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ABSTRACT

Kerr Addlson, a ma1or Archean lode qold déposit of the

Abitibi Belt, with a production of 10 X 106 2z Au. (up to

' 1983), it localized in a zone of talc- carbona e and

“—

'are in turn divideéd into alteration typesy based on the

chlorite- carbonate rocks, immediately south off a reqional'

-

structural break the Kirkland Lake Larder Lake Fault Zone

(KLFZ). Relict volcanic textures and the rati s of

calcium, which produced a great variety of minetal e

assemblages. * These assemblaqes are classified intd:\a)

metamorphic assemblaqes}-b) an initia; stageiof-aiter tion;

and c) ‘advanced stage of altera}ion. . The alferatﬁon Q ages

presence of certain dlLagnostitc minerals.ﬂ

Alteration types of the imitial stage contaip chlortte

which is replaced by muscovite or -albite in the amvanced

staqe of altera;lon. The proportion of carbonate minerals

~also become augmented in this process; Numetous'genera-

l
o ) . ‘B, . | .
tions of cross-cutting veins are enveloped by altkratfen

-

»

borders in ,which the seqaenZe,of the Al-bearing mﬁne;als,

o SRS £ . -
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namely albite, muscovite and-bhlorite‘develop from the- vein

to the wall rocks always in the same sequence. The same
. - N
sequence .is observed at a larger scale from the ore zone to

he periphery of thﬁ,miﬂ? area.‘

e
S
..

Oxygen'jsotope-data indicate fairly constant tempera-

ures (2700;300°C), and.isotopic composition of hydro-.

thermal fluids (6180’; 50106) across the aLteration zonino.’

'\ ~0The‘intensity of aiteratfon can “be nonitored by
: :
"%atUration indices" COZ/(Ca+Fe+Mg) for carbonates, and

(ﬂd+Na), 3K/A1 and Na/Al.for muscovite + albite, muscovite'
an,

|
averaqes of these indices across the 3850' level of the

albite respectively (molar ratios) Plots of moving

mine reveals a remarkable corresponden e to varlations of

gold abundancé,.sugqesting a qenetic relatlonship of ‘gold

» o ool
i

enrichnfht to hydrothermal alteratlon.. On a broad 5ca1e,

e
-

..

gold is' concentrated to qns south of the- KLFZ and at a

more detaliled scdle in the transition zone bet;een
carbonate muscovite and carbonate albite alteration types.‘
The enrichment of gold at one side of the fault zone 1is
interpreted as the result of development of a metasomatlc :

Ly

zoning induced by gradients in oxidation state,“he metal

\ 4

being concentrated 4n - the reducing side. Zonation of »

.
. . a - e

alteration types south of the KLFZ is negarded as repre-

s .

sentihg various steps o# a continu0us process of L X

' N

incremental changes of the rocks 5o adapt to the compo-'

sitgpn of an externally genenated fluld, whllst in turn,

. [ -: iV ’ "“‘.-,/

~~




have the same.aiteration patterns and thus\the composition‘

‘essentialiy unchanged throuqh time.

“albite a%teration types. -

the infiitrating fluid evolves vid lpcal reaction nith

rocks. Successiye generations of fracture arrays: and veins s

*

- . e

ofwthe,incoming hydrothermal fluid seems.to have remained °

Gold mineralization at the Kerr- Addison mine and its

contiguous alteration haio are interpreted as the result of
. " N ° \ i

repeated’cycLes of, fracturing, fluid:oenetration and local

reaction with rock~ Fluid- rock iwteraction produced

lateral vdliations of fluid composition which led .to gold .

'concentration, probably due’ to gradients An pH in the

-
»

interface between the carbonate-muscovite and carbonate-'

L]
i
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CHAPTER 1
INTRODUCTION
.« -

-

1.1 Statemeént of the problem

S It is widely accepted that Archean "lode gold
A deposits"* are derived from the flow of large volumes of .
\ hydrothermal solutions, with gold precipltating in vein .

3

condu;ts, or. on the sea floor upon cooling and/lor mixing
’ . witﬁ‘seé water. The.requirements for the successful forma-
‘ fiqn-of‘a hydrothermal depoélt (Fyfe and Henley, 1973;
Elder, 1976; Spooner, 1976) can be summariéed as follows:
1) an adequate supply of water; Zi'source rocks from which

T “metals can be extracted; 3) an energy source to move the

flaids; &) focused fluid discharge; 5) a mechanlsm of

. *A lode gold deposit i1s here .understood to convey the mean-

‘ ing of any.gold deposit in which gold is the principal
economic metal recovered exclusive of placer and paleo—'
placer concentrations. ; :

v

« rewwm
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producing iocaliied and selective-orecipitati?n of the
valuable metal. . C -

~ It has been shown that large scele heat and fluid;l
transporf occur in geological situations such & -cooling of’
igneous bodies (Lister, 1974; Norton and'Knight, 1977),

and the dehydration of rocks during metamorphism (Fyfe et
al., 1978, Chapter 4). Experimental data on the reaction
of hot woter with rooks (Hajash; 197%: Bischoff and
Dickson, 1975) suggest that metals can he extrected’from

rocks with low primary concentsation. - Studies of heat flow
» d

"indicate that the thermal gradient in many geoiogic
'situations favors focused discharge of fluids (Strauss. and
Schubert, 1977; Ribando et al., 1976) With.the intense

interest in the various aspects of hydrothermai'systems
. a : a ‘ v
over the'past debadeaiit is now aﬁparent that ‘large scale
AY

flow of hot’ fluid has a major role in crustal evolution and \ .

the formation oflmineral deposits~(Fyfe and Lonsdale, 1981,

-

Mutchinsosr, et al., 1980). .

L ~ \

) Recent studies of minerol deoosits haye confirmed~that

they are part of fossil hydrothermal systems., Observation ™
» * ’
of _an increasing number of active and fossil hydrothermai

-~

sites, however, show that ‘the’ majority have a conspicuous

1ack of significant concentrations of 0re minerals. These

L

observations together emphasises the importance of a

mechanism to promote  locallzed and selective precipitation

of a metal to form an ‘economic deposit.
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- Surprisingly, in the particular case of Archean. lode
gold deposits, relatively less attention has been paid to .,
" the mechanism of selective metal precipifation. It has_ PR
o been.suggested that gold th precipitated upon mixfnc with - 2

-

®sea water, cooling along conduits, boiling of solution or.

- ' -
reaction of the solution with wall rocks, but very few

studies are dedicated specifically to the trapping

mechanism.
T Drjlldng and underground access for mining operations
provide the.oppqrtpnity for direct ohservation oﬁ;the metal

depositfon site. Many Archean gold deposits are squounded

A

K by ‘a large alteratlon halo produced by the actidn'of hydro-

thermal fluids on the wall rocks. The study of such

Ve

alteration halos can therefore ptovide insight into the

_conditions of the metal precipitation. - e

‘ From~the above considerations this thes’s addresses
some aspects of. the proble;s concerned with the conditions
-fof gold precipirétion in Archean lode deoosits, tdkipg as;a'
particuiar exemple the relationship berween hydrdthermai ‘
.alteration of wall rocks and gold concentration in a major o

gold producer of the Archean Abitibi Belt. The Kerr..

x "'Addison mine:mas chosen considering the conspicuod;.hydro-' !
thermai alterationfof the rochs in‘éhe'mine area and the '
reiatively we;l known geology. -

Previous'workers on the Kerr-Addison mine and
surrounding area have provided a'Sodnd geblogic data oase

« -3

r®
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- allowing this study to concentrate on the' altetration . .
, . ‘
. . ! \

processes. As a setting to the problem 3 brlef review of .

[ ] l ]

"N the geochemistry of gold and previous geoloqical work 1n

the ar?a are_presented (Chapters 2 and 3). The presedt . ' \
geochemical study. commences with a discussion of the compo- = |
sition of the altered rocks and their. possible Precursors ' \

- in Chapter 4, followed by descriptions of the mineralogy v
o -

and geochemistry .of different alteratipn types (Chapters 5,

and 6). In the fiqal-chapters (7, 8, 9) the data are

collectively interpreted, with'some_speculation on th&

nature of the fluids .involyed and the.possible role of the

-~

. fluid-rock interaction as a control ofegold mineraliza- s

fipns.
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CHAPTER 2
- w  GOLD TRANSPORT AND DEPOSITION ~ \ |
; . . \
o, - . |
2.1 Introduction-A -

.

It has been suggested that qold can be transported in
hydrothermal systems as Cl S, As, Te, Sb, Br or I bearing
complexes. More recently carbonyl has been considered a

possible liqand in hydrothermal systems (Kerrich and Fyfe,

4981, Hutchinsbn and Burlington, 1984) However the few

available theoretical and experimental studies are Iargelyr

-*

concerhed uith the solubllity of gold in alkali chloride or’

-
.

alkali sulfide solutions.

L 4

e HeLgeagE gnd -Garrels (1968) using theoretical and

"q%ological“‘parameters estimated the qold content of a
mineralizinq hydrethermal fluld to be between 10-3 and 10 -2
ppm. They assumed an idealizeﬁrquartz‘Vein with 10 ppm.Au
uﬁere quartz, pyrite and qold have precipitate& upon cool-

ing from 3000 to ZOOOC "In this case 'the hineralized vein



saturated solution:.

accé%siblq an

., »

is enriched in’ gold by a factor 9f-10§vrelatime ‘to {Pe‘;:'-g

. . v
) . .
-
B .
- . . '™

Hydrothermal fiuids at high temperEtures'are rarely

the only available samples come from active
“ L , ’ . ¢ .

‘and-wells with temperatures of up to

geothermal spring

BDOBC The gold cont'nt in qeothermal waters is low, on .

the order of 10‘5 ppm ( elssberg et al., 1979) Neverthe;

“ less. precipitates with dn excess of 50 ppm have, been .

Tecorded in Hroadland Waiotapu Rotokaua and Kawerau in

. New ZeaIand and Steamboat Sprinqs in

" efficient concentration mechenlsm and a very

’of solution must be ‘involved in the formation o

105 iimes larger than the ore body (Fyfe. and Kerrich,

evada (Weiseberqy

' 1969; Welssberg et al., 1979; Seward, 198&4). Thi%

spectacular enrichment of 107 times indicatks that an
arqq-volpme

economic

" deposits. ' L.

Fyfe and Kerrich (1984) estimated -that the minimum
fluld volume involved in the genesis of a'jgold deposit is:
103 times larger than the volume of the oﬁehbddy. If no

pfe-enricﬁed source rocks are available, such a fiuid

volume has to collect.gold from a volume of rocks at: least °

1984). o e oot .
ﬂ} As commented on abode, large ;cale'heat_Ena fluid"_‘

transport occur in various geolpggcal situations.. -~ = - . "

¢ ' . '’ .ot - ! L

Meehaniems of gold extraction from rocks and the geherafioﬁ*

of gold-bearing solutions have been discussed by many




authors (Fyfe-aﬁduHenley, 1973; Kerrich and Fryer, 1979,

L

-

1981; Kerrich et aff, 1981; Fyfe and Kerrich 193#,-Keays,'
R

:1984).  There is no general agreement on the subjeet and

the various.hypotheses involve circulationsg# meteoric or

.sea water, diaqenesis, metamorphfz dehydration; magmatic'

fluids on even mantle de4?551nq.\ It is not the ihtention
\

‘of the author .to present” a detailed review of ;he contro:

L ¢ LR

ver51es 1nvolving the generatxon of the solutlons. It is

here assumed that the fluid_and metal are avairable,; '

leaving this thesis study to concentrata on the mechanisms'
. < ; . .
of metal precipitatlon and enrichment»of rocks. To parag

ephrase Fyfe-and Kerrich (1984) "the 'fact is that_metal'is

® ' LS -
transported" St e : .

n order to provjde a framework for discussin

A}

P

possible mechanisms of. gold pnecipitationvfrom hydrothérmal

] - | *

fluids, a brief review of the’ available data on golQ“

a
-

solubilitiES ls presented below. 3 ‘,

. e
. -
.
-~ LY
s .

2.2 Solubility of gold - ' ; L

quyzlo (1935) has shown, éhat goTd 1s soluble:in_:

. alkali chloride and sodium bisulfide solutioas at elevated
. S [

. 4 i
temgeratures. He found that up to 3000C theJSOlubility of"

.qold chlor{de increases with. increasing temperature

cOnoentration of c1, acidity ‘artd avallability of o ygen.

’

P
-

-

P . . ~ 4
. . P
. . . * s

. . v .
° d
e s .
-
y .

~
s
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e, . solution., Since the early expeiiments of Ogryzlo (1935)
the controversies intolvinq'those authors favorino gold

égansport in acidic solutions (gold chlorides) and those

favorinq neutral to alkalic solutions (gold- sulphide . .

-

complexes) have not yet reached a dbnsénsus.

- . . . .-
r

.“.r-' . " . "- ' ) ' & ‘ ’ ~ . )
“ 2.2.1 Cold chroridé i A R

'.‘: - - ‘- $ 4
The' only ma1or study on “the soluhlllty of qold at hiqh
ho * L . ' ' *

temperatures in. fhloride sdlutians i% that of Henley (197L)
\ e -
. Ll \
‘who measured. the solubilities from 3000 to 500°¢C, at 1 and ¥

-

2 kb in solutions of 1 and 20 m KCL These experimeni‘ were
buffered byra K feldspar+muscovite+quartz asﬁémblaqe in the

. : “presence .of hematite+magnet1te.~ Henley (19J1) found .

s . . .

solubilities of 10 to S0 ppm up to 400°C and solubilities

‘!h\excess of 1000 pnm abo»evkﬁooc TheApoor reproducih}l—

- Lty of the results was attributed by- Henley (1911 ©1973). to

s i '
the uncertainty of the temperature determ;nations. He
»

- . concluded that there is a near exponential increase in .the

’
.
L4

sotubility of gold at temperature'qreater than 4500C. . 2
Various bther studles on the solubilities of .gold
- 'chlorides show contpadictory results. Anderson and, Burnham = 7
(1967) and Glyuk and Khlebnikova (1982) found levels of ' .
: gold solubility in NaCl and KCl solutions stmiiar “to those '~
reported by HenlIey (1971). ‘Howevet‘Andereen'and Burnham .

L (1967) performed‘their‘experiments'thhoutVsolid buffers,

where'as Glyuk and Khldbnikova (1982) utilized feldspar-
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mica-quartz buffer a;semblage‘(éranLtie ppwder) but no fO0)
buffer. Similar results in putfered and'unbuffefed experi-
ments are unexpected’and difficultto reconcile, but these
results inéicate that ths solubility'of _gold, chlorige is
apparently unaffected by echanges in pH or fOZ

“In contrast Rytupa and Dickson (1977), who measured

the solubility of‘'gold- in 1 m NaCl solution in equiiibrium”

. ‘k'u':.
with pyrite'and pyrrhotite up to 5000C and 1 Kb, foumrd a ’

significantly.koher solubility than the experiments repeort-

4 »

ed'aﬁov - At 4500C, gold goncentrations were less than .

0. 15 ppm, and 51 5000C they‘were around 1.5 ppm, . These

data when compared to the hiqh concenbrations found by

_Henley (1971) seem to indicate that f0,. and pH do have a

pronounced influence on the solubility of gold.-

L - -

Anather question concerning gold tranqurt as chloride

complexes is that of stoichiometry. With fen eXceptions

-

(e.qg. Krauskopf 1951) most authors ,agree that up to 4000C
the dominant species- in ‘a qold chlortide solution are ionic

aurousrchloride‘such as AuCl)p (Helqelson'and Garrels,

. 1968; Henley, 1971, 1973; Fyfe and Henley, 1973; Seward,

1982). .However, the measured qold'solubilities above 4500C

,}Heniey, 1973). are. several orders’ of* maqnitude higher than

those calculated by Helgeson and Garrels (1968) assuming

pre@pminance of AuCl2. Hénley (4971)u§uqqe§ted.that the

* " high solubility is due to stabilization of sbmh molecular

species involving Aq3¢~' ' .v~'
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~Aut and.Au3+ (Puddephatt 1978) At high temperatures (up

- // to 400°C) under moderately oxidizinq conditions (hematite-.

v/

;» magnetite buffer) and pH &,

f/;ith ipcreasing saiinity. In additioh to;thé buf fefed

s

ible“in comparison to that of Aut*, and the activity ratio

v -

Au3+/Au+ decreases with increasing. temperature (Helgeson,

1978 Seward 1984). For this reason Seward (1984) specu-

lates that - the hlgh solubil&ties found by Henleg (1971)

)

T above 4500cC may be due to formation of seme ionic auric °

L 18

species with excess.Cl';

In fact, early experiments of Morris (1917), as’
reported by Mellor (1924).suoqest the presence of ionic
'species in gold chloride solutions at high temperature,.

Monrie.(1917) found that- at constant density, aboqe.uoooc,
. ' ~ - X .
the solubility of gold chlorides decrease with incgeasing
i S .

temperature. He aiso fouqd qhat at constant temperaturé,

9.

under supercritical conditions, ‘the solubility inereases.

experiments epmmehted on above, Henley (1971) pefformed a
A S ! - ' ’ : . o + s
set of experiments with unbuffered perchloric acid between

-

Gold occurs in two oxidation, states in aqueous systems

the activity of Au3.+ is neglig-

10

RS

4000 aﬁd 600°C which seem to cbﬁfirm'lhe results of Morris® .

(1917)" Henley (1971) reported that at constant density,
the solubility of gold: decreases with increasinq tempera-
ture and ‘that ai eonstant temperature the solubilgty '
1ncreases as pressure increases (Henley, 1971 p. 90)

at

Such behaviour Mimics that involvinq the d{ssociation of

v"



fonic species.

In summary, available data.dﬁ the solubilities -of gold

chlorides are contradiétory but.it is clear that'gqld%

transport'by acidic chioridq solqtiqns under>condibions'of

-~

high f07 is possvi‘ble., 7 _ -

2.2.2 Sulphide Eomg}exes

Linﬂe;er and Gruner (1939).and'ﬂe{ssberq (1970) in
exoeriment;l studies on the sglupility of;qoid 16 alki}i-
‘sulphide solutions up to 250°C, feund solubilities ag high
" as 200 ppm. Their resu1§§ are in good agreement with ‘the

early experiments of Ogryzlo (%1935).

I3

More recently Seward (1213) carried out a detailed -

“

inyestigation of the‘stabflity and stbichiometry of ﬁu*
-bisuibhide complexeé (thio complexes) in equilibrium with

~pyrite and pyrrhotite at!temperatures up to 300°C and pH ’3

to 10. He concluded that Au(HS)2 predominates in near
meutral- solutions whereas AuQ(WS)ZSZ' occurs in more

alkaline solutions. Seward (1973) demonstrated that )

J

"solubility 1ncrea$es with increasing temperature and

reduced sulphur’cdhcentnahibn«and that a pronounced® .

solubility maximum eccurs in the neutral pH region wheére -

the ratio HzS/HS' = 1. The solubjility of gold should then

decr;ase.with ‘increasing oxygen fugacity_and acidity. He'

wa§‘afsg able to-dbtain1£hermodynamic data for the forma-

“tlon of Au(HS)3 and Au2(HS)282- from 175 to 2500C. .




is gnknown, but tﬁe solubilify is expected;tO'decréése'

because 'the dissociation of H2S is inhibited at hfgh

.“temberafures and the diss;ciation is»not‘siqnificéntly
affected by-presspre (Ellis.and Anderson, 1961). Limited
experimental data of Rytwba and Dickson (1977) are in good

.

agreeﬁeﬁt with these considerations’ =

- T 2.3 'Predipitation:méchanism;

.Preiiﬁiéat;on of gold in Afchsg:v}ode Jebo;its has
o beeé varipusly interpreted as ‘the result of ﬁixinq with sea
. water (Hu;chinsqn et al.,'1980); cooling along a geothermal -

.+ gradient, or’interaction with wall rocks (Helgédson, 1978;

Fyfe and H;hiey, 1973) in ponseduence of removal of COp
-« {Fyfe and Kerrich, 1984) or H2S (Philips et al., 1984).
.ot S . , ’

The solubility of a chemical component varies with -

- .

chéﬁges fn'any ?xtensiyc variable of the system. Therefore
~ ;; in princible gold caﬁ be preciﬁiiated from a saturated |

pQanthermql solution with shifts of any relevant physical

or chemical_parﬁmeter; Decfeasing'téhberatuie 1ﬁ.general

diminishes gold solubility, but except fo}'chloridé

solutlons.between 4500 and 400°C, falling ‘temperature is
> not an'efféétfve mechanism for gold extraction from a S

solution'(Seward,”T973, 1984). Befoy'3500C'a decrement of

-

more than 1000C is requlied-in order to lower the’
" . ) - .




'solubility by one order of magnitude (Seward, 1973, 1984;

Henley, "1973). The effect of pressure on the solubility of

gold in thio or chloride complexes is minor (Seward, 1973;

Henley, 1971).

The effect of changes in pH, ,02, and concentration of

"#
the ligand on the solubility of gold is variable, and

depends on the nature of the predomimant soluble specie;.
The calculéted slopeg of solubility variatidns.of some
possible gold complexes with changes in pH, log fy{2, and
total reducea S are shown in Table 2.1. .

Near neutral conditions, 90% of gold «can be precipi-
tated from 3 saturayéd-Au(HS)E solutioﬁ upon drop of 1 pH
unit, or alternatively upon decrease of 6.2 molal of “
redu;ed S. Under more basic conditions the solubility

increasés with decreasins pH. : .

a

Changes of fu, affect the solubllity of Au(HS)3 in.

.different ways depending on the predominant sulphur'spsfies

‘. .
present in the fluid. In the regkion of predominance of

oxidized S“* the solubility of gold decreases as much as &
orders of maqnitude with a decrease of 1 log anz. In

contrast in the reglon of . predominance of reduced 82', the

same shift of 'ay, causes the solubility of qold to

increase 1 order of magnitude (Fig. 2.1, Table 2.1).

(Seward, 1973, 1984). '

The solubility.of gold chldrides argvalso sensitive to

variations in pH and aH2. An increase of the pH by 1
. /

’

R
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unit or alternatively the aHp%py 2 log units May‘precibi;
tate 90% of AuCl,-. The solﬁbility of molecular auric

chloride such as suqﬁested by'Henley (1973) would not be

affected by changes in_ pH. However, more than 96% of

P

molecular or ionic auric chloride may cted from a-

saturated solution with an %pcrease o)
From the above dlscﬁssidn‘it is \apparent at any of
the above proposed mechanisms for gold p pitation from:a
saturated hydrothérmal sglutlon are in pfinciple possible.
Because pre;ipitation by mixigq with sea water or coaling
of the solution are in large e;tent indepé&dent»of the *
chemical or mineralogical composition ofjthe wall rocks,
their thgorptical modelling can be rglativeiy simple
(Helgeson and Garrels, 1968). Such mpde} calculations were, .-
performed byIHelqeson and Garrels (ﬁ968); Henley (1971), .
.Fyfe and Henley (1973), and Fyfe and Kerrich (1984).
Wali rock alteration has been quote&“és g'possiblé' )
méchaﬁism for gold prééinitation in Archean lode qol& ¢
deposits buﬁ Studigsucorrelatinq gold concéqtratio?‘with
some specific alteration asqpmblages’are sparse (e.g.
Phillips et al., 1984; Phillips and Groves, 1984; Robert
and Brown, 12841;:- ) ' | . !
‘A-major question cqncerned with metalbprecipitétion by
’ ;reaction.of fluids with wall rocks is the caﬁac;ty of.su;h

| \J}tjfions'to cohtrol the fluid composition.‘ ' .

S °
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2.4 Fluid épmposition, wall rocks and flow regime

It is generally accepted that under metamorphic

" conditions the -composition bf'pore fluid is internally

)y .
buffered, meaning that the fluid composition changes as it

equilibrates with the surrounding rocks (Fyfe, 1958;
\ .

15

Greenwood, 1975). Control of fluid composition by internal

bufferind represénts one extreme of a spectrum of behaviour

in nature. The other. extreme occuts when rocks are-

.

continuously.infiltrated by large ahohnt of fluid from an

external reservoir. Under these coﬁvitions the mineral
&>

6omposition and composition of the cdpstituent minerals of

rocks’changes to adapt to the fluid cémposltion (Rice and

Ferry, 1982). Evidently in nature var\atrons between the.

two end members is expected to occur.. _

Helgeson and Garrels (1968), in thélr modelling of -
gold transport assumed a hypothetical open fractur; where
hydrothermal fluid would flow without reacting with the
wall rocks. 1In this case all the material in the yein was
preclpitated from the solutlonlby cooling. 1t was'cleérly
stated that non- 1nteraction with rocks was assumed in order
to slmplify the calculations and that in a- natural system
where intense hydrothe{:al alteration is developed this
assumption is not valfd, and changes of‘fluid composition
by wall rock intgraction may have an’ important role

(Helgeson and Garrels, 1968).

In order to apply simplified models to any lode gold’

o * . l
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deposit, it is common, prac;iée to assume tha#t in a focused-

N

hydrothermal discharge area, the water-rock interaction

qges not significantly affect ;he fluid chemistry, Acéérd;
ing:- to this approac'h, in a discharge ’cea the! volume of
fluid.qreatly exceeds the buffer capacitj of the rocks. A
common enunciation of this assumption 1s that under
conditiods of small watér to. rock ratio the fluid compo-
sition is controlle& by ‘reaction with rocks whereaf unﬁer
conditions of larQe water. to rock rdtio ;he compositLon.ofl

- Al

the fluid is simply the comBosi%ibn of an_externél

reservoir. A
O.'

-The total velume of fluld discharged by a hydrothermal
system must be in faét.very large but the total ;plume is a
time inteqrated quantity. At any given fime‘the water to
rock ratio iIs limited by tﬁe porosity of. the rock whiQh‘is
élways relatively small. ‘Therefé;e the extent to which the
“fluid composition is controlled by tngetactidn with wall .
focks,depends on‘the flow rate relative to the réab;idn
rate (Helgeson, 1970; Fyfe et al., 1978, ?hapter 4),

1t i{s well beyoné the scope of this study to digcuss
the problemﬁ of kinétics'and reaction rates between
minerals and fluid phasés. waéyer it Is wéprentéd to -
emphasise that under a.given set of conditions (#,~T,

‘.f10w~Tate)utﬁe‘exfent to which the Hydtotﬁetmal fluid

maintains its capacity to interact chemicallyfwith’wall"

rocks depends essentially on the area of rock surface

E
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exposed to the fluid. Helgesons(1970) calculated that an

?
¢ aclidic fluid at 200° flowinq through a hypothetical ‘open

fracture in granitic rock can travel several~;ﬁlometers

— ' before-loosing 90% of its reacting capacity. The same

.fluid encountering a brécciated'rodk Or porous kaosic unit
would produce pervasive alteration of the rocks and loose
its reacting capacity almost 1n$tantanéously owing to the

iaqge surface area of reaction (Heldeéon, 1970?.
o A
lndications of large surface areas of rocks exposed to

the hydrothermal fluid (closely spaced small veins,

brecciated ar porous ,rock) along with pervasive wall rock

-

alteration and a consistent association’ of -a specific type

[ -

of alteration with gold concentration, can be .regarded as

evidence of the influence of rock-fluid interéction in qgold

precipitation. |1f the main{mechaniém'bf‘metal,precipita-

- tion is cooling of the fluid, the mineralization stould be

e .

