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ABSTRACT
. . ) Seme 150 sq. kms. of Arcliaean meta-sediments cast
of Yellow I\mf ay (N.W.T:, Caiada) have becn mapped and sampled.

[y

& .
“Structural a'nalysis at a-re onna1ssmme lev el indicates that the area

“ .

18 btructurallx mhomo e¢neous and dl\lSlle into domalnb on the ba'31s
g

&

of structural style. - Many of the structural features are best explained

v

.as results of intrusion and inflation of the granitic batholiths. An
v o _ a ‘
o ,
evolutionary model is suggested in which the area evolved from

N

ST S

oceanic crust in a single tectonic cycle in which batholith emplace-

ment was the principal causative factor.
;A broad metamorphic aureole approximating an
Abukur  facics series surrounds the late,. potassic Prosperous La’ke

pluto: " he biotite zone of th1s aureole is exa mmgd in dctnl using -
micro-probe analyses of I»’l rocks, 59 sheét silicates, 10 oxides and
numerousd plagi‘oc{iases. Silicate _compositions were controlled by

coniplex/lntcracuon of physical and ¢ chemical controls whos.. relative
/ - : e

-

' nnport’fmce V"I"ed in different rock types and for diff erent nnnoral

. /
~

groupg‘. ‘Thc analy'tical,, modal arid textural data indicate that biotite

. ;o C s : . [N
origipated by the reaction ' '
/ Chlorite + Muscovite(1) + Imenite ——>. “
,/ N ‘ ‘. ‘ . . - . » )
Biotite + Muscovite(2) + HO % [Rutile, Quartz,
v//v ‘}' y . . < - ) ‘M.

’ . X ~
o . .

=<

in which muvsco.vi'te became depléted in K and '(Fe+Mg¥Mn) but gained .

T
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) 7000;(;. @ 5 kb.) y'iel{;}}g_d thqzonal succession chlorite -- biotite --, s

)

: : Rt
g\a‘rnet -- staurolite - hich was 1mmed1atgly over -printed by tho zdnal

a little Ti. | R /

., s . . L

The cordicerite isograd is discussed in some detail and | ¢

analyses-of 17 silicates and 12 oxides are given, The cordierite
originated by the reaction : Co LT
: - . . . ‘I...u

Chlorite + Muscovite(l) + Quavrtz + Biotitc(l) —_—

v - 3 /

Cordicrite + Biotite(2) * HZ t [Ilmerité, Chlorite, § o e
& c ‘ B |
& ; ' ) .
N ‘ . Muscovite(2)] e
{) | - \ =

Y

in which pre-cxisting biotite donated Si, Mg and ¥ but no texturally

distinct new biotite was formed.
. - O iy

Garnet is commonly present in some arecas close to . ,

-

4

. the pi'ii_ton and shows siins of ihstability in some rocks. Inc1plent

R

51111man1te, cor roded Staurollte and Ca-poor amphiboles occur at the

highest grades and andaluswe is present spora‘dically.

vt I\/IetamOLphlsm occurred in a single cycle mvol\mu the

+,
[

dcvclopment and decav 01 a thermal dome acconmpanlcd by contlnuous

\ . B ! . -

D

pressure decreaSe 3 5&?1 m,t,lal phase of th1s cycle { @ 3 kb. to

L

—
i

24

CEITEN
R

series blotltc -- cordierite -- andﬂubltc -~ 51111?‘nan1te (BSOOVC. @

3

2.5 kb. to 700° C. @ 3.0-3.5 kb. ).
Gold-quartz veins in this aureole héve been examined

via structural c.onsideration;s' and a.fluid inclusion survey. They were
" = . ,. . N N o7 . R .
depositr_edf,durling the relaxation stage of deformation when dilatant

structures permltted the p:lssage of mctamorphlc f1u1d bea1 ing cold -
" pr obably as -sulphide Complekes Th1s ﬂuld was, an:immiscible mix-

ture of a brme of moderate sahmty and a COZ-rmh fluid. The initial

o]
H

i
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PART I : INTRODUCTION

The Prosperouﬁ Lake arca’is a portion of{ the t'ypi'cal
Archacan ,greywacke—green’stonc~granodiorite terrain which ;:onsfti—
tutes the Slavé Craton. It is located near Yellowknife, N. W.T.
(Fig.‘ 1). The meta-sediments in this areahave been studied with the
pr 1nc1pa1 ob_)ectl'vcs of e 1uc1dat1ng thelr 1ﬁgtaxnor*3h1€ cvolution and
’ ‘re'lating their gold-quartz Inincralisation to their metamorphic hist_o_ry.

. _ ’ )
To these ends ficld-work was carried out in the sum-

mers. of 197C (t\vo.v\‘reeks), 1971 (eight weceks) a.nd 197Zk(t\vo \veeké). )
Du.ring this time thé njetam_o_rlahic aurcole of the P.l'qsp.erous Lake
}gx;a‘nite Wwas systematically sar_nple'd,l structural data were collected
“and the gold-bearing veins \x;ere examined aﬁd‘sarpp_led. The stru.c-
tural data are used to give some _idéa of tectonic '1’1istory and the

: i . :

petrography of the Prosperous Lake aureole is described. - The bio-
(tite zone and the E:ordiefite isograd arc considered in detail. The

study concludes with consideration of the nature of the gold-quartz

veins. ‘ L . :

THE \IATURE OF THE SLAVE CRATON
The\(c is a plethora of recent rev1ewa on the Slave Cra-

'ton and only the eskence of pertinent faoets Wlll be GI'VCD here. The

" reviews by E}reen and Baadsoaard (1971 representmc7 th: Umveréity

of Alberta school of thought): and McGIynn and Henderson (1970 and

<

i

1972 representmcr the Geolog1ca1 Survey of Canada school) are



—

o

Y

A Cotumsa T

1R

kK
by
K

Yellowknife area - location and access.

.

FIGURE 1

G



-

S
i

Y

. ‘. - \
perhaps the most important, but others include Stockwell et al. (1970),

Hoffman and Henderson (1972), Green (1968) and Boyle (1961).

Definition of the Slave Craton

This région \Qas originally defined as the "Yellowknife

~ & .
Sub-province' on the basis of its '"'rock types, major faults and min-
eral occurrences!' by Jolliffe (1948). The lavas overlain by greywacke

and argillite, the,characteristic metamorphism to cordierite-bearing

nodular rocks and the granitic intrusions were considered litholog-

@~

ically chardcteristic. The major faults trend north- west to north,

are left-lateral and generally lack quartz breccias and stockworks.
%associated with

, Ll, Be or Sn.. . °

Gold-quartz veins are very numerous and pegmatif,

X

-the younger granites characteristically contain Ta

* . 7 Jolliffc's definition has been cntirely sﬁbstantiatedvby

more recent work (mainly extended map coverage and radiometric
dating) but the region is now called the »lave Structural Province in’

Geological Survey literatu‘ré"f’f Since the region conforms entirely to

the. definilt.ion of a craton {Anhacusser ¢t al., 1969) it is herein call'ed ‘

the Slave Craton. It is arcally defined by the featires summarised

'/

" below.

. Lithology”.

. The craton consists predominantly of the greywacke-

greenstone-granodiorite trinity so typical of the Archaean chatons.

- Figure 2 sht;&vs"t'fité distribution of these lithologies, to which should

be added migmatites, pegmatitéé, acid and basic dykes, alkaline plu-

£~

N . P

tons and.ultrabasic rocks in smaller amounts. I

The basement problem.” . There have ‘\b‘ee.h‘several N

21
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_These rocks are metamorphosed submarine lavas of basaltic to

/o
/

/

4

s,

S

‘reports of rocks whick might constitute basement to the Kenorah
hy

supraerustal sequence [Barn car, 1966; Hcywood and Davidson,gl969;
Stoekwell, 1933). Thesc re:ke generally.(-xhibi't structural or strati=-
gra~phic rclations suggesting that they comprise ‘pre—Kenoran bas. -

ment but are of very limited extent and, where radiometricdlly dated,

)

have yiclded Kenoran ages (Wanless and Looveridge, 1972): The

presence of granitic cobbles in conglomerates overlying the green- o

stones has frequently been cited as evidence for the C\lSt(,I’l(.C ef pre—

J

'Kenoran continental bas”ment but these cobbles have 7-]\\80 ylelded

’ o

L(enoran ages (Green and Baadsgaard,+1971). 'In view of these radio-

\

metric ages and the apparently uncontarnmatcd mantle origin of the

ma jor plutons (Green and Baadsgaard, op. cit.) the evidence,for pres- .
’ \

v

Kenoran: basement is inconclusive,

u

~ The greenstc’mes.— The oldest exposed rocks are V”F

<

<

B o> 4 i .
therefore probably the greenstones, dated as 2650 m.y. by Green and

B

Baadsgaard. ‘These typically occur in narrow belts between the major
. h : .

plutons and the overlying metasscdiments (Fig. 2) and comprise
‘thicknfesses up to 9000 m. or about 15 per :cent of th- ~rea (McGlynn

and Heriderscv)n,. 1972) -- rather less than is typical-for cratons. - -

Ky

\

andesitic composition with minor aci‘ic and pyroclastic material.
There are typlcally numerous dykes of about the same age as the

flows (Henderson and Brown, 1966) The greenstone&probably d1p

: monochnally bc.51nwards under the meta- sedlments

Conglomerate’s and sandstones. Overlying the green-
stones there is commonly a dlscontmuous cong‘omerate hOI‘IZOI’l of

local provenance consisting of {ragments of v_o_lcanic rogks,

Z
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\ : :
greywacke, shale, quartz and chert (Hendctson, L,1870). -Granitic
boulders (quartz diorite, according ta.Green and Baadsgaard) occur

locally. These rocks indicate an erosional period of short duration

-and in some plages are overlain by sediments indicative of shallow-
) . T L PR

. ) ) -;:.'. . .
water deposition. .
o g ‘ .. )
‘"The meta-scdiments. Greéat thickne sses of metamor-

h}osed rriie wackes and mudstones fill the basins in the craton (Fig. 2).
p grey ( : : rig

5

The'se have been shown by Henderson (1972)‘t0'be turbidites which

flowed off topographlc hlghs 1ocatcd rouchly where the granodlorlt

bathohths now outcrop These meta-sediments are the main topic of

this thesisv.

“

The granitic rocks. It has long been reco’gnised that.

. L y
granitic batholiths of two general ages are present. Henderson (1943)
recorded '{an older granodiorite and quartz diorite which is cut by a
younger granlte and representatlves of these categ01 ies have been

\

dated by Green and Baadswaard as'2590-2610'm.y. ‘and 2575 m.y.

_Mrespe-ctlve_ly. In addltlon there are. the gnelsses and mlgmatltes

. shown in Fig. 2 and thought by McGlynn and Henderson to be derived

from sedunentary strata. The se three types’ of g1 amt1c rock conform

to the catogories typical of cratons (Anhacusser et al. r 1969) iie.:

(1) A complex array of mlgmat}tes and banded gnelsses with more

homoceneous granltlc phases. (2) Cl}rculav or elli’f?tic_al dia,piric
\ .

aranodiorite bodies which may He 5radational with the heisses and {
. Yy g! g &

mlﬁmautes and are thought by Anhaeusser et al. to have been em-
2 - N ¢

placed by ''slow upWelling 'and forceful emplaceme_nt of discrete and

largely plastic gramtlc masses.' (3) Potash—rich coarse—'grained
‘i ',:—..‘__,;
granltes which 1ntrude and cross-cut all ecarlier structures There



are, in the Slave ‘Craton, arcas where detailed mapping has rcwealed .

rather more e_om.plexity\than implied by this'"sim.iale model (¢.g. David-
: son-‘, 1972: ’~‘PIey\€’(:yod and Da_v_id‘son, 1969) but'in general it seems ]-,5‘. s
‘applicable. : o : ' S

Other intrusive rocks. All the supracrustal rocks
Co e 2

. ha\ c been 1ntruded by nmnelous quartz veins and there al rn'any

&

diabasc dykcs dnd 51115 in dlsc1cte scts d"Lted at 2300 24PO m.vy.,

: ZOOO 2100 m.y., 1400- 1500 m.y., 1200 m.y. and {yOO 700 m.vy.

cj(McGlynn and Honderson 1972). Peglnltltes are qomrnonly associ-
' a‘ced with the late pota551c plutons and m"jﬁmc areas constltute a con-

suierable pPr opo;‘tlon of tl}c exposure. ‘They havesbeen StlelLd by

_ Jolliffe (1944) wae (1952), 'Hutchinson \(1955) and Kretz (~1968" and.

1.9.7.0—) ~In dddltlon to the se comrnon mtlusmns there are a few ultra—
T ‘,

basic rocks and alkallne 111truswe.con'1plexes. The locatlons.and

references to these are given by McGlynn and Hender son (1972). -

Structure . e i .
— R T } : . ",‘

¢Perhaps less is known of the structure than of any other

ﬁeologlcal facet of the qlave Cr aton and although the faul/ts and shear |

zones are well mapped the ub1 UItOUS fold.stfucturcs-'are not. The

‘,general model 1s~on<_3.‘._(13__f unfolded|greenstones dipping monoclinally

.ur;der the sezii’rngcntar\y -})%sins anc ”coﬁtﬂaining nc;‘knov'i}u rﬁe soscopic -

o folds whldle the 'sed'irflen.t.e: in the betsins_ aAreA i_nte'n-sejly emd complexly
. folded. FEarly work (e. g. Riley, 1938; Henderson and/Jomffe, 1939;
'H'endérs"on,-wmés‘;"Jol'i"-;‘f‘fe, 1942 and 1946; ‘Campben,’ '1947‘) indicated
"that the sediments had first been 1soc11nally folded on guntly plungmé

' axes ‘and then deformed on 'cross- -folds'. ‘The orientation of the -

’
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. relationship between mectamorphism and deformation, and the sequence

~ ' : 5o : B PR

P 4 e

structures varies in such.a fashion that Both Henderson and Campbell

believed tho gran.itic plutons to have v‘bc‘en the: main deforxnh‘g dge‘nt\s,
More réoent and deta:ile'd work hde ‘c.ith'er_ dboxcn coxdincd tvmrrflafg_ins of
the ¢raton which h,ave been involved in Hudsonian evihts {c.g. Ross,’
1966) or hasiconsidcred maidlyﬁthe ;tructures of the‘grecn.sto‘ne belts
(e. g. Hehdcrson and Brown, 1966). Thé last knoxyn dt:fomniational.
event i.nvolved dissection by nmherohs faults and dliabaslcs (e gu.’ Wilf:
ison,‘ -1941_)'{ e A S ’}
7‘ S.truoturally, th_eréfore, 1 the cr,a.ton; is pooriy;un.der_
stoo'd but appcai‘s to be enﬁti‘rely)typioal of such terrains (.‘;’-\nha?’usser
— . -

et al., 1968 Anhaeusscr et al. /,’\ \1969) It should be”emphasised that"

most of the stmuctures in such aregs are best ascrlbed to veltlcal B

0 :

v tectonic moveme_nts and the influence of plu.tonic emplacement rather

than to regional compressive forces.

) SN .
—T N : . ) . io >

Metamorphism

" Anhacusser et dl. (1969, p.’ 2189) have described the

typi_éafmetamorphisrn of the cratons as. follows. ”'f'here is.an 'int‘in?‘(e

Ll

~

is uéually of two or more: periods of'r’n'inerval'devclopmcnt and deform- - =

-

atlon followed by widespr ead postr tectonic recrystalhsatlon and late- .,

~—

"

‘stage\_retrogressmn . Althouah 1mperfect1y understood the . o/

me_‘carﬁofphic hi‘stozl"y‘ of the Slave Cratén conforms closely to this -
I R ! ' R ¥
scheme. -Previous petr-olocical work (e, g. Denton, ,1940- Folinsbee, S

o . -

"1940, 1941, 1942 Henderson, 1943). showed that all supracrustal rocks

I

Y

in the area have been metamorphosed to at least the lower greenng,;c\}l{s\t S

\

fac1es and many belong to h1gher grades pmmarlly in aureoles round e

3 . -
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" \ \
p-utons.  Broad, aufcélcs of porp'hyroblastic’1'.oA<:ks surround the late
T stassic .« ites (Hendersdn and Jolliffe, 1941; Fortier, 19»"16).»‘ Den-

ton, I'oli e and Henderson all agreed that the metamorphic history
of the arca involved (1) a phase of regional metamorphisin under mod-
erate confining pressure with (2) superimposed aurcoles of a more =

static, thermal nature. In addition, Folinsbee suggested (3) a late

phase of hydrothermal retrogreésibn.- This general model has been

subst:antiated by all more réc'ept work (e.g. Tremblay, 19525'. Boyle,

19615 Ross, 1966; Davidson, 1967; Kretz, 1968; Heywood and David-

! B
son, 1969) but the rocks formed in the-two main phases cannot readily

be distinguished. ’ : e

Very little is known of the metamorphic zonation round
the synh-tectonic-granodiorites, but according to. Folinsbee (1942)
. ’,*V"I. . . )
these aurcoles arescharacterised by the zonation chlorite-biotite-

p ' .

