer) - reacts violently,
giving brown halo and
bright white stain.

Count ing

A. Swift automatic point counter was used, and

approximately 1000 polnts were counted for each specimen.

Of these only 35-457. l/ere on mineral grains, the rest
fallíng on the plastic mounting medium. .ð,ttempt s to ln_
crease the proportion of mineral grains counted by length-
ening the settíng tine of the plastic r¡ere unsuccessful,
apparently because the gralns were in too close contact.

However thls proportion is adeguate for the great
najority of specinens (see Chapt er 4).



Chapter 4.

METHOD OF SÏ'DY

General

The present, observed mJ.neralogry of any ore

body is the final result of t.he action and interaction
of various physical and chemical processes, which have

culninated in the exposure of the ore body. It is to
be expected that conditions generally will not have

been uniform, either in spa.ce or time. Such processes

as uplift and erosion are not consid.ered here; rather
the intent is to attenpt to deduce the nature of the
processes v¡hich have led to the present mineral assem-

blage s.

None of the phenomena usually attributed to
secondary enriclulent of the ore are observed. at depth in
the Coronation Mine; Ìrence, all results and dl.scussíon

will refer to the prinary perlod of ore formation, or,
more correctly, to the last stage of such a period.

tr{hatever the origin of the deposíts, the variation in
physical. and chemical condltions will ín greneral result
in mineralogical inhonogieneity. The cond.itions should

not vary in a conpletely random way, however, but shouLd

be governed by pùrysical, chemícal and geological prin-
ciples, and therefore should vary in some accountabLe

manner.
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The ore bodies of the Coronation Mine are

grenerally elongate in a direction para1Iel to the

regional shearing. Therefore urlneralogrical variatfons

1n the ore body can be referred to variations in physico-

chemical conditions alonçi two axes, one paralleI to the

elongiation, and one perpendicular to Ít. Further, it
would be expected, from geolog.ical considerations, that
the najor variations in conditions v¡il1 have been per-

penðicular to the direction of the shearing. Shear

zones are erninently suited to the introduction of hydro-

thermaL flulds, or may êct as centres for metanorphÍc

dÍ fferent iat ion.

It seems, therefore, that the raost promising

approach ís to study the cross sections of the ore bodies,

and to attenpt to relate the variations in níneralogy to
a set of conditions which could have produced it.

The obvious unit to consider is one ore body.

The variations in conditions cannot be expected to be

smooth and sontinuous, as they should be ideally. Local

lnhomogeneities ín the original rock mass ( structural,
textural and compositional) will produce variations in
conditions, which w:ill tend to obscure the fundamental

mineral variation pattern, whi ch is what is sought. The

overall pattern of physico-chemical conditions, and hence

the mineralogy, wfl1 in general have superimposed upon it
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secondary effects, rr'hich, although they may exhibit
grreat variation are unimportant compa.red ¡^rith the

basic underlying pattern of mineralogical variation.

Plottinqf

ltlith these dif f icult ies in mind, it r'¡as essen-

tial to find a method of presentíng the results whích,

while substantially reducingi the effect of the super-

ficial inhonogeneitíes, would preserve the síçnificant
broader variatÍons in nineralogry. Such a method ¡ras

developed and is explaÍned graphically ín Fig. l.

Essentialì.y the secondary variations are treated
as deviations from the ¡rineralogy whlch would have been

produced in a homogreneous rock mass. This ¡rethod of
plottlng also tends to reduce sampling errors whích arise
fron the probability that a single sample of E-size

diamond drill core is not a representative sample of the

rock around ít.

Sampl ing and Counting Errors

To determine the precision of the counting nethod

five sarnples v,r'erê analysed for copper and zinc by the

Manitoba Mines Branch. these analyses were c ompa.red with
percentages of the elements obtaíned by calculation from

the point counts of the minerals, assuming that the only
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copper bearinçr míneral is chalcopyrite, and that the zinc

occurs only in sphalerite. T'he densities of the mineraLs

were taken to be chalcopyrite 4.2; pyr ite 4.9; pyrrhotite 4.5;

magnetite 5.2; sphalerite 4,0; sificates etc. 3.0.

The compa.rison of results is given below, Table 2.

TÃ,BT,E 2

COMP,{RISON OF COPPER A,ND Z]NC DETERM]NED

BY CHEMTCÄL "åNALYSTS A.ND BY CA,LCUI,Â.TION

FROM POTNT COUNTS

Sample
Cu Cu Zn Zn
(Analysis)% {Point Count)% (.A,natysis)/" (Point Count)%

cBg 67-70 20"9 2s.9

t.¿

5 .1_

0.8

6.2

0.8

0.7

0.6

0.4

0.6

0

0.5

0.3

0

0.2

, c89 85-90 2.3
I

i czs¿ 110-1ts,s 6.0

c93 SB-102.5 2.7

i c93 72-75 4,7

, The resul-ts for copper are j.n reasonabLe agreernent,
I

i¡: except for the lower concentrations. Zinc determinations are

considerably in error, and the point count vaÌues are consis-
:

, tently low. The reason for this is obscure, but it may be that
: zinc occurs in minerals other than sphalerite" fn any event it
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is not possible to treat zinc guantitatively. A,lthough

no chemícaI check can be made for pyrrhotite and pyrite,
it is likej.y that a countingr precision similar to chal-

copyri-te was obtaj-ned.

Unfortunately it is impossible to estimate the

errors introduced by the sanrpling procedure. ft is
likely that the composition of a sample of diamond drill
core will vary considerably from that of the rock mass

surrounding the borehole. In this thesis interest centres

on the mineralogical variations across the ore bod.ies,

rather than on the composítíon of individual samplesn

Therefore by takinQ[ sufficient cross sectÍons of the ore

bodies, the variances due to sampling should be distin-
guishable from true rock composítion variations. The

method used for smoothing the mineral concentration plots
will tend to reduce sarnpling errors, in the same way that
it reduces variations due to Local rock inhomoqeneities.



15

Chapter 5

MINERALOGY

Sual :i'!a-l :!ve Mj,neralogv

Ferris (1961) has ful1y described the guaLita-

tive mineralogry of the Coronation IVIine; only a short

account ís given here. Íhe ore minerals present are

chalcopyrite, pyrite. pyrrhotíte, naqinetite and a very

líttle sphalerite. (The tern -ore mLneral- is used here

as defined by Bateman 1959; i.e. ----one that may be

used to obtain one or more metals-. )

The amount of sphalerite is very snall and could

not be determined quantitatively from the nunrber of grains

counted. Distinction between rnaginetite, iI¡renite and re-
lated mínerals has not been made. Some specimens were

stained wÍth hematite before crushing. Ilernat ite was not

observed ín the sections, confirminçr the vier¡ that he¡¡at ite
is very minor. Ihe non-opa.que mJ.nerals have not been

èifferentiated and in this thesis are sinply classified
as dsj-licates'. Ã few polished sections v¡ere examined,

and the observed terlures and apparent paragenesis are in
agreement with FerrÍs' more comprehensive study.