-concent;ated in open space{vein fillings, and exhibit a

homoqeneous distrihutioh withiﬁ'the vein. A steep thermal

gradient across an alteration halo can also be an indica-

tion of temperature control of deposition. Final}y,

-
=

evidences of metal poncentration on or near the ocean

floor, in cdnjdﬁctiOn ;fth ;n abundance of ehemically 3
precipitated sediments, and'the pre;ence'of more .than one o
fluid reservoir, are poésﬁble iﬁdications ottprecipita;ion;‘. .

by mixing with -cold sea water. . . : *

L4
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Figure 2.5
s -9
Contours of gold solubility for Au (HS)2 and AuCl; (in, ppm)
at 3000C,- after Seward (1984). py = pyrite; po é_ S
.- 29 : g

pyrrhotite; hm = hematite; mg'= magnetite. Vertical dashed

lines give

0.015 ang+

(1975).

the equilibrium pH for albite (alb) - muscovite

‘(musé) - faolinite (kdo)fhydrol§§is reactions where ag+ "=

= 0,1, using data ffbm_Moﬁtoya and Hemley

7
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- Table 2.1. Calculated slopes for salubility curves of

. selected gold complexes.
- v
- T 2-
Au(HS)> AuCl AuCls
. v . [ «
d log sol./ .5 (1) -.5 -1.5
d log aH?2 ) o e
£ b (2) . .
d log sol./ + 1 o . ‘ '
d pH - o X N -
d log sol./ +1.5 ‘
d log St "
'd.loq sol./ . .01
dT .

d log sol. = variation of log of solubility of "gold ‘

. . 7
~d'log S¢ = vardiation of total reduced S (in molal)
dT = variqtigh of %emperature in oC
(1) for predominance of oxidlzed.S .
(2) for. predominance of reduceq'S
After Seward (1972), Henley (1973), Burton (19&3)
o \\ .
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CHAPTER 3~ :
. ' hd
- o . GEOLOGICAL SETTING

‘. 3:1 Regional Geologl

S~

Kerr-Addison is not only the most“prominent gold
. producer in the Kirkland Lake area but is also 6ne of thé
largest producing mines 1n_the Superlor Province,/ﬂpte than \)_
10 million oz Au having been extract?d-to date'(Bertoni, |

. 1983). The. mine is located in Virginiatown, Ontario, on

highway 66, 5 km west of the Quebec Ontario border (Fig.
.3.1). This chapter oresents a synthesis of the requnal

geology, and local mine settinq. This is followed by a T \\

3

brief review of previous work on the Kerr-Addison mine.

~ The Kirkland. ake area is underlain by Archean rocks -

": of. the Abitib"Green;fone Beit and, in piaces, by -
Spdiméntary réégs of .the Prét;rgzoio 6obalt Group (Goodwin,
1970): The qéoloqy of the areé has been ‘described by -
Thomson -(1941a, 1941b, 1948), Ridler (1969, 1970, 1972),

4

21
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(1978, 1979, 1980) and Downes (1978, 1980). 1t is beyond

Jerisen the'scbpe of this study to critically review the
regional and local‘beolgzy or tﬁe controversies concerning -
the stratigraphic interpretations of the area. The most
recent comp;ehensive study 1is thét of Jeqsen (1981); his
work is therffore extensively quoted in the following brief
outline of the regional geology. - . | . e

~# - Archéan rocks of the Ki{kland a;ea form two volcanie
cycles, each composeq of koﬁatiitic; tholeiitic and calc-
alkéline Qoicanicsvalong with assopiafed seddmentaf&kand
intrusive rocks. Each cycle is referred to as é'Super-
“group. The Upper Supergroup is uveriain,by sedimentary
rocks of the Timiskaming Group th;h is locally a§séciated
with alk;line igneous rocks (Jensen, 1981).

The>Arc6ean sﬁpracrustal rocks are preserVed in hJ
large E-W trending synclinorium, located between the Round
Lake and Abitibi Batholiths (Fig. 3;1)._ Two mdjor‘fault
zones,'terhed t he Kirklahd.Lak;-Larder Lake and the
Destop-PorCUpine'Faplt_Zone, tr;nseét the soufh and north
limbs of khe synclinorium, respectively. Most of the qold
deposits aie“located in the vicinity of these structurgs
(Thomson, 1948). |

The Kerr Ad&{son mine lies on the south limb of fhe
gsynclinorlum; in the vicinity.df'the Kirkland Lake;Larder
Lake Fault Zone (KLFZ) KThomson, 1941)} The or'e déposit'is

hosted by the komatiitic Larder Lake Group of the Upper

ot

o 3T
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‘much of the volcanic sequence.

voe

? . . \

~

Supergroup (Jensen, 1980). The Stratigraphy of the south
limb of the synclinorium is given in Table 3.1.
Older Na-rich granitic‘betndliths\and younger K-rich

stocks and dikes intrude the supracrustal rocks. Mogt of

‘the Na-rich batholitns occur along the periphery of the’

synclinorium, the K-rich stocks, which include monzonites,

uartz monzonite, syenites and ranodioyﬂtes bei concen-
q ’ y g A ’ z10g A

trated along the Destor Porcupine Fault Zone and the KL¥Z-

(Jensen,v1981). . N s

-

Generally, rocks.of the area underwent'sub-greenscnist~
" facies metamorphism., Near the majon bathplitﬁs, ghe meta-

morphi¢ grade reaches greenschist to amphibolite faciee

-

(Jolky, 1974, 1978). Most of the rocks, .except”those along

'shear .zones and those at the margin of the batholiths, show

L 4

little or no penetrative deformation. Pillows, amygdules,

-~

ikrloles -and hyaloclastic textures are preserved throughout

.
)

3.2 Local geology

The geology of the Kerr-Addison mine area has been

described by the geological staff of the mine in several

1Y

internal reports, as well as by Thomson (1941, 1948), Baker

and geological §taff (1957), Lovell (1972), and Lowrie and
Wilton (1980r” More recently; different aspects of the
geochemistry and genesis of the deposit have been studied

by Ridler (1970, 1972), T1ihor and Crocket (1976, 1977),

-
=3 . -~
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Stricker (1978), Downes (197‘~/1980), Jensen (19807 1981), .

X

-ﬂenSen and Irbwell (1980), Thomson (4980), Warnick (1981),

- Kerrlch (1981 1983), Kerrich and Hodder (J982) and .-

-

- !

M milton (1983) U ';;, L e e

t

N
-

cThe major sttuctural featureuin the vicinity-of the

. m1he is the - Kirkland Lake Larder ‘Lake FAult Zone (KLFZ), aj

structural bfeak whlch Juxtaposes contrasting suites of s

[y
:\

i Q rocks (Figs. 3 1 and 3. 2) North of. the break tholeiitic'
voicanics of the Kinojevis Group, toqether with alkalic

L “voloanics and sedimgntary tocks of the Tlmiskamlnq Grqup

'. '\

ara foIded into steeply east pIungLng anf{qllnes and

AN

synclinesv— South +of the break' komatiitic and tholeiitic

volcanic racks of the Larder Lake Greup are disposed in a

~
- \ o~ . -

syncline which plunges to the SQ (Qownes, 1980- Jensgn,*'g

"1980;. Hamilton, 3983). X uQ .”% “ff@

...

Sedimentary rocks to the north oﬁ the KLFZ are

generqlLy fluviatile; contrastinq wlth marine turbidjtes to =&'

%

the south (Hyde; 1978“;3ensen, 1980).w Voloaqlc rocks to

the north contdin magnetite (mafic volcanic rocks of . RV “_

Kinojevis Group) and hematite (alkalic rocks of * the
'.Jimiskgming Group),;indicating reiatively oxidizing
conditions, as oppésed'to.mord-teducing éonditioné to the

‘south as sjgnified by the presence of carbonaceous shale.i

Thé Kerr -Addison mine and adjoining forpé; gold*

.. )
-

producing areas (Chesterville and Cheminis) lie in a zone

a i

of talc-carbonate and chlorite-carbonate rocks south of the

-~

-
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... - 3.3 Ore types. .. .1 e ',‘-. ' : )

*

dip almost verbically " the NW (Fig. 3, §)3.,;-oefomat'ioh'1n .

.the fault zohe is ptonounced making determinations.of : -

_loca}ly overturned, baerng ﬁ‘i nresence of’ 1soclina1

:visible'metal in quartz velns,'but is ‘also siqniflcantly
.j enxiched in the qreeﬁ-carbonate ro¢k as a whole (Twomson,

f??&l Lowrde and Wilton, 1980) In”places the gbeenﬁii:

with yariable amoupts oﬁ sergcite, lbite, yrite and- . o

L)
.
. e
‘q

KLFZ."Generally the'fdrmations in’this'zone strike NE and ~

stratigraphic "top and battom" intnactable.: However the - . T

0 .. a,,

greywackes ‘alang the north side of the carbonate zohe face

sqpth (Thomson, 1941), such thq; %he Larder Lake- Group is

t.

fOldS. 'i.“-‘A . » -'.. - ‘e

-
’
Vo
A
1o

- R

'Two prioéipaL types of ‘ore are presentiy worked at the.

\-.,

Kerr Addison mine. ]hese are the so called “carbonate" and

-
,"fluw" ores, “both of 0hich exhlblt gross stratabound"
3féhtures (F}g 3 3) Carbonate dre consists of qreen Cr
' ¥ . ' h

musoovite bearidg qqartz carbonate ropk wibh 1ntense

quartz canbonate reining. . Gold oc6urs principally as, free

!I

Ly e

£l ’
(

C P Y -

icarbonate rocks exhibit relict spiﬁifex‘texture (Downés,;¢f7

Aat

L 19&0). Flow ore is a quartz ohlorite darbonate Schist, ;‘ R

graphite. In this txpe of oreh most of tne qold—wwcurs -

agsociated with fine grained perte.'.Reliet volcanlc

" , L ; ';1{‘

textures’ such as varioies,.pillou gpﬁ fiow breccia are alsd

.‘ * A

' 10ca11y pL@served 1n tﬁé flow: ore ﬁThomson, 19Qg~'Lowrie

- - . ’
0 L R -
P . . . e . 2 4y b
» ". . R s - Ok .- L -.'1‘ ,/. / e D A
PR - gL et
s A, ) .




and Wilton, 1980).
& Jensep and Trowell (198%) reéoqhized in the ore zone
" of Kgrr-kdq1sén.the following .units from the footwall to

thg hanging wall: a) a pyritic graphite unit; b) a chromiun

~

*

muscovite dolomitic- unit disrupted by a massive to pillowed
tholeiitic lava flow; c¢) a pyritic laminated chert. 1qu

ore, is bounded by polymictic mass-flow conglomerateé.

.

The ore bodies are "assay delimited" and grade to sub

economic ‘or barrep green carbonate and chlorite.carbonate

»

'EOCks (kgtf stéff). " The ore zone aqd associated carbonate

»

- rocks are collectively £nveloped by chlorite and ‘talc- °

. ehlorite schlsté.

’
-

]
”~

“3.4. Previous work in the Kerr-Addison mine .
. : - N : "
The Larder Lake area was the scene of the first:gold

rush in northeastern Ontarieo, following a gold di§covéry

. A

°* made on the shore of Larder Lake in 1906. Subsq‘gzgt
> explorati’k’aﬁd prqductiod was however sporadic, an‘%\"’~'

. . ‘\ ) .
regular production in Chesferville and Kerr-Addison mines -

did not commence until 1938 (Thomson, 1941). Since then ‘

'‘the bulk of the information obtained in the mine "area has -
been the teéulf dfxdepailed géoioqical mappling and explqra
“tion by the geological staff of the Kerr-Addison mine.

Thomsan (1941,“1948) not only prov.ided a regioqal

‘geological map "of outstanding ﬁuallgy, but also made a

. ~N
* specific study of the Kerr-Addison and other gold mines of

o R

»
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the irea.. Because of the accuraéy‘of his‘desgfiptions and
observations, his work is.extensively qudteJ throughopt -
this thesi;.- Particularly interesting is his recognition
_of the carbonate rocks as "the product of alteration of
pre-existing.volcanic rocks through the action of circu}at-
ing solutions", and his proposal that carbonatization aqd <
gold miberalizatidh”were caused‘by the: reaction. of rocks
with the solutions. This process would have taken place

before sedimentation of the Cobalt Groyp; sfnce:conglomer-g

.ates of the latter Group‘pontain_pebhles of'cafbonafized

’

rocks. In-Thomson's (12#1, 19#ﬁ§jview, the main control of

mineralization yas‘structura', m&st of the deposits being
located aslong the Ymain break" (KLFZ) with individual ore

‘ . ) . . N .
shoots‘being controlled by local faults and folds.

Ridler (1970, 1972), applying Goodwin's (1966) model
< . ‘ . i ‘n

of Archean volcanic evoludion, which emdhasizes chemical
sediments ‘at basin margins proposed that the KLFZ is a zore

of defofmed exhalative chemical'sediments'rather than a
Q 3} A
structural break, and that the. carbonate rocks of the areas

. - N . . )
are ... "in fact auriferous carbonate facies iron foerg

. tion". "In view of the well known ‘association of gold\wiph
3 ° .

o~

iron formation" ... he proposed a "two aiage history of

these deposits.. The‘cgrbonateqzone.fo}med first as an
<Y .

exhalat}v; volcanic sediment™ ... "low in iron .and rieh in

-

goid." ‘“ Secondly, during metamorphism, deformation and
. . ‘ . [ . > . ‘

relaxation, the carbonate recrystallized and ;egregatién of




L)

Y

silica and goid into pilational.stockwonks océured":
Ridler (197?) also noted that the flow ore of the Kerr
'ﬂ-ﬂddisqh Mine i? .o "suspiciously si&ilar to Noranda type
sulfide deposits", concluding that they "may well be a
tuffapeou; sulfiderfagiés iron formation".
Iihor-and Crockef'(1976, 1977).cafried'out field

studies specifically designed to test Ridler's exhalative
“hypothesis. Bg;éd on the presence of relict igneous
texiure; in conjunction with %hemical-an;lyses they ' .
concluded that the carbonate units of the area are

altered voleanic rocks, pos;&bly of komatiitig compo-

sition. They aiso ﬁotéd_that carbopatiied nock$ are .
 generally enriched in gold, regardless of the originél'

parental rock type. Tihor and Crocket (1976, 1977)

analysed the nearby Boston Iron Formation for gold and

‘found that it~is not particulariy aurif?rous{ in contrast

to carbcnatized volcanic rocks. ,‘ '

ln a stratiqraohic and structural study of the area-

Downes (1980) re- estahlished the interpretation of. the KLFZ

as a structural breaL. Because carbonatization crosscuts -

fault zones and is most prqnounced-ln the hinges’oﬁ folds,' :
he con;luded that the alteration was late teégonﬁs. He

also stated that ;lthéugh carbonatizgtion and potassic st
.,”alteréfion_are spati&Liy related  and latéqr post-dates
| carbonatization: . ' -

Stricker (1978) advocated an/igneous carbonatite
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- origin for the carbonate rich rocRs in the érea, basing his
conclusion firstly on their high carbonate contedt and *
silica undersaturation relative to alkali metals (normative !\

nepheline'end leucite) and_secondiy, their apparent *spatial
association with syenitic focks. |

Thomeon!(1980) eapped the potassium distribution in
the Ke;r—Addison mine, utilizing gamma-ray intensity
.measurements of “OK dec;y, correcfinq for U and Th back-

ground. He confirmed that the muscovite-rich part of the -
/ X v

~

mine has @ relatively higher K content. i, ) ,

Kerrich and Hodder - (1982) described the péibonate ore
~ @‘
as intensely veined "carhonate chemlaag sedimentary rocks

v

'admixed with ultramafi¢ Cuff", and the flow ore as
"auriferous volcanic flows and pyroclastic'unitﬁ". Based
mainly om oxygen isotope data they proposed that lode gold ’

vein deposits were "formed from-burial metdmorphic- ,

hydrothermal fluids at.temperatures of 3200 to 4800C". The

'"aurifpfous‘sedimenis" heytng possibly "originated where
such’ fluid debouched onto the sea floor and equilibrated

. with seawater" - at 700C, "whereas theiyeins formed
during ascent along fracture sysfems". The metamorphié L

fluid droduced a potassic.aiteration.whereas'the sea water

Kerrich and Hodder (1982)
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" isotopic data of: several gold deposits of the Abitibi Belt,

carbonate-muscovite veins".

‘basaltio precursor comoosition underwent increases of

-
,,,,, B e T L e S AL e
e TemEA At e a h

mobile elements Cu, ZIn, and.Pb. To,  explain this prefer-

ential enrichment they proposed cogeneration of water and

carbon dioxide as a reéultgof metaﬁorohic'dehydration and

decarbonation. Under conditions of - high temperature, low

salinity and low water to rock ratio, such fluids would,

possibly produce a "selective partit;gning of certain rare

elements into the fluid phase relative to abundant and

mobile base metai§".

In a comprehensive articl@ summarizing geochemical and

Kerricﬁ (1983) described the carbonate ore of Kgrr-AddiSon

-

as "altered volcanic flows and tuff, with minor interflow

magnesite,

fér}oan dolomite and chertkcH;mical sedimgﬁts,-
callectiveiy trayeiﬁed(bx major arrays of quartz- |

Using Gresen's (1976) mass
balance daldulafion, he estfﬁa?eq that the alteration thgh

produced the ca:bonaté oré{was accompanied by an increase
of 60 to 10@%.in-volume-relaﬁ1ve to the parental_ultramaffc'

Altered and mihefalized rocks with trondhjemitic to .

rock.

volume of 50 to more than 1000%. Due to the reducinq

nature o#f ihe potassic and sodic alterations and the

similarity of the oxygen isotope composition of the. two
types of alterations;‘the earlier .model (Kerrich anq
Hbdder, 1982) involving the mixing of metamorphic fluld and

ea water was reconsidered. Instead a scheme was proposed

*

»

¥ ' ‘
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relatively high K/Na ratio” ... which ev?{(fd T.. "to

N .
conditions of low K/Na, so that albite was stabilifed over

' deposits in the Kirkland Lake area as follows.
fStdge-ﬁz.Clastic and chemical sedimentation of gold "in

'trogghsband 'sedimentary traps where gold chloride and

\wetght of accumulated lava depressed the floor of the ‘basin

.dehydratinq'mantle sources". ... -leached gold from oIdep

& T T AT TRV Ve e T W T WY DT P TRTRR . TR R e RERAR . e . T e T RAme s T

L | ‘ 317.

involving "a reducing COp-rich fluid reservoir with

muscovite".
Jensen (19?0, 1981),'meressed by the preferential
association of gqold deposits with graphitic sediments .1

the boundary between a newly-developjng volcanic pile and
N : . .

1 ] .
an old, more stable volcanic pile or granitic basement,

-

proposed a.multistage model for* the ﬂevelopﬁent of the

»

—-——

sulphide complexe55came in contact with acid-reducing
environments",

Stage 2: Deposition of the next volcanic cyele. Between

. Ay

'epiéodes,of volcanism, gold was deposited'fn cherty pyritic

sediments and carbonaceous sediments. 1n this stage the

... "creating local reducing and acid conditions".
Fractures provided channelways for jhe hydrothermal brines

rising to the surface. This flufd which "originated from, -

sedimentary piles. ’ . -

Stage 3: Further filling and depression of ‘the basin

floor. ™The movement resulted 1in serpentinization of ~C LT

: komatiites and formation of talc-chlorite schist".

. .

- . . i . »
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Stage 4: YMelting of. the sediﬁengary and volcanic rocks "
produced magma- and. hydrothermal solutions which penetrated
. &

upward aldng“f&ult Zones resylting in extensive carbona-
- : s ) . . v
tization, silicification and depositibn of,qolﬁ.in'

PO

i " ) - -
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Stage 5: Compression of the fracture zdngs and migration of

b . the gold into the hinge zZone of folds and other dilation

o zones. L
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Figure -3.1 <7 L L .-
Geology of Timmins-Kirklahd Lake area; and location of the- ..
Kerr-Addisdn, mine (geology after Jensen, 1978). B )
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\F-igure 3.2
" Structural geology of the Larder Lake area. KLFZ: Kirkland-

Lake-Larder Lake Fault Zone. After Hamilton (1983).
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Figure'3.3
Schematic cross Qectlon of - the Kerr-Addison mine. After.

Lowrie and Wilton (1980). 'The stratigraphic scheme

-
-

¢acéordinq'to Downes (1980) is printed below the section.

. .t
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Table 3.1. Sﬁrathraphic succession of'the Kirkland'Lake
: " area, South Limb of the Synclinorium, after
3enseh, 1980. »”

. X
) kN oy
Upper Supergroup
‘Tamiskaming Group: . L
" Volcanics: Mafic, intermediate, felYsic trachyte, and
‘ -~ k-rich dacite and rhyolite flow and tuffs.
Sediments: - Fluvial. conglomerate, sandstone’ and. '
o . argillite.
Intrusions: Stocks and dikes of syenodiorite, 5yenite,

s,

quartz monZOnite and lamptophyre.

t

Blake River Group '
. Volcanics: Calc alkallc basalt, andesite dacite and
» :rhyolite flows. and tyffs.
, Sediments: Volcaniclastic¢c slump deposits. ,
Intrusioms: Stocks_ and dikes of- gabbro, quartz gabbro,’
hornblende gabbro, diorite, quartz diorite
and subvolcanic rhyolite domes.

: ' Kinojevis Group ‘ .
Volcanicss ricﬁ‘and Fe rich tholeiitic .basalts,
ot ﬁhqieilte andesite, dacite and
G Jolite: flows and. tuffs. ‘ ’
Sediments" Thin Interflow rqillite and chert.
Iptrusions: Sills of Mgzrich gnd Fe-rich gabbro.
: : .ot ’ : - B
Larder Lake Group - - !
Voleqqics' Flows of peridotitic and- basaltic oo ’
sy kamatiite, and Mg-rich tholeiitie basalt, -
) ) and minor Fe-rich tholefitic, basalta and
i ! interflow rhyolite tuff- brecclas.
o Sediments:. Turbiditic conglomerate, qreywackg and
. e "argillite, and irom formation chert,
‘ ] - ' limestone and délostone. , . & 1
‘Intrusions: Sills and stocks of peridotite, pyroxenite
: s and qahbro.' : .<‘n ' '
Lower Supergroup . - :’ . ‘ > R S
(Unnamed Unit) ’ Ty .
’ (Conqlomerate with trachyte .and syenodlorite pebbles)

'

Skead Group® -+ | ' oo R L

Volcanics: 2Meinlyeeatc alkalic\ﬂ_yoiite tuff breccia
,,wiﬁh some calc alkalic basalt, andesite
‘and ‘dacite flows .and ,tuff brecclias.. .
Seaiments' Chert.and cherty argillites :
IntrUSibns' Stocks of feldspar porphyry and quartz’
. - ~diorite. . o -

vy, . . R
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Tabje.3.1 (Contin

.
’

Catherine Group
Volcanics:
Sediments:
Intrusions:

Wabewawa Group
Volcanics:

A

éediments:
Intrqsions:

Pacaud Tuffs {(Ridler,

Volcanics:
,*

deiwents.

Intrusions:

Y
.

W

| : - . 40
uved) )
’ v
Mg-rith and Fe-rich tholeiitic basalts.
Interflow chert. o ’
(None mapped). -
Peridotite and basaltic komatiite, Mg-rich.
tholeiite basalt and minor, Fe-rich
tholeiitic basalt, and a few interflow
rhyolite tuffs. 2
(None mapped).
Layered sills (possibly flows) of dunite,
pyroxenite, and gabbro.
1970) s
Calc ‘alkalic dndesite, dacite and rhyolite '
tuffs. ' ' . .
*Chert, argillite, iron formation.
‘Trondhjemite of Round Lake Batholith.
. -
Ta
: P 3
. ‘¥
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3 5
ORIGINAL 'ROCK TYPES'
4.1 . Introduction :
In‘érder to undersiaﬁd the¢élteration processes . 4

accompanying gold deposition al the Kerr-Addison mine, it

* -~ )

is necessary firs? to establish the chemical and Ny
mineralogical composition of ﬁhe &ltbred rocks prior to'

their'modiflpatiop.by hydrothermal activity. Local preser-
;ation of voicaAié textures and‘stpuctureé\such as spinifex

and varioles (Pla;e-lﬁ,ﬁ)‘provide§ evidence that

carbonate-rich rocks in Kerr-Addison are, at least in part;

derived from~mafié-and ultramafic volcanic precursors and
'associat;d clastic derivatives. In the vicin}ty of shear
zones, pnlﬁary textures are completely oblitéraéed an& the
‘origin of thése rocks has been- the Bubjecé of c&ngiderable

controversy, having been variously interpreted as altered o

volcanics (Thomson, 1941; Iihor and Crocket, 1976, 1977;

.. 41
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.
-

Downes, 1980), exhalative ghemical sediments (Ridler, 1970)

¢ -

" or igneous carbonatite (Stricker, 1978). ‘

The original chemical character of the precursors may

»Be deduced from tﬁe,abundance and mutual ratios of certain

diagnostic less mobile elements (for a discussion of the

» .

use of‘immobile elements for diaqnosing orfqinal iqneghs

rock typés see Costa et al., 1983). Chemical analyses of .

altered rocks from the Kerr-Addison mine (Appendix 1) can
then be used to identify the nature of their precursors and
; thus to test the‘vargous.hypothe;es.
N

4.2 Geoéhemical data

&_ Cheﬁical analyses of carbonate and talc-carbdnate
rocks (Igble 4.1) have remarkable similarities to those of—
extured peridotise from Munro Townsﬁip. Major .

" differencels can be noted in €02, Ca0, K30, NézO, Rb and

. spinifex

- Ba - elemepts which are very mobile under hydrothermal

L .

conditions 'Variations in abundance of the relatively.
immobfle elements among the ultramafic rocks is compatible‘
with their origin by iqneous differentiation of a
komatiitic. volcanics. For instance the variation is

. closely co parable to. that reflectinq differentiation‘
trends foun in the qenerally fresh komatiitic rocks (Arndt

. ”

et al., 1971) of MUnro Township (Fig. 4.1).
N : \ L

.Among he.maﬂic‘rocks firom tha mine area, the

variation in 1hmob11e elements 1is -also compatiﬁle with
% : .




-

differqntiatlon:trends ohserved in relatively fresh

~
Archean tholeiitic rocks (Fig. 4.2). Mafic rocks from the

Kinojevis and Larder Eake‘croup no;th and south of the
KLFZ, respectively, havé different geochemical character-
istics. Neverthelegs'Both groups of rocks 5how simfiér
differen;fation trends. In additionm, they all plot as
¢lusters within the field of "ocean.floor basalt" in Pearce
and Cann's (1973) trianquiar diagrams (Fig. 4.3), attesting

to their primary geochémical uniformity.

4.3 Possible origin of altered rocks

The successful . application of the exhalative model to-

_massive*base metal sulpﬁide deposits has strongly influ-

enced studies of Archean gold deposits. The stratabound
and banded nature of carbonate and talc-rich rocks in the

yiciniéy:of the.Ke;f-Addison Mine led Ridler (1970) and

other authors to interpret them as exhalative chemical
sediments.
Jt s very unlikely, however that the chemical -

charactéristics'of the mine rocks discuésed’aboyé reflect. -
. . . o , R
their precipitation on the sea floor as exhalative sedi-

! H 7
ments. The formation of an exhalite involves léaching of

-

roék sequences by sea water at «high temperature and:

o

precipitation of solutes upon'mixture with cool sea wate}”

«

(Spooner and Fyfe, 1973; Ridler, 1970; Hutchinson et al.,

1980f. Leaching of rocks iﬁplies'incpngruent.dissoiufion.
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of silicates where more soluble elemeﬁfs,~espec;qlly Si;

are gnriched in the fluid phase (Ellis and Mahon, 1966;
‘Curie, 1968; Althaus and Johannes, 1969; Frantz et al.,

1981; Reed, 1983): Thus, it is difficult to envisaqge a
'mechénism of leaching and orecipitation producing chemical
sediments with a compositionzidentical to thqt of the:.

source rock.