P

anduluuite—staui‘olite-gamjn/et in meta-sediments. Boyle (1961) 'rﬁapped

grcenschist, epidote ammphibolite and amphibolite facies in meta-
volcanic rocks near the Western Granodiori .
In contrast, several studies have been made on the

extensive thermal aureoles surrounding the late potassic groaites

- which are characterized by abundance of cordierite in meta-sediments

(Davidson, 1967; Kretz, 1968; Heywo".od and; Dz_widso_n, 1969; Kamineni

N

and Wong, ~1973). " The metamo@ﬁh‘ic pi‘oglre“ssio.n in meta-sediments

"

- . N . . A I : ) i ° .
in these aureoles-is rather consistent. At lowest grades-the chlorite-

<

>

muscovite schists of regional extent are not always to be seen but give-

way to'large areas of Biotite zone ro:cks.v’_TEis biotite zone is termin-.
ated abruptly by the cordieri‘;e isograd, above which cordicdriteis
SO - : _ , ST

"abundant in 4 large propéljtio,n of the .ro‘cks. A_néhlusite occurs

v

3 : N

i
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sporadically in tﬁi)s zone. Garnet is sometimes presen ind cummi&g\—
“tonite is a ,charactcristic phasc in some rm(:k compositions. Silliman-
~ite occurs at the highest é)l ades, which arc » <>t achieved Yrall aurcoles.

. . R .
thtlc I's lkknown of the metamorpl 1ic zonation in rncta—bas‘i"s\rocks in

. - v
these gurboles (but sce Heywood and Davidson, 1969). 2

The gencralised metamorphic hmtor'y (_\/()l\/ll’ld from

the ear ly studies and all work since (1ncludlng the present study) is
o .
. e
therefore of a nqodcrate—pres?sure ubiquitous Inct'lmorphlsm which

o

merges into superlrnposod aurgolus round plutons This sequence is

N
thought not to have occurred in di screte evonts (as suggested by Fol-

\isbcc, 19472) but by a gtddual change 1n thu mal conditions with heat.

flow 1ncrea51ngly dommatcd by the plutons as pressu dccrcased

-

Such a model was f11 st Suggesteéd by Dunton (1940)

Tconomic Mineraligation -

) ° The Slave Craton lacks the ultrabasic rocks so pl'odué—

Lo . 1
tive in ‘other cratons {c.g. Rhodesia, Western Aust%alia) and its econ--

omic ge,ology is therefore dominated ¢ ntlrcly by gold. The: s, in

addltlon a wide .variety of cconornlc mlnurals of thg ¢ uariltz vein émd

- - . A
‘;;crnlatltc a@somatwn% notably Spodurneng in pggn’latltes .Reviews o}
'tﬁe economl.c oeolowy of the craton have been given by Jolliffe (1944),
Lord (1951), Rowe (1952) and Lang _ct_al_ (1970).

There is abundant literature on the gold dcp051t°~ dating
from the first review by Jolliffe in 1937 ithh detallc,d erchemical
study of. Boylc (1961) Th1s last source _ives a review and et conipre—
hensive list of reference's. Gold-quartz veins ccur’'in both the ;neta-
volcanic and meta—éedimeuta}ry r-ocks‘ thou’gh the only c’);%r.;'z,tirng“i’hihes(

v

2
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are now.in the former. The gold-bearing veins are in all cages struc-

turally controlled. Those in the meta-volcanic rocks occur in shear
zoncs; thosc in mecta-sediments arc variably controlled, most com-’
monly being "introduced along zoncs of structural weakness which, in

~most pldde.s:\, are clearly dependent on folding." (Henderson and Joll-
“iffes 1939, bl 324). | : |
THF si'ELL,(D.\’\TE{NIFE AREA AS A SAMPLE OF THE SLAVE CRATON
" Because o_f its ready accessibilit.y, -th; ;,}rea r?ﬁ&rvfd Yell-
)wknif.e is bcﬁoxnihg the t-y[pc area, for the Slave C;‘aton and numérous |
det;aiieda\;t:.udiies_ have been midéhfléc“rc‘. “The following t:ible lists the
déf.ir.}iti;\;:- worlk on cach of the main Eo‘pics. and a br_ief synqpsisf}ilﬂl

"~ then be giv.er:g. . : g : e : -

‘a2

Topic . : S S ' Author
Maps- : . Jolliffe (1942, 1946)
. Geochronology ’ . Green and Baadsgaard (1971)
Stratigraphy . _ . “Henderson (1970) >
" Sedimentology - Fenderson (1972) :
Meta-volcanic rocks . Baragar (1966); Henderson and '
' S - -~ . Drown (1966)
Plutorns : , , ‘ ' Boyle (1961); Green and Baads- '
, : o ‘gaard (1971). No detailed study.®
Structure = o : '~ Campbell {1947); Henderson and

- Brown {(1966). No detailed study.
Bovle (1961); Kretz (1968); Fol-

Metamorphism
: ' inshece (1942).

. Pegmatites . _ Jolliffe (1944); Hutchinson (1955);
" e ' ] - Kretz {1968, 1970) '

Gold mineralisation - Boyle (1961), Coleman (1957)

"The general geologya ;)f tbhgn afe:i“}\s ‘shown in ‘Fi‘g. 4. The
supracrgstél rocks»co.mprise the norm;a:l up\‘vard" succession (Fig. 3)
from volcanic rocks, _through;shéllow—water sediments t§ decp—\vater
£urbidites. Of the basal _.vo'lcaq‘i‘c rocks the Duck Fm. (flqgf{'sf of

Gt
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intcrmecliatq composition) has not been studicd in .detail, but the Kanr
Fm is well knolvn., It consfl'sts‘ of about 9000 m. of pillowéd .bas:‘thic .
to'andesitic flb\vsl\\fit11 minor tuff; agglomecrate and breccia and very
numerous penccontumpofancous gabbro d:ykcs and sills. “These are’
‘now a1nphi}301e and chlorite scﬂhists with n“i’arkcd metamorphic zonation
'\' round the Western Granodiorite (Boyle, lééi). The lavas were thought
" by Green ian'd Baadégaard (1971) to have becen extruded, \'Nithout.contax‘n—
inatién, onto thin oc-ez;ni;‘crust.

The Kam Fm is uxiconformablf overlain by conglomer-

v

ates and sandstones of the'Jackson'Lalgc Fm., but the rest of thc%suc-'

. .

c.ession on'the West side of Yellowknife Bay is not visible as a co.r‘lse.-
quence of faulting andhlluvial or water cover. On thc~Eas£ side the
Duck Fm. is cronformAably overla‘in by the Burwash I'm. This forma-
tion is a thick'scquence { 4500 m. ) of graded and‘inferbcdded grey-
v\‘/ac‘.kes and mud;tonos :depositcd b3‘f turb.idity cv:urrcnts deriv,_é(‘j fr.on.n

the West (Henderson; 1972).

K
\

S

J;l"he Burwash Fm. is confo;'nlably oveérlain by the Bant-
" ing Fm. which is composed of mixed volcanic rocks. It is overlain in
tur’n by th‘e turbidite; of the Walsh Fm \’vhicH rééem.ble fhe.B‘urwashv
"Fm. rocks but are more fine~grained, ’zno»re fhinly—bcddeq and contain
_a higher pr'opor_yiovn'of siltstone. '

The structural history of the Yellowknife area is not

well understood. The meta-volcanic rocks and the shallow-water sedi-

ments appear unfolded (except perhaps.on a very la'rg“e scale) while the

‘turbidites of the Walsh.and Burwash Fms. have been thrown into num -
. erous folds, basins and domes on a mesoscopic scale. All rocks have

been extensively dissected by ma jor faults, mdst of which strike -

/

13
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extending approximatecly to the west shore of Ycllowknifé'l}ay;

crop throughout the cTaton.

ot . ) I 14

. J A ‘
N.N.W. and some ofr\i‘hich' caf_ry diabase .dykes.
The supracrustal rocks have been intruded by three

ma jor granitic plutons which typify plutons elscwhere in the craton and
. & -~ .

also have typical mctamorphic aureoles. The South-Eastern Grano- ‘

diorite was, acbording to Green and Bziads,gaard, emplaced at the onset

-

of the Kenoran orogeny (2620-2640 m.y. ago). It is a biotite grano-

diorite (in part quartz diorite) with a lobate outline and sub-concordant
contacts suggestive of diapiric emplacement. It has a narrow meta-
morphic aureole (Jolliffe, 1942; Folinsbee, 1942). The Western
Granowcﬁori‘c«"L 1s ~a' more méssi‘vg, homogencous pluton &f quartz diorite

c

to adamellite composition. It shows‘de‘fihite cross-cutting relation- .
ships to the country rocks and has a marked metamorphic Faureole ‘ /
According to C—reén and Baadsgaard the Western Granodiorite was
ern-plécedr siighfly- later thAan the South~Easitcrn Granodioritc (259:—.

2610 m.y.), but this has 'been disputed by Thorpe (1971.) who reéajcl— ‘ u
lated Green's_'(l968)>“data t"‘o derive ages of 2610 m‘.‘y. vfoﬁf the South-
Eastern pluto.n and 2699 m.y. for the W‘c‘stern. - (The .author's opinion

of th‘is problem is giyen below.) There is; hqwcyer, no doubt that the -
Prosperous Lake intrusion ié £he yo_ﬁngcst major pluton in the area

(2572 m.y.). Itisa biotibte—muscovi.téadaméllite clontaining, and suf- -

rounded by, numerous pegmatites. It has cross-cutting relationships

and sharp intrusive contacts with the country rocks and has a very

broad metamorphic aureole approximating an Abukuma facies series:

The pluton and its’ aureole typify the late potassi- granites which out- |

2 -

B .
. .

Hence tht Yellowknife area is ﬁo_t only readily

Yik ot

L PO
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accessible, but has had much of its geology unravelled and .lso con- o
4

stitutes a2 good sample of the lithologies and structurc: of thc Slave

Craton. ‘ \ , L
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PART Il : STRUCTURE AND EVOLUTION

x, : N
As. noted above, tah,efc has been no detailed analysis of
folding history in the Prosperous Lake meta-sediments, though the

overall style may be inferred from studies elsewhere in the craton

(Riley, 1938;‘ I—Icridersoﬁ ‘and Jolliffe, 1939; Hender son, ‘194-3; Fortier,

1946; Tremblay, 19‘52; Ros's a;1d McGlynn, 1965;~Ross,’ 1966; Heywood
“and Davidso'@};ﬁ, 1969;‘Henae-r son et al. 1972). 'These have ﬁllanimously
concludé_::& fh;t the gcnelial hié_:tgry ié of sub-horizontal isoclinal folds,
.llater Ndefor.med b;/ ”cr‘oss'—folés".‘; .Wh,ile the latter are r.e.a.diliy appar-
ent, thg early isocline‘s. usually c;n only be dediced from the alterna-

tion of way-up critgjr,ia in traverses acx_’o‘s‘s strike. The.y ha«e alls,o
‘been fevealéd by détailed stereo-gra;)vhic a‘nalysis' (Ross and McGlynn,
1965}) aﬂd fabric.. studies E(Fyson“, pers. comm , 1973). .IsoclinaL fold
grests arj‘xe repérted to be rare and this is usually ascribed to s};e'airing
and r"ﬁptut'i-,_‘ing 1n the hinge zjones. S.e‘\}er"al problems thercf'oré emerge:
| ‘1. _‘;Evidence for this two-phase deformation is rarely
.ot')scrved in thbé'field in the i?rpsperous Lak'e area.
Ar‘e fhe early isoclines present? «
2. What is the ﬁature’ of_l the ‘cro'ss—folc.i.ing? - .
3. Existing maps of the Prosperous ‘Lake avrea (Jolliffe,
1942 and 194—»@)Jslxigtgest trh_alt's‘trdctuljal style {(e.g.
fold orientation) varies wl’ithin this restricted areé: e

Is this sosand what is the reason for it?

4. What are the temporal relations between metamorphism, °

16

-



AN

5. Px L\’lOuS work m*thls c1:1tor1
J ! !
(Goodwin 'qu72 - Anhacusécr-et al.,
that there is dbrpmpnly a causa’clve 1cla o,msh
4 ‘3 . .
betwceen 1ntr'@%‘r’; e
this -'s’_o in t‘he< 7 ,.'vﬁ ,
. Qi X A ‘_/‘I 2 v . '?r.:-\\~
- PREVIOUS WORK L o
o u i . '

ments occur. in an asymmetmcal

whose axis strikes up'YeHowknife Bay (F1g.

Joll1ffe (1942 and 1946) suawested that the meta—

N

— J‘

‘«.

sedi-

,.,4) and that.the' Sou.th—

eastern limb compr15cd the large arca of comple*dy cross- folded

sediments of the Prosperous Lake arca..

~This syncline (the Yellow-

- knife Bay Syncline) was modified by-the presence of a minor a'.n"cicline

(the‘ Duék Lake Ahn.ticlinbe; see Fig.

cline was related to emplacement of the WesternGranodiorite and(or)

the South-Eastern Granodiorite", while cross-folding was related to the

by numerous cross-folds.

_erﬁplacefnent of the Pro—spc‘rous Lake granite.

propagated by Campbell (1947) and Henderson (1971 and pers.

'1972).

Evidence for the existence of the Yellowknife Bay Syn-'

Y on the south-eastern limb and

Jolliffe held that the north-easterly syn-

>

Similar views have been

comm.,

‘

cline'is_substantial and includes-the occurrence of the Banting Fm. on

both limbs near Walgh Lake and way=~-up criteria in the same area

(Henderson, pei's. comm. , 1972). However, to co_ﬁs»ide’r this the prin-

involves several major assumpfions:
; g

b

4

vcipal structural element of the area, as both Jolliffe and Cnmpb(el’l did,

(1) That there isa lateral .faciedé”*‘

i

iy
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Fm.

Walsh
Fm.

Jackson
Loke Fm.

{1) Prosperous Lake Gionite
(2) Weostern Granodiorite
{3) South-Eastern Gronodiorite

Banting :

Forphyroblastic rocks, migmatites,
dykes and other rocks.

: PROSPEROUS LAKE APEA, NWT
CENERAL GEOLOG‘{,& STRUCTURAL DCAIAINS

MODIFIED AFTER® JOLUIFFE (1942 & 1946)°& HENDEIRSON {1970 ).

=
Burwosh
Fm.

Kom

Fm.

Duck
fm,

Structural domaing -

*  approx. and f,i"nfeucd limits
,

Structural domain mumbers
1) Hoy loke damain

4) Yellowknite Qviagc domain ‘A‘

3) tsland Lake ‘gomain

) 4) Stuart Loke: domain P

- SLDud‘Lﬂjc domain A
. iy

,” ~
WABES
5 A
10/ ;
r)%‘ Je

YELLOWKNIFE
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vari‘ation from meta-volcanics and coﬁgloz‘nora’tic sandstoncs on tﬁe@
north-western limb to turbidites on the south—ea‘s’“tefn; { That fagl\t—
1ng parallel to th\( syncline axis has negligible influence on this inter- -
pretation thoﬁgh it 15 probébiy of regional extent (Henderson and Bro;\vn,
- 1966) and (3) That way-up detcrn}ination.s in the Burwash Tm are
1'epresentativ¢ of the major structure deépyiﬂt‘*e_ the later devfor‘ﬁiaﬁionv.
The present author has no new evidence but suggests tha‘t‘,.the Yellow-
kﬁife'Bay‘ancl‘ine may i a smaller structurec than prcvi&xsly

s.uggestéd, perhaps being simply a peripheral syncline of the Western

'

Granodiorite.

The existence of Duck Lake Anticline is less certain. <

It is suggested by way-up and dip determinations on Horseshoe Island

\ -
(Jolliffe, 1942; Henderson, pers. comm. , %972)’ but its north-easterly
Y .

extension into the Duck Lake area is dubious. The structure there is ’
- Ep

vc’ry complex (see below) and not readily intcrpi‘éted in' terms of a

simple anticline. These doubts were a“pparcnﬂ'y shared by Fortier

KR SN

(19‘46): who showed the fold axis in this area as striking nof"’ch—westerly,‘
a more reasonable explanation in view of the outcrop config.uration of |

the Duck Fm. (Fig. 4). -

SCQPE OF THE PRESENT STUDY

S
O

This structural analy'sis was carried out on a recon-

. naiésahcc; level to form a basis for the petrological study. It is ancill-
ary to the petrological work and field coverage was less detailed than
is usual in a structural. study. .