The orÍginal textures nay, however, have been

nodified by later metamorphism (Froese and trrlhit¡nor e 1964),

and therefore the present textures are unreliable çruides to

the initiaÌ mineral-ization. Ferris' paragenesis is given

in Fis. 2.
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Quantitative Mineralogy

The nineralogícal cross sections are shown in
Figs. 6 to 16 and the locations of the drill holes in
Figs. 17 to 23. lhe concentration of ore minerals in all
boreholes decreases towards the margins of the ore-bodies.

Slginificant patterns of rnineral distribution occtrr. The

occurrence of each mineral wíll now be considered 1n turn.

The abscissa of each grraph represents the location
of each sarnpl e in the dril1 hole, and the ordinate re-
presents the concentration of each ore mineral in vol-u¡ne

percentage, lhe observed concentrations are shown as thin
horÍzontal lines, and the curved line represents the snoothed

concentration ae described on page 11.

Chalcopyrite

In boreholes cutting narroT/ù ore-bodies, the chal-

copyrite concentration curve has a sinç,le peak near the

centre of the ore-bod5r, see boreholes C254 (Fig. 6),

C78 (Fig. 7j, C23L (Fig. 7). For holes cutting wider ore-

bodies, c89 (Fís.8), C31 (Fig.9), C93 (Fis. 10), C1]5-C113

(Fis. 11), C64 (Fiq. L2), C34 (Fis. l_3), CBl (Fiq. 14), the

chalcopyrite concentration has a double peak. For many

boreholes v¡íth double chalcopyrite peaks, the ore-body at
that place is or may be inferred to be a composite body,

mêde up of two inte¡secting ore-bodies. See C81 (fig. I4),

i:ì:ìfl



1B

C89 (Fis. B), C93 {Fis. 10), CS4 (Fis. 13), CSl (Fis.9),
c64 {Fiq. 12).

Because of this each chalcopyrÍte peak is inter-
preted as representing a centre of nlneralization.

The reg'ular variation in the concentrations of
the other minerals is not as obvious as that of chalco-
pyrite. However, when referred to the centres of mineral-
ization inferred from the chalcopyrite distribution, the
distributions of the other minerals appear to conform to
regmlar pa.tterns.

Srrite

lhe concentration of pyrite tends to form a double

peak around each mineralization centre. lhe peaks are not

necessarily synmetrical, and the central low concentration
in general does not coincide with the chalcopyrite peak.

Thís occurrence of pyrite Ís very well sho¡vn by boreholes

C81 (Fí9. 14), C93 (Fig. 10), and to a less marked degree

by boreholes c254 (Fig. 6), C78 ( Fis. 7), C115-c113 (Fis. 11).
lhe pattern is still noticeable in CB9 (Fig. B), CSl (Fig. g),

C231 (Fig. 7), but is completely absent in C64 (Fig. 12),

and C53 (Fie. 13).

Pyrrhotite

The concentration of pyrrhot j.te tends to vary in
nuch the same Ìray as that of pyrite. The typical occurrence

is lveLl shown in C81 (!'ig. 14 ) , CB9 (Fig. 8 ), CB1 (Fis. 9 ),
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C7B (Fig'. 7), and can be clearly seen in C23I Giq.7),
C115-C113 (Fis. 11), C53 (Fis. 13), cz54 (Fig, 6). The

effect is completely absent in C64 ( Fig. I2r, C34 (Fig. 13).

The mineral concentration peaks of pyrite and

pyrrhotite occur so close together that it is iinpossible to
determine whether one occu.rs farther away from the mineral-

ization centres than the othe¡.

I\dagnet i t e

The concentration of rnagnetite fLuctuates erratíc-
ally. The concentratíon is sufficiently high (up to 107.)

to eliminate a pre-mineralization origin for the maqnetite

distribution. In several borehol-es magnetite tends to
form double peaks similar to those of pyrite and pyrr-
hotite,e.g.,C254tFiq.6),C31(Fig.9),c7B(Fig.7},
although the peaks are much less pronounced. In CBg

tFig. B), the rnagnetite shows only two peaks instead of

the expected four. The origin of the magnetite is doubt-

less similar to that of the other minerals. The highest

maçmetite concentration seems to be a 1ittle farther
away from the mineralization centres than the highest

concentrations of pyrite and pyrrhotite, but this rnay be

only apparent. i.

The concentration peaks of the minerals are, in
order of increasing distance from the mineralization
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centres, as foflows:-

Chalcopyrite Pyrite Magnetite

þrrhotite

Increasing distance from mineralization c ent re-------à
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Chapter 6

IEMPERATT¡RES IN THE lfTIUE

Ferrís (1961) performed a series of temperature

determínations throughout the míne usinq the pyrrhotite-
pyrite geothermometer and the sphalerite geotherrnometer.

He concluded that only snall tenperature gradients could

have existed. Because Ferris' samples were widely se-

parated..and because of the inference of níneralization
centres frorn the mineral concentration pIots, it r¡ras

consiciered desira-ble to determine a temperature profíle
across one ore body using pyrrhotite from dril1 core

samples, Borehol-e C89 was selected for this purpose as

pyrrhotíte and pyrite occurred in all the samples.

$rrrhotite was separated from the crushed samples

using a hand magmet. X-ray powder photographs were taken

using f iJ-tered iron radiat ion and an internal guartz

standard, fr" d(tOZ) spacíngs of the pyrrhotÍte were

determined using the 101 quartz line as a standard. The

fi.Lms ¡rrere read ten tirnes and the average values of the

pyrrhotite d(lOZ) determined. Replicates were run for
several samples. Ttre values of d(lOZ) r"¡ere then converted

into temperatures using llrnold's (1962) curves, and are

shown graphically in Fig. 3.

,ê.part from 105'-110' all the determinations lie
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between 434oC and 515oC, r,aith an average of 464oC. ,ås

the precision of the method is only I ¿OoC the variations

between these samples may not be significant, although

the distribution of temperature values does suggest a

possíble temperature gradient. The anonalously low value

for 105'-110' may be ln error, but four samples fron

elser,vhere in the mine also give 1ow values . lt i s re-

fevant to note that doubts have recently been expressed

as to the valÍdity of the pyrrhotite geothermometer,

{H,D.B. Wilson, personal communication).