- In seafloor hydrothermal systems carbonates more fikeg

1

ly precipitate where descending water penetrates hot ‘rocks

! . . rather tﬁan in the vicinitywéf the dischérge érea (Fyfe,
| " 1975). The solubility bf carbonate minefals increases as
.£he temperature of the solution decreaﬁgs (Eliis and Mahoﬁ,
19/7/;;‘ Holland and Malinin, 1979). ‘Carbonate can be _ -
K?écipitated from.sea water-aut thé content. of less mobile
eléﬁents guch as Al, Ti, Cr'ana.Ni of carbonate rocks of
the.mihg'anea are extremély h{qh'hhen gompared to average
_'marine céibonates.(cf. Iurekian‘and Wedepdhi, 1961). ‘ .
. Costa et al. (1980&, studying Archean Zn-Cu sulphide
deposits in.the Mattagami District (Quebec), Havé shewn
that talc can be precipitated in broximity to sea floor
_hydfdthermal vents., They sugqested‘that talc was 76fmed by
reaction of ﬁilica in the hot discharge with metai‘-
bicarbonaté species in'ocean‘;atet'(Costa et al., 1980),

Talc-rich rocks In the vicinity of the /Kerr -Addison rine;4

“
¢ c

however, have chcqicél compositions very distinct from

X those of "®edimentary" talc (Table 4.2). Exhalative talc-
-‘ 4.’ . ° ™ L




rich rocké such as descriped by'Costa et él.'(1980) ;ré_

characterized by extremely low content of the less soluble
elements such as Al and Ti. In contrast, talc-rich rocks
of Kerr-Addison show Ti and Al content similar to those of

;komatiitic ultramafic volcanic rOCk&[. The igneous ulfraJ

- mafic parentage of those rocks is- corroborated by their

e}eyafed Ni and\Cr contents (Table 4.2). .

The cqrbbnatite hypothesis éan be ruled out by simple

' inspection of the chemical.analysés (Jable 4.3). Rocké{
f;om Ke;r-Agdison:havé low contents of Ba, Sr; Ir, Y, Nb,‘
Ti0,, and P05, and high ér and Ni abuﬁdaﬁces Qhen compared'
to those of typical carbonatites according to Gold (1966{. ‘

Mafic and dltramafiq'rocks in the Kerr-Addison’m;ne
and sugrounding areas often exhibit frégaéhtSi nature
(Plape»1D; E, F). ’Fraqmental mafic fogks aré generally
interpreted as flnﬁ‘brécéia, whereas'féagmentéf ultrgmafic
rocks are Qariohsly interpreted as conglomerafé (Jen;en,
personal cqmmunicatiohi’léaj), flow btreccia or teéfonlc
* breccia: The possibility of formation of $£ least‘bart of

such bfecéiaﬁéd fabrics by hydraulic fracturing during:

hydrothermal activity is discussed later. Regardless of

"the genetic intérpretations of fragmental texture, these
‘rocks should chemically behave as mafic or ultramafic ', '

N - .. volcanics respeétiQelyl.durlﬁqAmetamo}phism and hydro=
’ - thermal alteration, bat. with porosit& and permeability much :?

ey

larger than for massive volcamic flows., - , .

. e
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.~ It may, therefore, be. concluded thgt\the most reason-
' o SN
‘able 1nterpretation s that 1rrespective of their present

T -— PRI

structural fabric and minerangy, the talc- carbonate and

B

chlorite- carbonate~rocks at the Kerr - Nddison mine represent

<~

deformed and hydrothermally altered volcanic rocks of

~ . |
original mafic and.ultramafic composition and their clastic

~
)

i . .derivatives. Moreover, as far as metamorphic and hydro-

thermai alteration reactions are concerned those rocks_ are

-~ re

analogous to mafic and ultramafic rocks whatever their real

oerigin miqht be. If this is valid 1t may also be assumed

-‘that prior to their hydrothermal alteration, the. . .

mineraloqical composition of the rocks-was siﬁilar to those

of mafic and ultramafic rocks in other parts of the

volcanic sequence. = .
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o . . ~‘F.igu.re'.l}.1. ’ . " .
"- A1203, Sc and ldg‘Ni/Alzoj-vetsus T;dé of aLtéqed qltéaa ’
. mafic rocks of‘Kerrvﬁdéiéoa. 'The‘blééé lines are the L
ffendézof‘kﬁma£1étic.hltramafig réﬁks from,thé1Abftibi

Belt. ' Data for;komatiiﬁes~from‘Arhdt-et al. 11977) and

Ludden and Gelinas (1982).







Figure 4.2

Ir, Sc and Al203 versus Ti for altered mafic .rocks of.

Kerr-Addison {(in ppm). The continuous lines are the trends .

.

of tholeiitic volcanics from Munro and Warden Township
according to Arndt and Nesbitt (1982). Shaded are%/
corresponds to'thé field of "Iron-Rich-Tholei1tichasalt"
after Jensen and:Langford (1983, p. 72, table 2).

circles: mafic rocks south of KLFZ

stars: . mafic rocks north of KLFZ
— ‘
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o, *
r
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: Fiquré‘4.3. ‘ ¢

A. Plot of z;-r}/mo-sv of altered mafic rocks of

- Kerr-Addison. Fields of different basalts after Pearce
and Cann (1973), A: low K tholeiite; B: ocean floor

basalts; C and B: cglc-alkaline; D: within plate

4

basalts. ‘
8. Plot of Zr-Ti/100-Sr/Z of same samples. A: low
K-tholeiitcs§ B: ocean floor basalts; C: calc-alkaline-

. - [+

" basalts.
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Plate 1. Rélicp textures and fabrics

Local preservation of spinifex (ﬁj,-vaiiolitic=(8),
. . . N ¢’

>

,apd other volcanic textures .indicate that earbonate:fich

. o -
rocks in the Kerr-Addison mine arq; at least in pagﬁ,

> a

derived froﬁ ultramafic and mafic volcanic precursors.W}
South of the KLFZ, graphite is present in inter!wa
metasediments (C) and in‘the matrix of basaltic brec01as

»

(D). Oxidation of graphite "in such roecks can produce a

’

mass of CO2 up to four times that .of the original
" s . S :

- graphite. The fragmental nature of some of the mafic (D)

-

and ultramafic rocks (£) of“tha mine area may have
contrfpptedoto the pefvaéiva\fluiq penetEation and
associated hydrothermal alteragion; ‘

&? Spinifex textured carbonate-chlorite rock. Relict
spinife; tefture is:also observedﬂin some carbonate:

muscovite recks (Scale,bar = 1 cm). . .

B: Variolitic-textured a}tered mafic rocks fipm the flow
- * i » R

-

ore (Scale bar = 1 cm).’

- - f
.

- Cz Graphite schist with doQuleg of pyrite (Scale in cm).

D: Fragmental mafic rock with‘q;aﬁhite-bearing matrix

.'(Scalé bar = 1 cm). . -

“Es Ultramafic breccia, near‘anaold tailings site of the

~

Kerr-Addison Mihe. (Horizontal field gf view about 3. m)

Q

,FQ”' CIose up of photograph E showing detalls of a

5

.sqinifgx textured fragment. °
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Table 4.1.. Representative chemical analyses of altered
ultramafic rocks from the Kerr-Addison mine
compared to komatiitic volcanics from Munro

Township.

\ . . .

‘ AK =140 AK-46 AK-66  * P9-188%*
$10 © o T49.58 45,63 £3.12 44,40
110, | .39 20 . .38 .35

. AL03 6.48 4.56 ~7.36 7.0

 Fel* . 12.20 12.28. 12.17 - 13.30
MAO. , .15 L2 T2 .26

. MgO T 27039 29.09 - 29.82 27.50

ca0 - 4.33 - 7.18° . 8.28 . 6.33
Na 0 .00 .00 .00 ° .06
K20 - . Lo .17 . . .00 - .08
P50 T .0 - .00 | .00 -
L.0.1.. _22;5§~ .t 29.38 ¢ 24.21 "7.40
cop . 20.39 29.15 21,11 i
RO | 2 19 0 3
Sr . - 32 84 o137 e |
Sc 18 19 .10 -
Y 2 g 10 -
lr - 20 16 - 18 -
3172 . 2680 3320 3080
Ni o 1373 _ 921 . -1330 1420
* FeO* = Fe0 tota) R ST e

- P
[

**splnifex textured péridotites«from Munro Township (after

AK-40: chlorite quartz carbonate schist, AK-467 “green
carbonate..rock™ (muscovite quartZocarbonate -schist); AK-é66:
carbonate chlorite talc-schigt. ~

-Major elements in weiqht %f trace in ppm; recalculated 100%

volatile free basis. -

-
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Table 4,2, Comparison Bf chemical analy3es of talc-rich '!’A.
exhalatiive sediments with talc-rich .rocks of i
the Kerrk-Addison Mine.

$i0; 59.70 \38.62 , 47.39 40.79

Ti0, nd "~ \ nd . .26 . .42

A1203 .05 | a7 4.59 4.96

Fep03 10,99 38.49 10.89 13.54

MnO - 0.11 0\31 0.17 ~  0.18

Mg0 25.32 15.42 36..51 23,28

Ca0 . .nd - 9% 13. 44 3.59

Nézo "hd . nd\ nd ' nd

K0 | nd \ " nd nd

Zr : 18 "h 15 21>

Y 28 3 14 ‘ 16

Nb i 10 1 1 2

Cr "nd ' 2660 3080

N " nd 1150 1350 - .
‘Sr . 20 go 52 '
Rb -7 nd . nd - .
Ba " nd nd ,i a nd '
Ir/Al 679 222 - .2 3.3

after Costa et al. (1980). 3-4: talc-r\ich rocks ' from
Kerr-Addison mine (samples AK-9 and AK-37A). Major .
‘eléments in weight %, -recalculated to 100%, without LOI.
Major element oxides in weight percent, trace /elements in
ppm. nd: not detected.. : ‘ R



Table &.3.

Compagison of selécted elememnts from igneous
carbonatite and carbonate rodks from the Kerr-
Addison Mine. ..

~

Carbonate ultramafic ~
rocks of Kerr-Addison*

"Typical carbonatite" -
after Gold (1966)

. . '
P05 1,73 .02
st 7526 . 200
Ba - 4031 200
Ir . 640 C 25 .
N1 ] 32 . >1000
Cr 102 >1000 )
—= —J

'Majqr elémeht oxlde in welght percent, tréce'elements in"

ppm.

*See Appendix 1. . '
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5.1 Introduction

Relict volcanic textures are locally preServed .in the

ﬁ;ne_agea khlate,J) but original igneous minerals are rare-
Jy(ohsgr¢§d. All phasés are’secondary‘minéral§, gxcept‘for
scarce.clinopyroxene gréins in some uip;aaffic rocks”(Plate
2A). The hydrothermal alteration overprinted a volganic
sequence conté}nina dIJerse;rQéks resulting in the forma-
tion of a greatvvafiqty of sec;ndary lithQlogical types.
.From previous work in Kerr-Addison and othe; Ar;hean
18de gold Heposits alteration has been ‘diversely c;assified,
into "carbonatization" and "pd%ésglc-éltgration".(Downes,

1980; Fjon et al., 1983); "pxidative sodic". ahd "reductive

-

"reduétive~pota§sic-C0}" (Kerriéh, 1983);."silicificagion”,

"sericitization" and "carbonatgzatioﬁ" (Andrew and Wallace,

[
<
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1983); "visible" and "cryptical” (Rpbert and Brown, 1984a).

The hydgothermal alteration in tpis study ‘is treated
as a variety of metamofphism where metasomatic exchange:
between rocks and fluids have played a prominent rolg. In
an analagous manner to the conventional deseert;oh‘of

‘metaﬁorpﬁic rocks, the alteration typeées can be cléssified
on the basis of a relatively small. number of coexisting
diagnostic minerdls. Classg}icatibh of alteration type

based on mineral association not only avoids ambiquity and

genetic concepts, but also facilitates comparison with

4

other-déﬁosits (cf. Creasey, 1959; Burnham, ,1962; Meyer and

Hemley, 1967).
The .objective of this chapter is to describe the

variety of minerail assemblages associated with the hydro-

* thermal alteration. 1n order to simplify thelr desé‘ip-

-tion, the various mineral assoclationf are grouped, lntO' &

.

c) advanced stage of alteration. The alteration stages in

. s -

turn are divided fﬁto "alteratlon'types“'(Fiq. 5.1) .
sInitial and advanced alteration are’ discriminated both. on

th% basis of diagnostic mineral associations, and on

;patial.relationship 15 ore. These aspects are .further
discussked Qelow.. . . ' | .

5.2 Metamo;phlc‘assemblaéés
. ) MG - .

%

Metamorphic assemblages are seldom observeé in the

-

')

metamorphic assemblage, b) 1nitiaf\stége of alteration' and



‘mine area. As mentioned earlier the midneralogical compo-

- have been cohposed mainly of Serpentine‘and tremolite with -

-Alteratioﬁ'assemb;aqés of ulframafic rBdks, as opposed to

.

sition of mafic and ultramafic £ocks prior ﬁp their hydro-
phermal'e&teration are’assumed’to be similar>to those .of -4
metaVolcanic rocks in other parts of the Kbltibi Relt.

o -

Rare clinopyroxene gralns in ultramafic rocks of the
mine area are partially repLaced by tremolite, epidote’and
talc (Plate 2A). Althouqh not observed in the mine area,
elsewhere in the Abitibi Belt olivine and orthopyroxene 1n
komatii'tﬁ ultramafic rocks are replaced by serpentfine__ .
(Arndt et.al., 1977,’1972)T - For thjis reason the
metamonﬂﬁgceassembleqe'of ulttapafic rocks 1s aesumee to

minor amounts of chlorite,'epigote, talc and carbonate. e

their hetamorphic cbuhterpértsi are characterized by the

ebeeﬁce of serpentine, tremolite and. epidote.

.The'pre;aiteration metaﬁonpﬁic assemblage of mafic

‘ rocks is assumed to have been slmilar-to that oﬂ-ﬁafic

composed of actinolite, chlorites eplidote, calcite and

volcanic rocks described by Jolly (1974 1978); which are

=

L]

‘albi{e. ‘Alteration assemblages of mafic rocks are

distinguished from their metamorphic assemblage b§ the .

absence of actinolite and epidq:e (Figure 5.1). T (f

. - . ’ . " - ’ -

av

’.



Mineralogy of the initial stage of alteration

.

%.3.1 Ultramafic rocks . -
.' . ‘Two«=typés. of mineral a'ssociati'on can be recoq;i"iz‘ed in
the initial stage of alteTation of ultramafic rpnks of xhe
mine area: a) . TALC- CHLORITE ALTERATIONxand b) CARBONATL- o
CHLORITE ALTERATION,’ |

Tt

7 .quc-chlorite alteration. The diagnostic minérals pf'f’ i

this type of alteration are talc and chlorite, with -mihor

;amounts of cérbonates, quartz, qu sbhéné or”leuéﬁxgme.'

(Plate 2B). - This variety is. diStingUished‘fromg"NSFHal# .
Iz} - " % " N .l . . ]

ultramafic metavolcanic-rock by the absence of serpehtine, LA

. . . ) Y 2

tremolite,*and epidote.

L

-

Carbonatg-chlé?ife'alteratlbn. This alteration type

o d - .

“1s marked. by the replacement &f talc by carbonate and’
quartz. Chlorite rémains the only aLuminium-bearing

silicate (Plgte 2D). ' The typical mineral association is

arbonate, quartz, chlorite and leucoxene.

PRE

.

L

\ 5.3.2 Mafic 'roc'ks

’

The two alteratfbn‘types in. the initial staqe of

alteration of maflg rockf correspondinq to. those of uitra-

mafic rocks déscribed. abbvé\a,;.\ a) CHLORITE ALBITE— SI

ALTERATION and b) CHLORIWE MUSCOVITE ARTERATION .An,
¢~
addltional type, here tekmsd CHLORITOID ALTERAIION is

r T

rScognized in mafic rockﬁ

Chlorite albite altqration. - In addition tb the




dlaqnostle minerals chlorite and albite, ‘mafic rocks of
this- alteration type contain minor amounts of duartz;
carbogate, and sphene (Plate 3A). 'Maqnetite-and ilmenite
-~ k are pommon lp’roeks of this type north ‘of the LKFZ, Jh:reas
rocks sputh of that fault zone contain pyrite. South of
the.KLFZ the matrix of breccias, inter-plllow material,
and 1nterflow sediments contain graphite (Plate 1C D).
| 'Wafic roc%s altered to chlorlte albite are dlstinguished
' frqxi"normal" qreenSchist facies metaba§altic rock by the

"d

absence of epidote and actinolite.

. < .t
.- ’ Chlorite muscovite alteration. Characterized by the

[+

replacement of albite and ollqociase by muscovite, this

altet!’ﬁon type is composed typically of chlorite,'musco:
vite, carponate, quart;, and sphene. Maflc rocks of this
T type usually contain more caroqnate and quartz;than those

.containing chlorite and albite."
Chloritoid alteration. aRestmﬁcted to the north side

- . q

of the KLFZ, the chloritoid alteration is characterized by

the presence of porphyroblasts of chloritoid (Plate 3B)..

The matrix of the rocks is mainly composed of, carbonates,

. 4

e . quartz, and'muscovlte with lesser amounts of chlorite., Ip‘

i ]
'

most samples chloritoid 1is partlally‘replaced by muscovite, -
chlorite and carbonate,'lddlcatlng that it is not in
) equlllbrdum with'the matrlx assemblage. For this reason lt

15 not clear whether the chloritoid Ls part of '8 hydro-

thermal alteratlon assemblaqe or is a relict of an éarlier

. : o . . 3
B . . } . . e
. PN
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metamorphic assemblage.

. 5.4 Mineralggy of the advanced stage of alteration
' As described above the alteration types in the initial
stage are greaglxvdependent on-the,bompqsition of the

L
original parental rocks. In contrast, the advanced stage-

¢ «

tends to produce similar mineral assemblages regardless of

y . s

the oriainal rock composition. For this reason the

3
.

advanced staae of alteration of botp mafic and ultramafic

..« rdcks are grouped into a) CARBONATE-MUSCOVITE ALTERATION;

N b) CARBONATE-ALBITE ALTERATION; and‘c) PYRITIC ALTERATION:

o " Carbonate-muscovite alteration. This alteration type

-

15 dlstinguished b) the replacement of chloaite by carbon-

o

'ate and musco&ite. .Typical assemblages contain parbonate,
muscowite; quartz, and leucoxene (Plates 2D and'3t) fhis
alteration type produces the so“tatled.green carbonate rock
when present in rocks of original ultramaflc compositlon.

’ The characteristic colour of the“qreen carbonate rock )
reflects the presence of emerald green chromium -bearing-

muscovite, commonly referred to as fuchsite or mariposite.

. , . R
{ , Carbonate-albite alterdfidnr The reappearance of

-

. ) albite associated with carbonates; quartz, and leucoxene 1s -
diaqnostic of this alteration type (Plates ZF and 3D}.

In all of the three carbonate® alteration types of

4




hltrgmafic.iocks“(eq:bonate-chlorite, carbonate-muscovite

ard carbonate-alhite) carbonates and quartz are the

pfedomiﬁaﬁt*mine;al phases. Réiatively small proportions
of chlorite, muscovite and albite are controlled by the

restricted. availability of alumiﬁum.- The predomipance of
one or the other Af.these alumino-silicates distinggishe;
the three differenf varieties of carhonate alteratiéns.
Becéuse of their green colour and platy nature, chlorite
and green muscovite are?more strikingly visible than the.
> white and fine granular albite, and hence thé carbonate-
albite alteration has often been overlooked. Furthegmore,
_small quantities of areen mica in fractures of ‘rocks
pervasively affected by carbonate-chlorite or carbonate- .
albite aiteration tend to iﬁpart'a resemblanée_to green
carﬁon;fe rock. For this reaso;,_in most'descrippfqns of

gold deposits carbonate-muscovite alteration appears to be

"the predominant type, with the importance of carbonate-

albite inadequately emphasised.

Pyritic alteration. This is a variety of the

.darbonate-mdscovite élteratioh type where pyrl;e.is also

present {(Plate 5F). Pyritic alteration is more accentuated
’ . ‘
‘in rocks with mafic affiliation. This alteration type
Y 4 ' .
*usually occurs in the transition zone between the

carbbnateamuscbvite and carbanate-albite alteration tybe§.




5.5 Mineral comgpsitiqn_
The nétﬁre of carbonate mincrals in altered,rOCks at
’-{\‘th?-Kerr-Addis§n mine.varies with the whole rock chemical
‘ composiflon and alteration type. Calcite isvrare, occufihg
only .in rocks wit&\Encipient-élteratibn. The most common
- carbonate ﬁingrals'are ferroan dolomite ;nd ankerite.
. e :\Ankerite occurs in alfered mafic rocks, the iron content
inéreasinq with progressive alteration (Table 5.2, énalyses
‘ 1 to hi. Similar trends of iron enrichment are observed
among ferr;aﬁ dolomite aqd'ankerite;of dlt?red ultramafis
‘ poéks'(Table 5.1, analyses 5 to 7). Déﬁending\oﬁ*the Ca

content, aLtered ultramafic rocks may.also‘contain'ferroan

magnesite. ' In -contrast to ankerite.and ferroan dolomite,

L

the iron comtent of ferroan magnesiQE decréases with
respect to progressive alteration (Téble 5.1, analyseg 8
;nd 9). I

Plagioclase in'carbo;ate-aibite altérafioﬁ i; almost--
pure albite, whereas in chlorite-albite aiteration the
plagiocla;e éomposition »aéies from almost pure albite';o'

. oligoclase. J

Chlorite composition depénds primarily on the whole //

W < o

' \‘\$‘_”, fopk chemicax composition. In mafi;\ngfi_:he chlorite'fg ;~_
‘ "an iron rich green coloured variety, with high relief,
-pleochroism, anomalous, blue interference colour and;lénquh
slow (pycPoch}or;te). Iq ultramafic rocks the chlorite 1is

fa magnesium rich pale yellowish green variety with

Lp—

L 4 ’



. 'relatively low relief, almost non pleOchroic, anomalous

brown interferenee colour to almost isotropic in basal

‘

: .section and length fast (clinochlore) o

PR
Muscovite in ulgramafic rocks are green chromium .

muscovrte, which may also contaln cousiderable Mg (Kerrich

>

'1983) High contents of maqnesium.in muscovite is a common ... . °

-5

cha&acteristic of hydrothermal alteration (Holland and

Malinin, 1979). R .

Variations.of mineral composition, especially of e
carbonates, may- be an important crlterla for distlnguishlng:

alteration zones around gold deposits,. Although carbonate

composition can he readily determined by simpde staininq o

(\’e. \

xtechniques (Hutchinson, 1976, p. 25), the al%eration-types
are getter-and unambiguously defined by mineral assoeir
atioms,-rather than by the composition of a single

"~ ‘miﬁeral.» o be_&seful, a classification.of hydrothermal

. \

alteration types should be b:fed on the association of ~

diagnostic.mlnerals which are’ easily 1dent1fied Most of

the alteratiqn-types ‘described above (Figure 5 1) are

‘\

‘}definﬁd by the presence of two mineraks, and the zonation,' f.

[

of hydrothennal alteratlon oan be easlly deLInented by

slmple observatlon of. outcrops with‘the aid oflamhand leng;-
\ or g{der a standard polarizing microsoope‘where the graing"
R . “ L~ '.\ T

1s small. ' oy { : L ,‘4 e ‘u\\\:

size

All alteration types of the inftial stage of altera-

? 1

tion contain chlorite, whereas the advance& stage ;ontains




13 . - . ¢ . ' ‘
muscovite or albite in t#e carbonate-muscovite and'

bl
o,

earbonate albite types respectively. 'This characteristic
. T
_provngs a conveniemt way to monftor the degree of altera-

tion. With proqressively increasing intensity of altera-

s
-

tion the dominant AL bearinq silicates are.chlorite, musco-
vite and albite. o ,'.‘
. &

. ) _ = , ﬂ. .

. : ) , . c '
.5.6." Mutual Relatiomships of Alteration Types

Texiufesiand*fabrics of altered rocks in the mine area

'var) depending on the orfqinal rock type, proximity to

P

shear zcnes, and the_amount_of platy minerals such as
chlorite;, muScovite‘aud talc. :

The rocks .are: commonly pervasiveiy dominated by one

altsration type but may contain bands, vébns or. patches of

'

'cther types. For instance the.relict varioles of mafic"

-

- yvolcanics” are usually less altered than the matrix. The

prcgreésicz\alteratigq'of a variolitic-textured mafie . -
volcanic rock  is 1ilustratqd with a photographic sequence

g .
in PYate 4. 1In Plate 4A and 4B the varioles exhibit

L]

 chlorite-albite aiteration sugfcunded by a matrix dominaﬁed

"' / o . .

by carbobnate muscovite alteration. In a more altered rock
¢ -—r e

-

the relict, va»riole is ‘ransformed to carbonatevmuscovite .

'tybe and the matrlx to carbonate- albite (Plates 4C and D).

Thq final product, representlnq the greatest intensity of

;,alteration as shown in Plates 4E and F has béth matrix and

« / :
yelict variole are dominag.‘ by carbonategalbite altera- J

0 ' ’ ’ . T
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.




-

tion. The outljne of ‘the religt vi/;ples cad’be

,/

dtstlnquished by conoentratlons of leucoxene (Plates 4C anH

. . . A4

-

) TIPS . T — . )
Nawrow zones'of‘different alteratibn types may often
occur parallel'to the schistosity, glVing a banded fahric

(Prate SC E).. Veins or fractures with different mineral

[ g

assemblages may also show cross cutting relatlons (Plates 5
‘..ph

and 6),.1ndtcatlng repeated eoigodes of alteration.
Zonation'of Gltenation types\arounn a small albite-

_éanbonate "Veln" is illustrated in Plate SB and the: sketch

.

of Fig. 5 Zu’Afh& “Vedh" itself has a quartz albite median -

-
.

‘band with a»carbonate rich edge. The alteratibn envelope
‘.

shows the sequence from, the "vein" to the wall rock as
' follows:'-a) carbonate- albite;-bl carbonate- muscovlte, c)

chlorite- muscovite and d) chlorite-alblte; Pyritlc

.
. 3

“alteration is associated qlth the carbonate alhite\and

carbonate muscovlte alteratlons.. The complete zZona 10

Al

thfs sample occurs ih less than 2 cm. Tq\@yoid athg

.

of desc:lptlons, the alteration zoning arouﬁd small Veins
” .

are - thegeaf;er %cfe‘led to as alte:atlon env lopes"
\ al" K

whereas the entlre alterafion 5urgounding the mlue area ls

referred as an "altératlon halo A
\ - -

- . ‘..

S & Simllar seQUences of adtetation are oh

"l ~" .r L]
-

missing dbpendinq on the,mlneralogical compoaltl n oY the

3 e

host rock. ~Jhe alt;ration ehvelobeoarognd quartz-.




“ . ‘v .
- . -> . . ’ -

carbonate-albite veinsftransectiog rocks dominated by

various alteration.types is schematically illustrated in
\ . ] . . . *
o Figures 5.2 to 5.4, Where such veins transect a rock with

chlorite-alpite dlteration the complete sequence "described

@ k]

- above occurs 1Fig. 5.2 Plate 58). 1In other places when

. i

quartz carbonate albite ‘veins cut a rock with carbonate-

chlorlte alteration (Fig. 5.3; Plate 5D0) only ‘two zones
A R

L

> are, developed namelv the carbonate—muscovi@e and

carbonate- albite alteratlons.' The Latter type;oc6urs’

. -
a L
L

closer to the vein. In cases where the vein 1s hbsted by a

, rock wlth carbonate muscggite alteration a slnqle zone

carbonate:_ilblte’terat-lon‘is formed (Fig. 5.3
5C). ot '

L) oot

5.7 Distribution of Alteration Typed s

In the perlphery of tni/glfef:zlon hale the frequency.
* ' .

of veins not only decreases but also quartz -carbonate-

muscovite or quaftz carbonate chlorlte veins become more

L
.

common than albite- bearlng yelns, sugqestinq lateral

4

- varlatlon of . condltions of the hydrothermal altera&ion.

Tbe cross cutting relatlons of’ veins and!lccompanylng

. alteration envelopes at dlfferent scales hae pronced a
L) : '
. Very complex framework of alteration types. Nevertheless

- zone§ of predomlnanoe ¥f “one_or “other. arteration type can
o - be dellneated on a mine scale. #he_lnltial stage of
. L

o alteratlon 13 more common in .the perlphery of - the a,tera-




- * ’ 4
. . . .
¢ . " N
IR
*y - . M
’Q) N . . . &
~ - . .