Aerial pho’tpgfaph interpretatic 4 published maps

supply abundant information on bedding orientation, includihg way -up

e



i

s . . . . R

detérminatidns. Field—work was tl%desi’gﬁed prizzlal'ily to

collect data O mTiToF Structures anﬁ‘cleavages. _ ;C)vcral:jl trévi—:rse
densit'y‘is_about 0.8 kfn. pe‘r square krh of mapped area. Dgtalls of
mapping and data- processing methods are given in the Aopendlx bolo(‘w o

and the raw data is compiled on the appended map. o ’Xz '

. . - . ’ ) . ’J’
Structural Domains ‘ , ’ v

dhe area has béen found to ‘be sbructurally inhomog(?n—,:,

ﬁ“‘,

, _ . _ 4

cous ‘and has been divided into five 'structural domains' whose dreal’
N

. extents are shown in Fig. 4. These domains are defined and delimited

on the basis of the following cri};eriaz o

1. Fo'ld'ori'cntation. . ' . £
2. Fold styfé’. ’ S L S
N T
"3. Orientation.and nature of cléavag‘ei B
4 Presence of aplite dyke.s.' L Fa \//\ .

) ~

-—

*HAY £LAKE DOMAIN

This large domaln has been faulted (Flg 4) but is
othc rwise not fault bounded, wradlnrr into other doma1ns at all knbwn

margins. The rocks beloncr lmost .entirely to'the Burwash ltm

f

The Obvious Folds

The domain contains numerous mesoscopit and macro-

|
scopic: ;folds (Plate lA Jolliffe, 1942 and 1946) whose axial traces

. ~
strike- alrnost excluswcly to the north-— we st ()?é 5A).y- Figdre 5B
1nd1C}tes that the axes plunae southwards.- - (The computed mean

fold-axis for this dlstr1but1on pluriges 57° on 187O but the scatter is

- ‘ r

c'onsiderable and only a general conclusion should be drawn.; e
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FIGURE 5 .: Orientation of structures in the HAY LAKE STRUCTURAL DOMAIN. (A) Major 'and minor
fold axial trace orientations; ' seven minor folds and .3’]:‘majo; folds are plotted. . I W
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Combining this plunge with the axial trace,indicated by Fig. 5A shows
that the axial surface dips steeply (~65°) to the 'sdbuth-west. Chevron-

..shaped folds are c’haracte%i*stic of the western part of the domain))

usually being-tight fol?‘?s with about 459 between limb outcrops and *- -
haviqé closcly-spaced parallel axial pl‘alles.«:' In the so.'uth—western‘

(Cliff Lake) portion of the domiain, ‘the folds tend to be more o‘pen,

4 more rounded and more widely spaced. Thex Cinnarsion Island fault:

sepa"m-‘ates the western por‘éio'n from the eastern in’ which chevron folds
. / . -~ .

are uncommon ( Here thc ‘strata tend to be very openly folded and in
some areas appeal unfolded‘whlle still retalnlng th}?ﬁ‘l‘ual planar 1nd
) “
g v
cleavage orientations chara cteglsuc of‘the domalq

Cleavage . ) ; L T S

Iy

Cleavage in the domaln is a,weak schlstos1ty defmcd by

. lepldoblasuc or1cntat10n of mlcaceous m{lnerals Cordiefite porphyro-

blasts are commonly slwhtly flattened 1nae planc of cleavage (Plate

13

1D) though the degree of flatness yarles even at one locality. Figure

5C shows that the cleavage orientation deviates little from its mean.

novrth-westevrly strike and steep"lsodtHF\vestel'ly dfp (The compufed

mean dip.is 84° on 244°.) Thls strike is parallel to that of the fold

- axial planes: The dip is not exactly the same as that of the axial » * |

]

\ ! . . - - . .
planes but, con51der1ng the uncerta1nt1es of measuring weak cleavages

-

- on glaciated outcrops, it may be assumed that the cleavage is axial

* planar to thie folds. This is also observable in the field (c.g. Plate

o

.:1.(:‘)" o ! B ) » . . . v . '. lv . | | o

Time of deformation. :I'hevaxial planar cleavage of the

“y

‘dominant folds is def»i.ned by 'a‘lig'nment of micas and fl'attened c,ordie;"ite

- . g ) : voog

]
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PLATE 1
P : . ' . ™~ .
Structures in the Hay Lake, Yellowknife'Bridge and Island Lake
domains. - '
A. Closure of a typlgal Hay Lake doxn:un fold near the southern shore

of Prosper ous Ldkc

Micro—fold‘sj, i‘r‘l-"a’ thin qua'rtzitﬁ'e” bed near the south-western shore
of Prosperous Lake (IMay Lake domain).

. ’ A
Detail df the fold in A (above) showing weak axial planar alignment
of cordierite porphyroblasts.

Cordierite porphyroblasts with weakly prgfu red orientation on
the south- eastern bhOlP of Prospel ous Lake (Hay Lake dornain):
Examplc of small, sub—vel"t.ical folds in the Duck Fm. north- east
of the Yellowknife River bridge (Ycllowknifc. Bridﬂefdoniain)

. , o
Example of cleavage(B) passing throuorh cordicrite pmphy roblasts

.in the Island Lake domain near Island Lake Note that the porphy-
“roblasts have a preferred orientation parallel to cleavage(B).

ar
m‘f"

Weakly developed cleav age(B) at a high angle to aligned cordierite
representing the co1nrnun S(_hlbLOSlty Ncar Island Lake in the
Island Lake domaln ' '

Strongly deve‘ldpcd cleavagc(B) in one bed but absent 'frbiﬁ the -
adjacent bed. Near Island Lake in the I: "ind Lake domain,

N







PN

porphyroblasts (Plate ID). The arcal distribution of cordiérité clearly o
1dutg5 its formation to intr lelon of the Prosperous Lakc granite.
Th(,‘l fOlk, ‘the deformation, metamorphism and intrusion were syn-
chronous and hence probably causally rel atcd Similar conclu'sions

were ll'cachgg by .Fortic r {1946).

The Early Isocline Problem

Only one isoclinal fold has been obscrved in the Hay

Lake domain (on a small outcrop north - west of Cliff Lake) and the .

. . H . . ' ) Lee .o
domain is devoid of interference structures on both n’lElCl’.OS’COP]_C,,_ﬁIld

mesoscopic scales. There is, therefore, little direct evidence f01 the
t -
existence of the early isoclinal folding- phasc 80 cominon olbewhere

The numerous (>-1000) way -up dgterminations 1‘oc01‘dcd by Jolliffe

(1942 and .1046) do not solve thls problem cither. Iﬁ a few areas,'

e.g. betwaen Madeline and Drosperous Lalu,s, there is evidence that

a traverse across strike yields alternatin rxght way—up and inver ted

<r

sections, but this does not apply to thg whole domain.

\urncrous micr o—lolds {(Plate lB) occur in the Hay Lake

domaln both in thin quartntg bpds and in quart/ vcmlcts The 1;jg\t’er_
.\ :
have been ignored because th\l 1mtaa1 or1entat1on is unknown but th

axes (often rodded) of the former have marked preferre‘d orientation ¥ .

(Fig. 5D). Threce problems arise from this. (1) On a sim“pl-e"lmodel

R

.of cylindrical folding, this oirdle implies re-fol"ding on a sub—hbrizontal

axis trending north- east. No ev 1dcncu for such an e\zcm: has bgen

observed anywnere in the domain. (2) The d1rdle is parallel to the

)

‘axial plane of the folds in, the domain and the micro- folds are not

- 0

par‘allel to the avefage fold axis for the domain. This may indicate

-

- -
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that fold-.ing was non-cylindrical (Turner and Wois‘s, 1963) b<ut it is -

unccrtain whether this is a result of superimposed folds or a single
folding cvent. (3) The micro-folds from restricted arcas plot in clus-

o

ters on th:c‘“_Sﬁe'.reogranivmjd there is some indication that these areas
arc, fault—hbundad .'(Fig. 6). This possibly‘ implies a rotational com-
pon'el}:t mthc lat‘-;z.faulting. but it sceins iinprob:abie in view of the
knoiwn'n'aturc‘ana extent of the 'fau.lts which preclude more than very
minor rotafién. Thus the micro-folds are of undetermined orui"gin.
There are ‘se;feral possi‘ble explanations for their obéervcd distribu-
ti(;n but re-folding is not necéssatily implied. |

Fabric. Rocks fro‘nl‘_ the Wcstérn portions of tho domain,
at low 1netarno'1‘pf1ic ‘grade's, have a very fine—griained lepidoblastic or ©
phyl)li'ti'c foliation d.e’{inod b;r muscovite and:chlorite. Biotite porphyrov;—
blasts cut across this (Plate 3B) 01;, in a few instances, are paralle.l'
to it. Towards the cast in the dot‘nalhn the schistosity is increasingly
defined by bi'otite and cordierite as the Chlorite._and muscovite are
metamorphically Zo’nsumed; These textural relations ‘suggc st that an
early epis‘od‘e of recrystallisation (the early isocline forrna-tion?) was
succeeded by another (metamorphism by the Prospérous IL.ake pluton)
—\vhi;h imposcd a new schistosity én the old. |
Conclusionv. The d_atahat hand fail to prove or disprove

G- , -

the existence of early isoclines in this domain. The fabric relations

are compatible with their presence and the variable orientation of the
micro-fold axes suggests some deformation since micro~fold forma-
tion. However, the spatial distribution*of the micro-folds indicates

that such re-orientation did not occur during formation of the 'obvious®

folds.  Further, isoclinal closures are extremely rare and

27
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interference structures arc absent. This author concludes tentat™ -ty

that there was no ecarly isoclinal folding in the Hay Lake domain  but

.more detailed work is required to clarify the problem.

Some Deviations

Although the overall pattern of cleavage orientation in
the domain is simple (above) several localised deviations {rom it have
been noted:. ' : G

1. In general'ternls the strike of cleavage becomes more
' ‘meridiondl {rom the east to the west within the domain

{ca: 315° near Prospcvrous I.ake; ca. 345° near

Yellowknife Bay). The recason is not known, but this

is the cause of much of the ci_rcu-lnfe;‘entiai scatter

in Fig. 5C.

2. West of the Hay?Ducvk fault, and particularly in fhc nor -
thern half of that area, a suborc}inate N. N. E.‘.‘lif cleav-
age is common. Typically a large fold has a:\'i‘al planar
cleavage typical of the Hay Lake domain ‘in r.nost.of its .
outcrop but in some af'eas’has a cleavage striking

. N.N.E. . This is usually seen in pelitic beds and is’

-

parallel to the ¢leavage in the 'Yeltllowknife Bridge
‘ aomain (b.el‘ow). It is thoug‘ht to represent relics of that
cleavage incmnpietely overprinted by .thé later schistosity.
3. Cleavage is draped round irregular qué,rtz veins atb
many locallities. | . 7 | B . :
4. Between Hay Lake, Cinnamén Island and- the Pta‘.rmigan

Mine pelitic rocks are strongly. li_néeitéd' and commonly



have two fissility planes. Though somewhat variable,‘
these strike 355-005° and 320-335°, both‘aip‘ping
steeply east. Tliey may be due to the same effect as
in 2. above, but A'no detailed stu(Iiy of:-,their‘ origin has.

- been attempted. )

The l,inéation comprises {ine crinkles or striae on
cleavage planes, \plu;lgiqg 5-40° on 3409, and cam,:ot,be due to the
inter'section of the two fissilities. Thin-section3 perpendiciﬂar to the
lineation reveal marked kinking of the s};:histosity and ki_nks ar;a com- |
monly observed in the fiéld. The lincation therefore probably repre-

sents thc intersection of kink planes and cleavage

Nature of the Hay Lake Domain

Glossing .o;ver fhese compie:;:ities, the structure of the
domain appears fairly si,mplg.. There was apparently an carly phase of
recrystallisation (pﬁerha.ps‘acconlp_anied by isoclinal folding) t% produée
" a chlorite-muscovite (- ? biotite) schistosityﬂl These rocks were
de;f'orme.d into numerous folds with axial planar clea‘Qage "stbr_iking north- b
west and d1pp1nc steeply south - The enarly cleav.age'\vas incrcasinrﬂy
ovelprmted by thc mptamorplnc 1(,c1y stalllsauon ";ccompanylno the
A deformatlon SO thét relics may be scen in the low- grade 1ocks in the
“west but not 1f1 the east. The no)rth—wes-terly folding phase was syn-

chronous with intrusion of the Pro8perous Lake pluton and its attendant

metamoﬁhism.

THE Y'ELLOWKNIFE’BRIDGE DOMAIN A
. . . et

ed area of this domain is small but it may

" extend -to the S.5. Wy and N.N. E. (see Fig. 41). The rocks belong to



the Bu'rwashA Fm. and the Waflsh Fm., whosc thin-bedded, incompetent

- nature ha‘s produceﬁ ; a.chafacteristic fold style {Plate 1E).

. Folds

There are numerous mesoscopic and macroscopic folds,

most of which have very steep plunges and axial traces striking N.N. E.
. . , - . .

(Plate lE;'b Fig. 7A). Gen‘tle warps in the bcdd‘ing are common,. but a
typical fold in the> Wailvsh Fm. ranges from 3 to \30 m. in xvavelen_gth' ‘
and ayﬁplitudc‘, has about 60-80° between limb outcrops and plunges
very ‘steéply southwards. In the n’vlolr‘-(-,‘ massive rocks of fhe Burwash
Fm. the foids ‘are ‘ltess cinﬁmon, rather labrgcr anél more oiaen but have
the samve' orie’ﬁtation. A few'folds have becn obsérvod to, have ‘éxia_l’

. tr'aces‘ striking nofth—west,( the chéracteris‘gié orie’nt‘ation fsr the Hay

\

Lake domain. -

Cleavage
Cleavége is defined by phyllitic orientation of very fine-

grained muscovite and chlorite. The r‘elationship' of biotite to this

foliation is unknown. In outcrop the cleavage is seen to be »-:ial planar

to many folds (though its strike varies by up to 20° at any one locality),
and this is._‘c;o.nff'irmed by Fig. 7B. There is consiaq;dble‘ci;cumféirép‘—
tial spread in this: stereogram, ovgrlapping with'H\ay Lake domain ,
“crl_eavage,orienfa’ciohs. | |

In additic;n to this axi;l planar (:vleavage there is some-
times a weék fissility pal;allel to bédding, partiic'ularly in .Walsh Fm.
T sliate‘s. This wavs— at first thought to répresént a"n‘ .early schistbsity,yg
but thin-sections show no sign of metarﬁbrphic fcﬁliation»parallel to th‘i.s

fissility and no evidence to .suppo’rt the idea has been found. Prob’abéy

-
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FIGURE 7 : .Orientation of sé:ruct.ures in th.er YELLONKNIFé BRIDGE and DUCK LAKE STRUCTURAL
DOMAINS.  (A) Minor fold axes in the Yellowknife Bridgc domain; pcrccntapn_ of 27
points per 17 area. (B) Poles to cleavagcs in the Yellowknife Bridge domain; percent—
age of 49 points per 1% area. (C) Axial traces of 14 major and minor folds in the Duck
Lake domain. (D) Poles to rational cleavages (see text) in the Duck Lake domain; per-

S

centage of 53 points per: lZ area. »

31
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it is V;imply due to scdimentary lamination.

| In the more nlas_:sivc Burwash Fm. rocks the cleavage’
is w,eak¢r and commonly refracted in graded beds, which cgnfus;s
the measurement of clcavage oricntation. Diamond-shaped pen.cilsA
occur-in some slatey bc‘%ls, testifying to the presence of two)ﬁssi;’g’fty

planes. Ore of these is always parallel to bedding and is therefore
) A

thought to be of primary origin; the other is most,comnlq/nly the dom -

inant N.N. E. 'ly cleavage, c~casionally the north-westerly Hay Lake -

direction.
Nature of the YE@C Bridde Domain

[ .

The domain is bounded in the :ast by a falt but is
thought to merge southwards into the adjacent domain. It is also
thought to extend westwards beyond the Yellowknife River. The struc-

ture is dominated by N. N. E.'ly trends. No signs of poly-phasc defor-

mation have been observed.though the folds plunge very steeply. The

o

occasional occurrence of folds and cleévages with the north-westerly . -

Hay Lakec trend nfay indicate w,e.ak effects of the Hay Lake deformation-
within the domain. PBecause of this, and becausc the mineralogy of - '
the Yellowknife Bridge rocks is paragenetically earlier than that

associated with Hay Liake domain structures, tbe Yellowknife B'ric.lge

structures a e thought to be earlier than the Hay Lake structures.