^A,s the ore bodies have been metamorphosed sub-

seguent to their ernplacement (I'roese and lflhitmore, 1964),

it is reasonable to postulate temperature çiradient s at the

tine of their formation, with the highest temperatures at

the minerallzation centres (i.e. the chalcopyrlte peaks).
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PART 2.

GENBSIS OF THE ÛRE BODIES.
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Chapter I

GENERA,L

T}ie shapes of the cross sectional plots (part I
Chapt er 5) shor,¡ that the intensity of mineralization
grenerally decreases away from centres rn¡here shearing has

occurred. Therefore discussion of the grenesis may be

confined to magnnatic and metamorphic processes. T?Le

observed mineral dístribution and gieneral geology are
strongly opposed to fornatÍon of the deposits by early
magmatic differentiation. However, subseguent ínjection
of a previousLy segregnted sulphide liquid. Ís possible.

It appears that the processes nost likely to have

produced the ore bodies are hydrothermal activity, in-
jeotion of a sulphide me1t, or metamorphic differentía-
tion. fndependent evidence is inconclusive. The close
association of the ore lrith shear zones strongly suggests

that these zones have acted as channels supplying heat,
or material, or both. The temperature relations support
the view that heat has been supplÍed (part 1 Chapter 6),
and a granodÍorite batholith lying about one half - mile
east of the mine (8. L. Faulkner, 1964, personal coñtÍrunL -
cation) may have been the source of heat and/or fluids.
trtiaIl rock alteration of the ,"skarn- type occurs in the
southern ore zones, but is not extensive in the northern
deposits {Ê. L. Faulkner, 1964 op.clt.).
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By no means conclusive. this evidence does

suggest a hydro t hermal orÍgin for the deposits.

The following chapters v¡ill be based on the

assumption that the ore bodies r"¡ere formed from fluids
flow-ing along feeder chênnels and penetrating the country

rock. The fluid from which the ore bod:i.es crystallized
could have had any conposition betl¡een an essentially
anhydrous suLphide melt and a lower tenperature hydro-

ther¡ral fluid, where water is the dominant constÍtuent.
The nearby granodiorite batholÍth coul-d have exuded

hydrothermal fluids, but sulphide melts ô.re more tikely
to be associated with more basic i.ntrusions, v¡hich have

not been observed near the Coronatlon Mine. lilal1 rock
alteration, usually considered to be evidence of hydro-

ther¡nal activity (Bateman, 1959, p. 1.03) d.oes occur
(8. L. Fau1kner, 1964 op.cit. ) ¡ut is not so great as to
elininate the possibility of a sulphide melt. The ten-
peratures Índicated are more typical of hydrothernal

conditions than of sulphide liquids, whose temperatures

are considered to be higrher (c.f. Lindgren's (I9S3)

classification of mineral deposits ) .

lhe main controls of ninèral deposition in a

deposÍt of this t ype are 1) the chemi caL conrposition of
the fluid, 2) the temperature gradient s across the ore

bodies and 3) the method of penetratíon of the country
rockn
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The approach used in this thesis has been to

create a modeL representing the cornposition of the

fluid, based on gieneral greochemical principles, and

then to determine whether the observed rnineralogical

distribution can be derived through the action of

various physico-chemical mechanlsrns acting on the fluid
model. If a mechanísm can be found that ¡¡iIl produce a

mineralogical *istribution siurilar to that in the Corona-

tion Mine, ít is strong, if not conclusÍve evidence that
such a procesa ro¡as the ore-control mechanism, if the

assu:ued model was reasonably correct.
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Chapter 2

FLUÏD MODEL

The followíng discussion considers only agueous

fluíds, although in general, the sane princíples apply

to sulphide melts.

Data on the character of the ore forroing fJ.uid

has been grathered from a) observations j.n ore deposits

b) sa¡rplins of emissions from fumaroles and volcanic

vents, and c) fron theoretical studies. The acid or

alkaline nature of the mineralizing fluiC is controver-

sial (Graton, 1940 and DiscussÍon) but direct observa-

tions have demonstrated the existence of such molecules

as HCl, IIF,HZS, and other voLatiles togrether with netaLs

such as Fe, Sn, Pb, Cu, Zn in the emissions from fumaroles

(c.f. Bat enan 1959).

lLssumÍng a hydrothermal. origin, the properties of

the fluid model may be proposed.

ït is tentatively assumed that fluid that pro-

duced the ore bodies consisted largely of water,

HrS and IlCl, and comparatively mÍnor quantities

of iron, copper, and zinc in ionic form, the

ionic bal ance being maintained largely by halide

ions of røhich the gireater part was chLorid.e. 1

I - It is rel-evant to note that E. L. FauLkner (1963)

sugrg:ested a halide hydrothermal origln for the Cor-

onation ore bodies on independent evidence.

1)
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3)

4)

5)
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The amount of sphalerite in the mine ís not

large enough to t.reat on even a semí-quantitative

basis; hence it will not be considered here.

Small amount s of Cl2, 112, Q2, etc. must also be

present, as reguired by the Law of Mass Actíont

For example, for HCI,

êHz+ÈÇtz = HC1

In this case the eguilibrium constant K is given

by

LogrOK

where

K = (Hcl)

= 22.9792 at 25oC

---t---.1._ 

,
(Hìâ(ct:'z

represent s the degree of
dissociation of IIC1 .

Thus, the concentrations of H, and C12 w'i1l be

extremely small, but nevertheless finite.

ft is assr¡ned that by the tine the fluid reached

the position of the ore bodies, it r"¡as aLready

saturated with respect to all the ore mínerals.

It is assumed that only cavity filling has taken

place. Ihe occurrence of the ore bodies in shear

zones indicates th at openings in the rock, acting

as channelways, and therefore presumably filled
with fluid, vere operative in the formation of the
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ore bdy, and therefore substantial simple

cavity f iUingi may have occurred. Dilation
of the rock could have occurred, but evidence

is lacking. Tt is relevant to note that

But1er (1932) and Schraart z (1959) consider that
during wall rock alteration the later formed

minerals depend. essentially on the fLuid corn- .:1,,
'a, , '.,position. It seems probable, therefore, that

relatively small errors will resul-t from con-

slderingr the process as pure cavity fi ing.