. . 1 .
/ ) "tion halo. In*the ore zones ‘the carg;Late-mUs ovite and

) .
o -

o carboqatékalbite alteration:types'preaominate:? Pyritic -

alteratién'is aiSO'well devglopéd, espeq@ali§@§ 'the.#low

ore. .HoweVer no;.hi}’rocks exhibiting these .alteration

. _ types constitute economic:ore.. ’ S R
- g - Mineral grains around youn;::zglteratipn veilns are

V.

veins. The latter tend to be finer grained because of the

. ) : .

gevelopment of sub.grains, Under the microscope“they show Y

N .undulose extinctipn, sub ﬁrafn‘dévelopment and other.

>

features indicative of 1nﬁ¥a&rystalkine deformatiq"lPIates,

.2F, 3F; 6D, E, F). This relationship attests to tre

repeated sequen

' ‘&\\ _ ‘tion.
. \ .
. . |

. ' Although numerous generations of:quartz-carbbnate
. o L. 8

. VeIQP 4ransect the altered rocks, there is not an capparent -

-fracturing, vein fjlling, and deformp-

)

.""

orqanized pattern of quartz veins in the mine area. Local-
. : |
.Y 1y in a stope or ore’ body the hmore prominent velns #ay have

. . \ . '?

’ a deflnlte orientatlon, but in moat cases they forw
: »
. . irreqular shaped sj'ingers and-stockworks (ThomSOn,,19ul)”
. : !
’ : o - -;. ‘ .‘ S ) . ) .-
‘. 5.8 Summary ahd’Discussipn ,.Lf DI A
. S . - . . - 4

“a) .o It s assumed that prior tg the‘hy¢rotﬁeihal'a]iexa-'

S - =" tion mific and ultramafic tocks of the-mine ar

mlneralvcomposlblons simflar to




[ ]

b)

'c) .

d)

e)

-

The texture and fabric of _altered rocks vary depending

. , -

. on the original rock, proximity to,shear zones~dnd the

- amount 6f'platy minerals such as'cblorite, muscovite

- !

_andktaib.
‘The hyd:othernaivaloera}ion tydes arewgrouped into an

“initial and‘advaneed staqe.of.aitefatlon.' Each stage
of alteration is. ‘divided iato “alteration types"

(Fiq..S RITE | )

v
.

All the altetatlon types of the initlal stage T

¢
contain ¢hlorite. In cont{ast, the advanced staqe 1s

chara&tqpnzed by the dbsenee'of chLorIte which is

a

) Ieoﬁ!ged by muscovite and “albite in the carbonateﬁ

muscovite and carbonate albite alteratlon types,.

[3

71

AN}

’

rESpe%tively. Therefore the sequence of alteration f—\\,

M L.
*

“can be easily monitored by the relativé.abundance of -,
“the three aluninum-bearinq mihe;als- ehlbrlte, mu's.Cé=

'vibe, then albite sucessively pred 1nate 1n the L

L] .

\alterea rocks with 1ncreaslnq intensity of alteratiqn.,

. *
Initlalhdifferences in the rock oomposition nortb and~

south of the KLFZ produced some differences in thelr
alteration pattepﬂ;. North of that fault zone :
'

magnetLte 1s present it the initlal stage of Eltera-
tion, whereas pytite and qraphite are. common south of

the fault zone. Chloritoid alteration is asso A

restricted to the north .of the: KLFZ. .

5 A <

Rocks are qenerally éominated by one alteratlon type,'



. ; . -

but -often contain bands.or patchei)of other types of

" alteration. R ..
) . g)lh:Small cnoqg-cut%inq veins are enveloped by narrow
. . . ' ) \ ) 0
zgned alteration borders. The alterajion types A u-x“,u_
- R . ‘- A \‘.- "

o . . such envelopes can'Vary“depéndinq on the mineral '

L S eomposition of the wein itself and of the host rock.

Neverthe[ess the_sequence of. predomxnant Al- bearinq

‘ 1

silicates, chlorite, muscovite, and.alete are always.

developed from.the\ﬁall rock to the veln in -the same
T * sequencem
' ]

'h). Cross -cutting veins ate more ahundant near the ore

AT . zone, usually with the assemblage quartz- carbonate-
e albite, whereas in the periphevy of the alteration

- 0

] ;'; ) halo veins are 1ess abundant, beinq composed of

quartz-carbonate-muscovite or,quartz-carbonate- . .

] ;r X : " “chlorite. ” _ ) ’ ) . : ’ ‘.
i) Older generations of dlteration ‘minerals tend to, .
’ A A Y 3

diminlsh “in qrain size due to sucessive episode§ of

. ' T
(4 . l ey
.

fractunipg, couoied with the devetopment of ‘sub-’

- -

. .;grains. ‘,' , - i , : ‘
f T e ~ ‘The alteration sequence 1§ characterized by an . . g,'w"_
B R o increase in the abundance of cawbonate minerals at the NS\'"

- expense of hydrated sillcafes. Chlorite 15 the last
]

K '; silicate to be altered being repLaced by carbonate and

0 . .“ . - -"
. muscovite orﬂalbhte{ Complete ZOnatlon of alteration types_

A enyeloding small weins Indicatea‘that.the'zpnation~resq1ts
. . ".,;' _.."'..‘,..'Ql_ - ’ . ‘ ~.",-

-
v



from pregressive reaction of waIl'deké with an infil?rgt-

]
. Y

ing fluid. - -

lntersectlon of many qenerations of alteration gnes

-

and quartz veins, together wixh differences in the intens-J

ity of deformationeshown by the mineral grains of sucessive
generations, suggest that the hydi‘o}:hermal activity 'in“’.

Kerr-Addison is best pictured in terms of repeated’cycles
of shearing, fluLd:transporq and alteration rather than to

a sinqgle pnd_continuohs episode. ‘The development -of

i 4racturinq at different sEales (Plates.S and 6) permitted

&e hydrothermal fluld, after each episode of’ deformatlon,

to permeate throuqh volcanic rocks which ordinarily wogld

‘have very lo'w permeabldity. ’ .

The composition of the incominq fluid seems to haVe

-

remained essentially uhchanged throuqh time inasmuch as the

o )

“sequenpe of alteration tégeg_eﬁveloping dlfferent\gegera-
. - . : , : v

e of fluid compositlon.' Alternativefy hnae\ghanges may v

'tionS‘offVejné remains the same. - Systemdtic lateral:
vafiation% of mineral assemblages Jf the altefation

envelopes ortthonal no the veins, along with varjatlons of

the mineral assemblaqes f(the veln 1tself with distance

'from the ore zone may be. the result of lateral | variations

wf .
¥

L] -
reflect a lateral gradienp of temperature or presaur?

e In spite of/the complexity-of the distribution of

- '

a;teratipn-zqn{/;, areas of preddminance of dlfferenf‘

'ypes ean be deLineated. A ;ystematic mapp!ng

- N . Ll
, . .
. . ’ :
A . r . K . : -
[ _'.‘~ g o . ‘
td

s , e [ R ) . -
Y AT ST A -
.o . . . .
. , .

Y . ‘o

V..
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. . ~
- . A . - .

of alte&étion'types through the whole hmine could not be

-

. . peffdrmed.QUring this study due to time constraints. How-

- ever the.aQailable §§stematié:samplinq does give a broad .

picture of fhe~d1§tr1bution‘of alteratibﬁ-types across the

3850' level. | T e .
Bgcauke more than one type of alteration is often
present- in a single hand specimen, the chemical analyseS. of - R

. <
]

"the bulk rock,(Appendix 1) reflect. the pixinq of alteration

-~ -

tybes. For this reason the spatial distributipn of areas
, . . - N . ° ‘ . ' . ) . ‘M. .‘ '
of predominance of the alterations types described above‘ ' ..

can be bétte; visualized with the aid of qéochemicai data.

bd
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. . 3 Figure 5.2 . ) _ . -~
S "+~ Sketch of alteratien zoning enveloping a carbonaté-albite-
quartz vein in an altered mafic rock. Compare with Plth.' .
. : .
SB. Abbreviations - cb: carbonate; alb: albite; qtz: o »
¢ e - 9 3 ° X
. Quartz; mu: muscovite; chl: chlorike.- N ' . , B s
. - R ! It * “ .
bt - N ¢ ¢ .
o ' B < ' . I !
Figure 5.3. ., ) ,
N ) ' o N oL ' :
’ Sketch of alteration Zonlhq iﬁ'Sn ultramafic breccia; The
& cores ‘of larqer fraqments have*the assemblage carbonate—
chlorite, surrounded by rims of carbbnate muscovite. Thg/ "
. . matrix is dominated by carbouate¢albite. " See Plate 5D, .
’ . ’ 1 - . . .\‘
¢’ ~ . ’
: ", Figure 5.4 + . .-~ e
. cLL < - . ' - , T . .
Sketch.of alteration zoning assoéiated to thrbonaté— ¢
¢
alhjte quartz vein cdtting ultramafic rock which ls-

.dominated by carbonate muscovite alteration. See Plate SC

far compatison. .
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Plate 2. Photomicrographs oflaltered vltramafic rocks
Az Relict skeletal clinopyroxene of altered ultramafic

rock, partially replaced‘by tremolite. ChIorite

-

(dark) is probably'neplacingjvoicanic glass material
A )
or orthopyroxene .(X nicols). A similar'texture is
. descriged (Fleet and MacRae, 1975)'in rocks from_Mgnro

Township. ) ' .

.

B: Talc (light mass), chlorite (dark) and carupnate

v

(larger light crystals) assemblage characterizes the
/ )
talc chlorite alteration of ultramafic recks
e ,.4/
C: Porphyroblast of interqrqgﬁ‘carbonate “and quartz in a

matrix of talc.and chlorite. Jﬁeplacement of talc by g

carbonate and quartz produces the carbonate-chlorite
alteration of ultramafic rocks. B ' L.
D:  Transition from carbonate-chlorite to carbonate-

. 4 ' .. ' .
muscovite alterations in ultramafic rock. The

N
.

carbonate,- chlorite type is characterized‘by the
_assemblaqe chlorite (dark), carbonate and quartz
(light). Replacement of chlorite -by carbonate and
/muscotfte (riqht.ioher corner) produces -the e ' .
carbonate-mhscovite-alteratton (X'hicols)h /
£: Ca;bonate and- Tt oxide (leucoxehe) pseudomdrphing
sphene (plane pelari;ed llght).
F:. Carbonate- albit; alteratien envelopinq a.carbonate-
albite vetdn (coarse grained). The opaque minerals are
pyrtte."Note'the intihcrystalline,Qeformatton.of

.’rarbonate.grainﬁ of the vein (XAnicols).
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Plate 3. - Phdtbmicrographs‘qﬁ altered mafic roe}s ' N

Ai .Typical 'texture of ChIorite-albite alteration type in
-mafic rocks. The.assembMige is chlorite, jalblte,

IR : . . ' .
quaiﬁz, Ca;bonate and ilhenite (or sgérEdically sphene -

rather than iImenitéil fpaques are magnetite and . .

ilmenite {plane polérized light). ° - K

. Bs Radial agg(égatq'gf chlqritoi&. Chléri%oid is

frestricteq to altered mafic rocks nortn:of,ihe’KLEZtl LT

C: rbonatéémuscovite‘Equration in mafic rock. 'm;O

_maSépy}te; ca: carbonate; opaques are pyrite (blane 3.'

’ . s . .
- polarized light). . o T T S - o

. . . .

Ds - Carbonatq%albite'altgratiqn in mafic rock. Carbonate mij> .

v

(éa) 1ﬁgf1he_graiﬁéd matrix of quartz and af&ite (X
. . 0 - ‘., - am———-

nicols), . © - : . o v

Es CarQona;p-albite alteration enveloping a qua;fl}.d B

cqrbénate-albite vein. Opaque minerals arq.pyrite,(x

. N , o . ) n -
nicols). , - ' . ) - I < .
. . L L e .

Y

F: Undulose extirfction and sub-grains in a radiéllyi
¢ . .,

. * y
® . . @
- .

A R . T Y.

fractpred'QOartz-grqin.¢ L : ) 3 .

[ . L L . v - o
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Plate &. Prpgregﬁive alteration of a‘variolitic,textured

mafic rock v - .

. . !\ . . . » . ‘.u “
.~ For'each of” the three  pairs of phJEbmicrographs the first

~ (eg. A) 15 in. plane polarized light, whereas the seéond

4 -

(€g. B) is in X nicols. ~ )

1)

A and B: The relict variolgs (dark) are cymposed of -
chlorite, albite, quartz angd Ti-oxide (chlorite-albite
) . alteration). The matrix .(Right) contains carbonate,

muscovite and quartz (carbopate-muscovite altera-

4

tion). Opaqués are pyrite.

C and D: The assemblage in the frelict varioles is carbon-

ate, muscovite and quartz (carbonate-muscovite altera-

-

tion). ﬁlbite,:carbongtg and quartz form the inter- .
stitial material (carbanate-albite alteration).

Titanium oxide is concentrated in the rims of .tHe

A

relict Qarioles. » "

E and F: At a more advanced stage of -the alteration- both
f 4
the relict varioles and Matrgf-are‘dominated by
\} ' carbonate-albite a;terqtiéﬁ; except.for few remnant

muscovite flakes (arrows).
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.sketch of Figure 5.2.

i o’ : .
Alteratﬁqn:jn ultramafic breccia. The larger -

. - .’
& oo, !
' ) ~ ’
. - ] '
Plate 5. Small scale alteration zoning “a

Quanthcarbonafe-albite vein in aliereé maiic-rock.
1Y i |

" The arrow lndicates the area of the photomicrograph B.

-

Alteration zoning envelpping a quartz-carbonate-albite'

veln‘ From the vein (coarse grained) to the right the .

sequence, of alteration types is a) carbonate-albite;
b) carbonate muscovite, <) chlorite muscovite, and d)

chlorite-albite. Opaque minerals Jze'pyrite. "See ™

i -
v A

4

v

Bands of carbonate—albite'alterat;on (light). in an

.

‘ultramafic rock wiih carbonate-muscovite alteration.

Sée sketch of Figure 5.4, - » . \

e

3 .

'fraqménts have a core of carbonate-chlorite alteration

. .-
- -

surrounded by rims of Carbopatermuécovife. The matrix

is dominated by carbonate-albite olterationg See
“%* . R

sketch of Fiqure 5.3, | \

~.
T
ot v

Carbonate chlorite bands‘in a talc- chlorite rock

Pyritic alteration associated with quartz-carbonate-

’é&gi}e vein in mefic rock. The size and aounda e of

p&rite decreases away from the ?2§izontai vein which

transects’ the vertical vein. Note.that pyrite 1is
A .

restricfeq to the wall rock. ! 5 .
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Plate 6. ‘Eviaence of fiuid penetration at different scales

Patterns of yeihing and éracturihg in the Kerr-Addison mine-

and surrounding area suggest repeated episodes of fractur-:

ing énd fluid infiltration thiough the rocksﬂ

Az Quartz carbonate veinq;;ranéecting altened_hltramafic P

. " :ocks in an’ outcrop west of- the. Kerr-Addison Mine.
: . .- . Note the irregular paftern'and cross-éuttinéirelations )
v ' of the velns, . ": o ' S : :

-

B: Quartz-carbonafeachlbrite~~e1ns in‘altcrgd»mafiq rock.
' “C: . duéwg;-carbonate-albite veins in variolitic té%tured

- ' mafic rock. Note ‘the irfeguiarlty and-&isqon;inuity--

f , -

of the veins. _ ' - . o,

.
)

' D: Carbonate-albite filled fracture (arrow) franépcting

an albite.dEaIn from a quartzecarbonate-albite vein -

. N . - - e - .
.y . . e I

(plane polarized light).

E and F: Carbonate-albite filled fractires in-a quartz

T V ' grain (E,’plaﬁe'poiarized.light: F, anlpyls).
, , , .

. "
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CHAPTER 6 PY

b g s S <

- ‘ N

|

GEOCHEMISTRY OF ALTERATION

6.1 Introduction - N . . ) S
. ‘ - N ‘ v '
The'éeqd6nce of alteration at the Kerr-Addison mine,

_as described in the previous'chapter, is characteriZed: by

»

K an 1nerease'ih’the‘proportion of.carbonate miper315°
accordinqu bhe chemical analyses (Aopendix 1) show'a

correspondinq enrichment of C. In the same manner the

Lo

;ncrease in musgoyite and albite which characteff;es tne;

advanced stage of alteration. can be monitored by qainé of K

and Na in tne rocks.
The amount of CO» or *alkali-metals that cah-be intro-
o o« a0 . i Co '\' . " ‘ *
- duced to a rock anderqoing alteration is not only a -

>

funetton of the degree. of.alteratbdn but al'so dependh'on

' the chemical composition of the original rock. . Far

instance the formation of carbonate minerals 1n response to -»
. < T N
~ fntroduction of COp from the. fluid 1s largely-controlled by

4 ’
R ,




R i 1L o o e T T T N

R e T - .- .- - Te MW T

- 4

the Mg0 and FeO, and to some extent the Ca0 concent of the

-

hali racks. Similarly the introduction of K and Na is

- .

limited by the availability of Al to form alkali-

silicates.” Thus, in order .to compare the alteration of

rocks with di?férent‘pre-alteration compositions, it is

necessary to employ qtochemical parameters which minimize

the effect of original bulk compositional variatiens.
In this chapter the qeochemistry of the altered rocks
is analysed in terms of’"degree of, saturation of certain

mobile elements, rather than in terms of qains or losses of

components expressed in wéiqht percent, This approach not

« 9

only permits the comparison of alterat}on of rocks with

.

variable oriqinal composition, put also delineates the X

spatial distribution of alteration types, a§ cha}acterized

on the basis of;mineraL associations, thereby stressinq the

Eiqnificance of *the fluid rock interaction.

- . N -
L]

™

6.2 CO, Enrichment ' .' _ o ' L.

[hé molar ratio CO2/(Fe+Mg+Ca) is a suitable indicator

of the degree of° carbonatization. Most of the bivalent
metal’cations; Fe,'Mo,.and Ca of a freshpigneous rock arq
prescnt,in silicaies, so- the molar ratio in question is
closé‘to Q, As carbonatization proceeds, these catipns are

progressiveiy tranéferred-to carbpnate mlnerals and the
g o -
molar ratio-C02/(Fe+Mq¥C\_’3pproaches the saturation value,

L]

“or saturation index, of 1.

-

¢ 'S P -~

-

¥ 4
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'thp 3850 ievel of the Kert-Addisgp'Mine are displayed in

areas of intense'carbonatization whereas the minima reflect

" not a statistically sigrificant correl o1,

. of the ro%ﬁﬁ Forainstance an alkali-metal saturated ultra-

-

\d . . <

NE

.. : : I “ |
Variations of the molar ratio C02/(Feylg+Ca) 'across .

L] . N

Fig. 6.1. In order to better visualize the areas of

L4

preddmipance of distinct alteration types, the moving'

-
-

averages are plot;ed‘instead of'the molar ratios of

individual samples. Obviohsly the maxima correspond to

areas where the initial stage of'altération predominates.

¢

‘ .

.

s v

6.3 Alkali-me}al énrichment

‘ 4 E .
. Concentrations of alkali-metals is- of barticularl . oo .

- .

interest in. the study.o? the geochemistry of thé alteration

associated with gold deposits. The association of gold

3 .

_mineralization with muscovite (Bain, 1933; Whitehead et

al., 1980; ,Thomson, 1980) or albite (Géllagher, 3940) seems
to be chafacténistic of many Archean gold deposits. '
Several aftemgts to correlate K andjNa content to Au

mineralization are present in the literature (e.g. Davis et

al., 1982; Fyon and Crocket, 1982) but apparently there 1is

-

At Kerr-Addison; K is. present mostly in muscovite and

Na in albité; A simple compariéon of the alkali-mgtal ° .

contents of host rocks to- their mineralized counterparts

“only reflects the absolute aﬁaunt of’these minerals in the
. v . N

¢
1

"respective tocks,.wﬁicq in turn depends on ‘the Al content

§

-
. -
- »

.
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. % ‘
chemical componentg‘when'COmpared to undersaturated (1n_
alkali-metals) mafic or felsic roek§; given its lower

-

ab§o}ute aluminum cohteﬁt. -
. $ .

‘Most of the alhminum in rocks of «the m%ne area is

3 L]

present in chlorite, muscov1te and albite. Locally

chloritoxd may -be an important Al-bearing" phase~ Assuming

the ideal mineral tompositions for albite‘[NaAlSi303] and, -

muscovite [KA1Si3010(0H)2], the molar fraction Na:Al is 1ri‘

(albite), and K:Al is 1:3 (muscovite) respectively. It

“follows that the ratio Na/Al = 1 represents saturation

relative to albite,"ang 3K/A1 = 1 tolmhseov}te.‘
For the other Al'beérfng ppqses, namely chleriteéand

chloritoid, the dlkali-metal to Al molar ratio.is OM

. .
- -

M~ N v . ¢
. Therefore for a rock with chlorite or- chloritoid-vas the

only Al bearing- phase the sum.of these ratios (3K+Na)/Al,

. Ve

should be 0. Variations of. these parameters indicative of

alkalf—metal enrichment across the 3859’ level of the

-
\""

. Kerr-Addison Mine" are plotted 1n Fiq. ‘6, 1. 'v

- -e
7
' - .
. . .
-, .
- . A
’

6.4 Distribution,of alterationi types , ' >

r - . . -
The initial stage of alteration’!s characterized by a.

moderate lntensfty of carbonatization along with abundance
of chlorite. Hence ‘the areas of predominance of the ~ '/
inltlal staqe of alteration are those with moderate CO2/

'

(Fe+Mg+Ca) and low (3K+Na)/A1 1ndices in Fiq. 6f1. In

[C
+

93

Y e
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contrast, 'the advanced stage dfpaltenation is characteriZed

o‘

by high carbonate contents and low ¢hlorite abundance.
Accordingly, hlqh COZ/(Fe+Mg+Ca) together with elevated SN T

-(3K+Na)/Al indices in Fig. 6.1 correspond to areas of -

. o : L
L - P

preferential developmenf'of the advanced stage of alitera-

(X v -

B - t_ion: . ' - S . o !

oL The initial stage of alteration has an irreqular T,

. . digtributien whereas the advanced. stage is restricted to

[ N « »

. the south of the KLFZ (Fig. 6.1). Note that the single

.,.broad peak of COz[(Fe+Mg+Ca) loéated'no;th of that fault®

4

zone has no correspondinq oeak of the alkali-metals 1ndice .~
R (f’;.- .T). This is the characteristic geochemieal . o .
. d

"/'” signature of the chloritoid alteration type._
- Geochemical data-can be used to furtter divide the

.
L]

. e N ;advanqeg alteration into areas dominated by .carbonate- , .
s . » - ° . \' ) . . -,
_~muscovite and carbonate-albite alterations~respeetively. A ;

The former is charaeteri ed by hiqh 3K/Al and\the latter by

L . . -

high- Na/Al (Fiq. 6. 1). L T

4 * N -
- N 4

. © An examﬁle of anom110us behavior of 5aturetlon is the o

i

small peak of 3K/Al In the ‘vicinity of the' KLFZ which has o

*
. /'

no correspondinq enrichment in €02 (Ft? 6.1), siqnifying , s
o . :

. " that it doo® not ‘have the charaoteristic geochemioal

‘. signature of the carbonate- muscovite alteration. This peak

corresponds to a fiuscovite rich rook described .as greyw\ete\\ ‘

)
.

by previous authors (Kerr-Addison staff)., Probably, thc,_ s

metasedimentary rock was already muscovite rich prior to S b




the hydrothermal alteration. -
Apart from this abnormel point and the chloritoid

falteration, the peaks of enrichment in K and Na are

L]

symmetrically’distributed relative to the area occupied by

4

the Kerr-fault. “If. the zoning of alteration types (Fig.
- 6.1B) is the result of infiltration qof hydrothermal fluid,

this area may,weli'correspond to the main channel way< .

e

, Ingsummary: . ' .

a) ﬁrprepriate geochemical paraqetersﬂcan delineéte areas.

of predominance of distinct alteration types,
ce ‘ »

*, irrespective of the primary bulk reck compositioﬁ.‘

»

b) The initial 'stage corresponds to.low CO0,/(Fe+Mg+Ca)

éoupled with low_(3K+Na) /AL (Fig. 6.1).

-X

c) .The @dvanced ‘stage has high COZI(Fe+Mg+Ca) associated
with high (3K+Na)/A1 and it 1is restricted to the south
of the KLFZ. . ‘ e

d) .The advanced stage ean_be subdivided into carbonate-

muscoyite enp carbonate-albite alteration, by high
3K/AL or.high Na/Al respectively. .

e) -Alteratlon types are symmetrically distributed
relative to the probable channel way for the hydro-

thermal flulds wh‘}ch corresponds “to .the v',l'cinity of

the Kerr-Break.

Q) Chloritoid alteration corresponds to hiqh COzl

4 ’

.(Fe+Mg+Ca) and low (BKQB)/AI. ‘

L)

t
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6.5 Mobility of other ‘elements

.
.. L d

L
N

. Intfeductipn of CO2 ana alkali-metals are the most
prominent .geochemical features of hydrotheemal alteration
at the Kerr-Addison mine, hut'other elements, fneluding Au
d;spiay variabie enrighments or depletions. Due'te the
econoMic importance of the precious metal, its distribution

is discussed later in a separate section.

Water for instance is depleted from highly carbona-

" tized rot\s. Rb varies sympathetically with K, whereas Sr

tends td_covary with Ca. ‘“These tendencles were also
observed by previous'authors (Kerrich and Hodder, 1982;,

Kerrich, 1983).

v - .
Carbonatized rocks are generally enriched in Ca

relagive to fresher precursors. The behavior of Ca in

altered komatiitic rocks can be deduced with reference to

the Ca0/Al,03 ratio which has a relatively constant value

of 1 in freeh.examples from Munro Township and-other areas

[

.- of the Abitibi Beft, according to published chemical

analyses (Arndt et al., 1977; Ludden,and Gelinas, 1982)

8

" Ratios (Ca0/AL203) up % 4.7 are observed in highly altered

ultramafic rocks of the mine area (eg. sample AK-41,
Appendix 1), indicating an abeolute (fﬁtoddetloh of

calcium.’ .

N

_ ;_;’\}lj€125f content and Fe0/Mg0 ratio of komatiitic rocks
' cova wi Ti contents of the rocks, whereas Mg0 has a

negative correlation with Ti- (Beswick, 1982). Variation'of

the FeO/Mg0 ratio of altered ultramafic rocks of the mine

-
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departs conside;ably from the‘tréﬁd of differentiation of ”:

fres£~komat11tic rocks (Fig{.G.é) but no systematic

variation with alteration types‘;ould be identified. Such !

departures seem to be mostly ddé to loss.ﬁrﬁgain of ﬁgo

. from altered rocks, inASmuch as exdursions of FeO from the
expected trend are small (Fig. 6.2A and B). . !

In mafic rocks the Fe0/Mg0 ratio is also highly vari-

able rgiative to t?end; reported from fresher tholeiitig .
rocgs (Fig. 6.3). 1In the case of‘mafic racks, howeve;, fﬁé
departurés from the é;pected trends of.thoielitic vqlcanic§
seem to be mostly due to the mobilizy'Gf FeO. Such-

mobility of MqO of ultr‘pafic rocks and Fe0 of mafic rocks

has been also observed in talc-chlorite alteration zones in

i

the contact between mafic and ultramafic rocks in western
New England (Sanford,’1982). o

Based bn'the differences in the chemical potential of

-

certain.gomﬁonents of minerals such as chlorite; actinolite

" an; plagioclase, Sanford (19282) concluded that Si, Fe and
Ca have migrated from mafic récks into Yltramafic rocks,
whereas- Mg had moved ln the opposite direction. Suth mas#
tr&ngfers bétween mafié and ultramaf{c rocks igythe contact
zone agiphe Kerr Addison mine may explain the observed

" variatton -of FeO/MgQ ratios, but a more detailed study -is

necéssﬁry to substantiate this possibility. For the study

of hydrothermal-alteration accompanying gold mineralization

the ¢ruclial point is the behavior of Fe0 ana'MQO'together'

.
~ [
b
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~with~Ca0 in the formation of carbonates. .