B

There is no defi‘n-itqgencvtic connection between the Yellowknife Bridge ,

structures and the Western Granodiorite but the domain is geograph-

ically adjacent to the pluton and its structures are roughly parallel to

- . oy
— .

‘the contacts. As such the deformation may have been caused by

inflation of the pluton (e.g. C'ifford, 1972).

32
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THE DUCK LAKE DOMAIN

v

This domain is markedly diffcrent from the others,
containing highly complex structures and distinctive lithologies. It

" has only been defined cast of th}e H:iy—Duck fault but presumably

“there is an equivalent to the west (Fig. 4).

Folds A

The fol%s are isoclinal.l Sex}eral large isoclines and a
few rﬁinOI' ones have been found (Plate 2A aid Inép). Axial planes of
these folds .str}ke 'east to north-ecast (Fig. 7C) and the axes plungé
gently (20 to 450), in some inst_ance; to the east, in othe‘rs to the wegst.

Axial planes and beds dip steeply (65 to 80°) southwards, towards the
\
pluton. Only at two locations, very close to the pluton contact, was

bedding observed to dip away from the contact. ‘
w L

Cleavage

o

The nature of the cleavage is very complex and largely
unresolved. Its character varies from location to location. Commonly
two distinct schistosities arc present, one being irregular as though

deformed (Plate 2B and C). The latter cleavageé"hs.a_vc not been meas-
ured but the coherent, rational cleavage of the dominant orie,nf;atiog‘:,'
dips steeply to the seuth (Fig. 7D) and is axial p_lanap' to th‘e"j‘soc“f{na'l

v 5 : o il

folds. If this stercodram is taken to represent the ‘i \plificd patfltn

of ¢leavage, two principal deviations from it may b¢ recogisized
. } ,,3"&,. .

N

1. North of Duck Lake the Clcavagiyﬁtai’éreywackeé

is weak and’rational. Meta-pelifes, however, com-
monly contain irregular cleavage, though coherent

folds in this clecavage arc rare. Some of this



PLATE 2

Structures in the Duck Lake domain.

A,

Minor isoclinal fold on the north shore of Duck Lake. The fold
has a sub-horiz.ntal axis and steceply dlpplnfr llmbs

Small foids in schistosity east of DLCk Lake Photooriph taken
looking down.the axes of the folds, nos.wcn es+s form a strong
llneat zon, parallel to.the axis of a major 1soc hrre

Complex (deforrn_cd'?) schistosity at the c"losur of a major iso~
cline cast of Duck Lake. Representative SChlSLOSlty planes are

marked in black. See text for d1scuss1on

Typical aplite dykes transcctim7 bedding in the Duck Lake arca.

‘Typical outc;op appearance of the aplltg dykes in the Duck Lake

dom’un _ ' ‘ !
\‘rﬂnm'\mte in the contact zone of the South-Eastern ulanod1or1te
The light- colourcd rock is a slightly por phyritic feldspathic rock

'and thc dark is biotitic meta- sedlmgnt

Minor fold rnecar the north shore of Duck Lake displaying two
distinct cleavages. One is folded, the other is axial planar to
the fold and orlented parallel to typical Hay Lake domain cleav-
age.

Complexly (probably}multiply) deformed quartz-rich bed or vein-
let. .The more opeén fold has an axial planar cleavage dipping
steeply on 0709, i.e. parallel to Hay Lake domain structures.

There are also traces of an ecarlier foliation which has been -

deformed.
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irregularity is attributable to qua"}'.tz segregatiqns \
. B “' " . . ',. .X‘ : !
but much is mot. No consistent orjentation or style

" for this irregularity has been recogniséd.;. As meta-
‘ T . » S o : !
. . i -
morphic grade-increases southwards, the irregularity

<

gradually vanishes. = ° -
2. East of Duck Lake, ofterl near the cldsuré“s ofomajgr

isoclines, a different problem is encountered. Com- -

L
T

monly an undulating cleavarre b’lﬁ‘r"‘ti‘»dsn,‘i’rito'.' an axial

planaf«cleavage (Plate ZC) ’ I‘n/}éomé lnstan,ces thé
|

h1noes of these folds(") forrn stlon;:, lmcauons

\‘

M_,parallel. tb the major fold axes. 'AThln—sectlljns show'
this cleavage to be a ~rr1i'cro"—fold‘ed-—sc’m’.’stosxity defined 5
by aligned chlorite, 'm‘ilsco'vite":fan‘(l biotite.

. , . N

corroded covite,

Apl—ifcd Dyk_gi F
" Numerous porphjrr itic*l:jluLiL:-{L}lplite_dykes' Qulcrbp in " -
the Duck Lake domaln (Plate 2D and E). Thlé se are éorhewhat v'airiable.
but are l1gr.L_’—c.:olourcd, shghtly porphyritic 2] ?cks with a ‘ moderately
strong foligtion dgfined by allgned rn.ma’s. -'l’hey cons.1st..of fine-
:grai_ned'vgravnula;r'quartz, sddic pla’giocla’se_ ;;nd ;i“lig‘né'd biotite, »withﬁl
subl{ed_ral pller;oé’i'ysts of sod.ic_;p_la,gidclasg'and loccAashione:lly qUarti or

f

L dykes are about 1/2 3 an. thick, ‘str»ik‘e approxi;-

‘mately eas:—wes and dlp steeply southwards towards ‘the granodlonte

They cross-cut bcdding ‘and are not folded by the major isoclinges.

~
© o N

Sorne are sllghtlv boudlnagcd but otherwise are lonp, stralght and unde—-

formed. Their number. 1ncrease/s towards thc pluton margm and in’

. ~
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v ‘ ; . < .
some arcas they constitute a large proportion-of the outcrop.

v

The dykes are clcarly,,relntrcd to the intrusion of the

South—Ez}stcfn roonodiorite. They are sub-parallel to the margin of

the pluton but are at a high angle to local apophyses. They have not
been obsirved cutting the granodiorite and ave therefore thought to
have been emplaced before it. Probably they ate ring-dykes intruded.

.

in.advance of the batholith.

The South-Eastern Granodiorite and Its Contacts: -

. In the Duck Laké area t'he'pluton consigtfg; of unfoliated,
structurcless,. 1ncd“ium-graiii'ed gran'odiofite containing; about 15 per
cent biotite. Its outline is highly irl'egdl-il',an’d bulbous (Tlg 4; J
Fig. 8) and migmatites, gneisses, dyke‘s, ‘etc.:arv'e comnl-loﬁly found
A 1n fhc 1'e—enfr§.jt_nts. The nature of the contact is viriablé l\_\_{ifh all A
gradations'be'g\;’een tﬁe belowing types: |

1. The Sim,ple:st.contact zone inv‘olvcs only a progressive

M

increase in the number, of aplite dykes foll,_o\&fed by a

sharp, unshearcd contact between meta-sediments

and massive granodiorite,, A& few biotitic screéns of

meta-sediment may occur 'in the granodiorite.

2. In oth¢ nreas aplitt  ykes become more numerous
. : G RPN ”
until the ~r¢ abdut cqual amounts of dyke and
meta-sé .ent. This grades to a.zone of migmatites

(Plate 2&) in whica porphyritie feldspathic rocks are
pre‘sven't,' thoroughly infolded with the meta-scdiment. .

This in turn grades to massive granodiorite. The

‘C‘Df.

width of such a contact zon~ is 100-200 m.

o -

a o d
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3. A more chaotic assemblage of mixed rocks occurs
in the re-centrant screen of lncta—.‘jcdinu‘nt between
Duck.and Mason Lakes. Many rock types have been

obscrved: biotitic schists (A;—' pol/phyroblasts);' aplite

dykes; feldspar porphyrics; hoxfnblondc diorites
o I :
“(oligoclase phenocrysts in a fi'n/c mass of aligned
' . * [ .

hornblende and biotite); quarty veins; n’xigmétites.
- & ) LA "“ .
These contact relations ard the structural sctting leave little doubt
that the exposcd granodiorite represents the upper-most levels of a

‘diapirically ernplaced pluton. It was composed of several diapiric
bulbs and apparently advanced by both digestion and deformation of.
country rocks.

: , : |
Interaction 6f Duck Lake and Hay Lake Structures

P

East of the Hay-Duck fault the Stuart Lake domain

(below) is thought torrepresent the interaction of these two structural

bl

e fault there is a much-smaller area of interaction

¢ snedocality is of particular interest as refolded iso-

e rcahdily nbsecrved t'her.(} (I'ig. 9). (This locality is near

v

the shore of Duck lLake about 800 m. we

s

< ~he Hay-Duck fault.)

“the minor folds and cleavages trend north- westerly and

sdrible typical Hay Lake domain structures, suggesting that they
) ! i . S— . v

“t were formed during that deformational event. Similar suggestions of

=
\

f, ' C
# dcformation may be vbserved on a small scale, e.g. folded -

3 . .
cleavage and multiply deformed guartz veinlets (Plate 2G and H).

_The infcrence is that isoclines of the Duck Lake domain were re-folded

in the Hav Lake style. . . . | ’

7
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Nature of the Duck Lake Domain

This domain is an arca of complex lithologies ind
deformation intimately related to the intrusion of the South-Eastern
Granodiorite. The élmractcristiafold style is onc of shallowly plung-
ing isc.)clir;res sub-parallel to the contacts of the plutoﬁ and dipping

stecply into it. DDeformed schigtosity in the hinges of these folds may

indicate that the rocks were deformed or recrystallized prior to the.

isoclinal fﬁ.l_ding. Alternatively it may have resulted from the iso-

<

“linal folding itsclf by some unknown mechanism (e.g. Roberts, 19-71‘;

y .
Williams, 1972). The structural history probably began with isoclinal
g g :
“folding.. These folded rocks were intruded by aplite ringldyrkes- and-

then by the main mass of granodiorite. Rocks in the extremities of

the domain were later deformed by the Hay Lake deformational event.

T:..12 STUART LAKE DOMAIN

This is a small area between the Hay Lake and Duck

Lake domains and having features of both. The rocks all belong to

the Burwash Fm. and are weakly cleaved semi-schists similar to

thosc of the Hay. LM‘nain. The northern-and southern boundaries

.var_e gradational.

' Folds. . -

The domain is characterised by open folds with axial

plahes striking east-west (Fig. llOVA) and dipping to the south. The | '

~ Il

‘ . L } .
folds are overturned so that both limbs dip southwards (Fig. 10B).

41



FICURE 10 : bqlent:ﬂ:ion of s:r'u:[urc?z'in the STUART LAYE STRUCTURAL DOMAIN. (A) Fz)ld
axial traces; nine majer folds and two minor folds ‘are renresented. (R) Poles
te bedding} percentape of 44 polnts per 1Y area. -(bSMPoles to-éleavage; per-

centage of 43.points per 1X arca.

1&;?
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Cleavage

: chlorit'e.'ﬂrﬁ'as'covite and biotite, as in'the Hay Lake domain. It strikes

43

W
vt 3y

Fob e . . . .
The cléhvage is defined by preferred orientation of
. . Lol Ty, :
sty VS i

to the north-west but dips rather more gently (ca. 50°) than in the
. . . s

Hay Lake domain. The“ reason for this is not known. This schistosity
is axial planar to the two minor folds in Fig. -10A but not to the major .
folds, No indication of deformation of the cleavage becen noted. In a

few locations therc are two cleavage orientations (strike 290-300°, dip

‘moderately. south; strike 320°, dip more steeply south) but they are

_similar and tentatively ascribed to refraction effects.

<

déformation. Later recrystallisation and minor deformation produced

N

N

Nature of the Stuart Lake Domain

G

1

Th'is domain has foidt axial plar;es roughly parallel to
those of'th\!e D}u:k Lake domain bgt has a more opecn J\fold style and a
non-axial planar) schistosity a‘ppro.\'imately parrllllel to-that of the Hay
Lake domain. Apparently the major folds were Vproduccd during

formation of the Duck Lake isoclines as peripheral effects of that

a few minor folds and schistosity oricnted parallel to Hay Lakec domain

structures and probably were. synchronous with them.

.

2

THE ISLAND LAKE DOMAIN

This domain comprises rocks of the Burwash T'm.

displaying ciearly vi,siblé interference structures and an unusual |
metamorphic foliation terméd 'clgavage (B)'. The entire domain is

situated above the cordierite isograd.
Folds

Most fold axial planes strike to the north-west as in

v‘the Hay Lake domain (Fig. 11A) but several strike to‘the north-east,



.CD'..

Orientation of structures in the ISLAﬁD LAKE STRUCTURAL DOMAIN. (A) Fold
. v ' . Rl
axial traces; 27 major folds and two minor folds are represented. (B) Poles

FIGURE 11

percentage- of BB,pcints.pcr 1Z area. (C) Poles to cleavage(B)

to common cleavage;
. ! Lot

N E
(see text); percentage of 43 points per 1% :area. (D) Micro-fold axes; percent-

age of five points per 1 area. A

I

N

44

)

2



e

.

an oricnﬁation obscrved nowhere els{ in the arca. As a result there
Y .

are dd A",ll 311(1 ba51nal structur ® Sy dl\cativc‘ of folding on'two 1’oughly.

)
v ~

l(:e

‘:, o A J ,ﬁ‘\)u éj
v South of~ °Is;a1:uf;£& ke ‘"fé :f’”j@prlcs of c“l'?X arly exposed
' . / *& g . r':
re- foldcd 1soc11,ncs Thc orlgm of tH@C&&ls unccuam but their style

s
and location suggcst: that they mwht be refolded folds of the Duck Lake

4

domain type. S

Cleavage
The dominant cleavage is the same 'as that of the Hay
Lake domain in appearance. It is somewhat variable but s sub-

vertical.and strikes north-west, égain as in the Hay Lake domain (Fig.
Al 1B). . This s_tercAogram gives some suggestion that the cleavage has
Been folded on a south-easterly plunging axis which is roughly parallel
to the micro—foid axes in the area (Fig. lle.‘ Theigeneral orientation
is axial planar to the dominant fold trend and is appdrently equivalent
tcg the Hay Lake ¢leavage. |

. Thé presence of cleavade (B) ch racterises the domaih.
It consists of parallel blotltlé streal\s in thc rock (Platg IF G and H).

/ AR :

rather than a penetrative alignment of evenly spaced mica’s. It has

sporadic occurrence and is commonly found only:in the more. quartzose
. 7 i

‘beds (Plafe 1H), though in some localities it is comrmon enough to be

the dominant metamorphic foliation. - Beds exhibiting cleavage (B) '
often have traces of normal schistosity at high angles to it (Plate 1GQ).
Cordicerite porphyroblasts may be flattened parallel to either foliation.

Cleavage (B) commonly passes through the porphyroblasts (Pla‘tev 1F).

It seems Jogical to tink clecavage (B) and the north-

45
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easterly fold axes since neither oeccurs outside this domain. However,
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the oricentation of cleavage(B) is v:;friablc'(Fig. 11C), suggesting that

the two should not be linked as the youngest event. Thus it secms

possible that this cle_avégo is an carlier structure deformed durin{;\jk
.{ ) EhN

the Hay Lake d&srmation..

Micro-folds

These are rare in this domain. They reseimble those
of the Hay Lake domain {above) in appcarance and in orientation S
N , N . 4. . .
(Fig. 11D) and so the problem of their origin is also the same. The

fact that they have the same orientation as in the Hay Lake domain

") -

indicates f#at they have not becn deformed since the Hay Lake defor- ..
: vt - ’

mational phase. Therefore the north- casterly folding in this domain

.pro—dated the Ha&z Lake event.

The Nature of the_Iéland Lake Domain

Decformation in this area involved one more phasc of
deformation than recorded in the Hay Lake domain. Apparcntly there
was very localised folding on north- casterly trénding axes before the

Hav Lake deformation was superimpdsed on it.  These fold axes a

<l

cleavapge (B) are tentatively ascribed to the influence of the Du

e
defoi'lnl@t;on, overprinted 5y the Hay Lake strudtures.
wa
FAUQLTS
g J The area gas been dissec. d by numerous late
M—part,icularly neva‘r:Yel_l(-DWk'nife Bay. ‘-They belong to the system des ~r.ived

. L . ‘ .
in detail by Henderson and Brown (1966) and post-date both metamor -

phism and the fold structurcs, so no detailed de,scriptlion_is necessary
here. .Several points should, -hdvvev;er, be recorded..