It is appropriate at this point to consider the

physical condit ion of the "fluid". There ls nruch dis-

cussÍon in the literature as to whether the fluids leaving

a nearly crystallized plut on are liguid or g'aseous. Gill-
inghan (1948) has shown that steam possesses a neasurable

solvent po!ìrer, and that at sufficientty higù pressures

its solvent capa.city f or silica equals that of water. It 
, ,,,t,, .

seems that a practical dÍstinction does not exi.st between

liguids and gases under the conditions indicated for the . :

formation of the Coronation Mine deposits. ïn this
thesís the term sfluid" is used without prejudice as to

the actual physical condition of the fluid, and it will .. ,

be assumed that chernical reactions v¡-ill follow theír
norrLal courses, subJect to nodification by temperature

and pressure in either liquid or gas, and that physical
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processes such as ôiffusion will not be modified by

the state of the fl-uld. Thus, the fluid model proposed

is

,å. hydrcus halide hydrotherrnal solutíon

contaÍning copper and Íron, existing at

temperatures of approxirnat ely SOOoC,

and moderate pressures, moving through

channels in shear zones, and deposíting

ore minerals ín the cavities in these

shear zone s.
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Chapter 3

TEMPERA,TURE .A,S A, CONIROL OF ORE DEPOS]TTON

Based on the assunrptions made in the previous

section the formation of minerals from the fluid may be

represented þ the fotlowing set of eguations:

For pyrrhotite :

FeCl, + HrS + FeS + 2HCI +Â Hl ........1.
For pyrite:

FeCl, + ZHZS + CIZ + 3eS, + 4HC1 +A HZ ........2"
For magnetite:

3FeC1, + 4HZO + C12 - Fer0n + BHC1 + AHS .......3.
For chalcopyrite:

Cuclz + FeCl, + 2HrS =: CuFeS, + 4HC1 + A H4 ......4. I

The reactions for magnetit e and pyrite could have been

tritten in other ways, bringing in H, or A, instead of CIr.
fhe choice of CJ-, ís not arbitrary, but is made because the

1 - Eguation 4 shouLd be written
CuCl, + FeCl, + zHrS ; CuS + FeS + 4HC1 +Ä Hs

but data is not available for the heat of format ion of chalco-

pyrite. However the heat of reaction of CuS + FeS + CuFeS,

is probably negligible compa.red r¡ith "A Hn in this equation,

and values of K and -A H for chalcopyrite n¡i1l be only slightly
aff ected.
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concentrêtion of chlorine is likely to be higher than

the concentration of either hydrogen or oxygen, because

FlCl at high temperatures dissociates to a greater ex-

tent than does water. Hence CI, will exert the limiting
condition on the solubilities of these minerals. Io
determine the solubilities of the minerals the eguili-
brium constants, K, to Kn for equations 1 - 4 above are

regui red.

Ttre equillbrir¡m constants for the reactions may

be written: -

Kl - (Fes) (Hc1 )2

(Fec1r) (HrS)

r = 
(FeSo) (HCI)4

'"2

(H2s)z (crr) (Fe clr)

Ks - (Feron) (Hcl)B

tttro)A (crr) (Fecrr)3

- (CuFeS^) (HC1 )4*4= ¿

(euclZ) (FeClr) (iIzS)?

ïihere (FeC12) etc. are the concentrations (strictly, the
activities) of the components.
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From knoLm heats of for¡ration and equílibrium constants

for various substances, i.e. HrS, HCl, FeS etc. etc'

taken from the Chernical Rubber Pr¡l¡li shÍng Company ltrandbookl

the values of AH and K for the above reactíons at 25oC' may

be cornputed. These are shown in Table 3, below'

TABI,E 3

I{EATS OF RE.ACI]ON (A H) AND TQUILIBRÏUM

coNsrANrs FoR EQUÃÎÏONS 5 - I AT 25oC.

,AH (Kilo CaLories) loørOK

þrrhotite
Srrite
Magmet ite
Chalcopyrite

7.314

-83.312

-12.4r4

-16.112

* 5.234

-58.605

-36.54I

-53 "47 2

By applying the van't Hoff isochore it is possible

to derive the equilibrium constant at any qflven temperature'

providing that.AH ís known, and assumingr the latter does

not vary síçrnificantly with temperature (any variation in

.4. H is 1ike1y to be snrall conpared r^¡ith A H). Table 4

i.ists the values of K for the reactions given in eguations

5.,6.,7, and 8. for temperatures between 25oC. and 600oC.

1 Handbook of Chernistry and Physics, 43rd Edition.
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The formula used is:

losro þ¡!'1
¡!

- .AH

2. 303R

lhe effects of pressure have not been allowed for,
toihi ch may alter the results, but as variations and not ab-

solute values are being, considered, this onission r¿í11

probably not be sigmificant. lhese variations will pro-

bably not be large in any case.

TABLE 4

VÃI-.ïIBS OF Kl,Kz,Kg,K4 FOR TEIVIPERA,TURES

BETWEEN 25OC, .ß,ND 6OOOC.

Ternp. oC losloKl 1o%0Kz tonl'Kg 1og10K4

100

200

250

300

350

400

450

500

550

600

-5.234

-4. 155

-3.250

-2.927

- 2. 660

-2.434

-2.243

- 2.081

-1.938

-1.813

-1.699

-58.605

-70.887

-81"206

-84.904

-87.940

-90.503

-92.700

- 94. 530

- 96.17s

- 97. 590

-98,865

-36. s41 -53"472

-38.574 -55.883

-39.908 -57.909

-40"457 -58.630

-40.900 -59.227

-41.291 -59,73I

-41.652 -60.160

-41.890 -60.522

-42.I34 -60.840

-42.346 -61.119

-42,s38 -61.376
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Ihese values have been plotted and are shown in
Figr. 4 which shows the variation of K with temperature

for the various minerals. It is irunediately apparent

from the fiçnrre that large changes of K result from com-

paratívely snall changres of temperature, particularly Ín
the case of pyrite. For all mineraLs except pyrrhotite,
K rises with decreasing temperature i.e. more minerali-
zation occurs at lower tearperatures.

Ihe problen how becomes one of interpreting the
mineralogical distribution ín the ore bodíes in terms of
this tenperature sol-ubility data. It has been shown

earller (p.2¡ ) that there is evidence for the existence

of temperature gradient s across the ore bodies, with the

highest temperatures having ocgurred at or near the chal-
copyrite peaks. Let us examine the r¿ineral distributÍon
which would result frorr thè action of such a tenperature
grradi ent on the fluid nodel . the tenperature v¡il1 be

highest at the channel centre. .ã. certain amount of each

mineral will be in equilibrium with the fluid. Further
from the channel the temperature decreases. Fig. 4 shows

that for chaLcopyrite, pyrite and magnetite, K rises with
decreasing tenperature, í.e., more mÍneral should. deposlt
as the temperature decreases. Therefore the rock con-

centrations of these three minerals should rise further
away from the channel. For pyrrhotite, the opposite con-

dition occurs, and Íts concentration should. decrease away
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from the channeL. The concentrations of pyrite, naq-

netite and chalcopyrite would not contínue to rise in-
definitely, as ít is likely that the fluids did not

extend beyond the present ore body limits, and Ín any

event, the available material in solution w111 quickly

become exhausted. There should therefore be two opt imr:m

points for maxÍmum disposition of pyrite, maqnetite and

chalcopyrite, removed from the channel centre, and a

single maxj.mu¡r concentration for p,yrrhotite at the channel

centre,

Ilihen this expected distribution is conpared v¡ith

the observed mineraloçry it is evident that they do not

agree. llhereas the concentration curves of pyrite and

magmetite do sho¡.¡ a doubLe peak away fro¡n the channeL

centre, that of chalcopyrite has only a single, central
peak, and the concentration curve of pyrrhotite, instead
of having a si.ng1e, central peak, has a double peak similar
to pyrite. ft is apparent that the observed rnineralogy

cannot be explained on the basis of temperature changes

alone acting on the model, although t emperature may have

played an inportant role.
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Chapter 4

MODE OF PENETRA,TTON OF COUNTRY ROCK

.A,S A, CONIROL OF ORE DEPOS]TION

General

Material may penetrate a rock mass ln trn¡o essen-

tially different ways, flow and diffusion.