A

The geochemical behav;or'of carbonaté'formihg compon-

tas Ca, Mg\ and Fe is anticipated. to be related to

the carbonatization of silicates. Microprobe analyses of’

ents such

ferroan dolomite and ankerite (Table 5.1) show that their
CaC03 contents are close to the ideal (50%). 1In addikion,
fpe Ca0 content of altered rocks of the mine'area'is relat-
ed to that. of CO02. In Flgure 6.4, the fréquen'cy dfstripu-
tion of the “olar ratio C02/Cal0 of aIteréé'magic.and ultra-
mafié rocks‘squgs;s the preSence of three distinct popula-
tions. The Cbz/CaO ratio of the thrée populétions~§re |
apprpximately‘f, 2 ana 6, indicative of calcite, ankerite
and magnesite respectively. :These data suggest that the
amount of Ca fixed in §hé solid phase is a function.of'the

B

amount of ferroan dolomite and ankerite .in the altered

..
rock. ‘ . ,

¢

Thereforea\faturatibn of a given altered rock relative

to Ca is cxpeqted'to occur when all the Eg{ Mg and Ca'are

" bound to Ifrroan dolomite and/gr‘anketite. Depgndipq qn
the "ipitial chposigion,of that rock, such saturation may
occur .with atidition or removal of,Fe plus‘Mg to'adapg the
qoﬁposition ;f the altered rbck.to,fprm carbonate minerals:

with -molar composition close to 50% CaC03; This mechanism .
‘may explai;‘the apparent addit}on of Ca tdgether WIfh the :
"variab;% apparent additions or removal.qf Fe énd Mg.

) 4
¢ .
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6.6 Discussion of chemical mass balance

Fof a more comprehensive evaluation ofbgafos or lossosl
~of rock chemistry, mass balance caICUlations have been
performed by several autoors studqug the geocﬁemistry oﬁ'
= aiteration‘ofAArchean iode gold deposits. 'Too divergeot
" ., approaches havo beeo adopted, either assuming consfont
volume or alternatively immobility of certain eleoenfs.
The tw%kapproaches.generally.result in opposing deduced
geochemical trendsf' '
Calculations assuhing constant Vo%uhe (eg. Boyle,

. . ' 1961' Robert'dnderown, "1984a) indicate addftfon of CO, and
K associated with removal of S$i02 from rocks with incipient
alteration. In rocks‘clqser to .the "miferalized veins"
similar'célculations lndidéto that Ca, C0,, Na, rAu, and S
werqfaddod to the;wakl-tooks-whereas Fe, Mg, Al, Tﬂ: H20
and in soﬁé cases g! were released. The obuodaneeaof'

. quartz in the “mineralized veins" together yith aoohrent

s /

N ’ depletion ‘of Si in the wall rocks led Boyle (1961) Lo -

ﬂnnfludg_LhaL_5i_and_nxhnn_alemgnts_ha¥e migrated from “the

‘ country rocks to the veins.: These dedoced transfers of ’ .
‘ ¢ . . ] . . .

cheﬁicai’components were eﬁbodied in the "laeerol
secretion" hypothesis of gold deposits (Boyle, 1961)

‘Geochemical data of the Kerr- Addison Mine alsoﬂghow similar
L .

-~ -

trends on the pasis of assumed isovolumetric alteration. - .
Gréoeos'(1967) suggested incorporating specific

graQity data into two way mass-balance calculations for




w b

¢

-

-

v 100

alterationfo% rocks;“'His method compares the chemical
composftion and specific gravity of an "unaltéred parent-
rock" w;th those of "altered countgrparts". The change-in
volume accompanying alterafion, exbressed'as "volQme
factor" ®s deduced from assumed isochemical behavior of
§evefal relatively immobile components (eg. Al»03, TiOp,

Sc, Ir) depending on the geological environment. -

‘Applicagion of- such calcula;ioﬁs to analyseé of rocks

from the Kerr-Addiéon mine (Kerrich, 1983) indicated gains ~

of Si, Fe, Mn, Mg, Ca, St, K, Rb, Ba, Zr, and 1102 with

variable dains‘oﬁ losses of Na. For the flow ore, similar

e~ .

calgulations yielded gains of Si and Na in rocks with

"basaltic precursors", whereas the same elements were -

Y

released from rocks with "dacitic and ultramafic

L]

precursars". In contrast Mg was leached from baSaltic

-

pocks and added to-ui;raméfic and dacitic rocks. . Deduced

volume factors ranged from 0.4 (60%'1355 to 2 (200% gain))

(Kerrioh;, 1983). )
Yhe contrasting results of mass balance calculations’
based of different assumptions 111usﬁrqte the difficulties -

-

in,Eonftpring small changes 1in ghe;ical composition asso;i-,
aféd with massive introduction of CO2. A mafor difficulty .
of the application of Gresens' (1967) methodi&s the choice

of 4n "qﬁaLtered parentél-rockﬂ. This choice is usually

A .

2}

based. on matching the ratios of less mobile,components:aughi

as A1203/T102, Ti/Zr, and Sc/lIr to a hypothetical igneous’

- » . . ~ . .
-»
N TC ey Ve v VST VPO el e AR T R R TR 5 o
- . . .
. . .
R . .
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' 1gne0us differentiation of tholelitic and Kbmatiitic ~ .

* originai rocks are not . always distinguished from variations

' Monro Township. Similarly CaQ and Al03 vary from 11.5% to

‘.j precdrsor with similar ratio, where;no fresh parent rock is

-yolcanics. 'For this reason compositional variations of

»

. . . -
. »

T » ’ i -

present. Those ratios remain almost constant during

due to the hydrothermal alteration., For instance at almost

) < g

), R
constant Al03/Ti09p, Ti/2r and Sc/Zr ratios, the Mg content .

in le'ss altered komatiitic rocks \aries from 38% to 13% at

3.6% and from 12% to 4% respectively (Arndt et.al., 1977; e

Ludden and Gelinas, 1982) giVen these constraints on ' -

identifying a reasonable parent rock. For this reason the
numerical results of mass-balance calculations have to be

taken with caution. However the application of Gresen's

. method (1967) in rocks from the Kerr-Addison Mine and other

Archean lode gold deposits (Kerrich and Hodder, 1982; ,

Kerrich, 1983) can be interpreted in terms of variable!

14
.

increase in volume of rocks dde'to the addition of many .
components, -especially C03, Ca0, and alhali-metals. ihese
calculatfons also show that the alteration process is -
compatioge with relative”immobility of Al203, Zn, Soland.to‘
SOme extent T102. : .

For the purpose of this study which is to olarify the
nelationship between hydrothermal alteration and gold
conoentration, tne approach invoiving the dggree o;.saturaJ

tion relative to certain components, as presented earlier .

o N . s

in this chapter, seems to be the most adeqdate considering .
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the amount and type bf available data. As discuésed

- -

~\ -+ before, the hydrothermal alteration’ at Kerr Addison is
L . n
" characterized by a- massive 1ntroduction of CO02 along with

. variable additions of Na, K and. €a. Inspection of chemical
/ 'anaiyses (Abpendfx 1) indicates~that.the weight percent of
. _'most components. other than NazO K20, Ca0 and C decreases

- as tme L.0.I.- (loss on ignition) 1ncreases. The apparent _

>

depletion of_yariqys‘component with progressive alteration

K1y

'_may ﬂ&iiﬁterprefed.as Simﬁ}e dilution of the rocks by

i massive introduction of‘volatiles. JFor ipstance, chemical
. & -

, analyses of ultramafic roka ﬁ%ving different aiteration
" v types, when recalculated'to 100% oq-a‘volatile Tree.baeis_

(Tible 4.2), show compdsit;on similar to less altered
: counterparts, thus demonstrating that most of thelapparen{
- depletion of components’reflects dilution of rocks by

[ 4 A

‘massgive addition. of volatiles and CaO. : :

Ty

M ]

) o The most «important.depletion ‘fnvolves an element rare-

PR . ly.incLuded 1n_qebghemieal mass balance calculatioﬁs,fnahe-

e

d Iy'hydroden. Note that- the final product of alteration,
the carbonate albite type characterized by the assemblage oo

* quartz, carbonate,,a‘Bite and leucoxene, unlike other'
- . “—\

alteration assemblages, cpntains no hydroqen 1n}the

-

'ttructural formula of its mineral phases. The process of .

progressivg rempval-of‘hydroqen in the form,of H20 or H is

. . discussed latertingmore detall in'fﬁapter 8. '\ \ o,
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6.7 ‘Distribution of Gold Relatﬁ§e.to the Alteration fypes,

»”  Background gold contents 'of most igneous xocks‘are‘in'

As

thearange of 2 to 5 ppo (Til{ing et al., 1973; Kwong.an&

.

Crocket, 1978-‘Keays, 1982; Saager et ali, 1982). An

e, -

average gold ore qrade of 10 ppm rep&esents an enrichment

of about 104 times'background.) Extreme enrich@ ts result -

’
»

in erratic distributionsfof gold on*a‘snall scaie*>with‘

L

consequent difficulties in sahplinu and handling of

geochemical data. For this reason, only rocks with goid

A

'contents up to 1000 ppb are included in this discussion

[ &
.

(Apdendix 1. .- B S

-

Y
. b
- . 1

Variations of gold abunddncé ‘across the 3850' level of

the Kerr Addison mine are displayed in Fig. 6 50 with the

— ) - .aid of movinq averages of 5 samples.. . The most striking e

feature of Fig.'6.5 is the contrast in gold values north

.and south’ of the kLFZ..\Qold abundances in rocks north of

fault zone are uniformally 1ow at <2 ppb, those values

being close to background. - In contrast, south of the KLFZ

the oold content is variable and generally higher.

Another interesting hspeet of the distribution is the

' simiiari&y of Ats configuration to those of. the graphs

depictinq-the variation 6f €O anq alkali-megal;saturation

. indices (Fio; 6.5), cspecially sqyth of the KLFZ, The-éoﬁd

values are symmetrically distributed relative to the Kerr-

. fauli zone. The corresoondence'of the variation of altera-

tion par%mgters td gold.content suggests a g?netic.link

‘e
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between hydrothermal aLtéraann and mineralization. How-

.ever a close examination of’!hesegqraphs reveals that_neaks

. : ¢ : . .
of gold content are slightly displaced relative to the i
peaks of alteration indices (Fig. 6.5). : 4 o

;Such a displacement may be gbe reaso;‘why nréfﬁous

0

geochemical studies in Archean lpde .gold deposits ave not

been able to identify statistical gorrelations betwe&n'qbld.

and various geochemical parameters.v-The'best eoxrelaiions‘
are of qold peaks with the points where 3K/ AL and Na/Al

durves intersect each other. That means the qold-content
.

-is higher when musco»ite and albite are both present,. %‘
highest gold anomalies correspdndinq to the transitiﬁnyione

-

-

betwgen the carbonatefmuscovdte and,carbonate-albite
alterations. It is interesting to note ‘that S enrichient” .’

(pyritic alteration) also concentratesy in such transition

¢ )
. . -,

zZohes.

-

Therefore the geochemical data from the~Kerr-Addison

4

Mine not only reveals a close correlatfon of hydrothermal
alteration with gold anomalies but also indICates that qold~

is part of a specific alteration assemblage. " jﬁ .

~

.
L]

- !
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"N3IOW vertical plane (see .Appendix 3). : . ) .

Figure 6.1
. .

Variations of alteration stages acrﬁoss the 3850" level of

the Kerr-,AddisQ.n mine, reldtiwve. to saturation indices of

pe .
Co, and alkali‘smeta‘ls'. Initial : staqe of alteration “(IN) is -
o ’ N . .
chardcterized by low COz/(Ca+Mq+Re) and (3K+Na)7Al L.

lf:-
indices. Advanced stage of altbration (AD) corresponds bo

- »

areas of high C02/(Ca+Mg+Fe) and (3K4Na)lA1 Indicgs. The -

)

broad COz/(Ca+Mg+Fe) peak north of’ thé\‘KLFZ fias no E L ) ~ 3

associated (3K+Na)/Al maxima, correspondi;\g ’to an &rea of- S ‘
chloritoid alteration (chltd..) Areas of the advane“ . ; -
stage of alteration (AD) can be subdivided, ’in.to“zon'es of ’

carbonate- muscovite type (cb- mu)- ang carb:)nates-albrte ty‘;e - *

L]

(cb alb) on tﬁe basis of high 3K/Al or Na/Al respective-

.7 .

ly. - Note the symmétrical dis'trlbution of different satura- .
tion indices 4elative to the Kerr- fault.. Al'l points : -

.

coprespond to moving averages of 5 samples, projected on a

- . .
- - . . . -
. o .
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Figure_6.2 -

4

A\ B A P
. Fe0, Mg0 and FeQ/MgO versus Ti plots of altered @ltramafic

rocks of the Kerr-Addison mine. The contindous,lines are

‘the trends for komatiitic' rocks of the Abitibi Belt accord-

~

ing to data from Arndt et al. (1977, 1982) and Beswick

(1982). Fe@ goncentrations of altered rocks are generally
slightly higher ihan fresher ultnaﬁafic volcanics, whereas

. Mg0 is highiy variable. Oxides in weight percent, Ti in

pbm, recélculateﬂ to 100% on a volatile free basis.'

.

]
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Figure 6.3

iif, Mg0 and FeO/MéO Qersus.Tildiagrams of altered mafic

rocks from the Kerr4A891sén-mine. - The shaded Arga§ are the ’
fleld of "tholeiltlc basalts" and "Fe-rich tholelitic
béséltsﬂ.frhm the Stoughton-Roquemare agd Kiqojevis groups
requcti:ely, after Jensen qnd Langford (1983). Large
excursions from the é;pected trends of‘thé_FeQ7§56“fatio-is

* ‘
obsergred due to small variations of Fe0 and MgO.
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Figure 6:%& .

Frequency distribution of molar ratio C02/Ca0 of altgred
: . , g ~
mafic and ultramafic rock of the Kerr-Addison mine.) A

14

. ratio of 1 indicates that calcite is the dominant

carbonate (chlorite-albite alteration type of mafic

rocks). Ratios >5 siqnifi the presence of maghesite

LY

(talc-chlorite alteration of ultramafic rocks). The

hydrothermal alteration tends predominantly to produce

C05/Ca0 ratios 2, characperistic of,aqkerite and ferroan’ .

E

dolomite. Such a tendency'indicites additions of Ca0 intb

Za ’

the altered rocks.
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o Figure 6.5 . .

Distribution of m\o‘_\/in.q~ averages of‘Au across the 385&' ‘
level of’thg Kerr~Adaison mine, compared to the saturation
1n&ices of CO2 and alkali-metals. Concentrations of Au are
generally high south ofﬁphe"KLFZ. Notb\that the éold

mdxima arq'slightly displaced relafive‘tO'tpe maxima of Epé
saturation indices. Peaks of Au corrgspond to points wh;;é:

3K/ Al and'Na/Al indices display similar vatues, and are

therefore in the transition zone between carbonate-
‘ A

muscovite and carbonaté-albite alteration @pes (see Fig.

-

6.1). . ’ .
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. : ‘ 'CHAPTER 7

e

OXYGEN. 1SOTOPE DATA

L d

°

. 7.1 Introduction-:
Oxygen isqtépeﬂanalyses of minerals and rocks may

pro;}deiinfoxmation on the nature of hydrothermal regimes

-

e

in ore deposits. - In principle, the probable origin and
temperature of mineralizing fluids can be deduced from

measured oxy§en ‘isotope cdﬁbo§itioh§ of minerals at

7

equilibrium, Oxygen isotope dqtérmlpatlons were performed

on 37 mineral separaté€s exfracged from 15 samples repre-

’

. séﬁtiné a section across the BB%Q'llevql of the Kerr-
Addison m;ne.11a51; 7.1). Detafls of the analytical
pchéqdres'and mineral separation are given ih Aopendix II;

Oxygen isotope analyses are reported in the conven-

tional notation &'80 (Taylor, 1974, 1?79),:yhere:

. §180 = (180/160) sample 7 - 1 x 1030/, ’
[ il '0) standard
a‘.- ' ' . F - 11-5 .o . ‘.'o : M « "
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and & values are reported 1& per mil relafive to SMOW'(5180i

a

6-'SM0W = d). Fractionatlons, or differences in: 6180 ‘hetween

minerals are quoted aS‘A,/éefined as AA«B = 103 In “A-B z

“35A- 65, where a is the ftactionation factor for the co-
. C

exlstlng mine;ais A and B * The approximation holds for

:6A-GB :< 1.0. ’ 0 . -‘ .
7.2 Results ) - X )

Althquh'the'1sotope~fractionation (A) between most

mineral pairs falls within a narrow span. of values, the

N -

6130 of minerals show a considerable range (Table 7.1).

Variations 'in the 6*80 oﬂ-minerals appears to be related to

the oriqinal rock type rather than to the hydrothermal

al;eration.¢ype. The range of variation in 8§ 180 of quartz,

chlorite and albite grouped according to .the alteration’

-

stages ahd‘tp the ofidihal paréntal rocks are illustrated

in Fig. 7.1A and B respectively.

.Minerals extracted from. samples with the initfal stage“

[y

of alteration exhiblt considerable variation of 6180 (Fig~

7.1A). For instance s8¢0 quartz ranges from 12.7 to 15.7.

1 0
Mlnerals e«tracted from samples with. advanced alteration

show smaller but stlll slqnificant varlation (Fig.s 7.%).

ln contrast, when the samples are grouped—accordinq to

the original parental rocks (mafic rocks of bhe Kinojevis '

Group, mafic rocks of Larder Lake Croup and ultramafIC'

rgcks) the 6130 qf minerals fail in a narqow bracket_bf
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values withir each rock type (Fig. 7.1B). The highest

o

values correspond to mineral separates from mafiic rocks of

the Kinojevis Group, whereas the lowest ones_correspond to
- r N

mafic ;oek§ from the Larder Lake Gremp. Minerals separated

from ultramafic rocks have intermeéfate '6180. Quartz
) extrac;ed from eross-cutting quartz+veins has 6380 -
identical (within the limits of anaIytical errors) to those

»

of\\ﬁﬁrtz from ultramafic rocks. :

The reason for this variation in 6130 of minerals
according to the rock types is not clear, but the important
fact is that for each_specif%c rock t;be, the iso;opic
compositioe of minerals are nearly conSﬁant reéardless'of

the alteration stage.

7.3 " Thermometry

The use ‘of oxyqen 1sotope fractionatlons between

mineral pairs or triplets for geothermometry has been the .

<o
w

subject of discussion by many authors (Anderson et al.)

’

1971; Bottinga and Javoy, 1973, 1975; CMyton, 1980;
. Friedman and 0'Neil, 1977; 0°'Neil and Clayton, 1964;_4 T
Delines, 1977, and others). There is nSAEOnseneus on which

fof the various fractionation factors should be applied in.

.
te

2
tempq;ature calcufations, nor on the criteria to test’ far

»

¢ -

\

" is o ic e uilibrium ambn minerals. \-The disagr ements
. J?t [ q g \‘N‘%#/_gfi
originate principally,because of the difficulty in ™

empirical calibration of mineral-water fractionations,

.
¢ R .

\

. ~
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especially at low temperatures (<3000C)

- It is outside the scope of this study to discoss the

v
<

merits of one or other set of c&librations. qut of the

- oxygen-isotope studies in"Abchean gold deposits have

utilized calibration curves. for mineral-water fractionation

as listed below: Ty

’ -
a) A curve derived #rom'the partial exchange experiments
(Taylor, 1967).for quartzéwater fractionation.
b) Alhite-water, 0'Neil and Taylor (1967). -
c) Muscovite-water; O‘Neii and Taylor (1969).
d) Empirical curves for muscovite water and maqnetite -water
as reported‘by Bottingd and Javoy (1973)
e) Chlorite-water, Wenner-and Taylor (1971).

— On the other hand, recent reviews on isotope'thermOm

etr& recommend the use of the calibration of Matsuhisa et
al. (1979) for quaftz-water and'albite-water;fractionatidns
and that of Becker and Clayton (1976) for maghetiteéwater.

The‘use of this set of calibrations results in considerably

lower calculated temperatures ( 70°C) The equilibrium

curve of Clayton (1972) recalculated by Friedman (1977) and

the experimental cuf&e of .Matthews. and Beckinsale (1979) .

are 1in good agreement with the recently recommended

3

calibration for quartz-water (Matheys and Beckinsale, 1§7§;

Clayton, 1980). The 1sotope fractionation‘equations qdoted

.

1n this chapter are. llsted in Table 7.2..

' Use of the first set of calibrations (Table 7. ZA) on

. . f ‘
. . . ) . R
- ) (3
- e . . .
- f
. v . . R
L] - - . . . !
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oxxgeg isotope data for Kerr-Addison results in tempera-
tures in tge,rénée 340-4000C (Fig. 7.2A). Concordant
temperatures amdng minerdl triples are rare on the basis of
lthis‘calibration but the most frequenf temperéture is
*around 3700C (Fig. 7.3, column A). Assuming tiat quartz in
veins attained equ}librium with the hydrothermal solutions,
the calculated. 180 of the fluid isnin,the'range 5.6 to
7&6.. Thg;e temperatures and calculatéd flaid‘compositjoas ‘
.. .a}e similar ta ;hose found in other Archean gold deposits
elsewhere, utilizing .the same criteria (Kerrich, 1981;

.

1983; Rye and Rye, 1974).

Calculatiﬁ§~temperatdres with the alterﬁat;ve set- of .
. - calibration curves yield temperétures.in the range Zéb to
3000C (Fig. 7.2B). Rocks characterized b; initial altera- -~
tion in general show diséofdanf temperatures, but some
. samples with cﬁlorite-albite’alteratIOn ewﬁibit triply
concqrdanb témperaturés pf,BOOOC.‘,Discordant temperatures
are indicative .of 1sotoE1c disequilibrium'amonq one'ot more
of the coexisting phases. | |
Rocks characterized .by advanced alteration in general
DO show concordant teﬁﬁeratupes around 2700C (Fig- 7.3, column
. B). Howevér temperatureg'calculated from quartz-muscovite
¥ fractionations range fram 2700 to 2200C. The variable
;sotobic.tepﬁeratures resﬁlt“f}om the.v;rigfion_of 180

muscovite at fairly constant 180 quartz. This may

indicate that md;covite is not in equilibridm'with the

-
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altéiation as;;mblagé having‘undergdne'ﬁreferential‘
exchange to lower temperatures. Hence the caipgiéted | /
temperafure bf 2200C is a minima.

Recalculation of isotope data from some ofher ﬁrchean
gold deposits such as Dome Miné (kerriéh e; al., 1979) and
Homestake (Rye and Rye, 19745 ;ith the second calibration.
indicates temperatures of 2?0 to 3000C'for most minefal
pairs and é70 to 220°C for ﬁuartzlmuscovite.

However the gpplicqtion of .the first set does not
indicate equilib;ium"and the tempefatures’bf 370 to 400°C )
(Fig. Z.3,_c610mn A)_need to Bé taken with caution. The
use of the second set of calibration gives results mo;e T

cbmpatible with equilibrtum at temperatures of 2700 and

3000 (Fig. 7:3, cqluﬁn B). In this case thefcaiculated
fluid composition-varies from 4.6fto'5;60/00, On the basis
o%:oxygen isotope composition .alone, according to Taquf's
(1967) classifiﬁétion of the various "terpestrial water
reservoirs”™, such values (5;6-5;60/00) are comoatible withd
a metamorphic origin of fluids or alternatively, evolved
meteoric watér. However s}milar values %oung_lﬁ massive
p&rite-Base—ﬁetalfsulphide debosits of Aljustrel, Portugal.
are shown to be compatible with evolution of sea water
undef conditions of low water/rock ratios (Munha, 1981;
Barriga, 19837,. o

The sigpfficance'qf the bxygen”isotope data and its

lmplications for the interpretations of the hydrﬁthermal

Pl
a
%, &,

4 3 o
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' petrographic and geochemieal data.

) The & 180 of quartz from cross-cutting veins are

e
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activity in the Kerr-Addison mine are further discussed .-

>

throughout the following chapters, in(?onjunction with
' -

1) - The igotopic éémpositign of -minerals extracted from -

rocks Wiih incipient alteration show considerable

-

—vafiation in §180.. At more advanoed -stages of altera-

‘tion the isotopic composition shows smaller but

signi?icant variations. SN )
’ )

2) -'Whgn the samples are grouped according to the origiqal

rock types the §'80 of minerals fall in a narrow
bracket of values.

3) Although'the. 5180 mineral varies, the isotopic

fractionation (a) between most mineral pairs are

rtelatively .homogeneoiis.

similar to that from altered ultramaf1c~roéﬁs. This L
may §lgnify that these quartzds attained isdtopic
equilibrium with the hydrothermal fluids, .and. have
‘retalned thls equilibrium value. - ' _— o _

Si Lafﬁer variations of iIsotopic combos}ﬁ;;q.in'the
ini;fal'Staqe of alteration may reflect incomplete
équillbrationg

6) Calculated teﬁpe:atures are relatively uniform at.-

270-300°C, Indicating broadly isothermal activity.
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Assuminq that qqartzes fram the crosscutting veins,

have equilibrated with'an external fluid at 270 3000C,'

A s

the calculated 6180 water is in the range,of 476 to -
5.6.. '

According to Taygor S- g1971) -isotopic classifiqation
of "water reserv01rs" ‘the calcglatfd f}uid compo-
sitfon is compatible with metam pbic"origin, or

alternétiVely evoIved_metdbric‘oF seawater.

Discrimination: between these three pessible reservoirs

i . 5 ‘. L
requires additional lines of evidence. 9 ' .
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! " Figure 7.2 '
. - . - ot
Frequency of calculated temperatures using fractionation .

equations of“a Table 7.2A ‘and B.
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Fiqure 7.3

Oxygen isotope thermometry. Columns A and B give'calbu-

lated temperatures using fractionation équagions feported
in Table 7.2A and B réspectively. Application of
fractionation equa@ions of Table 7.2A yieid discordant -
témheraturés: Equations of‘Tab}e 7.28‘also Tesult in
discordant temperatures for rocks of ‘the initial stage of
alteration but qenérally more concordant ‘temperatures fgx
rocks of the adyanced alteration. dti; quarti: chl: ,;' ufﬁ_"

" chlorite; mt: magnetite; mu: muscovite, * . =. T g
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8 - A
* Temperature L
- AK-30 )
- gtz o Mafic tock . Pt
- qtz-mt from north of KLFZ - v
— G- Mt chl-ald alteration -
AK-S )
— gtz - 0 —_—
S Mafic rock B
Qg - e from south of KLFZ -
e aib - chl-alb alteration -_—
— Q2 - e . _.___.‘,\‘
— gt - CHE AK-15 , ——
" ram— i - GNI Mafic rock ——
from north-of KLFZ : ;
—Qtz - mt - .
ald-mt = chl-aldb al:on.tton -
M - Mt —— " . _—
e — QX - 80 *: —
i Qtz-chl — ,
— Atz -< 3 AK=76 N
— U0 - G Msfic. rock o
. — Qtz-mt feom north ot KLFZ —
- — A0 - Mt chlemu alteration -
- — chi- mt : ' —
— gtz - 80 A wars Ku-sxa e
- afic tock — -
— atz-chl neatr flow ore -
— aib - cht cb-alb alteration —
: AK-S12
— 310 - Ch Nafic rock, cb-mu alct. —
near flow ote : L
— atz- s Plow ore : -
. . ot —
— au - cnl (from Xerrich, 19813) N
—— gl - CRE - ) t— .
. -7 AK=40 o7
T m——qtz - CM Ulccamafic cock™ —— .
B cb-alb slteration . .
— QL - 80 ~AK=33 - ————
—Gtzech < Ultcamatic cock . T —
\ — i - CM cb-mu ‘alvezation — -
3 . ;. . AK=-44 -
— gtz - 8l Vitzamatic rock — :
—_—z-w | - ch=amu alteration - :
" Een - quacrts-muscovite vein X
- Pl L {tcom Kexcich, 1983)
# - rlot; ote
m— atz-aw )  (from Kerrich, 1983) -
AK-617 '
- — - my carbonate ore - -
cb-mu altetation .