* -
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TABLE 1« Pr,

ciseed teoor

Ciree and i waaard (1 ‘.,'_I:l).

s histogry of the Yellowknife Bay-Prosperous Lake arca, Dates are from

a . . , .
Event Date (in.y. ) 5{X‘U[W:“’L’CIS Conmiments
— /- 1
/ T 7 : d
Faulting, diabase 21140 KinBing po 1\){\ of v Localised Anom.  us rclvrcnce/
intrugion. {sce commments) this age. 1 retrosressive isochron of Green  ©
B \\ - alteration. (1963).
)]
Pegrnatites ) L '
Gold-quartz veina ¢ : Forticr (1946).

2575825 .0

Prosperous Lake
adamellite

Hay Lake
deformation

Prosperous | ake Cyole

>read folding
on axes trending
North-West. '

Extdnsive
zoned meta-
phism of

rfacies scries.

De¢formation, intru-
ston and metamor-
phism causally
rolated and syn-
chronous.

Yellowknile
Bridge
deformation

Steeply plunging

{olds trending
E.N.E. NMay have

"furmed by iaflation

Fold atritudes
suggest that strata
were melined pridr
te {olding.

o v of the Western
o L
Granodiorite,
Western 2590-2610 May have caused, Zontact meta~- Relatiun of intrusion
Granndiorite the Yellovknife morphian. and selormition not
Bay syncline. . definitely cutablished
s . . ,
.t 3outhi-Ebstern 2620-2640 Contact meta-  Pluton, dykes, feld-
'C; Granodiorite g morphism. g .nu]v metamor-
ES . - phiscaintimately .
b N »
reiated.
1 (? ring-dykes)
+<) Duck lLake Steeply-dipping,
»«! deforimation isoclinal folds with
:Jl sub-horizontal axes. -
L .
. Undulatory
, . (7 de‘ormbied) cleav-
? See vomments. 1 an the Duck Lake
- domain azay indicate
: urior deformation,
Se¢dimentation May have c'm:linuc‘d
during iotrusion of
granodiorites.
N
Vplecanism 2650-2625
Oceanic crust -
N - C
R
o N .
) . . oy
) . . . &

&

2



: ) 48

1. Hydrotxurmal altcration is a maxk?:d fcétur' of these
faultw though most 1avc parts free of alteratlon
Typically they are narrow structures lackmg quartz
\'eir;S but they have caused chloritization of mé.fic‘
.rnincr'alsA in the adjgccnf rocks and produced a faint
hmnatitig colouration.‘_ Pyrite ;nd.»cérbonate.usuélly
are present yin small amounts and micro-veinlets . .

carfying Ké-feldspar are common. Shearing and

>b1"'ecciation (oitincizpiellt‘brccciation).is rare but

does occur at some localities. .’Q_uartz' nlincrlalis'a— T
tion has been observed only on the Vega fault.

Similar alteration is élsoas sbciated WitH diabases.

2. Between tﬁe Hay-Duck fault an'd’ Yellowknife Bay
this alteratién.llés aff,ectgd a 4large propbrtior’l’ of the
rocks beca\ise faul.ts,mél:‘e so numerous. JThis is

,

"thought to be the reason for the anomalous Rb-Sr

isochron (fef_(;rence is’ochron = 1140 m.y.) which

v C;‘mjt;a(l968)‘ o:btained for meta—séd’ifnents colle(_ﬁted
L7 b ln this area. If this .is correct, it i%uggests that the
S o Afaults were active and diébascs were i_ntruded‘ at thét
| t.imc. | ‘

3. The 1atcral_dis‘plaélement on tfle faults usually cannot
be determined aéCurately'. The Hay Duck fault has
about 2 km. of horizontal movcment The d1splace—
ment on the Cinnamon Island fault is unknown_but

there is con31dcrable structural discontinuity across

it (see above). The Ptarmigan and Vega faults



‘

apparcnt,‘y have ”cry lntle latezal dlSpl’lCGant N ) _/

Pctrologlcally therc ‘is no mlncraloglcal chang
across any of these /faults in the aurcole of the’

at C ‘. ’
Prosperous Lake granite and no dctectable discon-

tinff'ity in trends of mineral compositi,on. This is
 because the faults arc ngcnhal to the 1sog1 ads so

. that llmltcd lateral rnovcrncnt has not caused any’
7]

change in metamorphic grade across the faults. : .

s W

S

SYNTHESIS: TECTONIC HISTORY

This reconnaissance study has revealed rather more
. o ‘\» ‘ . i -
complexities than it has e¢xplained. While complete elucidation of the

1
Yo,

"st‘x.‘,t.l;ctural hisﬁcl‘y must await detailed study, a tentative picture mair
x&i:'g_ . . . : ‘ ;

BERN

e d‘éd’u,cedvby fitting the-structural information (above) to the existing

gcochronological data. Table 1 sﬁnnn'ari‘ses this suggested history.
- e . ‘,:— ] T

B

It is unceﬂ*i:a' whether the_Sodth—Eastern or the West-
crn \zranodlomtc should be taken as thc oldest pluton as veochronolo— ,

1sts‘have disagreed on the inter l'etation. of Grecn‘s (1968 data
g g . P £ - C1 .

TN

(Gree'ﬁﬂzwéﬁyd‘,\Baadsgaard, 19715 vTho_rp—e, '1.971) and no structural evi-
dence has be‘en found on this question. %—Ierc the scquence sug gcstcd
by Green and Baadsgaald is followed because it is based on both Rb-Sr

-and U Pb datmu methods and thcy are in agl eement.

‘. Dofo,rmatlon of the sedlrncntary rocks occurred in’ very

localised domalnsﬂ‘ Three of these'are Geooraphmally and genetically ©
X .,Q
relatcd ’co the major bathollths and two of them resulted from super—

9

'1mp051t10n of the structures of two domams This relationship is in

@ accord w1th those observed in’ other cratornc tcrrams (Anhacusser et al.

>

1969 Goodw1n 1972) and is best vc;;;[plai;}ecl by the‘batholith,inflaition

o ’ . . o
.V.v’}f

>
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model of Clifford (1972). . : .

Where refolded folds have been obscerved they can

usually be ascribed to the maryginal overlap of two deformational
domains and there-is no conclusive evidence {for ubiquitous early

isoclinal folds.

AN EVOLUTIONARY MODEL

. . M - . . . . .
- In"view of the rarity and ambiguity of evidence for a
granitic basement to the Kenoran succession, the author follows Glik-

san (1972) in believing the craton to have evolved on oceanic crust

) - ‘ : 3 » PRI A
(also Green and Baadsganard, 1971). Perhaps the lacalised aveas of
kad \

‘granitic 'basement’ arc cxplained by the existence of very small; very

thin arecas of differ.'cntiaféd sialic 'scupn‘ on the surface of this basic

‘crust. .T.he disti‘nc"tion ,ofvthis oceanic CI‘L;(;% fro'm the basal l:wés may

well be principally z‘;crnéntic so that the Kam Fm. might be considercd
o ‘\‘ . o . e

to be oécqnicci%st unless a significant time.diffcrence can be demon-

\
-

strated between these lavas and their bastment.
‘The formative cycle in the Slave Craton (Fig. 12) began .
very late (2650 m. y. ) somparcd to that of other cratons and probably

crepresents the last occasion on which crustal conditions permitted
i I ‘ : b 11t

craton formation. (Conschcx}tlyi'fchc Slave Craton d-iffcr‘s in, sv(')’ine
reépcg;s ‘frorn the others, principally in that afathcr shallo\vo;‘ st.ruc:‘
| tural and st‘ré'itigr.aphic level i;‘, c§xposcd.) Broad lincar downwarps in
the oceanic:c.rust occurred .a'nd were [illed (2650 f‘n.f.) by volcarﬁc
roclgs (the Wam and Duck fims.). As thermal processes continued,

large volumes of granodiorite magma were gencrated and migrated |

diapirically upwards, up-doming the cxtruded lava piles.” These o



-~

2620 m.y.

{compare, the Westergh and S ()uth East(:rn Grano

sreceded by ring-dykes, acid o intermediate lavas andspyroclastics
e by S ] tNCE

which formed clusters of clongate volcanic-islands. The erosion of

these 'island clusters' led first o mature sediments and conglomer-

ates (Jackson Lake and B:mtin»-g“fF1ns'.) above the volcanic rocks., As

up-doming continucd, the troughs decpened and’the sediment supply

increascd so that the basins became filled with tfll’,bidit(zs.-‘ "'I'hrofxgh- .

. ' - o I
out this process the batholiths continucd to rise, intruding and tilting

PR

Ay

the lower ‘supracrustal rocks. IntT 1tlon of these carly b:ﬁ.th(‘)l'iths Lhen

caused deformation, certainly close to their 'margins {the Duck Lake

and Yellowknifé Bridge domains) and possibly over more extensive

arcas.. The temperaturc at this stage in the.presently exposed rocks

haps biotite grade with localised gradc increases adjacent to the plu-

tons. About 2575 m.y. .go-pressurc decreascu (possibly by cessation

.

~was suifficient to causc regional metamorphism to ¢hlorite and per-

.

N

of bnth"olj._th ‘nflation cbm.bincd.w,ith'c'rosional unloading) and the ther-

\

aﬂ ’1‘ g ’nlc'chumcd from one of w 1(’1'csprcad low tcmperaturcs to.

- . - g
o B - : “

I(Séali$‘ed intcnsc "thermal dO'hi’L‘S' often located inithe keels of the

sedimentary troughs. Thesc migrated upwards very slowly and there

is ' some evidence (below) that they causcd local grade increascs to.

o . - .

garnet and staufolitg grades b(:foz‘c, superimposing oxtensive. thermal

aureolos ch aracte TlSCd by cordicrite.

This upwa  :nigration of the

isotheri’ns Was-acco’n}panicd by anatecctically -formed, hydrous, petassic
g . K .

PR

AN

magima whosc intrusion aﬁd(or-) 1nﬂatlo*1 causcd wide ¢spr eb«%:h forma -

tlon (the Hay La}\e eructural doxnam)

IR .7

v

.o

This de¢formation impinged on




7

‘
-

v

batholiths. Metamorphisig

'ing.&l‘;; At a much later stage

!

bascs, and hydrothermally retrogressed near the faults.

‘o

<s alrceady deformed by Lh(; previe:.

G rocl

P

' nued until just after cessation of fold-

tHe roeks Wwere faulted, intruded by dia-

o .

53
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‘ | Do
NATURE OF THE SEDIMENTS ST s

The-rocks examined in dc tail are 1nct:1rnorphosed
turbidites of the Walsh and Burwash Fms. The scdimentary petrol-
ogy of these rocks is well known and the mode of their deposition is.

agrecd to be by turbidity curgchts (Ross, 1962; Henderson, 1970,

v

1972). .The source arca was a.complex of intermediate to acid plu-
tonic and volcanic '1'ocks, but"thcnc"isvdisagrcchujnt as to whether
. \ .,

this LOHlPlC\ W as prc—KcmOL an: swahc bab( m<nt or a p necontempo-

.

crancous ing.,rusi_\'rc coznple,\' .[ ho chlom ﬁburVLy of Canada school

. L '
(v ég McGlynn and f;I.ehde.r‘son, 19 10) 101@ that A nlobilc sialic crust

was upliftcd and er-oded‘ possﬂaly (‘I(ndcr on, 1972) in the manner
r fis, v ) .

‘ suvwostgd by, Hmnllton / (19/0) Writers in the University

. - & 5.
of Alberta ha've gpm,ral\f su; ”’CStt;d “lmt.'nfn island arc {or 'island-’
. . RS :

o
. R Y # '/ U, -:‘
L cluster') model is applic"ab_le,‘, bég nnna on Kenoran oceanic crust .
’ _ : £ T, o
(Folinsbee ¢t al., 1968;" ui‘ ! 106b GL “en and-Ba: Idbﬂnald 1971;
B s ————p——— “”‘ ~
“ o L N - . . . -

this thesis). .
e . . . .

. . . : IR - -

Sudimentary Petrology of the Burwash Fm.
+w The Burwash I'm. rocks are dominated by greywackes

with subordinatc amounts of mudstone (as thin bedsgdr at the tops of.

graded beds) and very minor calc-silicate beds or nodules. ©

Greywackes. Th¢ graded greywackes of the Burwash

=
v

:F'm.- have been described in detail by Henderson (1972). . They are

s

A : : 54
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extremely immature scediments with abundant (recrystallised) matrix

and plainly visible clasts {Plate 3A). The matrix is typically 0.02 to

= 0.07 mm.. in grain-size, increcasing from 0.02-0.05 mm. in the lower
. oy i .

4_ biotite zone to 0.04-0.07 mim. at the cordierite isograd. The clastic .

ents grade in size from these values to about 1.4 mm. and clasts

-

‘ ] %
) Clasts . . . . . . . . Quartz'> Rock Fragments >Plagioclase
Quartz . . . . .. .'I\/Ionocrystall;“lﬁge > Polycrystalline
Rock Fragments . . Igncous > SE:dliinontn.'ry>f“>M(:tal‘norphic
: j

/

- Volcanic > Others

Felsic Volcanic > Other Volcanic

oy
an

Feldspar. . . . . . . K-Icldspar Abscnt : e

Il contrast; Ross (1962) reported that rock fragments:were absent

ffom ¢¥givalent rocks at Mesa Lake. In the rocks studicid hercin
recognisable rock fragments are present but minor.in amount. It is e
probable that the rock fra mciiis have merged unrecognisably with the

o ¢ o : o
matrix and Henderson's data are accepted. Micro-probe analyses
“(below) have shown the plagioclase clasts to have a wide range in
original composition (55-98% Ab). The absence of clastic K-feldspar
is p\robably attributable to the complete metamorphic transformation

- »

of originally small amounts to muscovite.

In bulk composition the Burwash grceywackes are typical
of Archaean greywackes though having slightly lowet CaO arnd COp-

contents (see Table 2; Figs. 13, 33 and 34; Honderson, 1972, Boyle;

1961). Compared to greywaclkéts in general the Burwash rocks have
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O
rather higher F'eO @ FeyO3 and slightly higher éO (e. g. nsce average
of Pettijohn, 1927) but are Qltheszisc very similar. In terms of the ;
1ﬁot:m10rphic putrology below, they are considered se:. i-pelitic.

Mudstones. These rocks are'texturally and compo-

sitionally gradational with the greywackes. Ideally they lack fccog—

-

nisable clastic grains and have very fine grain-size, increasing from
0.02-0.05mm. in the lower biotite zone to 0. 04-0.08 mm. at the

cordierite isograd. Textyrally and mincralogically they are cntirely

metamorphic.
L .

The composition of the mudstones is-illustrated by

Table 2 and Figs. 13, 33 al:ld 34. Iurther analysés arc given by Hen-
' dcr;on,(lﬁ)fzz.) and Boyle (1961). >Comp-nred to Hendcrsoni,ﬁs average of

twénty‘,f\l'.cbaéan v'slgtes', the Burwash ;ocks.havc rather higher
)AIZO; ': SiO‘Z and FCOlZ'Fezoa, marginally higher l\/f‘g\’OKL_,,:ugnts and

. consistently lower CaO. Relative to the average pclite (Shaw, 195’6)

| AL,03: S10,, FeO: Fep03 and MgO are markedly higher and NapO

content is slviéht'"ly'So. - In metamorphic terms th#'y arc, however,
B definitely 'pelitic'.

Calc-silicates. " These rocks.occur as thin beds,
O . .

.

) : typlcally .ca; 1_5'—10 cms: t'hick,_"olr nodules th‘rou"ghout the El_lr\‘.*ash Fm.

Ce -Theif chéir'lell.c:ce,lf is now <:>_n~ti.rel'y- me't.am'orphic. Because of ’rhrnir‘com—
{njonlly.:ﬁé%tﬁl'ar a{nd %;g‘r‘l‘e-dv.a‘ppéaifa;nce,"'thesc rocks have ¢ ~monl- been
lix;fcll';jecf‘/-tc‘)' be cvonc.ret‘i'ovn:afy in origin (c. g Héywood and - SOn,

¥ i1 9;69). Howevcr, tﬁe" same féc‘ks’bccuf a-s;gieﬁnite beds and these are

. tg%tonlcally ._béudixﬂaged in pllalicés.v .Thg _"c‘oﬂcret'i@n‘s"", .fherefore, are
. more_. l.ikelly '.sirv’nply; to.be':\\_/‘e'l‘l sepa,'r"atc:cll box\idih‘s.v It is suggested that

‘these. r'qc"ks 'wer.;é‘o;ri:g.inal,’ly .tL\lff beds deposited bcf\veéﬁ turb~idity



‘the Walsh meta

!

currents. The only-availablesanalysis (Tremblay, 1952) is consistent

with this suggestion. G4

Their mincralogical'response to metamorphism has

-
-

been briefly described by Ross (1966) and Heywood’ and Djavidson {1969). .

s

They are c-nsidered no further in the present report.