1) Pure flor,¡ of fluid involves the transfer of fLuid
in bulk, the composítion of the fluid reuraining

uniform. The rock mass wou1d be saturated wíth
the fluid, and the dominant directÍon of flow
would be parallel to that in the naín channel .

lhis situatíon v¡ou1d occur where a broad shear

øone existed, more permeable at the centre, less
permeable away from the centre, but still suffi-
ciently permeable to allow bul-k flow of fluid.
Fluld in the outer parts of the ore body r,rouLd

continually exchangie with fluíd on the inside.
A.s the shear zone j.s more permeable along the

main channel, fresh hot fl-uid would reach the

central zone more readily than the more remote

parts of the ore body. The waIl-rocks wiLl then

act as a heat-slnk, therefore there w111 be a

temperature gradient outward from the feeder

channel, and it is this variation in tenperature
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to which any mineralogical variatíons will
refer. The effects of tenrperature variations
have been considered in the previous section,
and will not be considered further.

2) The other nethod of transfer of material Ís
diffusion, where ions and molecules migrate

thr ough an irunobíle fluid, or rock nass, und.er

the influence of telrperature or compositional

grad:i. ent s .

.ê,Ithough the tr,,¡o processes are fundamentally diff-
erent, bulk transfer of material grades into transfer by
diffusion. Holser (7947 ) considers that metaso¡natic pro-
eesses may be classified on the basis of the size of open-

ings in the rock. He distinguishes four types of openings

1) supercapillary, 2) caplllary, 3) grain boundary, 4) in-
tralattice. He considers that flow through supercapillary
openingrs is probably the rnechanisrn by whích large guanti-
tles of replacing material reach the repÌacing front, This
corresponds to the massive flow described above. Capillary
openings will still permit the movement of fluids, although
the pattern of flow ¡,r¡i l-1 be ¡nodified by capillary action.
Ðiffusion of ions throuçù the fluid occupying the openings

in the rock rnay also occur. Diffusion experirnents by

Ðuffel (1937), sho¡¡ed that the rnetallic ions of the solute
lagged behind the sol-vent. These ions moved at the same



4t

rate that they would in diffusing through an already

saturated rock. Duffel points out that the solute
¡nust therefore penetrate the rock by diffusion through

the liguid that has already occupied the rock pores

ahead of the solute. Duffet postufated four causes for
the lagging of the solute; a difference in rate of
migration of acidic and basic portions of the solution,
chemical reaction with the wa11s, absorptíon on the walls,
and filtratíon by the rock. Holser disnisses the first
and last of these processes as being, for the first
unnecessary, and for the last inpossible. However, the

results obtained by Mackay (1946) and Ovchinnikov (1960)

indicate that filtration by the rock may play a consider-

able part in affecting the rates of migration of ions and

other pa.rticles.

Ovchinnikov (íbid) conducted experiments on the
interaction of basaLt with linestone, and deter¡nined the

relatÍve nobilities of several metal ions. Ihese ions
and their relatíve mobilities are griven belor"¡.

Relative

Mobility

OvchÍnnlkov (ibid) consÍders that the zonaÌ distribution
of various metals is probably groverned by the radius of
the hydrated ion, and the number and size of the -ultra-
pores" in the rocks through whích the infiltration of/4í¡Nrv'r$\

( lranrnv' )
\q!A,,qLl

KNaFeMqAlSi
85538731
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metal"s takes place. He considers that aé the radii
of anions, which predoninate ín ore forrning f1uíds,
are appreciably less than the radii of the most colnmon

cations, a "forestallinq wave- of acid components will
develop in front of the mineralizing' cations. This

"forestalling wave- ¡^¡oul-d be analogous to the effect
noted by Duffel, r,¡here the solvent penetrates the rock

ahead of the so lute.

Mackay (1946) likens the action of impermeable

rock barriers to the process of osrnosis, where a semf-

permeable membrane will allow the passagre of smaller

solvent molecuJ.es, but restrlcts the larger solute moleoules.

He considers such processes as filtration, osmosis and

differential ionlc migration to differ.only in the size

of pa.rticle involved and the size of pore or void con-

trolling each process. Mackay, trike Ovchinnikov, con-

siders the doninant cont¡o1 of tåe penetrability of ions

to be the size of the hydrated ion, and says that zoning

cen be gualitatively accounted for on this basis, although

he ad¡nit s that other physico- chemical conditj-ons must

also play a larqie pêrt in the fornation of any ore deposit.

The size of opening envisaged by Ovchinnikov and

Mackay is more comparable with the "grain boundaryo and

"intralatticeo types of opening of Holser. However, a

capilLary or sub-capillary opening could produce a

simiLar effect although the degree of ionic sepôration
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hrould be expected to be less perfect, as fluid f1ow,

althoìrgh restricted, is still possible through this
type of openingr.

Diffusion as a Míneralization Control

Ihe observed mineral distribution lrilI nor¿ be

compared with the distribution to be expected Íf diffu-
sion, as described above, has been the main controL of

¡nineralization at the Coronation Mine. Ttuo types of

fluid are considered; one essentially sulphidic, the

other essentialll' agueous. The controlling factor should

be the size of the ionic speci.es forming the minerals.

Temperature gradi ents v¡ilI also occlrr ín this type

of fluid transfer, but in this section the effect of ten-
perature is not considered.

(i) Sulphide Melts.