OXYGEN ISOTOPE THERMOMETRY

Tompersture . Q)
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Table 7.1

<

Oxygen Iéotope data.

§ 180

ab

mu

chl

mt

AK-5
AK-13
AK-18
AK-33

- AK-40
AK-51% -
AR-512
AK-617
AK-618
AK-b4
AK-60
AK-75
AK-76

' AK-80

¥

o

10.90

11.68
10.50
1.74
1.40

12.70

12,63

9.33

9.19

'4.'8_4
1.77
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- Table 7.2. Oxygen isotope fractionation factors between

I : mineralg and water, In amin-H0 = a 106/72 —+~b*¢_
Minerdal -, ©a. b . .queience'
. quartz 3,57 -2.73  TayloF<t1967) )
alk-felds ©2.91 -3.41 .. 0'Neil and Taylor (1967)
A  muscoxXte 2.39 -3.89 0'Neil and Taylor (1969) S
magnetite -1.47 - -3.70 ~ -Bottinga and Javoy (1973)
B "chlorite : 1.56 -4.69 _Wenner and Taylor (1971)
~ ’:’? ) -
quartz 3.36  -3.31 Matsuhisa et al. (1979)
B albite =~ 2.39 -2.51  Matsuhisa.et al. (1979)
magnetite -0.49 -6.40 Becker -and Clayton (1976)

-~ .
- —

. e N - -

A and B, fractionation factors used to cdiculate -
tempetatures reported in Flgure 7.3 columgs A and B~
respectively.

S,
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CHAPTER 8 o

FLUID-WATER INTERACTION

- ¢ . . .
L °

-

8.1 vIntroduct}oﬁ S o N S~

This chapter. considers the possible reactians of the

) hydrethermal fiuids with the'wall rdcks of fﬁe Kerr-Addisoh

Lt ' mine,,which resulted in the different alteration types out-

MR

lined in Chapter 5. = ° : a , :'_'_ .

’

An outstandinq feature of the hydrothermal alteration

in the Kerr-AddISOn Mine is the enrichment in carbonates,

'1nd1cat1ng lnfiltration of COz rich fluids. The pyesence B

-

- B lof-graphite iq”wall rocks south .of the KLFZ imposes

. ~ e .= . . >

important constraints on the composition of the |
iefilt;etine fluid.’ In the presence of qraphite and at
-equilibrium, ‘the fluid contains other gases of the C 0 H i ;
system besidés COp. For this :eason a-brief reviem of the‘

c-0- H\exgtem is presented before further discussion of the '_ ]

L alteration process. . S R . '




‘The total fiuid_pressure,(Pf)‘is the sum of the partial .

T v

8.2 The C-0-H System andVOxidafion.State T

. . "
Ihe various aspects of the C-0-H system, in a - geo-

logical context have been discussed by French and Eugster

(1965), Eugster and ‘Skippen (1967) Ohmoto and Kerrick .

(1977), Forst (1979a, 1979b), Holloway (1981) and others.
With excess C (presence of graohite) the proportion of

gas species in the C-0-H system is'controlled By reaction

such as: . . *
€ + 02 .. C0oz

. . C+ 120, "= co.
C+2Hy %5 CHy .
Hy + 1/2 03 4= . H0

. préssures of‘oli geseous species. The partial pressures of

'Oz.and_Hz being very smail’

T -

P¢ = Pcop + PcHy + Pco *PHpo © - .
With 2 phases (grephite #2 fluid) and 3 cqmponentiﬁfthe

C 0-H system requires 3 independent variables to be_

_-
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completely defined. French (1966) calculated-the variatjon -

of gas composition in this system in equilibrium with

‘graphite and various oxygen buffers. Results of such

calcuiations as presented by Eugster and Skippen (1967) are

" !

'



reproduced 'in Fig. 8.1,

From Lnspecfion of Figq. 3;1,-Lt is olear that in a
hydrothermal system whefe'large amounts of externally
generated fluid encounter geaphite bearing rocks, the '
proportion of the various gas sﬁecieaJdéﬁends on ihe fOo of
‘the incoming fluid. If the oxidation state of such a fluid

is high, the reaction C + 02 = COp dominates, and the fluid

becomes CO0, rich, independently of the CO0p content prior to

interaction with graphite. More réduced fluids may cohtaiﬁ
considetable CHy (Fiq. 8.1). ‘

In the C-0-H system, CO is ne911qihle at temperatures
below 6000C (Fig. 8.1) and the fluiq can ~be considered as a
mixturelof Ho0, CO» ;nd-CHQ (dﬁm;to and Kerrick, 1977).

‘Since CHQ“does.not‘ﬁarticipate in carbonatization

reactions, acting only as an inert dilutant, the fluid

‘behaves as a C02-H»0 mixture where P fluid > P H20 + P CO; -

(Kerrick, 1974; Frost, 1979b) The molar fraction XCOz
define¢ as COz/(C02+H20+CH4) is a function of f07, which
“‘may be controlled either by the infiltrating jluid or by

-

reactions with wall rocks.
Lowe; XCO2 indicates 1ower f03 in the presence of

graphite, but ‘this relation does not hold north of the

KLFZ, where“magnetite!,ra;her'ﬁhen q;aphdte, is present.

In Qr&er to'evaluéte-tpe variatlpn.of exidation'etgte

: 'qc;qse'ﬁhe algggqflon_;op;ng_of”§he“Ke?r;Addisoq mine it is

pkeessary to-éonsider the Fe and C bearing phases.’

+

Ll

N
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“Frost'(1979a) introduced an independent variable XC. in
order to study the f02 variatdion in the Fe-Si-C-0-H system
under isobaric lsothermal conditions. XC is defined as XC

= C02 + CO + 1/3 CHy. A schematic phase diagram of the

Fe-C-0-H and Fe-Si-C-0-H systems, im the XC-f0, space

according to frost (1%79a, 1979b) is presented in Fig. 8.2.

In Kefr-Addisonw Fe,and C Bear?ng phases ffom sogth to
north are: a) ﬁydrateq silicates + draphiie; b) carbonate +
graphite; c) carbonate + hydratéd silicates; and d) hydrat-
ed silicates + Fe oxide.. Such a sequence of assemblages in

thé Fe-5i-C-0-H system (Fiq. 8.2B) correspond to increasing

f02 and decreasing XC.' Evidently the rocks of the mine

‘a;éa involve more complex systems than that of Fié. 8.2.

¢

The presence of Mg and' Ca tends to expand the stability

fields of carbonates and silicates toward hiqher f02

(Frost, 1979a). The effect of Al on the §tability fields

is more complex, but the overall topology is. not likely to

o

be very different, and the sequence of,altgr‘tioq

assemblaqesﬁaccoss the Kerr-Addison mine probably repre-

.sents a qradiené of decreasing fQ2 from north to the,south.,

e

If this is the'casé'the hydrothermal fluids have’

oxidi ‘ , graphitg‘bearing.wall rocks and reduced the
: . , :

. -
e

magnetite bearing ohes.
3 Because intense carbonatizétion is a common feature of
many Archean lode gold deposits, the origin of CO2 rich

fluids capable of producinq such alteration has been the
»
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subject of concern of mafy authors. Metamorphic dehydra-
. tion of silicious marble can ‘produce a mass of CO, up. to
> 30% of the weight of the original rock (Fyfe et al., 1978,
Chap. 6).by reactions such as: ’ ‘
CaC03 + S107 . - Casi03 + €O

calc. quartz . wo;iastonife gas

€

-
- -

CaMg(C03)2 + 2 Si0p & CaMgSip0g + 2 CO2

-

dolomite - quartz diopside : gas

Considering ‘an average C0) content of 10% for altered
rocks of the mine area, ;he carbonatization of 1%00 kg of
.volcanic rocks requires a minimum of 300 Kg of silicious
marble to be dgcarbnnaged; The same 1066 kg of volcanic
rocks’can be carbonatized by the oxida}iow of 75 Kg of
graphite. / '

From the discussion above, it is clear tﬁag in éhe
case of Kerr Addison where graphite is present in the wall
rocks, the question aS'to,whether‘the'qu was locally
qenérated or introduced from a dlst&n&-reservofr‘is irrele-
vant as far as wall rock alterationﬂls concerned._ The

fOz of the incoming flwid controls the propontion of COZ

in the fluld in contact with graphiter

1 -
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8.3 Alteration Reactions , e

In order to facilitate the discussion of flyid/rock
fnteractions, the poSsible reactions-lnyolQeq in each stage
of the alterstion are discussed separately. The initial
stage of altérationlis characterized by the presence of
chlorite among the alteration minerals, whereas the
advanced‘stgge 15 defined by the abundaﬁce of mdécovité;
<albite_or pyrite (;ee>Cﬁapber 5). Sub-division of altera-
tion types and'the§{/iespective mineral asseﬁblages ére
summarized in Fi{i S.i.

\

. N .
8.3.1 InfX¥jal stage of alteration

Ultramaé?&-rocks ' ' .
L .

]
The mineralogical variation of the initial Stage of
afteration of ultramafic rocks can.bq_represented.by

reactions within the systemé Mg0-5102-C02-H20 and Ca0-MgO-

A
$i02-C02-H20 as follows: U

. )
7

1) 3 tremolite + 6 CO0p + 2 Hp0 ——
———+ 5 talc + 6 calclté.+ 4 quartz
2) 2 serpentine + 3-C0p — talc + 3 magnesite + 3 HZ0
3) talec + 3 calcite +m3uC02 —_—
| > ———— 3 dolomite + 1 quartz + Hz0

4) talc + 3 C0p ——— 3 magnesite + & quartz + H20

Equations 1 and 2 represent the transition from the

.
-
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metamorphic .assémblage to talc-chfé}ite alteration.
Equations 3 and 4 represent the transformaéion from talco¥
chlorite to carbonété—chlbrite dlteration. -in al much'as
chlorite is stable in the pre-altgrdtioq metamorphic
assemblage as well as throughout the initial.staée‘%f
alteration, it is not incleed in the alteration reactions.
All of-the reactions above (reﬁcs:41 to 4), tend to :

proceed té the right {more carbonate) with increasing mol

fraction £ CO2 in the fluid or decreasing temperature} :Aﬁ R

increase/in the total fluid pressure brodﬁcés the same

effect Kefrici 1974- Slaughter et al., 19753 Johanne;,

1969). \tquilibria of these reactions 1n T -XCOo. diagrams, ‘
@ Q<.
according to Johannes (1969) Sﬁd Walther and Helgeson .
‘. ’ K Pl .
"(1980) are shown in Fig. a7 3.- The presence of CHu moves

equilibrium curve 1 to the left, whereas ‘curves 3 and &4

shift to the right. Equilibrium curve 2 is unaffected by

K3

-

CHy (Kerrick, 1974).

4

Hydrothermél alteration at Kerr-Addison occured at -
xémberatures'below §7OOC, brobably ardund 30006;(Chapter 7-'
7). Hence the low: temperature~Lam XCOZ part..of the diaqram yﬁ

is of the most in&erest for this study. The ‘behaviour of

P

. .

C0z-H0 mixtures departs significantly from ideality quer .
these conditions, and accordingly {?:Q\polatlon of ’

=
equilibria curves to that part of the dia jIrams involves

[

considerable unccrtainties (Kerrlck 1974;\¥alther and -

e

'Hegﬁggon, 1980). However some of the salient ﬁolnts cﬁn be _

@




défined: & \ ' ’ p

a) Low Ca content Jin the s§’;em increases the field of
stability of talc. This prediption of the eﬁperi-
.mental work is in good accordance-with field
observetions in the mine area (Chapter 6).

b). :Under.conditioqs of low XCO» the equilibria cdurves

‘asymptotically approach the T axlis. Therefore, the

-alteration zoninq-of'the initial stage of alteration ‘

.is more likely to. reflect variatlons in the XCOz of

V\fluids rather than varlatlons in temperature. An .
B .

1sothermal regime is compatible with oxyqen -isotope

-

-

data (see Chapter 7). . - - ,

- ¢) The XCOZ of the fluid in the 1nit1a1 stage of altera—

tion of ultramafic rocks was well“below 0.1,

i - -
-

:Mafic Rocks = i e

The initial staqe of alteration of mafic rocks

~

encompasses ‘more - complex systems “than those discussed for

the carbonatization of, uLtramafIc rocks; Nevé}theless, the .
. - o ey &

\\

same kinds of reactions can be envisaged.:

. Tbemdeyeiopment of the chlorite-albite alteration
.t}pey‘which.is cﬁaracterized'by the absence of sptinoliteg

" and epidote relative‘tq metamorphic pregursors can be
, ___' . . L 3 " . . ‘e -

. illustrated with reference to a reaction such as:
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- .

5) 2 clinozoisite,+ 3 actinolite + 10 CO> + 8 H20 —

* —————= 3 chlorite + 3 calcite + 10 quartz

'As ihe initial stage of alteration of mafic rocks

proceeds, _albite and some of. the chlorite are replaced by

S =

muscovite plus. carbonate. Considering ghe geochemical

trends ot’loss of Na associated with gaiss of K and COp

with progression of the initial stage of ayterat;oh (see

LS

Chapter 6, Fig. 6.1) a composite redction can ‘be written as

‘s

follows:

.

6), albite + chdorite + 5 calcite +°5 C0p + Kt —

f-——;v muscovite + 5 ankerite + 3. quartz ;3 H>0 + Na*

. . .. -
- L}

o .

Aa

*The slope ofAreaction 6 in an isothermal, isobaric
section is portrayed in a schem;tic diagram in Fié. 8.4.
The reaction depends on'XCGZ and a(K*/Na*) . Under
conditions of low XCo02' this reaction is critically depend-

ent on small changes of XCOZ, whereas at- high XCO0p it is

s
.

more sensitive to variations of a(K*/H*),

-
’

8.4 Inferences Ffoﬁ the Initial Stage of AIterafiJn’

»

Minerals of altered rocks are far from pure phasés and

‘the alteratlon reactions do not occur- along uni»arlant
j +

curves., Instead they may occur over a range of conditions

according to the Fe/Mg ratio of the solid phases. The
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complexity of the system describing the Initial staqe,bf
alteration of mafic rocks makes comparisons with“the |
corresponding staqe of alteration in ultramafic rocks
difficult. Qualitat{xe comparison is however possible and
it iibustrates the similarity of the alterationrprecess for
beth groups .of rocks. :

The topology of equilibria of alterationfassemblages“
of ‘mafic and‘uleramafic rocks are similar in an isobaric,
isothermal CO0p- H20 space (Fiq. 8.5A and B). Alteration

assemblages of rocks with different oriqinal compositions

can vary with changes i@ XC02 under isothermal conditions.

An isothermdl reqlme is fully compatible with the oxygen

1sotore dag@ (Chépter 7).'.In addi;fon, in the mine area,
the inj%iai stane of elteration of both main groups gf.
rocns occur in- close spatial assog}ation. oo -
Field ‘relations, oxyqen isotope éataland the type of
alti:ation suqggest that both rock types have. been altered
coevally, under simil;r conditions. 1herefore the altera-

tion types' of "the initial stage at Kerr Addison are inter-

preted mainly to reflect differences in the chemical compo-

. sition of the original parental rocks, overprinted by small

variations of'XCOz of the fluid.

Another important aspect of the initial stage of

. e -

alteration is’ ;he change in volume of the solid phase.

'y -

.Talc chlorite alteration via reaction 1 .1s accompanled by

an expansion of ,27% in volume. Further alteration to -
. . ‘ !

4

=
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carbonate-chlorite results 1n-add1tional volume increases .

.

of 25 and 15% for. reactions } and 4 respecti»ely. The
initial stage of alteration of mafic rocks results 1n an

‘increase of volume of almost 50%.

Y
- . : 4

,'Sgch volume increases would certainly tend to decrease
the.befmeability.df rocks thus attenuating the fluid flow. .
With the c%annelway restricted.fldig pressure-may increase
up to the point of rupture of rocks by hydraulic fracturing
(cf. Fyfe et al., 1978,'é£ap. 10). " Repeated cycies of

increasing the volume of rocks with associated reduction of

-

. permeability followed by hydraulic fracturing may explain
the relation of.crosgcuttipq "alteration veins" along with
. the fradtdring énd deformation of mineral brains as

. ‘ described earlier.

4
.

8.5 Advanced Stage of Alteration

The advanced stage of alteration. encompasses the

‘carbonate-muscovite, carbonate-albite and pyritic altera-

-

tions (see Chapter 5). ..

. With completion of the initjial stage of--alteration,
- . Y
all rocks tend to.have the same gross'miheral assemblage .
’ . - . i : s/ . ‘.
‘regardless of the orlqinal chemical composition of the

parental rocks. The major mineral 5hasbs are quartz,

carbonate and chlorlte for Bo;h ultramafic-and mafic rocks, . .

-
’

latter containing minor amounts of muscovite. For "this

N - reason reactions invelved In the advanced stagi.g: altera-
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tion are similar in both types'of rock.

The devéIopmept of the carbonate-muscovite alteration
can be répresepted by réaction 7 below. Cﬁlorifé is
‘replaced by céﬁbongte and muscovite with addition of Co2
and K from the hydrothermal fluid. In Kerr-Addison
(Downes, 1980) and in the Timmins area {Fyon et al.,‘1§§3)
“potassib,alferatlon" or formation of muscovite has been
interpreted as poSt-datinq the "carbonatization"”. On the

péher hand other authors (e.q; Boyle, 1962; Kerrich, 1983)

*

—- -

consideér them as coeval. Equation 7 well illustrates the
N B .
-

intimate relation of "carbonatization"™ and "potassic
altération"; it is clear that fhe formation of muscovite 1is

simply part of the carbonatization of chlorité to ankerite.

v

7) 3 chlorite + 15 calcite + 15 C02'+‘2K+ —p
. . o v .
—————+15 ankerite.+ 2 muscovite + 3 quaitz + 9 H20 + 2 H*
. .

The final-step of alteration of wall rocks In Kerr-
Addison is the substitution of muscovite by albite (reac. .

8).

8) muscovite + 6 quartz + 3 Na* —»3 albite + K+ + 2 H*

-

- -

Phase relations of reaction 7 are schematically .
: - N *
.depicted in Fig. 8.6, assuming an ideal mixture of ideal

gaées. EquilibrioW for reaction 8 according to Montoya and '
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Hemley (1975) is reproduced in Fig. 8.7. Carbonate-

" muscovite alteration (reac: 7, %ig; 8.6) depepds on the
XCO» and a(k+/H+)._ Under conditioﬁs of low XCO» the
observed zonation o% a}térafion types could be produced by
SQ?L} changes in XCOp,* | T - )
Carbonate albite alteration,(read. 8, Fiq. 8.7) is

~

also dependent on a(K+/H+) of the fluid, but unlike all the

-

preceeding alteratiqn'types it does not_dépend on XCOp.

The myscovite-albite transition is part of the KzO-qué:
A1203-5102—H29-HC1 system, which.is rglatively'well knoﬁn
(Hemley, 1959; Orville, 1963; Monfoya and Hemley, 1975):
Assuming an isothermal regime at 3000C (Fig. 8.7) some
additional speculat}on on the'fluid Eompoﬁittoﬁ‘can be
-made. An a(Nat/K*t) ratiorof 10:1 or lérgerjin"th§ f1G1d’:-
fqr the formation of carboﬁhté-albite-alteyétion c;n be
déduced, Basgd on the abégpbe of paragonite ané K-
feldspar. A similar ratio can be estimated for the

L4 . 3

carbonate-muscovite alteratioﬁ;‘,The fluid could be alkalic
- .

with low salinity or slightly acidic with higher salinfty.

-Pyritic éltera;ion is ihtimately related to the,
;caﬁbonqte-muscovite élteration._ éoth alteration typés
result from the replacement of chlofite.by carbonate and
-muscovife'(reac.'7). P?fitic'alxerption occufs then paré
‘of-the iron from the'ch}orlte reacts with sulphur. from the

fluid.

From the above considerations it may be assumed that

L
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alteration reactions discussed above are written with

the fluid responsible for the" development of the ‘advanced

.
Tt

_stage of alteration had -a Small ‘But slqﬁTTicant content of

v-.\'""—"

COZ, with pH near neutral to slightly acfdic, and N%*'K+

fv‘

10:1., The critical. chemicalﬂparameters qoverning the
x - . )

observed alteration zoning them seems to “be smaLL

-
-~

.

variations in-XCOz,‘and the a(Na+*/K+) ratid., -
A cnitical-parameter for'the'solubility of rgold (see

Chapter 2)‘15 iﬁe pH of the‘fluid. ‘For'simplicity the'

I'd

- - /
conservatlon of mass of the bivalent’ metal earbonate form-

- -

ing~componen¢s faO, FeO and MqQ. However, in order to

evaluate the direetiqn of variation of oH-in fluids with
respect to progressive alteration, it. is necessary to
cdnsider’a.mo;e"req}istié mass halance. The geochemical T

A »

 behaviour of these thgée compoments relative to the altera-.

éion ts‘dLseussed in Chapter‘s,- Calcium is qenereily added -

-

'into rocks with, progressive alteration but Fe0 and MqG show

N
~ I

variable gains or losses.

Ihe reactions involved in the'devefopment of

ehfbrite-nuscoVLte alteration of mafic rocks (reac. 6) and

1n the advanced stage of both mafic and ultramafic rocks

(reacs. 7 and ‘8) are the combinagion “of several possible

reactions such as: *

-




’each mol of chlorite consumed is presented in Fig. 8.8,

'The alteration reaction repiaces chlorite for ankerLte

- 144 -
3chl + 30C0 + 2K+ + 28H* £ 2musc + 3qtz + 22H20 + 15(X)2+

T(X)2% 4 CO2 + H20

= (X)C03 + 2H*
. Ca2+ } COp + H20 ;e " cac03 + 2H+ : N
CaC03 + (X)CO3 s . cax)(c03);
.~ 3-alb + K* + 2H* = musc + 6 gtz + 3 Na*

ey

"where (X) = Fe+M§+Mn. The balance of those reactions'

determines the,difeckioh of variation-of pH in the fluid.

-

- . Examples of sucn’calculations in altered-mafic rocks

of the Kerr-Addison mine are presented. in Fig:. 8.8.

‘Samples'ﬂk;18 and AK-512 are taken,asdfepfesentafive,of the -

" carbonate-muscovite and carbonpte-albite.altefations L

— —~

‘respectively; sampLesZAK-S“dnd'AK;21 rep:esént-examples of ;-

less attered‘counterparts. The calculated madal compo-

- sition of these samples are shown in Table 8.2, in_termj of

jmolar percents.’ Tﬁk mass balance assumes that sampies'lk-"

-

"~ .18 and AK-512 are derived from thé aitefation of the other

two samples. It is also assumed that the mass' of A1203

remains constant (for discussion of relative immobiIlty of .

- Al203 see Chapters 3 and-6).

The additions and remdval qtsco@ponentspfrom the rocks:

) necessaey'to'form a more’adwanced stage of aItefation for -°°.

RN
~ -

associated with‘muscovite or alhite, takrng-Ca2+ and COZ

- -

_from an external fluid. The proCess also resuits in the '

-4t -

A 7]
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. . \ - . .
release'of H+ to the fluid with variable losses or gains of
(X) and exchanges of K* for Na*. It is not proposed here
. that thg resulting'composite reactions precisely reproduces
. the actual process: the important point.is that the -
" . variation of modat‘épnpositions of thelrocks is compatible
i with reIéaae.of Ht durinq'prdgressive alteration. Hence -
. the pH of the‘hydrothermal fluid tends to decrease with
-~ fluid-roek interaction, consgﬁuently inducing changes .in
. - - the solab;lltyﬂof gold/(see'Chapter 2) in a direction that
- wodld result in fts preeipitatfon.

- - -t - M ‘ '
. . . 3
)

8.6 Vafiation:of'Fluid'Composigi__ ' v

i : . Althouqh the reactions discussed abowe do not repro-

- 4

- duce the complex hydrothermal processes in all their

details, some interestinq aspects may be hithighted as

follons.j.'

P @ -

Amon§ tne"altération assemblages at‘Kei;;Addison,

-

Y
-

T : “unbuffered" mineral assemblaqesjare more common than

"buffered".ones. A buffered assembba is one-where both

- - -
- -

reactaﬁt and product'o€ a metasomatic'r.

. 4 , 3 < *
,~'-" . whereas 1n an unbuffered assemblaqe the reactants are

tion are-present,

..
. 4 e -

completaly consumed. -The predominance Qi unbuffered S

- @

'?'assemhlages indicates infiltratign of - Iarge volumes of '."1

g - - -

° fluid from an - external source (&ice "and Ferry, 1982) .

. ’

. Under these ﬁonditionsﬁ;hé minaraloqicil and chemical

T V_.-.-— o

composition ‘of the rocks tend‘tq adapt to the-composlttvn

»
- N N - . . .
~ N . n.- _— L.t - . - . - '.~~. . -.(-é
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S assj??ﬁagé;.o and E the advanced stage; ni is the number of

,0f the infiltrating_?lprﬁ.',
» If this is thé.c;§e; the zonation of altefatiog types
in Kerr-Addisog*ggflects;vaiiati;ns ;n the d@ﬁposition of ‘
the t:flitrgting fluid. The deduced fluid variation may be
explained by introduétiongof flﬁids.from'différent source?
or‘alternat;vely, by gradual eVolut}on.of the externil".

reservoir. However, a third and more likely alternative is

that the fluid.composition evolved through inter&c;ion with

" the wall roéks:
In this. scheme the alteration types are regarded as
: represcntihg the variqus steps of a continuous proces;,of
incremental changes in the composi}ioﬁ of-the sofia phases,
to adapt to the compositioﬁ of:the incoming fluid. Simul-
taneously the infiltrating fluid evolves_to adapt'to ;hé'

composition of the ﬁa;l-rocks. The harmoriy of .this process

is better illustrated with the aid of a set of schematic
o ) . ‘(r-\- . R

- expressions such as: ' N - o
? . . .
1. A+ nj CO3 + n§ H20 =B

) 11 B + ny COp —C + ng HZ0

111 C + ny COps ny—K* —w=D + ng Hp0 +'ng H*’

IV D+ ny Na* € +.ng K* + ng H*

P -
. .

where A, B, C, D and E represenﬂ solid phases. 'Ajis-phe
metamprphic assemblage; B and ChZhE.inftiallgiqge‘ﬂ.
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moles of the nth camponent of the’ ith reactdon. A s¢hemat-

. c diagram (Fig.‘B 9) illustrates the relatlonships of

-

G

v

t ese assemblages relative ‘to the fluid composition. .,

Rocks evalve from state 1 to IV whereas the fluid

evolves from staté IV to I A fluid in equilibrium ‘or

VAR

approaching equilibrium with D and‘E can réact with C to

‘form more D. In this process the fluid tends to equili- -

.brate with € and D but this. same- flu1d can- react with B to

—
form more C_and so on. In the process the rocks tend to-

-

qaln €02, K, and _Na with loss oﬂ Hp0 and H+, Converseiy -
the fluid is depleted in Co> and aIkali metals and enriched

in H*., In short the most evolved rock is in equilibrium

with the least‘éVolved fluid and vice versa.ﬁl
The net result of these interaotions is a tendency to
form a hOmogeneous and simple alteration assemblage with

carbonate, albite and quartz, indicatinq that the less

‘e

evolved fluids were in'equilibrium with “this assemblage.

°

The mineral composition of crosscutting veins is that of

£

‘,
the most evolved rock (see Chapter 5. 5) reinforcing this

view., The comppsition of ‘the incoming fluid must remain_
essentially unchanged throuqh }lme inasmuch as the eompo-

sition of various. generation of cgosscuttlng veins along

with the associated sequence of aiteratibn remains the

same,
“The fluld is hypothetical and if ever preseht is - long ‘-,

gone, but the solid phase remains and the metasomatic
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. \ ‘ '
B zoning is the only evidencg of the reconstructed 1nter-

mediate steps toward the moré\evolved rock. It.is

< interesting to stress that-the=precious‘metai gold is only

a small portion of the solid assemblaqe representatlve of

,

.one’ of those intermediate steps.