)
P4

p

Scdirmentary Petrology of the ' Walsh FrﬁL

These rocks are not known in great detail though they

-~

Have been briefly described by Hender son (1970). They arc gencrally

3

simyilar to the Burwash Fm. cquivalents but are more thinly and uni-

;o o ‘
formly bedded. There is a much smaller proportion of sandstone and

4

less differentiation into greywacke and mudstone, so that the dominant

: o
rock-type.is siltstone.

( ,'4 i\I‘icrcv)\'—prg'?bov:anél\’/'ses (bClO\;’) h%v@z shown that the
plagioc’lausc ;:‘l;v.sts'fa;-re ‘allljal‘bite, a distinctiqn from the Burwash Fin.
which sgggests a .’di{f:éﬁrént scd'unen.t‘ary sourcé.

Buvlk'analyses of two Wélsh FLn. rocks are shown 1r1
Table 2 (s"ee;als;o"r*iv’grsy 13, 33 and34). The lack of sandstonc-

v N ~ ‘ =
mudstone differentiafion is illustrated by this table which shows that

o

pelite and meta-greywacke are very similar though .

;disti‘ﬁttly:differedt: from the Burwash rocks. They both resemble the

.. Burwash greywackes in composition but'arc characterised by excep-

o fionally low CaO contents.

Relation of Bulk Composition to Mctamorphic Grade

-, Kretz (1968) gave ana-lyses which su.ggcst'ed‘that the

“+

. NarO: X50 ratio of‘,mcta—sédiments in the Sparrow Lake arca might

decrease with incrcasing distance from the pluton. He suggested that

LAV

-
T e BT
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s mctamorphoscd at progressively higher temperaturcs had exper-

d - proportionate addition of Na and removal of K. These data-were

giving

for grades above the cordierite -isograd but Table 2, g g

analysds for the biotite. zone, shows no such changes. Therefore the -
problem cannot be fully evaluated but Table 2 suggests that any system-
) > -

atic compositional changes are of negligible magnitude in the context of

the following discussion.

N

THE PROSPEROUS LAKE AVUREOLE
| The _r*.netam_orphic aureole of the Prosperous Lake

adamecellite is a small scction of an extensive rcgioﬂ of metamorphic-
rocks surrounding the Prosperous Lake, Duncan Lake and Sparrow
Lake iplutons';(e.g. sce Kretz, 19é>8, Fig. 1 or Fortier, l’j’~'1‘6)'. The
present study 1s confined to a wilde traverse across this E"LU.J:COLC (Figs.
4 and 15) typifying the p;o—grad"e sequence. The same aurcole has
been studied on the other si@e’éf the plutonic complex by Kretz (19.68)

’ . ) o <
and Kamineni (Ph.' D. thesis-in prcparation).

The Chlorite Zone

| The %‘Q\vest rr{étmnorphic grade sampled (IMig. 1.5) is
"irr;nle‘dia;fc'l'y.‘to the caqt of the Akaitcho fau.lt. All,Bﬁrwash Fm.
sanvlplé's",Ullin—séct'ioncci have' COIlt%liIleajbi;)titO uv‘r.lléss thoroughly hydro-

‘thermally 1',etro‘gresscd. Samples from the Walsh Fm. do not contain
B , o ‘

biotite, but this is shown below to:be a result of compositional con-

trols. Therefore, no chlorite zonc¢ has been sampled or studied.

N

Commeonly, however, biotite-{ree rocks are "rcported at the lowest

grades elsewhere in the craton (c.g. Henderson, 1943; Ross, 1966)

i

and Henderson (1972 ;irid pers. comm., 1972) has foﬁnd bhiotite-free

'



meéta-scediments between the Akaitcho fault and Yellowknife Bay. It
scems that the biotite isograd was very ¢ se to the present shore of

the bayv but that the Akaitcho fault has pla d chlorite zone rocks = . e

adjaccent to biotite wone rocks.
Where they have been desc.  ed, the chlorite zone
meta-sediments arc composed of very fine-grained chlorite and mus-

covite (with clasts of quartz and plagioclase in meta-greywackes) in
: RN
a recrystallised matrix of quartzo-féldspathic material. -

N

The Biotite Yone

This is a wide section {ca. 8 km.; see Fig. 15) of the

aureole with its upper grade limit defined by the cordierite isograd. ./

The biotite isograd is not e¢xposed and within the. biotite zone the

~

Walsh Fm. rocks lack biotite (sec below).

&

RN

Meta-pelites. The peliti¢ rocks at lowest grade are

me.nt_of c_iﬂorite: and muscovite in iine granoblastic quartz and feldspar.
“Large raggeh pof.lalllyr_obLaéts of biotite cross—cuf this fol{atip'n (sce
Plate SB_) and a‘re_ s}ometiz‘rwlles‘thcilnselvos weakly aligned. Rutile and
ilm_cnitle are ubiciuitous in the Burwash Fni. and minor gr»aphite,;
.pyrr"hotite, pyrite and chalcopyrfte"are.-present in some rqcké. The-
modal anloﬂu.nts of clilorite, muscovite and biotite var}} greatly (approx"-.

imately from 0-30% modal). Potassium feldspar is present in small

amounts in all of the eighteen meta-pclites stained.’

Meta-greywackes. These are blastopsammitic rocks

(Plate 3) entirely conznpa'rablc in mincralogy to the meta-pelites. Fol- °

_iation of the sheet silicates i5 commonly dacking or very weakly ©
. . - = T ¢ .

3

61

very {ine-grained semi-schists with a phyllitic or lepidoblastic arrange- -

<«
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©

, ]

developed.  The biotite is@pre‘scn't as scattered anhedral flakes or in

“poly-crystalline ciots or aggregates. The plagioclase clasts show

.

cvidence of variable degrees of recrystallisation.

g .T.he Walsh Fm. The difference between these rocks

and the Burwash Fm. has already been noted. Mineralogically'the.\/
are similar except in. that they lack both biotite ;{nd ilmenite. Tcxtﬁr—
ally they are less markedly blastopsammitic, lacking the coarse clas-

tic fragments of the Burwash Fm.

The Cordierite Zone

¢

""As traditionally mapped in the Slave Craton, the meta-
sediments are divided into two gradcs -- thGse 2 .ove the cordierite

isograd Ibcing obviously 'nodular' and those below it being free of

>

these porphyroblasts. For present purposes the, cordierite zone is

talzen to extend ffom the cordierite isoyrad to the line where garnet

is first observed {(Fig. 36). >

In a very short pro-grade interval cordierite appears

¥ 4

in a léfgé proportion of the rocks (Plate 4; flg 30).- There is no

appareét control of its initial appearance by rock colnpositi‘op. Above

the ‘sograd cordierite occurs in rhany rocks to the highest grades

: ,» - . B
obscrved and the .original nature of the sediment (greywacks vs. mud-
stone) is increasingly difficult to discern.’ ¥ 1e-grained chlorite and

miuscovite are much legss abundant than in ¢\ biotite zone but are

-present in some rocks. Biotite is ubiquitous and abundant and the

cordierite Is presént as large, diffusc poikiloblasts. Andalusite
occurs sporadically’in‘the lower cordierite zone but more ‘commonly
in the upper cordierite zone where it is thought to be a stable member

b 4

s

'6<2

/



of the pro-grade scquence.

- The Cordicrite-Garnet 'Zone'

In the highest-grade parts of the aur'eol_c- (Fig. 36),
adjacent to the pluton margin, garnct is very common, occurring in

a wide range of rock compositions and commonly co-cxisting with

cordierite. The limits of the garnet—beg“ring rocks have been mapped
by Jolliffe (1942 and 1946) and confirmed during the present study.

Coarse subhcdral to cuhedral andalusite is present and gedrite occurs

in rocks at the highest metamorphic grades. - Cummingtonite is char--

-

- acteristic of narrow siliceous lenses.

The Sillimanite-Staurolite 'Zone'’ !
. - - . PO o

‘Sillimanite has hecen obscrved at on}ly £\vd lbcaliéies.ixl
this section of the aureole i(Fig.f.B‘vé).b\;t it is comln‘only recorded as.
being ch-érécteristic‘ of the highest grades attained elsewhere in'the
craton (e. g. ,Ross; ‘196:’6;‘ D.avidSo.r}',; ‘1_967; [’I'cy\\"ood and Q'avidson,

1969; Kretz, 1968). At both of these locations the éillifnanite is incip-

ient and in complex parageneses involving staurolite.

e
o

{ . ) . :
i The zonal series described above closely approximatcs

The Facies Series

. ‘v X . .
“an Abukuma facies series (Winkler, 1967). The main diffeiences are
L . ; , o )

tha nd;ilusitc is not common and apparently appca'rs only aft

__cordierite, and that garnet and staurolite are found at high grades.

g

. The latter problem is discussed below, but it is tho,ughf%o indicate
‘thz\it‘metamdrvphism be‘ga‘n at slighﬂy higher pressures t)h:m rc:pfeserited
" by the principal facies series.

hd



The aurcole, therefore, is an excellent example of the
cquivalence of low-pressurc régional metamorphisin and relatively
high-pressure contact metamorphism. ‘ oy

S - R .

Conditions of mctamorphism. This facics serics sug-

gests, in very approximate terms, that nictamorphism operated at
about 2.5 to 4.0 kb. (sce below). Since the metamorphism is an

9

aurcole round a plutoﬁ tl}crc is thought to h"z‘we been very little prcv'ésf.»“

.

urc change with increasing grade. The lowest biotite zone probably -

e}

r:id about 550° C. (Davidson, 1967; Seifert, 1970;
Den T REEnd. the granite contact (with its occasionalrsillimén-

. T R : . :
i}e) aboutf $50-700° C. (e..g. Den Tex, 1971; Davidson, 1967). There_

is little available evidence for the fluid composition except that g;'_aph'—

ite is present. This indicates that CO5 was a major constituent of the

metamorphic fluids and leawecs the possibility that methane was also

a

present (French, 1966).

Assicmment of Metamorphic Grade o

- ‘ For many of the arguments d¢veloped below, a nons
. . . B » . . A :

mineralogical index of metamorphic grade is required. The pluton’
outcrop is asymummetrically located within the isothermal surface

represented by the cordierite isograd (Fig. ‘15) so that the grade index

cannot simply be distance from t'hﬁj pluton contact ,” which is the com-

monly used parameter. Metamorphic grade in the aurcole is there-
fore assigned on the basis of the perpendicular distance from the
c: -dierite isograd. The general configuration of the aurcole ard

sampling sites (Fig. 15) and the textural changes along this direction

i ’ ) -

ratures of the order of 300-400° C. (Turner, 1968),

64
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Poccurs at all grades in the aurcole, but further discrimminatt

was: Dubblbu o di 591 ,\Ig’thg-
R

U
C
¢
~
w
Py
;.‘

1t this is a reliable indox of metamorphic grade.
s - - Noes . g . - . . .
téntion is confirmed by the fact that use of this index yiclds

ﬂ’@nal trends woll established [for pro-rrade chances s o

X i . ! : b i : . - g - T :
and meta-pelites. The widespread distribution, of turbidites

This con-
composi-

avites

Z"ayw‘.dw). . N _ )
e T ‘ - ’/
¥ " . ' . s _// i
"THE SAMPLILI SERIES o o — ) o
‘ Scver: 11 »i the petrolosical 'a1‘g11;:nqnts below '(i;'gy:nd on
» ' e At e coin <
e Selection f two ;iS(‘J_Ch!:!T‘:CEII saomple series -- Incta;';'fmr\,'_‘\\iztck(zs

oi-one

{formation guarantees that the same general racge of compositions

il

two consistent but distinet rock sevics was reoquired.:

v v - » . =

Sagmples wereinitially tdken to e present, by

- o : T b oo

b i . . -
msm ction, the meta-pelite and mota-greywacke rock-types.

L

sn_ﬂxplcs from the biotite zd

cally examined and several sodime ntolousical par amotets sy

f ) . .

atically recorvded. By pl\otting these parameters against one
M A = <

on into

All the

$170 thin-scctions) were petrograph-

stein -

another

e’ . 7
Lt 1 K * LI [ - vool-nol = PN Treld R, ]
[Fig. 14 and cdomparing L[u, scatber o spoints tosthe [feld-nrmes, 1t
: A . . . _l'(D"-~ - . A L . b

N .

.

ity In these paramicivns

and delimit

=t L . . w . . o . . .
icted {d clds for ﬂ typical’ muetasgrey WA C’ and rocti-pelite,
' ) ' ° . . fJ 5 - i . /_ B ,
Mhese limits arer . o , e B LU
‘ ) Lt Lo Metp-pelites Metasorevvwackes

n.‘) . 0.25 (7

Nax. clastic grain size (n
Recognisable sand grains (
L

2~
9-
‘b

U"“

; .8 - 1 1
Total quariy and ic_.’:dspa.r ,’o) 70 55-30.
. Lo . -
Samples for detat 1 btddv were then selected from within tl1( se [idlds
. . & . - ' ,
) ° S
. ° : i ‘//
: b & E ' - '
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Samples for detniled study were also requir

St ot the followrin s conditions:

n ovenlty-spaced sample

traverse across the aurcole.

>
"

Z. They should.displiy minimal weathering or bydro-
N o :
thermal lteration. e Narrons Ch!orltlsog
- ¢ . -
intets weré ines y present in the selected
v 'v -
samples s most rocks in this nrea hove sulfered
) R . )
e of altevstion, The prindipal ald ration
is the retvaogression of biotite to chlo=ite an-.
! o ,
R and the altered aveas are readily s
T aised and avolded in micro-probe ahal;sis.
ccts oof the nlter -
. 4 .‘- ~." '
small fnencase in 510, con-
: Lent sulphide or ¢arbonate.
, :
M v

RN +

z Loa commonly ovorfhp  lightlyr - F

W Fonosamples hand . Thes. are Culnposits
. simitlar o the Durvash ometi-grevwiackes regardless of theiy

mueti-ureywackes, .

3 uscd in studying

Are, 1sgeRe
f S v

67

0 con-

.

> osample Sories havd

7

el Ay,

‘mélly

petro-

the biotite

5.0 The meta-»elite samples are numberced .
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4
, . -
<. . - -
< in order of decrensing n’;wl;‘:Infn'phiv orade with the prefices "B fo'r. £
DPurwash Fano somples and SPW Jor Walsid Fme o samples. The meta-
crevwackes are numberod on the same scheme bat pre-iized TGN and
oo segpecuvely. Samples from above the cordierite isourad are
nunbered in order of increasing metamorphic grade with prefiyes as.
abow (This complexity is maintained to prescrve the publbishad :
N 5 L .
simple nuinbers -~ Ramsay, inpress, 1973). The locations of, P
i samples from the cordicrite isograd are shown dn Fig. 30,
~ Anatvtical Methods o ; ' 5
The reador is roferrved Lo the Appendix for all details
N ‘ A ‘ AN .
' i wdology, acouracy, ctc. -
’ o DIOTITTE ZONE MINERAT, CHEMISTRY
. : :
(Mot e U et fonr o scctions o RSN
r : - N B
» .
N ! “ - r ' .‘-‘.Z Ba e s A -~ . (AN ey x e o -, o am ooy Ty ¢
. VOU 3100 0 WO 1IN DIesSs atl E')I L'f.u:‘nl_‘—- 1\,11715(1‘). ;1 pUress, RN ).) ~
N . ‘i CE K ) . - * ;
e Anadyses andostructural foomuatae o teenty biotites
K 'v - ., B - . f
’ - " 3 . L 4
: (vt the biotite zotes are given m
«
[ \{' . 5 ) — N ..
* a  F 16, 17 15 the composit
LI 3 X o |
TR RUSRE
- J

! ’, “
’ . N s .
o e - Conpositie Ui
. Cthmornnic grade (s8]
R [ . ;
3 L ¢ . .

s : 1o Well-defined teends are apparent in the elements
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FIGURE 16
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fields of the analvsed bictlites,

_.e biotite zone.
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“enlerites and muscovites from
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o Meto- pelites
O Meta-greywockes

i
,
: / C
Al Og‘(KQO +Na,O +Ca0) Biotites
N
.
i./ e .
- N e
’
¢ { KoO+Na0O) )

FIGURE 17 : Modified ANE triangular -diagran, with some representative
tie~lines, showing L'ne”_ccmpositibnal variabilitv o7 the analysed
biotites, chlorites and muscovites from the biotit Tne.
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at higher metamorphic grades. Limitced data on

DD

the Da contents (Table 5) suggest that this is

, insufficiént to compensatt for the X-site deficiency.
In meta-pelite biotdtes the Na and K contents and -

the Xe-site total are indepegndent of metamarphic

grade:
2. The trends are less striking in the etements of the
. ! Rl

Y -sitel AIYF is generally more abundant at higher

)

grades. Tiand Mn contents (Table 3) arc indepen-

dent of grade. In meta-greywacke biotites Mg/Ie
increnses towards the covdicrite isograd. In meta-
pelite biotites there is no correlation beiuween

-

. increased grade and Fe but the Mg content may
decrease siightly. There is a pro-grade increase
in Y -site -:)C.\u‘)ancy.in muta-greywackes but not in

‘ medrepelites.