The mocie of occurrence of material in sulphide melts is
not well understood. The metaLs nay exist as simple ions ',,,.,.

in a sulphur rich liquid. A.lternatively they may occl¡r as ,,.t,,.,,,.

metal-anion complexes. Possible complex ions of this kind 
:t''

nÍght be:-

{crr2+sn)6-, {r"z+sn)6-, {F"S+ou)9-, tr.2+ou)10-, {F.2+su)10-. i.i:,i,

These íons are listed in order of estimated increasing size,
to be expected fron consideration of radius ratios, co-

ordínations and el.ectronegat ívities of the netal ions.
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ff these ions did exist and their penetrabilities were

deternined by their size, then the expected order of

minerals (fron the centre to the margiins of the ore-

zones) would be: -

Iron sulphides Maginetite Chal copyríte

Increasing distance frora channel centre 

-

In fact chalcopyrite occurs near the channel, and magne-

tite occurs the greatest distance from the channel (Part 1,

Chapter 5). Thus the e:rpected mineral distribution does

not correspond rn'ith the observed dist¡ibution.

If the metals occurred as simple ions in a sulphur

rich liguid the distribution should depend on the sizes of

the non-hydrated rnetal ions.

Values of ionic radií taken from l{ason (1958) are

giiven below: -
'I -L o

Cu* ' 0. 96^å,

q-!- OCu'' 0.72A
9-r- OFe'' O.74A,
Q-L OFe"' 0.644

lf the ions r,.¡ere solvated, f the order of size could well be

reversed as the ferric ion would tend to be solvated to a

1 - The term "solvated" is used here to mean the addition of

solvent molecules to the simple metal ions. The term is
anaLogtous to "hydrated" when applied to ions in an agueous

solvent.



45

greater degree than the copper ions. Ferric íron should

travel the qreatest and copper the least distance, es-

pecÍaIly if copper occurs as the monovalent ion. .Ê,t

first sight this agrees very weJ.l with the observed mineral

distribution, i.e.

Chalcopyrite ïron sulphides Magnet ite

Ðistance travelled from channel centre

O¡r further consideration, however, it appears that theo-

retically, the concentration of all the minerals should

decrease away from the channel. Ttre ferric iron should

travel furthest and therefore the slope of maçmet ite
concentration should s iarply be least steep. The copper

ion should travel the least distance, and therefore the

slope of the chalcopyrite concentratlon should be the

steepest. However, the maximu.m concentration of each

mineral should be at the channel centre. In fact the

concentrations of iron sulphides and magmetite rise to
a peak at some dlstance from the channel centre, and then

decrease. This should not occur if the mechanisn 1s as

proposed in this latter hypothesis.

It appears in sr:m that a sulphide melt could not

have produced the observed mÍneral distribution by the

action of diffusion aloneo
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(ii) HydrotlLermal Fluids.

If the fluid which deposited the ore minerals was pre-

domÍnantly agueous, it is possible thai some, if not

all, of the ions were hydrated, Values for the hyd¡ated

ioníc radii of various elements are taken from Ovchinnikov

(1960), and Szadecky-Kardoss (1958), guoted in Ovchinnikov,

and are qri ven in Table 5.

TA,BLE 5

T{YDRA.TED ]ONÏC R,{DTI .åCCORDTNG

ro

OVCHTNNTKOV (1960} å,ND Så1IDECKY-KAF,DOSS (1958},

Hydrat ed lon
Ionic

Ovchínnikov
Radlus (Ängstroms )

Szadecky-Kardos s

s2-

oÁ-

9-L
¿rE

^--2+{,Ll

^2+TE

a-L
TE

3.4

3.3 5

3:s

3.9

2.8

3.1

eq

oq

OE

4.3
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.Although differences in size are smalI, Cuz+

ís definitely smaller than Fe3+, and S2- srraller than

02-. If the size of the hydrated ion is the factor

controlling the penetrability of a given metal as con-

sÍdered by Ovchínnikov and Mackay, then chalcopyrite

should occur at least as far away fronr the channel as

nagmetite. In fact it does not. Therefore the size of

the hyd¡ated ion cannot be the only or even the dominant

control of deposition. It remains possible, however,

that the minerals have been transported as ions, hydrated

or other¡'vise, if some different process to that considered

above hês þeen Íesponsible for the deposition.

.A,ttenuatÍon and its Effect on Ore Deposition

In this section, the concept of diffusion as pre-

sented by Mackay (1946) end OvchinnÍkov (1960) is re-
examined. Ã.1though filtration undoubtedly can give rise
to fluid inhonrogeneity, other factors are probably opera-

tÍve a1so.

(1) Graham's Lâw states that the rate of g'aseous

diffusion through an orifice Ís a function of the j.nverse

sguare root of the molecuLar wei ght of the gas diffusing;
this effect is expressed by a separation of ionic species

of different molecuLar weights drring diffusion, r,¡i thout

regrard to any filtrating mechanism. It is this effect
which is utilized in the large scale separation of uranium

isotopes by gaseous diffusion.
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Q, Mackay and OvchÍnnikov (ibid) have con-

sidered only the filtrating action of rock masses.

Under sufficiently high pressures in rock opening.s con-

taining fluid the molecules of soLvent will be very close

together. Such closeness could very well obstruct the

passage of solute particles, and give rise to a filtra-
ting effect without the presence of a rock mass containing

"ultrapores". During filtration it is likely that the
control of penetrability will be the cross sectional area

of the particle rather than its radius; that is, the
penetrability will depend inversely on the product e1Æ
where s is the molecular radius and M the molecular weight.

"An approxinate chemical derivation is given in
.fl,ppendix I which support s the valÍdity of the function
o 1Æ u" a control of penetrabÍlity. It appears that the
very approximate treatrnent qiven in,ð,ppendix J does

support the sorner^¡hat intuitional concept described dbove.

The expression e 7rÑ i" here termed the oattenua-

tion coefficient-, Ä. It is a measure of the effects due

to both filtration and Graha¡n's Lar¡. Thus, the partíal
pressures or concentrationE of the various particle species

should decrease exponentially away frorn the feeder channel

accordingr to the eguat ion

log (a*) = 1og (ao) - c..6,.x, ....9.

where C j.s a constant common to all species, (ao) and (a*)
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are the activíties of the particle species concerned

at the feeder channel, and at a distance x from the

channel, and n G e?"ß) is the attenuation coefficient
of the particle with molecular weigrht M, and radius cr.
The eguation states that the concentration of a given

species decreases exponentially away from the feeder

channel at a ratè that depends on its attenuation co-

efficient.

Values for o¿, M, and ozfi fo, the various pa.r-

ticles are gÍven in lable 6. If arbitrary vaLues for
(ao) (the effective concentration at the channel centre)
and x (a distance from the channel centre) are assigmed,

the retative slopes of the graphs of 1og (a*) against x
of the various specles are given by -.{ ç,= - o?rtù.

By reaili-ng off from Table 6 values for the various
particles at arbitrary *j_stances from the channel centres,
and insertinq these values in eguations S to g, the rela-
tive changes j-n concentration of the ore mineraLs with
distance can be deduced. (It has been assumed. in the
calculations up to this point that the eguilibrium constant

'K' does not changre v¡ith distance or temperature).