-

'8.7. Fluid Flow Regime
= 'Sevgfal,iqdepgndent liﬁes b; evidepce'a&.discussed in
phe previous chapters collectively indic;te that a large
fiu%d7r6ck ratio was involved in the develop@ent of the
alteration halo of the kerr-Addi§9;~mine. Saturation of
‘altered rocks in GOé And alkali-metals associated with , o

-complete removal of H>0 and;H*g(Bee'Chapter 6); homogeneous

3oiygén isotope composition across the alteration zoning

}Chapter 7); and enrichment.in rare metals, are all

‘ﬁeature; ihap‘reéuire thé‘interaétion of a volume of fluid
. ' larger than th; rocks. For instance "some aitered ultra-
mafic rocks contain .up to30% C0p, if the mol frqction of
CO2 in the hydrothermal fluid, were of the order of 10-2 the
minimum watgr/roqk ratio is 35 on a yolum; basis.

The pbsg@yed alteration seqdénces“and theirlspatial
distribution favour an interpretation where the fluid .
6bmposition gvolved via reéctions with the wall ;oéks.

. Variations of fluid combosition‘induced by such interaction

under conditions of a large water/rock ratio is possible if

the fluid can permeate through the rocks. The extent to




)y

-0l :

.

whﬂph the fluid composition can be_modffied By reaction

with rocks .is a function of the surface area of rock’

L
exposed to the fluid (Helgelson, 1970).,

"~ The fragmental nature of some rocks in the mine area

'(spe-Chap..4)‘may have contributed to the pervasive fluid

pehetration. Closely spaced and randomly oriented small

~

veins along with evidence of fluid penetration in micro-

o : 149

fractures of mineral grains (see Chap. 5, Plate 6) indicate

- that the.fluid flow regime was more like one observed in

L
porous rocks rather than a laminar flow through continuous

pianar fractures. The wall rocks behaved as an aquifer
rafher than am aqueduct. The rock, soaked with fluid,
underwent pervasive alteration whiéﬂ could cause signifi-
cant variation of fidid gomposition. |
Crosscutting relation of veins along with deformation

textures of altered minerals indicate repeated eplsodes of

“fracturing and fluid penetfation. Similar fpac?ute'

patterns has been interpreted in other Archean gold

depositq'ih Yellowgﬁiﬁe (Kerrich et al., 1978; Kerrich and

’ ®

"Allison, 1981), Timmins (Kerrich and fryer, 1979) as the

result of hydraulic fracturing. o 7 .
- ~d

4

of solid phases. This volume increase along with mineral

precipitation in void spaces tend to decrgase'th@ porosity

Most alteration reactions involve in%qzaseibf voluﬁe a

o




A

-

stress, and faéilltatihg‘thelprfttle fatlure of the wall

—__rocks. The new fractures not only re-establish the tluid

. 5. * "
flow but also expose fresh rock-surface to react{on. The
L ]

variation of flow rate with cyclic episodes of fracturing '

and.fiuid’penetration is schema;icélly illpstrated in FLgfﬁ

8.10. _ A -

3

Repeated cycles such as outlined-above can Treconcile

large water/rock ratios with variations of fluid compo-

sition by water-rock interaction. The composition of the
q o ’ )
incoming fluid must remain essentially unchanged through

"time inasmuch as the composition of various generation of
. [ - » - .

croqscytt%ng veins along “with associatedjsequences of

alteration remain the same. ol

e
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Figure 8.2 -
Isobaric, isothermal log'fOZ-XC diagréms showing schematic

phase relations in the systems Fe-C-0-H (A) and Fe-Si-C-0-H

. -
(B). Quartz is assumed to be present in excess in diagram
v o L » '
Bl . ) °

<

hem: hematite; mt: magretite; qtz: quartz; sid: sideri;e;

. hydz sil: hydrated silicate; graph: graphite. From Frost

(19792 and b)..

-~
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« ' Figure 8.3

Pemperature Xcvo2 diagram for the syatems MgO- 5102 C02-K20
) v ‘.
and CaO ~¥g0-5105-C0,-H20 at 2 kbar \ The numbers on the

K3 .

Py i

curves correspond to reactions in the text. After Johannes .
ot (1969), Kerrick et 4l1. (1974), Slaughter'ee al. (1975) and
A4 Walther and Helgeson (1560). - ' ot )

- , 4 °

sp: serpentine; ma: magnesite; trem: tremolite; cal: _ ‘ .

)

calcite; qtz:.quartz. ' Z_V , B

Figure 8.4 , ~ ®
Schematic 1sobaric, 1sothekmal, log a(K*/Na*) versus XCO

diagram of.reaction 6 of the text. It assumes ideal

behaviour of C02-H20 mixture at constant aH+, aMg2+ and .-
. . B . .

afFel+, . . | . )

- ‘ank: ankerite; musc: muscovite; alb: albltg; chl:_chlorite.

- A ]
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. B Figuri 8.2
Schematic HZO'AQOZ d;agramg,'shéw@ng the slépé of
A,élteration }eaélions~of ultramafic (A) ;nd mafic rocks (B)
:as presenteq in the text. “The ﬁmgll arrow in.diaqram B.

iindicgtes the direction of displaééﬁentfqith Increasing

-
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talc + 3cal + 3C04
3 dol + 4qtz + H20
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trem + 6C01 + n.zo
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R _Q' f\\\“iiqgre 8.8 .

Mass balance of alteration reaction inveolving chlorite,
ankerite, muscovite, albite and fluid. ‘Samples AK-18 and

AK-512 represent thé catbdnafe¢muscqvite and

2

carbonate-albité alterationctypes respéctively. Samples

AK-5 and AK-21.qfe taken as the less altered countérparts. T

.

} The calculated modal compositions of these samples - are
listed in Table 8.2. Mass balance is presented in terms of

. \ B} ., ~
. gains or losses for the consumption of each mel of chlorite

- {(X)5A12513099(0H)g) to form a more advanced stage of .
‘akieragign'Qith‘%%ﬁservation‘of mass of Alz03, Note tﬁat//

~

. [ 4

. y .all reactions result in release of H+* to tdL fluid.
. - a4 ° , .

(XTVQ.ngMg+Mﬁ. * . | Lk

- . L N -
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I Fiqune 8‘3

n s

SQhematic diaqram illustratinq the possihle relations of’
‘“?1uld compositfon and alteratipn types. Small arrows*

indicate directions of disblacement with 1ncreasinq

“ . .
«a(Na+,H+ . . * . o . * ’
”. ‘ T

A= metamorphic assemblage, 8- and c =, ;nitial sbaqe of
» s

. ° * .

alteration, D and E = advanced stage of alteratlon,.D'E

<'4

carbonate-muscovite type, E = cafbonate albite type. .

. Constant aMgz+“and aFe2+ .are symed. .

-
w
N

v
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Figure 8,10 ®
Schematic diaqram indicatinq possible evolutien of the

fluid flow regime with time. e alteration reactions

i Krease the volume of sol

befm ability and flow rate. Wi h the flow rate re§trained

“fluid - ‘Pressure ‘rises, facilitatinq brittie failure. .
<

,(fracturing)., New fractures re- establish the permeability

and flow gate,-initiating a new cycle of" alteratlon. .
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Table 8.2. - Modal composition of altered mafic rocks. A
. o
| " AK-5 COAK-18 T - AK-21 - AK-512 .
— 4 S . . - >

chl : 5.87 . 1,44 6.86 3.25
“alb . 19.38 8.54.  16.29 21,99 .-
muse - 321 5,00 3.1 73
R ) -Caqo§ T 18,39 17.32 » .82 25.26

. ixedy i 12066 21016 T -10%62° . - 20440
Ttz U so0.89 w310 WETe t23.am

e
hJ

110, 3,90 .- 3.4 Cau4 2,98

Py .., - . 1 S S 1,22

“ . - R [

calculated from géwiical anélysés a’ssuming mineral . °
compositon as fodows: C s : -

. ¢ alb (albitek: NaAlSi3Og . o
e ;\uso (musgév}te): KA151301910H)> - _ . _—
. .chl ‘tehlorite): (X)sA12513070(0H)g where X = FeO+Mg0+MnO
‘ Py'. (pyrite): FeSy. - - - . |

At
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% ./
. / METASOMATIC ZONING :
[} ) , s _ . | . ,
*

9.1 Igtroddbtion

The observed hydrothermad alteration: zoning at the

1] ‘

Kern*Addison mfne ‘as . de5cribed in” Chapters: SIand 6 is

\ . ‘r A

+ " regarded as an example of mptasomatic zoning (see Chabger

¢

- ’ 8’)0~ * '\"'l. s e e .'..‘.. - . /
L ' . B W ! “ ,-“ . . '. - . .-

. Metasomatic zonlng may develop in the contact betweeh

—_— two nhases not 1in equilibrium (Thompsoﬁ, 1959) A hypo‘

.thetical example of such zoning as preSented by Thompson
)

'(1959) is 1llustrated in Fig. 9. 1.. . A

’

. - Considbr a. sisxation where Eericlase (MgO) comes’&n
‘ direct contact with quartz (5102), At constant temperatpre
.and pressure reactlons between ‘the rnCOMpatlble phases
ﬂé . peticlase and quartz tend to form forsterite and ensta-:
. tite. . If diffusion rates permit, eactions between the,7ﬂ

'incompatible pairs ﬁorsterlte quartz and periclase-

-
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( . ‘ 173 . r“)
enstatite form a metasomatic zoning such as illustrated -in:, \\_

v % Fig. 9.1, which tend to isolate the'two_orlqinal incompat—
ible: phases. ,i . - .
- The thermodynamie manipulations cbnee;nlng-this type
”» M , .

.+ _"of system where one or more elements are mobile has been
. ¢ . - ' "3 .

Y discussed by -among. others Korihinskii (1966, 196?),
‘ Thompsan (1959), Weill ‘and Fyfe (1964, 1967), Helgeson
(1970 1979),-Frantz and’ Weisbrod (1974), and Rice and
Ferry (1982) The vanious~dpptoaohes for the evaluation of
§ the conditions ‘of formation of different zones is a matter .

T

of * COntroversy. For a qualitative evaluation it will

suffice to ‘consider that: . ;

. . . - . . : Yy

a) The development of “such zonlng requires that one or
more components move, across the boundary of the zones.

b) mThe width of the Jztasomatic zones tendq~to increase -*

N until one of the star 1ng phases is completely
’ .consumed or until t mass transfer stops.

c) The result is a qr dient in the content of certain

»

coﬁponents, in - this oase of SiUz and MqO.
d)s The conditions in each metasomatfc zone are 1nter~

. o mediate between the conditions prevadling 1n the end W

members, which in this:example ate periclase and

4 . ‘a L4
»

' ) quattz-. - ’ : ' .

a9 2 Metasomatic Zoning;at Kerr - Addispn .
’

- * The zonation oﬁ alteration types at the Kerr-Addison
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. mine can be regarded as metasomatic zoning ‘in the contact

"

-
°
v

‘ R . .
between iq;ompatible phases. Such a contact can be recog-

»

nized at two main scaies. The first is the juxtaposition
.ofireiatiyely oxidized rocks of the Kineojevis Group with
the reiatively redyoed rocks of the Larder Lake Group along |
the;KLFt-irigz 9.2). The second scale-is the juxtapositign e
df‘a'tiuid,phase (hydrothermal‘fiuid)’;nd‘a.Solidiphaee
(wail rocks) (Fig 92.3). ST . .if.

Redox reactions tend to ocecur when two phases with
different oxidation states sueh as the magnetite bearing‘ ¢

rocHs of the Kinojevis Group and graphite bearinq rocks of *

. iy »
.

the Larder-Lake Group came in contaot in thie case by ' .
'v L -

faulting. Diffusion thr0uqh soiids is a very slow process

‘e \

. even in terms of qéoioqical time ‘but the introduction of

L3
. » *

) fiuids in such interfaces eﬂhances the reactidn and

L]

diffusion rates (Fyfe et ai.,,1978- Frantf. and Weisbrod,

W1974) . At ‘Kerr' Addison, the,most important components for

+ " e
.

reaétioné'involving'oxidatidn—reduction are Fe and C.

.

] EANO - - Y
South of the KLFZ prior eo the'metasomatie processg most,,

- of the Fe was present as. Fe2+ in silicates and most of

-

the, earbon .as o (graphite) In contrast, north of thati

fault a siqnificant part of . the’Fe was present as:Fed+ o =

! -

"rmagnetite.and carbon was abSent. Ihe preaent confiquration

,
0, . ( C

is iliostrated in the cartooh of Fig.,9 Z " : b

At the interface, carbon was oxidized to canbonates

o ‘ . . . r ‘
whereas F!+3 was reduced to iron carbonate:~3751“=zs'

N

[N




4 metasomatic zonlng which isolates the incompatible

0phase;{ Among the chemical gradients produced in the A

<
v

procese the most 1mportant are f02 of the fluid and the Au
content of'thersdlld‘phase (Fig. 9.2). Gold contents are.
.- dramatically increased in the south end of the metasomatic
zoning relatlve to the north, suqqestinq that its precipi-
tation was controlled by f02 of the fluld (compare Fig. 9,2

. with 8. 1) If this is the case,‘the presence of fluids in S

u//Qhe interface of rocks with contrasting owidation state may

have acted as a natural electrochemical cell where gold was -
\\\ concentrated at  the reducing pole! ’ ' .

Continuation of this orocess would tend to -produce ¢

 wider- metasomatlc zoning and perhaps the gold content would

-

have contlnued to 1ncrease, but no localized enrichment’

- .

‘ should be expécted.
" The other scale of metasomatic zoninq was deVeloped 1n
the lnterface bet ween rocks and fluid (qu. 9. 3) 'Tné :..

P002\and alkall metal /H* ratio of the inflltratinq fluld

L
'~ > .

"wepe high relative to equilibrlum conditions with the

o7 oria}nal,rocks. The details of the reactions involved fn
the process,;especlally at the soutn'of.the KFLZ'is

-

. discussed in Chapter 8, of which the most 1mportant are
'carbqnatization and alkall metal metasomatlsm. The . result-

’ 1ng zonatlon of alteration types is descrlbed in detail in
'Chapter 4 and the consequent gradient fn 002 and alkall-

: metal. content in the solld vhases are sghmarlzed in qu,
- \ Y " - ..\ o

. . ' f s,
- . ' :
. . N

. , . . . P . ¢ -
’ . . .
e ' B} ' » . . . .
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6.1 (Chapter 6).

| . - L 176

The alkali-metal/H* ratio of the fluid de%reaeee;from

the channel way toward thei all rocks, whereas gold in the

solid phaee'taltered rocks) has' maximum in the transition.

zone between.tbe carbonate-albite and carbonate-muscovite

-

alteration zones.(Fio.'9 3).. If the oomposition of the

1ncoming fluid does not change with time, and, the flow rate

A\l

also reméins high, the 1nterfaces between different alteraf
v
tion types (reaction fronts) “would progressively move to.

3

-the right in Fiqg. 9.3. Gold is observed to coneentrate in

" one of these reaction fronts (see

ﬁfhapters 6 and ST,‘L.e.

gold is part_ of the solid aesemblage-d’ one of these inter-
faces. Therefore, gold concentration should also move as

the reacfion front moves.: Continuation of the process

\

tends to produce wider metasomatlc zones but gold would

s

preferentially concentrate in-a narrow zone of reaction
¢ ; .
interface. S . | o

4

, liaspired by examples of metal purification nrocesses

_utilized by the chemical industry, Fyfe (1973, 198%)

Suqqested that'dlffusion of metals in fluid medra can be an .
extremely efficlent way to produce natural concentr?tions |
of metals, 1i. e. ore deoosits. In his model the diffuion is
mostly driven by a thermal gradient. The metasomat.ic

zoning of Kerr-Addieon an its spetlal relabio \ gold

concentration suggest that diffusion driven'bx

adients of

chemical potential.are equally efficient and perhap§ a more .

- i . . L ade

[
L] ‘ -
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‘requires several steps of enrichment. A §teeb”geotherma1 /ﬂ

.metasomatéstmay also provide an efficient orocess of local

selective mechanism of metal purification. In fact,
diffuéion in fluid media driven- by gradients of chemical
potentlal are also a common metallurg!ﬁal 6fbcesg-

(electro-chemical cells)
f"‘.

r A | ~
Again by analogy wlth the benétzifation and refining

methods otlllzed'by the :mining and m ellurgical industry,
it may be expected-fhat the highly purified final product

AN

qradient moves large volumes of fluid and, gold wlll‘tendxfo

concentrate at certain crustal levels.ﬁ If the fluid flow

@ -
b

is focused such concentration naturall; is .more” locall;ed

~

. (Fyfe.and Henley, 1973). Where this localized site is also

the interface of contrastlng rock type in terms of'”-
e PR < e s ! -
oxidation state, further concentration 1s expected. Redox
[ 3
reactions betWeen the different fdﬁlt blocks may continu-

-

’

Qusly increases the gold content of the reducing end of the~\'

proposed electrochemical cell. Hydroqen and alkali-metal

+ . o . “~

remobilizatlona Perhaps at this etege_Au‘may havk'locally

risen to the 103 ppb anomalies of Fig. 6.1. For an
economic grade probably the “repeated cycles of fluld
1nfiltratllon, alteration and deformatlon" are required as

*

‘described earlier. -

..



- ¢ - »~ ,

~ Figure 9.1 .
» \':Diagr‘am illustrating ._th“e; de_vélopme‘nttof metasomatic zoning 7
(lue' to original compositional gradients. (After Thompsor'n\,

- [ ‘ . .,

1959), - - : . . .
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Figuré 9.2 -

Séhemégic model for the development of metasomatic zoning

~

due to theoriginal contrast_in oxidation state.begween

rocks'df the relativeIynoxidized Kinojevis group and the

ous gradient of fq,. Gold, the solubility of which is s

‘reducing part of the metasomatic ionihg.

-

N




‘ KLFZ :
 Kinojevis Group Larder Lake Group
- hyd. silic.| hyd. silic. | carbonate hyd. silic. '
Fe*2 Fet? Fe'2 C-"')4 Fe+‘2 |
magnetjte' | carbonate | graphite graphite -
Fe*2 Fe*3 | Fe*2 c*4 c® co -
t0,
fluid
Au

solid

e,

KLFZ: Kirkiand Lake - Larder Lake Fauit Zone

y

N
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< . Fiqure 9.3

Schematic model tor,the development of metasomatic zoning

v
’ due to fluid infiltration., Fluid-rock interaction produces ,
. the alteration zZoning as described in Chapter'S,'resulting .
“in a gradient of vwH in the fluid. Gold is concentrated in ° T
t . . ' *

the reaction front betﬁéen £ (carbonate-albite) aﬁd D .
(cgnbdﬁate-muscovite), possibly. in-response to a drop of
pH.J€$ee F{gure 6.2.
A metamorphic assemblage

’B-C: initial stage of alteration

. . ’
D-t: ‘advanced stage of alteration

*

L]
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CHAPTER 10

- ,'

COMPARISON WITH OTHER ARCHEAN GOLD DEPOSITS,

&~

SUMMARY AND CONCLUSIONS

»

10.1 Introductidh' .

LN

Archean gold deposits occur in many different strdti-
LR A

agraphic environments and lithologicél host foqksh They are
. v . -‘
found associated with clastic and chemical sedimentary

-

rocks as well:as volcanie¢ and intrusive®rocks of alkalic,
felsic, mafic or ultramafic compositions (Latulipbe, 198235
Goldie, 1982; Karvinen, 1978; 1981; Hodgson and MacGeehan,

1982; Colvine, 1983). The common charactqristiés.are the

abundance of carbonate, ‘muscovite and albite in the altered

"wall rocks, indicating a close relationship Between hydro-

thermal alteration JQF'gold concentration, rafher than

stratlgréphic or lithological controls.




10.2 5i§eration Types in Other Archean Gold DepoeTts

Hydrothermal alteration:sinilar to that observed at
the Kerr-ﬁddison mine (see Chapter 5; has beén described
]from severalfplaceS'in the'Timmins-Porchpine area (Fyon et
nxal., y983); from Yal D'0Or, Quebec (Robert and éronn, 1984),

Kamba&da; Australia (Phillips and Groves, 19835,A

Murchinson, S. Africa (Peafton, J?79), and Araci, ﬁra1il

.(Teineira et al., 1980). "-In some localities (Hunt Mine,
.Kambatda;'Araci, Braiil)‘biotltevmay Jocally dominate over

.muscovlte. Tourmaline and/or arsenopyrite are common in
. : " other places (Fleischer and Routheir, 1973; Ladeira, 196807

Hodgson and Mac Geehan, 1982; Kerrich, 1983).
’Carbonate-aibite-aiteration is rareiy classif}ed as a
distinct.alteration type, but tne asse blaoe quartz-

(] . .
carbonate‘albite.has been described in various deposits of .

the Timmins-Porcupine area (Fyon et'al.; 1980 1981 1983;

3

Whitehead et al., 1980), A®d Lake area (Fryer et al., 1979°
Andrews and Wallace, 1983) and Larder Lake area (Kbrrich
19831. Even in areas where aﬂsite is not described for
'instance at. Murchinson, S. Africa,‘chenical analyses of the

¢

so called "honey comb carbonate" which hosts the Sb-Au
o
mineralization show- significant enrichments of Na20

compared to "green. carbonates" and "talc carbonate schists"
. °
~. ' ° _of the wall rocks (Viltoen et al., 1978, Table'4.3).

In this study, it is suggested that the reactions

between’ graphite bearing rocks and relativeLy oxidized

.\ « . .,

s

* ‘. ': ¥ . " -




. -

rocks have an important role in gold concentration. "The

agsociation of gold deposits with carbonaceous rocks has

. -
——

‘been stressed by'several authors (Henley, 1971;'jensen,.

1980; Springer, 1983). 1In many papers thelack:of a.

-

’ . *

complete description of the rocks in the vicinity of the
mines makes it difficult to evaluate whetnerwor not the
caroonaceous rocks were.in<contact with more oxidized.‘
rocks. However, several imoortant depq§ite-are clearly in
. soch a,COntact-zone }ust to mention a few, Hollinger.(Fyon
et ai., 1983), Easg.ﬁalartic (Kerrich, 1983), Bousquet
(Valliant et al., 1982), Homestake, USA (Rye and Rye,
1974), Upper Beaver (Roberts and Morris, 1982), Araci,
Brazil {Teixeira et al., 1980), etc. |

.A more detafiled comparison of'sequences of alteration

[

4

-in relation to gold concentration is almost intractable due

<,

to the diversity of classification of alteration types in

the literature. Often the alteration types do not *

completely define fhe rocke, or the same nomenclature 1s

-not used uniformly by different ‘authors. Where complete
descriptions of the alteration aSsenblaqes‘and their

spatlal dlstributions are available' e. q. Hunt Mlne,

Australla (Phillips and Groves, 1984),. Siqma Mine, Quehec'

) . (Robert and Brown, 1984), it is evident that gold 1is ™
~concentrated fn the vicinity. of the interface of
i ]
carbonate albite and carbonate musc0vite alteration.

L3

. These relationships between alteration type and gold

ey
. \ . i

-
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-

concentration are not restricted to, Arcﬂean deposits. In -

the Mother Lode System, California, the so called vein ore

is part of quartz-carbonate- albite velins where the wall

.
-

"rocks have the assemblage cagbonate-muscovite, whereas.the

"gray'bre" is located in areas bet:een "albitite veins" and  *

"ankerite-muscovite schists" (Kﬁopf, 1%9).

Rece&tly, several sound descriptions of the variation
of mineral.assemblages acrogs‘alteraq}on'zbﬁes in gold
depq;itq (e.g. Phillips and Greves, 1984; Fyon et al.,

1983; Robert and Brown, 1984) seems to mark a return to the

practice of including conventional petrographic examination

. )

W . . .
in the study of .gold deposit?. Accumulation of such data,

."along’ with those obtained with "more advénced\techniques"

-

will permit better elucdidation of,the,roiz of fluidgrock,

interaction in Archean lode gg%d deposits. I

10.3 - Summary and Conclusions R ‘
. . . . , . l" ,.\.
This study has c%pcentrated on the relation@hips,

. . .
4 Lo . - . 0

»

‘between the hydrothermal Siterayiqn of wall rogk;.and?qoid

-

-enrichment at the.Keri-Addisoh'mine.' The work includes -

déscertions and lntbrpretations of the hineralqu and

'geochemistry Of the alteta;ion zoninq, along withonygenﬁ.

P‘ -

lsoxope data, whiqh can he summamized as follow3°i . G

T
1) The ma1or structural feature in: the vicinity of gee

- 9,

mine area is the Kirkland Lake Lqrder Lake Fault Zoné

- —

(KLFZ), a structural break ‘which Juxtaposgs cﬁntrasth

. \ '

. . - ™ g ‘ ‘4 ' 1 - . LA

4 M;‘,., ] . .
. .

o,
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ing suites . of rock§. Volcanic rocks of tﬁé Kinojevis'
> Group to the north contain magnetite, 1ndicativé‘6f
- relatively:oxidizinq ponditions; as oppqééd to more
'+ . reducing conditions to the south indicated by the
presence of graphite in interflow sediments and the
matrix éf volcanicibfecdiéshin rocks of the Larde;
Lake Group} The,Kerr-AddisoB~m1ne lie in. @ zope of
talc-carbonate ahd.phlorite-carbonaté rocks- of xﬁe
Larder Lake Group (Thomson, 1941; Downés, i980;

Jensen, 1980; -Hamilton,. 1983).

2) " Two principai types of ore are presently workgd.atfthe
mine. Thesé‘are the,"carbonaté ore"” whic¢h consists of
.‘green muscovite bearing quartz-ca{bonate ;ock and-{he
"flow'ore"‘which is a'quartz-chLdrite-carbonate
schist. Relict volcanié textures such as’variolés,
pillow ané flow breccia are locally pée;erved in the

L]

« " flow ore (Thomson, 1941; Lowrie and Wilton, 1980).

-t

‘Relict spinifex texture s also observed-in thé wall
. rocks of thie carbonate ore (Lowrle and Wilton, 1980;

Dognés, 19802. “
3) Local pt;servatipn'of volcanic textures and structures
provide eVidgnCe.that garbgnéte-rich rocks in the area

- are, at leést in part, derived from mafic and ultra-
Y mafic;Vdicanic‘rocks. In tﬁe vic}ﬁitx'of ;hear zones{

»

124! primary textures a;é completely obliterated and the

- - origin of these rocks has been variously interpreted

4 ’
v -

P
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as‘altérea volcaﬁics.(Thdm§o;, 1§h1; Jihor and
- . "ACrocket, 1976, 1977; Downes, ,EBO), exhalative
. chem‘Fal sediments Ckg;lep, 19705 or 1qheous carboﬁa-
RS tité'(Str%éker, 1978). Geochemical data of this study
indicate remarkab{p{phemical similarity of qarbonéte-
. " rich rocks to those of fresh tholeiitic and komatiitic.
volcanic roEk; of the Ahitibi BRelt. :Based‘on

.variations - in abundances of relatively .immobile

elements (eg. Ti, ZIr, Sc, and Al), it is concluded

that the mdst Eeasonah;e interpretation is that

» ’ ) -
-~

irrespective of thelir presgnt structural fabric and

-

’ . minepaloqxi the mafic and ultramafic rocks at the
4
Kerr~Addison mine represent altered volcanic rocks and

g ) their clastic derivatives. For this reason it is

» s

assumed that prior to their hydrothermal ‘alteration,

0y

the mineralogical qompositioﬂ of these rocks was
AR ' . ) ! .
similar to those of mafle and ultramafic rocks in

Gther parts of the Abitibi Belt. - : ‘
' 4) The variety of mineral assemblages associated with the

’ ’ hydrothermal alterdtidn are‘qreuped'into:,a) meta-

morphic asSemblages; b) initial stage of alteration;

c) advanced stage of alteration. The alteration .

a . .
»

giaqes in turn are divided into "alteration "types" as
. ' summarized in Figure 5.1,

5) Alteration types of the initial stage contaln'chiorite

1

which is replaced by muscovite and .albite in the

3
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advanced'staqe. Hence, the.sequence of alteration can
- > e

be easily monitored by the relative abundance of the

three aluminum-bearing'minerals: 6hlorite: muscovite,

L

then albite with imcreasing intensity of alteratjon.