Ll

In the tetrahedral site the minimum Si content falls

(W3]

at higher grade and the meta-pelite biotites trend

S : to Ilnwer 51/:'\1[\ . (Iote that only one point prevents

there being a strong, general pro-grade Si decrease.

)

-t . . Lt g . ~. n
. this anndysis is in wl‘},;o'r, Sitdécrease is the & \/\
“ v : Ity .o ) . -

correct trend:)

The tmportant featires of Fig. 19.arvc the ddffering responsc of biotites

\ .
nithe two rock types to increased metamorphic vrade and the marked
7 N v fe)

compositional changes in the meta-greywacke biotites.

Compi#rative discussion. Abundant data on greenschist
‘ ) : . o . -
facies biotites arce now availabl? {e. g. Lambert, 1959; Brown, 1967;

\
)
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; ,
TABLE 5 ¢ Miscellancous addivional analvticnal data on biotites,
Miscovits 5 il cndarile s (Foa U Diodite zone ol the
Prosperous Loake metmmorphic anrcole.
«
Mineral Element Sample No. and Concentration(fa)
6 — —_— .

Biotite : P G-3: Tr; P-6: Tr; P-3: Tr

. S o
Muszovitc P ) G-5:0.01 J’_," s
T cl ' G-5: Tr
, F : G-5:0.01
T ] - 'Q’ .
Chlorite B BaO oo P-7:0.02; G=5:0/03
. P G-3: Tr; P-4: Tr; P-6: Tr
L C Also: br - n.p. in 3 biotites, 2 chlorites and 6 znuscovitos.. ~
g - - Symbols as in Table 3. » P
. -, . . o ! . \-.
. ; + _

,
:
~ "
H -
| ;
, . A
1 . :
A
| |
:
|
\ \
, Y
? \
\
.
‘ |
: -
b
3
ﬂ |
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e
Poraes

v

A

) . - .
‘total both increase towarc 'is the COl‘dlCl‘lte 150(71‘ad which may “indicate

Putler, 1967; Mather, 1970 and Pinscnt, 1971). The Prosperous
[.ake biotites are compositionally similar to thosc analyscd’in the

above studics, though rather more magnesian. Evidently thereis a - -

very restricted range of composition for bintitds in such rocks.’
Lambert (1959),~Butler (1967) and Pinsc¢nt (1'971) noted
alkali deficiencies and low X-site totals arc also apparent in the data

' of Brown '(1967515&, Mather (1970) and p‘articula_rly Cooper (,19'72)' In

the Prosgperous Lakc biotites the ‘X—'site deficiency and the Y-site

5

Fe or Mg in twelve -fold coordination (I\ CI\' amara, 19653). ’\l crna-
tively hydronium ions may complete he X-#ite con plement, K
Variation of biotite compdsition with metamorphic
grade has been d scussed by several authors (c. g. Laz},’nhf-rt, 1959; .
Butler; 19267; Guidott:, , 1969) but nlOSt dauu are for hrg'm r grades and
hizher pressure-gradients than those discusscd-here.  Dutler (1967),
- l ' 7. . ' c ‘ . . ) S S
found that AV Sncreased at higher grade; Fig, 19 suggests a similyr-
- . A ’ i N
trend, at¢ least in meta<pelites. The pro-grade ingreasc of Mg/Fe: =
A 7 oo v f s
_dc:nonstratcd by L(ﬂ‘lb(‘rt {195%) occurs .
.‘ ° ‘ - "
. i . Lo L e i
tites.but not in “he meta-pelitg group.
in which casc the ‘c’:%nd is_in agréement weith that-de ibhed by Hutler
s - ' ‘ ’ . ‘ ’ .
T T A
’ - sy . . ' 4 e . "’ B . . .
L\‘"ILIS(\(§7'\[i‘f:e ) ) ' ) o . § ! //‘ A0 . : !
. . - . . . t
. Tables 6 and 7 give andlytical datinon twesity biotite %
) = /s |
zone muscovites and thelr limited composits ional va v'wbww;\, is illus-
tratéd by Figs. 16, 17 and 18. They are slightly phengitic muscovities .
. - , . Lo , -
' P o
> N - =
b ) . I- ) -
. ~ hY U o : : N ]
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‘e intecrmediate in composition -between ideal muscovites. and those of

Barrovian terrains (e. g. Mather, 1970). The spread of points in

N , St :

Figs. 16 and 17 suggests that Al/(Mg+Ie) variability is dominant with
rather constant 51 and (NatK) gontents. As so commonly recor dcd

! '

many of these muscovites have X-site d(:ficicnci(es.

) d -
v

covite composition to rmetamorphic grade and the main {eatures are

o
A

as follows: v ‘ '
1. \N’éil-defined trends are apparent in the X-site
SN * :

occupancy. The X-site totalis nearly ideal but

exhibits a slight pro-grade-.increcase. Na/K

increases at higher grades. Although Ba content
- is considerable, it is not grade-dependent (Tables

. ~ _
£ A7V a s
ool ff.
! . * .

2. Y-site occupancy.is also dependent onvgrade, with
* the total decreasing from nearly ideal values at low

grades and cornverging on deficient values at the

cordierite 'qoglad.’ AIVI increascs rnarkgdly at the
5 expense of Mg and Fe and the rangps of AlVI, Mg
T and Fe decrease. . Ti and Mn contents are indepen-
dfen’c‘ of grade (T_agles 6-and 7). ;éL '

3. The tetrahedral site exhibits pro-grade decrease in

]

. Si (1ncreasmg AIIV/Sl) in meta greywacke musco-
{
- _v1tes. I‘hls trend is, howevgr dox;nlnated by one

--data point. It may be that the meta—greywacke points,. '
should s1mply confo;m to the narr0W1ng 51 range dis-
- . . > »
- playe by the meta- pellte muscovites. ‘ '

»

T - S '
Influence of metamorphic grade. Fig. 20 relates mus- |

81
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,Comparativ%;.disctnssion. The, compositional variability

"y

= .

“of I‘OLI.‘:CU\’ILL h 12 S bccn c\trjn"sivc_ly‘ _stludie,d {e. g. L'auxnbclr’tv; 1959; -
_Ernst,-,1_963; I\«IéN'a-_rinar_a,-\1‘365; Velde, \1{:965‘, lc)‘é'('an_d,l’c.)és;' Brox‘vn,"

,196'/; and 1 9’68; Butler, 1967; .G'pi,d'o_t‘ti, 1969; "Mather, 1970; Pinscnt,
,;f-‘f?l: Maknln‘_juola. and I"It)wic; _1‘.972-'; Hci‘inczs,g‘l‘()?}). ©Itis ‘i.'m_poSsAfble
: ,tot/d'isr&s.s heze all these '}Sﬁpers or’ t};‘leif“p‘rc sent televance, but a

\

. _‘rio'g'cnf: 1Feview by Ciplr‘ianf et'al: (1971). showed »that"'thue- main variations

Carer < 0T L S .
| ""?.':,y Si + Mg (or Fe' *_) == A1V AVl R S
L sk Dm—*AlW + K (or Na),

,'\Vlth increased c«Jadomtc contcnt favourec d by low tempevature and

) -high,pre‘ssure. Flc. ZO reflects thc s¢ substituti'ons with Fe and Mg

'Gonténts decrca'sind at hlnbcr metamorphic grades Wlu},a_.GNa + Ba 4 K),

1VI v

9nd thp maximum A cont nis all increase. There is also cvi-

"L'Zd'énce for -gradual pro,—'grade filling of the twelve —fold void site-in that

the X-site deficiency is generally larger at lowgr grades. However,

a . hS . ,
. R .

th'é"‘ir‘lcrgza,si‘ng deficiency of Y -site occupancy isﬂ.‘not C#vél;l'ihéd bv these
suést?tu‘tio’n’_-~'1‘e‘ac.tio“:;.s. Further, Fig. 18 indicates that 'SL!I)stit;ﬁgtio‘n
o"‘f g\igfor AI_' p‘redOminvates over thgt of. Fec(sec also Mamanju_ola;.“é\r'l'd
'-I-I‘O\‘v»ie," 19.‘72')‘. The patterx;of Si contents i‘»svmorc' complex than. .
_,indiémﬁe above équat»ions’, at least iﬁ the meta—peliit_es.b'_:
o The crux. of the 'ph(’flléit@ problem’ is wheth(?;' phe‘ngite

Coiﬁposition has heen controlléd by metaniorphic grade or rock com-

: . g « e
poéition. Fig. 20 demonstrates clearly that, when .rocks of similar
bulk chemlc try are selected t?hc comp'051t1ons"(v)f tl}'.‘ei"i)hengites in tljuie.m
" are grade éc'i_upendent. . There is a ggne’ral p;fo-gr?dé aﬁprqaqh\t‘o ideal

.

o ‘ ' s
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>

muscovite achieved by a narrowing of the compositional range as well
: N B : . » ’

3 . o -~

as by a linecar approach to ideality. - ST
.ﬂ ‘V . o N
Chlorite = g
v - Chlorite of thre petrographic types is presentinthese

~

rocks. Thesc typcs are not compositionally distinct and are therefore

. . . i~

designated by suffixes. Chlorite (A) occurs as $mall flakes in rocks

throughout the biotite Zone (Plate 3A and B). “Chlorite (B) is present

b} \ . . M

-in, small amounts in the. highgr-gradc half of the zone and is of medium

. grain-size and'usgually interlecaved with biotite. Chlorite (B-X) is

similar to chlorite (B), .occurring as large, thin flakes in a few rocks

in the upper biotite zone but it often cuts across bfbtite grains (Plate
3E). T .

+Analyses of chlbritesgrc give‘n in Tables 8 and 9.

There is,a limited compositional rangﬁ (Figs. 16,17 and 18) and

“chlorites of the three petrographic types arc entirely comparable in

compoéition. Figure 21 shows th at all-the ana’ysed <%1101 ites are B

ripidolites. There is a llmlted range of Al,,(\/lp ot Fe \’In) ratlos

LR f

(Figs. 16 and. 17) and a soxhewhat laraer sp1 ead. of. Nicr/(Fe.l\/In) ,ratlos

(Figs. 18 and-21). The_ more Fe-rich chlorites contain slightly. more

B

Al (Fig. 18) but Si/Al dses not vary si{;ﬁificaatly (Figs. 16 and 21).

b

. ' - Influence of metamorphlc grade. Grade has much less

A

irifluen‘ce'on‘.chlorit_e th_aq on biotite or musco\\./'it'e ‘(Tablcs 8 and 9;
Fig. 22) but the méin fea:cures are as follo@s:
1. There is no div‘ergen'rihc"c of trends ijt‘(‘CthI“itCSk from .
: c1fferent rock types of the Burwash Fm. but those . )

from the Walsh Fm. ‘are slightly distinct. - Chlorites (B)

mieT
5
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FIGURE 21 :

Hey,

R 1"‘\:, from

Q@ Meta-gr. wccke
d Chlonte, B) or (B-X

Chlorlte classlfica;ion didgr ram (mod111ed after
1954 and Deer et al., 1966) showing the chlorites

the biotite zone of the Prosperous Lake aureole.
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and (B-X). are entirely similar in composition to

.- chlorite (A). »— o .

iThe Mg/Fe ratio increascs only marginally towards

se cordierite isograd.and its variability cannot be
.2 -

" primarily due to grade. Ti and Mn contents are
4 marity ste

not affected by grade. o

3. Thg observed i'angc of AIVI contents increaﬁes
_marliealy towards the cordierite isograd and Si/AlI-V.
decreases very slightly, though having ‘av wide .1'angé,.

n N

4. The présence of-the medium -grained chlorites (B)

. —
and (B-X) is also a function of metamorphic grade. \

Chlorite (B) occurs only in the upper half of the bio-
tite zone. ,,,.,"A'ppareutly the compositional maturation

. of the.tninerals necessitated the appecarance of a new
R ST . / 3
phase at this grade. As a result chlozyite (B))’crystall‘-
ised with medium gfain—size because X\f easy ?rrbwt“b ‘

. ’ ) 1. N . :
at elevated tempe’ratureé\ but with composition the -
.sameé as chlorite (A) because they crystaliised under
. C - ‘-,\\‘ .
the same controlling condit: Chlorite~{B-X) is

~ »

first present just below the cordierite isograd but
persists - all higher grades, Its suggesﬁé‘,d origin
2 R i ) ¢ . s

is given below. d

' ! . . -, . N
Comparative discussion. The composition of these
. ‘ -3

chlorites resembles that usually found in greenschist fadies meta- .
gfe?wackes and melta.—pelites. (e.g. McNamara, 1965; Brown, 1967;
Mather, .1970; Pinsent, i971) though the’y _ére md_re rpagdesian than

is .'usual. Brown (1967) recorded similar’ compésitjdnal’variability,

a

5
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_ ' S e P T a
dommx_‘ o o/ Fel "Coojzgur (1(—)72) d(-mnmstrntg;d 4 pro-gpade

incr e of nlgs . - more marke® the an Lh nt 5110\\'n in rl(T

. N . .. ‘.;' - -. . . /. . *
nisco srgnific ntodulk ‘cmnp( sitional control. - He ¢ Wsu show
-~ ’ b o
more o vl chlorites contain morc Alas irnplic.d by Fig.
R o , !

Cﬁ

3
\

buz re‘cog—
ed Lh at the

180 - In

the Prosperous Lake chlorite the sty :mt Mgl e variability "ig.

18) can only partially. be attributed to srvade contral: (ITig. 2

T

o | - . ’ - L ’ ) - ad .
bulk contpositional control was apparently dominant (sep below).

»

2).* The -~

S . qE ’
P_la’gioclas,e _ W .
Feldspar and quartz comprise the finc-grained ground-
i . : , T - -
¢ ; . . R . [
masscs of,thcse rock§ :md occur as clastic relics in the meta-

v

gare ywack (Plate 3G and II) Thc plagioclasu c‘-lasts show

variable

dev (loplngnt of 1na1'71nf11 cory 051on, sha du\\y g%tlnptlon ‘UClU.blOIlS

- ~
x

'andbrcakdmvnof twin lan}cllae,‘,; reflcctixlg.V'arjnlal-c rcacti\u; ncsponse

+.

-

' ) . L ' . T . . T :
to metamorphism, On'this basis clasticigrains in u\plk-l

[}

been petroeraphically designated .as 'active clasts' {showing nm.rked.'
vl S ) <2 g < . o A

. : [

vocks have

. r.‘ : R
«development of the above features; sco Plate 3H), 'stable clasts' (iree

. P . . ) S . :
of these indicators of reactivity; Plate 3G) or 'matpix feld

e .

4 v

ure .73 relates their compobltlon to potrogy E’Lphlg tyoc \nd
5 R B ‘- ‘

v 1

gradc*; Sever:’xl conelusions. (tentative_i,n view of tnc'spnaxl

samples) may b'é drawn concerning the responsc of the cla

’ -

\ PR .

" to vpct ymorphism: o

sz)ar' {(fine -

~yrained drouvndmass) and analyscd for Na, Ca and X (TJblL 0)., Fig-

3 ctanu}r phic,

>

ﬂ
number of

astic plagio-

Plagloclascs in thc \’\ alsh Fm” rocks aré sodic.