.ã, convenient method of determining whether the
concentration of a gj.ven ore mineral increases or decreases

away from the channeÌ is to sum algebraically the values of
log (am), where (a*) is the activity of a pa.rticle species

m, e.g:., for pyrrhotite: -
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T.ã,BIJ 6

VALUES FOR M, o-, .å.ND ^å. FOR VÃRTOUS PÃRTICLES

Part ícle A, = a ",/ltl

H2

HC1

Hza

Hzs

crz
q -t-

col+
9 -r-

-3+-re

"o2+ 
hydrated

Fe'' &

F.3+ *

o¿-

s2-

a2- hydrated

s2- þ

cl-

2.02

36.5

18. 01

34.07

71.00

63, 54

63. 54

55.8s

55.85

81, 55

73. B6

73,86

16.00

32.01

34.01

50.08

35.50

0. B0

1. 98

1.32

2.48

3.96

0.7 2

0. 96

0.74

0. 64

3.5

3.5

4.3

t. 40

1. B4

3.1

2.8

1. B1

H2O)

0.90

23.65

7 .38

25.24

131.96

6. 51

7.34

5.54

3.06

110 .701

105.201(156.7 v¡ith 6 mots.

158.701

7.89

19.16

56. 001

55 .421

19.53

L - values for o. from Szadecky-Kardoss. Values for M assurningr
I molecule H^O.I
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Kl = (Po) (Ilcl)2

(Hrs) (Feclr)

(Po) = Kr(Iì2s) (Feclr)

(HCl) 2

los (Po) = 1os K, + los (HrS) + los (FeCIZ't - 2los (HC])

i. e. log (Po)x
=rirc* [t r' I r-,t*rs + ( JÆlrec L, - z ( a zJñ]Hc{ . . . . r0 o

(Po)o

ì:i .] 'tdhere (Po)*, (Po)o are the rock concentrations of pyrrlLotite at : . :'

distance x from the channel, and at the ctlannel, and

toz{UiiUrS......are the attenuation coefficíents of HrS etc.

rf {(o zJî}ars ¡ =l* Ís positive, tþgl, los (Po) decreases
v-ith increase of x.

rf {(cr zJîttnrs } ={A is nesative, tþgl los (po} increases :

with increase of x.
ïhere{A is the sum of the attenuation coefflcLents of the

chernical species f rom which the pyrrhotite forrns. 
. .. ,, t:

It should be noted that the transport of an ion is ,, 
,," , 

'

grove rned not only by its attenuation coefficient, but also ,,.,, ,

by the reguirement s of electrical neutrality, For instance

ln the case of FeC12, the FeZ+ has Ã = 5.54, whereas C1- has

A : 19.53. the actual concentration of FeCl, rrill be some- ,. ..i

,'*here between these two values, as the r,.2+ *i11 tend to
drag along C1- ions, and the CI- ions will tend to hoLd. back

the Fe2* ions, fn actual fact, the system has to be consLd-

ered as a rrhore, all the íons interactl.ng upon each other. 
_i,,r,,
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The value of .â. for FeCl, wíll probably lie nruch closer

to the Cl- val-ue than that of the F"2+, as it will be

easier to "ho1d back" a snall ion than to "dragr along-

a largre one. For the sake of simplicity it is assumed

that the values for all the metal ions are in fact those

for Cl-, Thís does not affect the folfowing discussion.

Values of {Ä fcr the various minerals are tabulated

below, Table 7.

I

IÄBLE 7

VA,LUES OF {Ã TCR T}iE ORE M]I{ERÄL6

T'OR UN¡iYDRA.TED METAI ÏONS

Mineral án

f;yrrhotite
Pyrite

Chal copyri te

Magnet ite

-2.53

+I07 .37

- 5,06

+ 30,87

These values show that the rock concentrations of
pyrrhotite and chalcopyrite should inc¡ease with distance

from the centres of mineralízation and pyrite and magnetite

should decrease. This does not correspond with the ob-

served mineralogy. fn constructÍng Table 7, however, it
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was assumed that the metal ions were not hydrated;
.4, simil-ar table has been constructed assuming the metal
ions to have been hydrated, Table B. The actual number

òf water molecuLes attached to each ion does not greatly
affect the resuLt (as shown by Fe2+ in Tabte 6); The

values of M (molecular weight) used are those for the
monohydrates. Parenthet ically, the chloride ion will
now be retarded þ the metal ion.

TABLE 8

VS,LIIES OF {,C, FOR TTTE ORE MTNERÂLS

FOR HYDRA,TED META¡ TONS

Mineral <A

Pyrrhotite + Bg.l4
Pyrite +19g.04

Chalcopyrite +ITI.T8
Maçrnetite +287,BB

For the hydrated cêse, alr the ninerals shourd decrease r¡ith
lncreasing distance from a centre, l¡hich is also inconsistent
with the observed mineralogy. ft appears, ín sum, that the
action of diffusion or attenuation aj_one cannot produce the
observed mineralogy.
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Chapter 5

ÃfTENUATTON ANp TEMPER.A,TURE 4Ët

CONTROLS OF CRE DEPOSTÎION

In this chapter attenuation and changes in
eguilibriuar constant with temperature are considered

jointly and a more satisfactory result is obtained.

Unfortuna.tely, at thís stage K, the equilíbriun
constant, cannot be plotted on the same scale as x,

d:istance, or Ã, the attenuaticn coefficient, to obtain

meaningful results. .ã,sí de from all the unknowns Ín the

constant C ín the formula

log (ax) = los (ao) - co .TÑ.x ,(Esuation 9),

the absolute va.Lues of (ao) and the range of x are also

unknown.

Changes in T will also change the attenuation co-

efficient, but the proportional change for each particle
species r¡ill be the sarne. Therefore the change in -å

occasioned by change in teraperature can be conpensated

for graphically by changing the shape of the curve of K.

A hypothetical case is considered w:ith the reaction
concerned being

"$,+B = C + Ð, vrhere Ã. + B represent two ore

forning components and C + D represent an ore-mÍneral and

a co-existing dissolved component.
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Therefore
w'¡:

If (C) is the unknown concentration then:

1os (C) = los K + log (Ã) + los (B) - los (D)

l.s 
{85= 

k los K * %-z'fi'tÂ * ouz,Ñ, - oDz$iD .... rt.

Fig. 5 shows the chançtes in concentration of components å,

B and D from the channel ou-tward, due to attenuation. The

ordinate represents the concentrations of the various com-

ponents, the abscissa, x, the distance from the cha¡neI.