The proportion of Ycarbonate minerals also becomes

augmented in the process.

Numerous qenerations of cnosscutting ‘veins are

~

enveloped by alteration .borders 1in. which the sequence
- ~f
of Al- bearing 51licates, namely albite, muscoyite, and
N
chlorite alwaysldeveloo from the vein, to the “all

}ocks in the"same'sequénce. These veins'are more
. ] *,
abundant near -the ore zone, usually with the

.

assemblqbe,qgartz-carboﬁateialblte. In* the periphery

-

of the alteration Halo, vein§ are lqs: abundantvbeinq

a <

composed of quartz-carbonate-muscovite ‘or, quartz:
L \ [ .

carbonate chlorite. Older.qenetation offalteratiqn

» .

“minerals tend ‘to diminish in grain size due4fo R
fracturinq along with development Qf suw-grains. Q;
ﬂOxyqen isotope data, lndicabé faiply constant tempera-
tures across the alteratioh aoninq | The calculated
'tempetagdres'are ardund 3000 to 279°C ased on the js
most recent fractlonatipn factots, and these also

signify Local preservation of tiiple isotopic concor -
LS
dancy amonq quartz, albite and thorite., The 180 of .
.
‘minerals of each maln group~of rqcks fall within'

' narrow brackets of ' values squesting a homogeneous

-~

Py
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isotopic composition of the fluid thrduqh the altera-

. \
b r .
. . k 4 ~ )

co tion zoning. The calculated isotope composition of

such a fluid, assuming equilibrium at 2700C is "approx-
imately 5‘d°/oo, in keeplng with a metamorphic‘or

evolved meteoric water _origin, according to Taylor s ‘e
b d

‘ , : (1967) classification of’ terrestrlal water reserwoirs.

M .
; 8) The sequence of alteration ls characterized by maeslve ‘

",

1n£roducflqn.of~€02 and variable amounts of Ca0 and‘

- , " alkali-metals into rocks; water and hydrogen are

’

removed.‘ Fcrmation'of,ankerite,and fefroan;dblomfte
L . ,‘

seems to be accompaniedAby'lncroduc;ion ef:Ca'f&‘the
' . - .  rocks alomg uith variable gains and lossés of ?e';{a_
D . fﬁa. The degree. of enrichmenr of rbcks ih‘é02'and‘ i
V-,n_;_u ' ) alkali metals -can be monltoqu Qy "saturatlon indices"'

] such as tme molar ratios COz/(Fe+Mq+Ca), (3K+Na)/Al

- N .
* . N

; T 3K/Al and ‘Na/Al. Plots of moving averages’ of'these v

- N .
. &}

indlces car’del.ineate ar'eas of oredomina;\ce of . .
- : - Ta . - - )

PO ' distinct‘iﬁteratlon types, 1rrespecti»e of the primary

. k . ' bulk composition of the rocks. Alteration tybes as

P

1ndicated by these saturation indices are symmetrlcal-13

- -

lyidlstributgd relatlye tgo the poeslble cﬂangel“way

' ~ R ‘_ © e
for the hydrothermal fluld, namely the area of the ;

iooo- T - - "
p ' ‘Kerr Fault. ,"-’. L . .

9). Variatlons of qold abundances-across the 3859' level ] .

. . ! .

+ of the Kerr Addison mine exhlbit contrasting patterns“ ) .

PR Inorth and south: of the KLFZ. North of that fault.zoneg - .
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the gold content of the rocks dis uniformally low (<2

ppb). South of fhe KLFZ "the gold content is generally

LY

higher but variable. This spatial disfrihution shows

a remarkable correspoﬁdence to variations of the geo-

chemicai saturation indices, suggeSting‘aﬂgenetic;link

»

R ' o of gold enrichment to hydrothermal alteration. Peaks
of gold content correspond to péints where the “satuta-

) . [

tiob indices 3K/Al and Na/Al, indicative of thé .

- carbonate-muécovite and ca;bohate-albite alteration -

types respectively, have the same value. Therefore

Ll

the gold, in a broad scale, is concentrated taq the .

south of the KLFZ, and in more detailed ‘scale ¢5ncbn-

~
)

trates in the transition zone between carbonate-
L muscovite and carbonhte-alblte alteration types.

0

TDL§ Interaction of rocks with contrastinq oxidation states

..

north and south of the KLFZ, with the, sqpe fluid haS

produoed a metasomatic zoning possibly induced by 2
O ’”
gradient f02; This process may explain the prefer-

ential concentration of qgold south of the XLFZ, i.e.

! the reducing portion of the methsomatic zoning. -

*11) Variation of mineral assemblages of the initial stage *

- of aIteration'of ultraﬁafic rockg 'are probably the
: - ‘ , . '
result of increasing CO2 content of "fluid, under

.Thé initial stage of

bqoadly isothermal_conditions.
alferation of‘géfic rocks involves,more complex

« reactions, but seems to have occured under similar
- . o P r . .

o9
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. " conditions to that of the corrésponding alteration

- . -

stage of ultramafic ‘rocks.

12) .The advanced stage of alteration is characterized by

.

the replacement of chlorite by carbonates and mpsqo-'

vite and albite. This process, which pccdrs in rocks
» > ’
with both mafic and ultramafic original composition,

seems to reffqpf variattbns.of Elkali-metallH+ ratio’
alorg with inc;eaéing C02 content of fluids.

) Difﬁer;nces betweén the initial and ad;anced stage of
'altgration are 1ﬁ;erp;gted in £érms of gradﬁal evolu-
tion of the compo§itioﬁ of relatively uniform external

fluid‘Fhrough local interaction with wall rocks. 1In

’ this model the alteration types ate regarded as repre-
T . ) sentlngovarious stepsrof a continuous process of
4 .

incremental cﬁanges in the composition of the solid
phases to adapt to the composition of the incoming

fluid. Slmultdngously,fthe infiltrating fluid evolves
to adapt‘to the comﬁbsltion bf the wall ro;ks. In
this case the less evolved fiqid had a'smalf but
slgnificaﬁ& amount of Cbz, with K*/Né* ratio::]O.l The
. :1nteract¥on with ‘focks tend io decrease the CO,
content and alkali-metal /[H* régio in the fluid.
14) Varfation in the’coﬁpo;;EQZA of'Iarge:v61umes.of

’ »

flulds in the alteration domain are Interpreted‘as the

y A -
; ‘—"\\vJA('> result of repeated episodes of fracturing, fluid

- K penetration and fluld-rock reactions. Ihe'compositlon




15)

«

of the incoming fluih seems to have remained .

\

essentlally the same as indicated by the consistent
sequence of alteration type; énvelopinq differeng
éenerations of yelns. Systematic variation of mineral
associations with distance from'the veins, along with
varlation of the‘mineral.assembla§§§ of the veins
themselves, are interpreted as\the result of lateral

—,

variafioq of-fTluid composition dde to iﬁteractibn with
rocks.

Consider’ations of mass balance for possible reaections
involved in the carbofatization of chlorite indicates
release of H+ to the fluid. In this case the pH of
the fluid would tend ‘to decrease as it penetrates the
wall rocks. Gold may'have précipitated in respo;se to
sdqh pH'variations in the interface petween
'cafbbnate-muscovite and carbonate-albite.alteration

types.
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APPENDIX 1

. WHOLE ROCK GEOCHEMICAL DATA




L8°T
6
9

S9
er
1
1€
n »
96
8¢
2t

! 14

oc”
e

61°801
28 °91
e .
a1
05°Z
€T'9
Sp°t
b
1e°s
L5°91
1€
95°5S

6°m

Y2 801
90°8Z
o’
1
88°
1
€5°6
(1
98
16°
z8'd
v

aLcLe -

EC-AY ZT-WY

£€8°2

T>
1
291
19
9 .
B9
Ly
1
6a1
r
Sy
6L
a1
€

AN
SL°1

£6°06
19°8
80°
o
L't
peEY
e’y
e
sLTen.
14 20 f
91°¢tl
18°1
9y 8y

12-av

9T

(X4
LY
145
€%
26
8z
Lez

9

st
£
L
"L
29z
6L
€8
Ly

$6°66
eL" Lt
16°
[
69’
6€°11
S§°S
Qﬂo
oc°s
Lz
p8°81
9L"®
e

T ) §

.

8°C

¥9
8

143
ss
95
"
€e
€

6L
o€
Le
T
11 44
SS

14
(248 2

¥6°66
€e sy
80°
62"z
z6"1
99°¢
reoe
or"
56° 01
[ TAR
TA)
o
290 -

81V

¥8°z - (8°T  28°C

Lt 62y er
21 v €1

w - -8 v
st 4 ST .
0L ze€ STl
Sy - 29
oLTr 2881 8992
) € 1

2 .8 13

6 €1 1

£1 6 vl
P€S ' 91 )
o€z 713 8L
.. 1 )

€0° ., ce’
60°9 60°9 e .

S1°66 6L°86  pL°1DY
6L°6Z ., 89°tZ 6L°61
80’ 00° oo
00° 8l°1 08
00° 8Ll 00" .
16°T1 91z E1°11
rr8t ¥9°21 82 6l
4 e -
s°y 08°6 61° g
vz° prs .-
99°1 88°L . 88°t
80° oy° e
6L°6f 6Z°1Z ST°6E

TT-NY TI-a¢ 6=V

]
11
681
6L

At

ze°

.98

1
2%

LE°T ™ e

6866
£0°01
4

<

SL°t
Lp'9
L9t
ONOA .
69°01
9t'tl
€
6Z°LY

8-dv

95°90T

ol .

o
[ ]

6L°2

z > L9
8 L
621 - 06 191

‘69 B¢ 1)

w88 . sy
w 6F .
1€ % 260y
S 9 1

ol . ety 827"
17 6t 0z
£ 8y 8¢

€1 uro9s
39 -8 1
91 - A
ez" 80" o
€z 9ee -

96°66 S6°66 1L°66
€6°01 BE°6  T1Z°0Y
88" ts* 00°
69 ¥ LA
eL’c vt ee°
w9  e8°'s’ €98
89’ tt°s  te'L
sz* 9 1%
6g°6 96°8  6°S1
59* t8°1 -
SS°ZT1  ZE'E1 Byt
6Lt B8z n'
SEI8S  (S°8Y  L9°YY

o L SRR S | § €=V

1 Xxtaxaddv




- .. (13 . : )
e N | E .
o z - .- . . . . R
LY 2’ w e . ’ ' ) o
LI . - . . . -
..Jia . L ’ 4 .
. bs s6°z 16T  S6°T  ¥8°T  (B'F. B6'Z ¥8'Z (8T €872 MR- -7 8T (8T, (8t bs.
oS z> S 86 @S9 -82- T > . - 1> - e> " eet w
: . aa ¢ 6 6 'R S SR . 1. v 8. 8 € 24 3 ad .
uz 8L L 6z . Lt 61 91 s ‘89 s « w 8s 86 062 we uz )
n e 6 . ® ’ Zr €r 1€ ) s 81, (S 91 82 8 LY)
.. N Pzt eze B9L 1s¢ oL sz BEIT  'eSEl  OEIT’ €LY 8IS ofe s9 w W
. - 8L 8s s s¢ 6¢ " 65 2w 2s 8y - o 19 8 0
1D -pesz . 08Bz BKIZ  BLLT  BL6T  BLZL' @89Z. @BBE  OSSZ  BBYY  eSeT eS8l  of ey )
LN € S € ' ' S 6 z T« 8 L 3 ’ t - an -
2z 9l A (4 L1 81 ST, o 12 ¥4 X4 61 62 g0l 8 1z
A 8 8 21 € 2l o1 2 91 3 3 r 9 o€ 1€ , A
25 61 L A " 91 91 81 81 L o2 9l. € s « ./ s
°d 181 182 6£2 €S 6Lz 6L1 ] 8 0. 1. & z - e eet a .
. i3 yg S8 73 S6°. 88z 821 23 24 et 781 611 z61 9 8e1 15
: qd 61 61 L4 v L u ] 6 1 (] ’ . n ® .
' .S 90° Lo° n Lo 90°1  BE" 90° vo" ve:  zo° ze° te" wr we - 8 .
. D »9'8  ¥9'8  ¥Z'8  BS'L  ¥E'L  @8°L  SS°S  S6°€  BI'S  LU'S v SLY 9%6TL 162 )
0L 7$°PBE SS°PAT 69°86 68°66 S9°L6 2966 ZC'BAT 62°66 6L°66 ZBOOT TOTABT €5°66 BYG6  98°66 oL .
100 29°8T 6°0C (67°6Z <T6°LZ €O°SZ LI"LZ ¥S°ZTT 1€°B1 SE'IZ  68°1Z 6861 9¥°1Z  €5°8  #9°21 on .
. ., s0ed 89" 80" 00" 08" 08" z0° ge° . 08" 09" 80" 08" ee° 8" 61" <0Zd
oy €8° 96° 9°'1 L1 L b9 20" 20" 80" g0 88" 00" 88* we. oz
. ozeN D" 18" v6" €o° 98°1 8" 0" 80° 81" 1s° 9r° Lo’ 89" s ozeN
0®D SI'S  65°S  ILET  18°ST  £B°91 .B9°9T bE'C  S6°T  ¥6°ZT  E9T  6S°TL  99°11  09°C  69°S 0w
OBW 98792 9€°€Z €S°ST  LU'FT  10°T1 €521 62°1Z SP°62 €L°81. €2°61 19°BT ¥9°91 6E°y  98°2 obH
. T om ST st 6z° 4 9", 6z W st° o e AN 0" oM
- 033 8z°8  6b°8  QF°9  19°9 BL'Y  WTL  8L'8  SZ'6  8S°@ 698 - ¥E'L  6C°11  SE'SU 81l - oM .
. fozea - -8t 8s” 98" ‘- - g8 - - 8 .8y 6L°1 - tozad
. ~EORIN  (T°€  6L°€  BS'S  SLC LY TSTE ¥B'S  6S°Y WP MEIS  PETE. 9678 ¥9°11  @e°ll oz
R DT w" 62° 02" T° - 88" oc* o sz° A S O S T S A 1 1 .
ZOIS  EL°Z€ L9  MI'PZ  12°BE  BS'BE  E6°BE  L§°BE  €6°ZE ZB'ZE  68°BC OP°9E  ZLLZ  LCTBS  89°LY o1s
. - . . 1 .
GV-RY  SPNV PPNV EPNV ZP-NY TPV BNV WLESNV KESNY EESWV TESNV BZ-NY TNV ST-NV "
’ . . 4 . : . : 1 xiaaddv .
- ) - . . , .
. r ” . . . N .. . s
<. e » v . -\ .
[} . » s . .

L WS, * TS W RN

D i N,



KN

Py S

IR " A VY

W

-1 018
A9 A
8"
.
(1N
6L'9
S6°C
12 A

9t 1
¥ 1
9Z°'11s
56° 1

98°2
z>
201

L8l

e
SL°9Z
91°
9L
28°2

-6b°S

8z°

60" Vb .ﬁﬁ.um

O

\ .

?

. bg g6°2
ow oz’
qQd ¥
uz 9%
Lo T ¥ A
IN zZ2

B~ T +
Flo I |
arn @

2
oLk,
o8 €€
eg . 891 °
s 98z
. @ ze
s 8
D, ¢8°S
oL 8p'est
1004 I (4
60zd 61" .
o 8L’

9 oeN  @s°C
oRD  p¥°ET.
oo zo'y
o az*
023" szl

tozea  €9° .
fORIV 68”01
Zo1L  19°1
zZOol1S  6B°1f
LW
00\6 - ‘

BLNY

99-Y

¥0°2
>

08
w

114
114

9
K<)
1

6¢
69
(184

99°

18°66
9°¥1
oz’
19° .
81
86°9
99°€ -
°~0
¥6'6

.98°

96721
€L
6Ly

S9-dV

sL°t

1

18
0
[193:)
86

.BSLE

S
82

¥4

€2
€€
95
[

v
Lt

¥y 001
9" 91
80" -
00"
0p°
15°9
8S°9Z
L
z6°01
66°8
"W

S ot

€9V

91°
s8°

v

€6°86

s

91
29°1
st
1€°1
26°2
ve°
zz°s
86°S1
ot
crs9

9-Wv

sLtz

L
' *
6y

e
08

8z
ey .
81

a1

61

12

S89
"y
L

e
86°

Zv'66
"9
91°
0zt
T
A4
65°¢
Le*
68°"
28°61
8s"
62°29

.

09-3Y

ez’ se
Py 14
¥ )
08 er
£1 "
e " 8001
zr 103
sel,  ees
v, €

s 1St 61
sz 2t
61 61
t 2
SR 114
? o
£5° sz°
Lig 9L"S

3

S€°66  Br°pel
8S° €1 T6°€Z
9g° go°
80° 20"
e pp’
8.8 e
B1°11  96°CZ
A e
€S°L  $6°9
9 1T €61
88°ZY  §Z°S
w oz°
L2°6E - ST°SE
65-d¥ - GS-NV

86°€1
9t °91
AN
1579
60°F
e”
e e

]

Lz st
A Y4
89"
-t

86°¢

[ A4
£
61°8 .
11:
o
6L°8C

sy

P6°C 28°2 -
- > s
] n L .
8z - £ 89
] 81 0
aYeY  OPT1. ‘BfL
zZs i 99
PB11 09CZ  860¢
6 ) 2
" 114 114
8 Tt 91
5 8t 92
sy s 9
w we®e 9
1 ? 9
90° z8° oL’
66°L €8¢ z6°$
TB°18T $9°8BY _60°66
¥0°2¢ SB8°BT 2(°€T
pB° . .00" sb*
9 - 86 - 08"
8e° pe* 9t*1
e 62°S < LSV
ze'ty . 99°92 18°1T
(1N o, 9t°
SL°s 9"t v'8

- oL’y | 16°C -
YA i oc's
e ec” "o
266 TSt (e

6F-NY  BY-AY LY

1+ X1aNGddY

d ]
v

84538 5805638482

cozad
oztv
oL
Tols



.

o
7]

B o e e Ak an AR

i Sae e IR T

veo BH88-485833582

R e TRAIL I o d i

>
>
1
H

R A e IO UL

SL°T

S
#6
sl
08T
.25
e
L
66
6
8¢
(4
St
(]

9T*

1L°66
69°8.
e
8.
:TA
e5°S
Iy
¥9°8

L

8L "
LS €S

FUAT B 4
z> Y44
8 91 .
911 ZE1
SL Ly
821 201
€9 ¥ 13
13 193
v )

86 ze1
€ e

Ls -
z 6S1
€S 89 ,
8 £

(3 L'
19°1 Bt
€66 (8°66
€8°9  8Z°K1

8e° 81"
88" .a.. ]

.8S°S * PS°E
EE°Y,  ©9°6
98°¢  66°C-
- s’
15°s “a 97701
89° 99°1 -
88°11  19°11
96T 29°1
6£°09  ¥E°ZH

e .

At

sl -
sz’
€ .

€S
9
1w
¥
M

. [

14

18°z

68°66

se°el
8p°
99"
822
16°2

89"
‘Ber .

s ez
BE €1
£8°1

L

67T

z>
8
¥9
9
259
£9

00Z€

8
14
8
8z
14:14
8y -
1

e’

$6°66
16°L2

oe* -
9°1
13 8

e

18722
ot

s8-8
16°C
€Lt
11

oL ¥z

8BIS-N  VBIS-¥ ZIS-IV BOS-IV .18-WV . B8-NV 6L~V OL=NV  SL-NV. ZL=NV

.

LIRY

.

B
€@ 87 $6°Z - L'Ls 98T bs
Z> - 25> T>- T .
6 8 T . @ ® o5
€2 w1 e g6 2 u
€ ° - 28 3 %€.. . ®
es sS 66 - 88 1 W
s € . 6 ¢ 6 )
I 2. 68T S61 . L - .
N 9 0 9 o o
96 O + 28 6L ¥ az
oc Py oz 82 oc A
1 Sh 42 18 - 6€ © I8
6 . B - 8 B ° va
Lol a1 o8 611 . LS as
z o 8- @ . .
: .
S1° et v 8 . 61" s
- 991 e %t - 5
(5°86  TVY°66 ZETTOT 99°OBT O1°0R 0%
61°6 , €5°6  TF°P  -18°6 K611 :
@ et et . ez - 8
[ [N e2° . 98 o8°
88°1 U 91z 18T 2T
€6°L £€8°L 9L°6, L vN.%
LTS 189 BC'L  vetE S |
N AT T A 2 I LR S
€511 LEL°€1  €0°6,. 08°2Z) ° 69°CT
P ‘ez . se's| eetr L sel
91"t .61°Zt -9o°ct ee'z1f ze'81 - foziv
80°2 91"z €'l w1 el 2014
2E'sy SETEY €6°LY BV 'k ¥9°GH Z01S
. 1 XION3ddv
. LY
. .
SR B
. L ..



I A Y 7 k) ¢ T N s ST TN g e 5 A et 7O

7.

CNOTES To'AbnEn01X'1

Mdjor’ elements oxides, L 0:1%, S and C 1n weight percent,.‘
trace elements in ppm, Au in ppb Sg in g/cm3 !

L.0.1. loss on 1gnition L.
Sg specific qravity '

Y

AK-?,B Chlorite- carbonate schi&t with graphite (interflow
Sé.dimentS’~ » .g

AK-5,6,7,8,75 -.ALbite chlorite schist.

AK-22 - Chlorita‘carobnate schist.

, L]

. AK-18,23, 26,28--. Chlorite- carbonate breccia (mafic flow-,
: breccia).

AK-20;59 - Massive chlorite-carbonate rock (maffC'tlow)'

,AK-21,?5\- Massive sericite alhite-carbonate-rock (mafic
flow). - - .

*

-

AK-508,512,518a,518a =< Chiorite sericite-albite- carbonate
rock (pillowed mafic-flow with
varlolitic texture). .

AK-72,76,79,80 .- Massive albite magnetite-chlorite_ rock.
(mafic flow). : e’

’AK-70,71 - Massive 'sericite- chloritoid carbonate rock
' (mafic flow). .

AK-65 - Sericite- chloritoid-carbonaﬁe breccia (flow-‘
breccia) : : T

AK-60,62 - Sericite schist. - .
AK-9.,12,31,33,34,37a, 66 - Talc carbonate schist

AK- 47,48, 63 - Chlorite carbonate rock, with relic spinifex
) texture.

NK-45,81 - Green carbonate rock with relic soinifex B
: texture. . .

* . . . "

©

AK-11,41,42,43,64,46,45,§4 - Green-carbonate .rock.

AK-40,55 - Gray-brown-carbonate rocks
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" APPENDIX 2-
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;.1 'X-Ray Fluorescence-Spectrometry { XRF)

Whole rock samples were jaw crushed, and then pulver-

Tis
o
!

1

L . . :
T ized to <200 mesh with.a tungsten-carbite coated Bleuler
mill. R . ’
\ - . .
B . Major elements and the trace elements Nb, Ir, Y, Sr,
o Rb, Pb Zn, Cu, Ni, Cr, Ba and S‘were determined by X-ray
. . . [ ‘ ’. .
~ fluorescence spectrometf&~LXQF) in ‘a Phillips PW-1450

; ) . spectrometer with selectéd Cr, W or Rh targets. &xcept for .

.. 4
PN - L4 -

. '.i e 2 - . . -
‘ Na 0 the‘major elemé¢hts were adalyzed on ;ugion beads, ™ 4?~
following- the method of Norrish and “Huttom (1969). The
fusion heads were prepared according to procigures of

. Harvey et al. (1973), using Spectroflux 105." The,majon<

oxide concentrations were'calculated.hgarnst the monitor

o

FS 94 supplied by Dn. K. Norrish, CSIRO, 7Australia.

Y -
'

Sodium ande were determined on pressed'pellets of

’ ..

“rock powder, with reference tovcallbration lines defined by

.

synthetic standards. , .

»

Trhce elements were determined pn pressed pellets.by,
. XRF (Rh tube),with reference to selected fnternatlonal '
standards: Data were reduoed using 1nterference and matrix
;: . ‘ ' corrections through the computer program TRACE developed by
% C . G. Baker, H. Hunter and T. Latour (unpublished, U.W.O.).
| “1 International standards and dupllcate samples were run

for checks on doth accuracy and precislon. The reproduc-

202 - . .
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ibility of-major element analyses was in qeneral better

than 5%, except for P20s5, MnoO, MqO and Na20 (15%).

Compared to international standards the accuracy of trace E

elements is in general within~15%, éxcept for Nb-and Pb

(25%). Results for Zn, Cu and S indicate only order of

a

magnitude concentrations.

2.2 ‘Neutrpn Activation‘Analxsis

Scandium was determined,by instrumental:neutron--

activation ‘analysis at Neutron Activation Serwiees,

-

i vt

Hamilton, ntario. Results of duplicate samples indicates
precision better than 15%. .

2.3 Plasma Emission Spectrgmetry

.

Gold. was analysed by plasma emission snectrometry

after preconcentration by fire assay by X- Ray ASSay Labs,

Toronto. . .

2.4 Carbon C e -

.

Carbon was determined in a thermal conductivity cell,u

utilizinq the faéilities of the Department of Gedioqy ‘at

McMaster University, Ontario. Standards run in each batch

- tndicate accuracy betteglthan 1%. ' The available standards’

do not contain carbonates. Alljanalysed samples were run

in dupiiéate and some in t}iplicate, and the'peproducibil—

Q ’ ]

Ity is better than 5%.
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2.5 Fe0 ang. Loss On Ignition (LOI) T
. : Ferrous iron was determined after the method of Wilson

'(1955). “All samples were analysed in duplicate and some in

-triplicate. Analyses‘ﬁith discrebancies of more than 10% .

were discarded. . o -~
Loss on iqnition was measured Sy'wefoht loss on dry
rock'oowder‘folfowinquheatinq at. 11000C for 2 hours.
S A . .

' 1

- - 4
- . .

2.6 Oxygen lsotopes BN . .

5 +

~ Oxygen isotope compositions of mineral separates
‘ >,

'prepared by the author were determined by Dr. R. Kerrlch,a?\
U.W.0. . - Co .
N | ' ~ After erushinq, sieving and nashing, ninerals fron
each size fractions were'coneentrated with'a'Hand maqnet J, .

(maqnetite, pyrrhotite), Frantz isodynamic electromagnetic
’ .

separtor, heavy. liquids and hand pickinq Museqyite andwtf - o
ch}orite separates were diqested in concentrated acetic ..:ﬂa;
acid to remove carbonates, Quartz and plaqioclase concen- -
r/trates were - washed in HNOQ and HCl to eliminate pyrite and

13

e other soluble impurities.

@
13

[ ‘.. , © e

Oxygen was. extracted frbm silicates in a vﬁcuum line

I & - - .

.using-bromine pentafluorlde (BrFs) at 4500 to 600°cC, .

converted to C025pyureaetion over a carbon rod.heated‘to

e cherry red temperaturé with‘platinum catalyst. Isotope 8.
determinations weére performed on a Micromass 602C dual

inlet, 6 m radius, double collecting mass spectrometer.




PO

The results were converted- to the Standard Mean Ocean Wafer'

(SMOW) ‘scale, calibratéd.againét Caltech Rosg Quartz

(#8.&50/00) and CMV gquartz. Replicate determinations of

standards have diven a long term 2 of :0;480/00'Uh

Kerrich, personal communication).’
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A Al is ;hé projection plane of figures 6.1 and 6.5
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SCHEMATIC GEOLOGY ° .

Kerr-Addison Mine, 385@' level

<
A A mineralized flow ore

B albitized porphyry dyke

o green-carbonate breccia T o

D chloritic-carbonate breccia ' !

E -talc carbonate breccia

F 'talc,chlotite schist - ' Qg.
G carbonate't@ff .

H 'carboﬁate tuff and thloleiitic b%ecéié'

1 graphitic argilite

J- greywacke . - .

K Kenojevis lavas : . : SN

- -

After Kerr-Addison geological’staff, modified

by Downes (1988) and Warnick (1981); ‘ .
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