The slope of the lines 1og (A), los (B) and los (¡) corres-

pond wíth the attenuation coefflcients of :-

for -ã., tr.z+ {hydr.ted); for B, HrS; for D, 2HC1.

The eguilibrium constant K is also shown. 1h.e re-

sulting concentration of C is obtaíned by suruning the

values of the other variables algebraically according to
Eguation 11 . TtLi s diagram thus shows the change Ín con-

centration of C (an ore mineral), resulting from the action

of attenuation and temperature gradient s on the fluid
no<ieI .

ft is apparent that the concentration of C de-

creases from the channel to a ninimum, and then increases.

ltre initial concentrations of A, B and D, and the value of
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K determine where the position of the channel Ìies on

Fiq. 5. If the channel lies to the right of the mini-

mum concentration of C, e.9., at Ã-.ã', then the ¡nineral

will decrease i-n concentration fron the channel out¡¡rard.

lf the channel l-ies to the left of the minimum, e.9., at

B-8, then the mineral will increase in concentration

from the channel outr"¡ard. (The rapid rise farther from

the channel ¡¡i1l not continue indefinitely, for upon

deposition, a point will be reached where the amount of

metal ion becorRes too lov¡ to produce mineraLization).

Thus we have a :nechanism which explaíns the rnain

features of the ore bodies, i.e,, 1) The occurrence of

chalcopyrite ín single concentration peaks, and the simul-

taneous occurrence of pyrrhotite and pyrite as doubLe

concentration peaks, and 2) The separation of the mínerals

into copper rich and iron rich assenblages.

Such deviations as occur from this ideal mineral-

ogícaI distribution are to be expected as a result of
later metamorphism and inhomogeneities in the temperature

gradíent, permeability, etc,
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Chapter 6

CONCLUSTONS

ïndependent evidence suggest s that the CoronatÍon
of hvtìr otherna I oriEin

Míne ore bodíes arê magnaËå€, altliough recrystall i zation

may have occurred due to later metamorphisrn. The ob-

served mineral distribution can be well explained by the

action of ternperature qradients and attenuation on a

halide hydrothermal fluid. Ãlthough other fluids nay

also have produced the deposits, thermodynanic data are

lacking, for such fluÍds.

.ã,lthough the evidence is not conclusive, it is
considered that these mechanisms warrant consideration

as an ore controL.

The writer believes that these resul-ts justify
further investigations into this type of mineralizatÍon

control-. Experimental and theoretical approaches, to-
gether r,¡ith more data on the chemical and physical pro-

perties of systems at high temperatures and pressures,

could r¿ell shed much light on the probl ems associated

with base metal deposits of this type.
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A,PPEND]CES
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fr.PlEl{DIX r

DERIVÄTION CF Tm ð.TtEtr'u¡.TIoN COEFFICIEM

The derívation that follows is based on equatíons

describíng the rigid sphere rnodel of the klnetic theory

of gases. For the sake of slmplícity a fluid containlng

only one species of particle is selected. fn nature,

the various particle species ¡¡ill interfere with each

other, but the resul-ts should st1ll apply in a gualita-

tl.ve manner. Hirschfelder et. al . (1954, p.14) state

that the coefficient of self-èiffusion D, ís numerically

egual to¡ 
^ r-;-

D = 2.6280 x 1o -sui1s ¡u "*27"."_-_õ-
F,o- 

o

¡,¡here T = absolute temperature, p = prêssure in atmospheres,

e,= molecular dianeter in .H.ngistroms, M = molecular welght.

This coeffícient ís a measure of the flux across some ar-

bltrary interface ln the fluid.

Now the flux 7, i.e' the number of ¡nolecules passíng

throug,h a given area in unit time is defined by:

Y = -D dn where n = nu¡nber of nolecules and

&
z = distance,

This nay be rewritten dn = -Y
*;
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For steady conditions, for any one molecular or ionic

species, and in the case of a linear source channeL

feeding the rock around it with no deposition, the amount

of flux passing a given point will be constant, regard-

less of its distanie from the feeder channel.

dn=-k
-dz -D

r.-î-Now D = k' ./ T"lM"--'2
pd

At constant volume and temperature, n the number of

rnolecules = kl p v¡here p is the prêssure,

dp = -K po.2-+.AÈ

l--d--
'/T" /M

gP = -K o'2 du

"6tM
Integrat ing

fPy.
/ 

'dp = (tn plFÞx = -Kø 2 (r) z=x-

I P 
"=t' 

î \4' z=Ô

)no' 
P-Po 

=JT"/M

ln p-- -Ko'Zx

% ..,F/M

Px = Po exP' -Kdz

16î/M
rx ........9.
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whi ch states that the pressure Cecreases exponentially

from its value at the feeder channel . This formula

applies to the case where only one molecular species

is present, and takes no account of filtration by the

rock, or of the porosity and permeability. No allow-

ance has been made for loss of pressure due to hydraullc

f1ow, or for non steady state conditions.

^åpart frorn these assumptions, those made belov¡ are

that no loss occurs due to deposition, and that the

temperature is constant. (.å.lthough the temperature may

vary, r¡¡e are here concerned with the diffusion effect
alone, taking no account of temperature changres). How-

ever, the time taken for deposition is probably long

enough that the amount deposited was neg,ligible compared

with the arnount transported and in solution at any one

placè. If these assunptions be granted, then several

deductions can be made. The varying factors between the

different chenrical specíes present are g end M. thus

we may write eguation 9.

^ -Cs' J*.*, where C is a constant conmonþ =De

to all particle species.

i.e. los p- = loq p- - Cøzu/l|*.- *Ò ......10.

Substituting êctivitíes for pressures.

los (ax) : log (ao) - cn2 Jfr..x. ...,11,
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lhis formula g'ives the activity of a particle
species of weight M and particle radíus s. at a

distance x from a source channel where the activity of

the particle is (ao). The activity decreases e¡(ponen-

tially, the rate of decrease at constant temperature

depending on the product -W . This product is here

termed the Attenuation Coefficient, .4..

qFÃ = o-'JNt.
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.A.PPENDÏN 2

T.q.BULAT]ON OF RESULTS

The follot¡ing lists the volumetric percentages of

chalcopyrite, pyrite, pyrrhotite, sphalerite and nagnetfte.

.4,11 other minerals present are 1ísted as silicates. The

concentrations ð.re given in two ways a) volurne f. of the

rock and b) volune 7. of ore minerals.

The term "grade" as used in this thesis, refers to
the total percentage of ore mínerals, i.e. the sum of the

concentrations of chalcopyrite, pyrite, pyrrh-otite, sphal-

erite a¡d maçmetite, and is therefore obtained by sub-

tracting the 7. of silicates frorn l-007..

In this thesis all concentrations are expressed as

volume percentag,es unless expressly stated otherwlse.
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