—Un b N "" ) . .
. . : ,'This 15 1n contrast to the Bur\vash Fm. rocks and
- - e L . .
. reflects differing sedimentary sources. ©
te o . ’ . i < . P ' '
2."'In the Burwash Fm. there is a wide range [ plazio-
* ¢ - ER o . . v P . ¥ »

clase compositions at low metamorppic graa. but
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G-10 §.89  3.08 0.15 | 84.6  14.6 0.8 “Matri:d'
(cont’d) | 10.49 _1.55 0.13 | 91.8 7.5 0.7 " .
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6.63 8.48 0.10 | 58.2, 41.2 .6 "
. 6.76  8.26 0.11-| 59.3 40.0~ 0.7 "
6.35  9.19 -0.15 | 55.1 44.1 0.8 " -
6.23 8.95 . 0.13 | 55.3 44.0 - 0.7
. 11.16- 0.42. 0.10 [ 97.4 .- 2.0 0.6 "
: 11.08 0.45 0.10 | 97.2 2.2 0.6 "
10071 .0 4:38 ~0.15 | 92.6 6.6 - 0.8 | "Stable"
lrres3 0042 015 97.2 2.0 0.8 "
@ 11:44. 0,387 0.12 | 97.5 1.8 0.7 "
%1.6.62 8.46. 0.13 | 58.2 41.1 0.8 n
680 8.33 . 0.12 |59.2 4071 0.7 "
’ ; 1..80 0.28 0.11 | 980 &4 4 D.6 | "Matrix" e
10.99  0.43 0.13 | 97.2. 2.1 0.7 "o,
‘ : 7.04 7.62 0.17°]62.0 37.1 0.9+ "
: 6.70 - 8.22 0.23 | 58.8 39.9 © 1.3
6.38 9,05 0.13.]55.6 43.6 0.8 "
. ) L= IR -
- GW-12 | 11,09 . 0.50 0.10 | 97.0 2.4 0.6 | "Active" T
’ 10.68 0.75  0.09 [95.7 ~ 3.7 0.5 " S
; 10.85 0.59 0.08 | 96.6 2.9 0.5 il Lo
~ 11.11 ~ 0.75 0.09 | 95.9 3.6 0.5 a
10.70 0.93 0.1l }94.9 4.5 0.6 "
11.10  0.48 0.068 }97.2 2.3 0.5 - " S
‘ 11.35 0.28 0.07 |98.3 . 1.3 0.4 | "Stable" ' /
11.17 ~0.32 0.07 | 98.0 1.6 0.4 " ; ;
10.98 -0.39 0.08 |97.6 1.¢ 0.5 " e
©|1Q.70™ 0.24 0.08 | 98.3 1.2 0.5 | "Matrix" -
10.80 0.67 0.08 |96.2, 3.3 0.5 "
10.63  0.43 0.14 | 97,0 2.2 0.8 "
10.63 - 0.26 . -0.07 | 98.2 1.3 0.5 o L8
10.54 0.66 0.10 |96.1 3.3 0.6 s
7.14 - 7.69 0.17 |62.1 3770 - 0.9 | "Active"
e 7.¥5  7.51 0:14 | 62.8° 36.4 . .0.8 " . e
11.14> .0.91 0.09 |95.2 4:3°7 0.5 . " e
~Z 10.95 - 1.21 0.09 |{93.7 5.8 . :0.5 - "
10.78 1.67 0.14 | 91.4 7.8 0.8
o 11.52 ~ 0.39 0.11 |97.5 1.8 0.6 :
10.63  0.47 0.28 {96.0 .2.4. 1.7
‘ ' 9.97 2.46 ' 0.12 [87.4 = 11.9 0.7 | "Stable" . B
10.93 0.59 0.10 |96.5 " ° 2.9 0.. " . o
11.34. °0.34 . 0.10 |97.8 1.6 0.6 .. ™ A
e : S - (Continued overleaf‘l ) ‘..\"‘"':'\- s
s ) - - . S Lo -y
ey LT Cx kN
. \\
\ 1 & //// ] -



'

{

TABLE 10 : (continucd)

|

G-14

(cont!

d)

]

"10.89
11,11
. 8.4%

7.
10,31
g 13

0.58

0.63

5.09
6.79
1. 96
C. 69
5. 84

OO0 OO

.11
.10

.15
.30
.15
10
.15

96.
96.

74.
65.
75.
95.
71.

R=RoC N IR NN

OB ®. O ®

QO O—~O OO

OO0 Oov

"StaRle™.
n}%:“g‘

"Matrix"'
(A1

R

#Sce text for -explanation of types.

~

e
~7

93



) Bur-\va“'sh Fms. ).

B : .
. . -
oy . } .
this narrows to only Abgg_74 at the cordierite isograd.
\.3,. -Although the all'ocat'ion of petrographic'types is sub-
jective ~a;1d subject to error, several ‘points arc note-
worthy. ‘Ti'ic ‘matrix’ piagioéla_scs at l-w grade have
4 wide range of composition But-nqa_t;%;o cordierite
: . ‘ ‘ ; -
islogl'ad ‘the range is narrow, suggesting mectamorphic
equilibrﬁation of clastic .grains. The 'active' grains
are far i‘émg\.zc_cl from the convergence cmnpoéition at
low gr%{dcs. In the highcr~g1“adé rocks the few remain-
ing clasts arc‘clo.’se to the .con{fcrgcnce composi':!\iicon.
f’\pphrenfly the Burwash Fm. initially 'conta'mé,d vaied plagioclases

whose composition was controlled by the sourcc of sediment. Homo-

genisation gradually eccurred by oreakdown of those grains furthest

. Ve
removed from the cohvergence composition. -
. Comparative discussion. There is no indication’in

Fig. 23 of control by a peristerite solvus, although Crawford (1966) |

and Coopef'(l972) concluded that plagidclase compositions were deter-

. . ~ . o
mined by the peristerite solvus and interaction with other Tacbearing
phases. Such interaction is the usual control of plagioclase corr\ﬁxosi—

.\\

tion in rdck_é of this type and most pertinent studics have involved:\"

calcic phases (e.g.”'Lambert, 1959; Brown, 19%7; Pinsent, 1971).

The Pro-spercnis Lake rocks lack ’such 'pha-ses and all Ca must be _
accommodated in plagioclase. Th‘e'resulrt is gfadtial pro-grade homo-
genisation with the final plagioclase composition determined by the

amount of Ca in the rock (compare the plagioclases of the Walsh and

»
~ . U

)

94



Metamorphic Grade ——

Q

Qmm

/ -
&
3
~,
. [
: ( | ’
. .
} — ' o — +
' ’ : : / Plagioclase type : QrActive”; O ‘S?oblc(}’ O "Matrix”
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‘FIGURE 23 : Diagram illustrating the relationship between plagioclase
<J - ' composition;, plagioclase petrographic type and metamorphic grade in

] so\e meta-greywackes from the biotite zone. Sample numbers : A =
G-1; B = G-5; C = GW-9; D = G-10; E = G=11; F = GW-12; G = CG-l4.:
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Oxides and Sulphides ' : o B

Potassium Feldspar

<7
°

There is.no clastic‘ K—feldspar in these rocks, presum-

jably as a re sult of mectamorphic dch adation to muscovite. Minor,

finc-grained K-feldspar is present m,the matm\ with an uneven ’md

"

a . . _ R

genetically significant distribution' ((%scusscd below). 1 systematic

cornpostmonal inve st1gatlon of this minecral has beer atteimpied but

m'icro-‘probc analysis of . gr ains from sample 13 4 has u»nnrnicd that
K—feldséar is pres » It is a purc potash microcline containing less

than one p'er. cent Na,O (usually less than 0.25 per cent).

’.

Opaqu((e minerals comprise up-to about five per cent of

the mode of these rocks. 'Rutile and ilmenite are the oxides present

(see Plate 3C and D). Magnetite has not been obscrved The Walsh

Fm. samples lack ilmenite. .Micro-probe analyscs of the\sc phases

[ - -

(including some from the vicinity of the cordierite isograd) are\gl\ven

-
e

in Table 11.
Rutile occurs in porphyroblaétic aggregates (Plate 3C).

It s very uyniform in composition,containing very minor Si;” Al and Fe

fand only traces of Mg and Mn. The ilmenites have mbre -variable

composfmon frorn one rod\ to anothcr and comxnonly have mdrked

'graln to-grain varlatlon in Mn cbnt(.nt ‘They display the hlgh pyro-

phanite'contents character1st1c or metamorp‘mc 11men1tes (Rumble,
1971), _confairiing about 6 mol. 7%MnTiO3.

Infiuence of metamorphic grade. It seems poséi‘ble

that the amount of S1 or Al substltutmc for the Ti'of'rutiles and ilmen-

ites in rocks saturated in §} and Al m‘crht be temperaturc dcpcndent

tho_ugh at hig}}er pressures octahedral S might be %}gnlflcant.
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b

- 0.1-0.02 per cent. : ; ‘ ’ . ;

) coe\.lstence of these phases

However, the only suggestion in Tablo 11 'that this is so is that the

Al> O3 content of low-grade rutiles 1is gcncrally ~hwher than those ncar -
( : )

the cordierite isograd. None of thg other clunents exhibit any grade-

N . - r .

k]

dependence. - ' : ;

Sulphides. Pyrrhotlte is the domln‘mt sulphlde thoogh

N '

it is usually suborvdinatg in amount to the tltamferous oxides. 1t is

commonly‘closely associated Wwith traces of chalcopyrite and*some -

times pyrite. In three analyscs of pyrrhotites and two of chalcopyrites

vthe elements Si, Ti, Al, Mn and Mg were found In-'concentrations from

3

ComparatiQe &scussion. This ‘assernbllerge of oxides
and sulphides is rare. Xanehira St_i (1964) dornonstratod that the
assenoblarge ilmenite + pyvrrhotite + graphite Was. characre,r‘isticw of low -
grade mefa-pelites:irrlow-pressure ‘facies series. The assemblage

in the Prosperous‘Lake rocks is the same except in that rutile‘is also

present. Ilmenite and rut11e are recorded together by Evans and

Guidotti (1966), W estra (1970) and Rumble (1971). Of these authors, “
only Westra reportcd paragenetlc dctalls demonstrating that the rutile

F
p1 eceded the ilmenite - hematlte mmcrals The same explanation

applies to the Prosperous Lake rocks It is shown below that 11men— '
ite was a réactant and rutile a product in the rcact1on which formed ‘

biofite.' Thus the Burwash Fm rocks or1g1¥ally contained the char-

acterlstlc opa ue mineral assemblacre for their metarnor hic style,
paq \ P Yy

~but partlal rcactlon of ilmenite to rut;le later led to the unusual

N
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-CONTROLL,ING ROLE OF METAMORPHIC GRADE '

The figures and discussion above leave no doubt that
meta: 1orphic grade (primarily mcetamorphia temperature) was'a prin-

cipal control of mineral composition. It docs, however, secem to have

operated to different-cxtents on different mineral groups. The
observed compositional response to increased grade was a maturation
process consisting of one or more of the following factors:

1. Typically there is a progressive change in clemental

concentration towards higher grades (e.g. Fe in
L]
A

muscovite; Fig. 20).

2. There is commonly a pro-grade narrowing of the

INAZ!

N\,
N, . . . . .
range df\composmlon (e. g. in muscovite).

LT o . >A 0 -
3. In a few instances the range of composition®scems -

ALVI

to increase with grade (e. g. in biotite, FNg. -

19).
The first of these factors is readily explained in terms of the most.

i

stable composition at progressively incrcasing temperature. “~Thus

" the pro—gr.ade approachto ideality exhibited by the:muscovites simplg

reflects relative instaBili‘Ey of phengitic muscovit'e‘s' at high tempera-
tures (Velde, 1965).: : N N
‘ The progressive narrowing of the compos%tiorial range
is, "',ho,wever, more difficult to exp}ain exc'ep‘é in the sp(ecial case of the
p:la‘gioclasés (seé-above‘). For the other minerals the fololoxﬁ?zing cause
is suggesﬁcd. ) At low grades ho's“c-rock cv:o‘rnpositivon was an _importanf
control‘but it'Was ‘gradually super ceded, at hivgher‘ grades, by temp--
_erature, 'f'hus slightly diffelja;nt host'-focks initially deyel_opéd com-

posit\w&stinct meta;rnoi'phic minerals, perhaps as a resul. of

\

E
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~

s

having diffet¢nt proportions -of the reactant phascs. This range of
composition was tolerated at low temperature but increasingly
restricted as temperaturce increascd. IFor example, local variations

in the proportions of muscovite-forming phases may initially have

produTsd. variably phengitic muscovites. As tempcraturc increased

" toleralple range of composition was restricted (Velde, 1965) so

.

that the“/most phongitic muscovites became less so and the range
e 5

2

_gradually narrowed.

Control by metamorphic grade operated differently on

" different mineral groups. Thus meta-greywacke biotites exhibit
. . Al

primarily linear compositional changes (factor 1 above) with little

'sig{n of c‘o’nvcrgen'cé '(factor 2); meta-pelite biotites and chlorites were

.t)‘nlyu sl-ightly' affected by incrc'ased'grade; 'thcvmuscovite,s display.a )

co‘rnbinatioh of the linear and coﬁvergent trends. The reason for this
. \ : . ° o

is not clear but it seems probable that increa séd tcmpcratﬁfe -wou!'d:

influence mineral composition if the following two conditions both -

4 .
~

“app'lied: o o o ‘

1. A change in composition is energetically favourable. -
2. Such a change is not prevanted/by othor controlling

.factors Th1s is most 11kely to be a bulk corﬁfxposv"

Y

tional control.

)

It 'has been experimentally énd_elnpirically Shown (c.g. Velde, 1965;

Cipriani et al., 1971) that it is.energeticau'y favourable for muscovite

Lo Vo
PR

to approach compositional ideality as témperdture increases.: The
fact that this has demonétrably ,occurred in thc P'rosperous Lake rocks
1mp11es that no other control preventcd thp process Far example,

- .

Al must have been suff1c1ent1y avallable

100
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"~ Th Rock Compositions .

- 101

Since meta-greywacke biotites exhibit pro-grade com-
ol ’ ' .

positional ;TH_"I\HS('S Aand 111tft5-1)(:’lilt;" biotites do not,. it scems that the
pro-<grade maturation was (\11(,~1'g(;tic:111y favourable but was 'pr'(‘vontod
in the meta-pelites. The most Hkely cadse of this prevention is the
bulk composition and this aspdct is invostigatcd..fur_th(:-r _-below;

. “CONTROLLING ROLE O ROGK COMPOSITION

2

A

e

Analyses of composite samples {rom this arca are to

e found in Boylé (1961) and Henderson (1972). 'Folilrgsbm_': (1942) and

To-emblay (1952) also made analyses of equivalent roeks from higher

metamorphic grades. Table 2 presents new analyses of fourteen rocks

and their compositions ave graphically compared in iz, 13, The '\

bl
-

S .

meta-greywackes have a larger range of Al O3 content and generally

f

v

higher proportions of (Na,O + K,0) and SiO, than the meta-pelite:

, - c e . ) , i e
have similar ‘;\/J.%O/(FCO FMnO). The two analysed rocks of th

Im. have 510, contents comparable to the meta-greywackes

N

-

o g}gféwpointed out -

: ' 3 L
greywackes and meta-pelites differ in NaZO/I\’ZO--}'at o (Table 2).

Influence on Mineral Co: 1position . -

Although there are no gross differénces between min-

erals {rom Burwash meta-pelites, Durwash meta-greywackes and

s K

Walsh Fm. rocks (Figs. 16, 17 and 18) there are subtle distinctions

1
'

between them. The meta-greywacke chlorites have marginally lower

el

v

-



AIZO3 contents than the others, reflecting a lower av:lilzd’)ili-.ty of that
clement (Tables 8 and 2). The mceta-greywacke biolit - “re more

variable than those from meta-pelites (Big. 17) and hav - gencr'ally

higher Si/AlI,V (Fig. 19). The muscovites are.-more,variable in the

meta-greywackes particularly in. Al/ (FetMyg) (Fig; 17) and Al/Mg
(Fig. 18), and the total X-site occupancy is loxlv‘lcr in meta-pelite mus-

cov:'itcs (Fig. 20; cl. Butler, 1967, p. 252). M-fhsc,ovitcs in the Walsh

Fm. are dlstmct by Several par ameter's (Fig. ‘Z'O) ‘notablyf in. having

higher AlVI/’\/Ig, /\lVI/Fe and Na /K Thesg dlStlnCLlO& dlrcctly

reflect the higher Al/(Fc tNg) and \Ia/K ratios of the Walbh Fm. rocks

( .13 and, Table 2). There is, however, no apparont reason for the

E 'larggr X-site deficiency \Vhl(,l thuy also dlsplay (Flg ZO) : (N
\
Host-rock composl‘uon was the dominant contr@l for the

plagioclases émd probably for the chlorites:(above). The \controllsmg

, ] . o
mechanism for the former has becen deduced above and a comparable

"4

effect applies to the chlorites. These were paragenctically carlier

than biotite (below) and when formed they were thercfore the only :
.abundant Mg-rich phase. While Fe might have been accommodated in

oxided, effectively all the Mg had to be incorporated in chlorite. - Thus

. ) , : ‘ 7
the Mg/Fe ratio of the rock would be a very important control, sup-

'prjféssi"ng_any tendency for pro-grade increase »f Mg/ Fe.
‘Since the mincral assemblage is the samec in all the Bur-

1)

wash rock’s, the observed differences cannot be attributed to competi-

tion by other mir_leral. g@:_ies (Bufler, 1965 and 1967), q‘but' this remains |

a possibility for the Biotite-free Walsh Fm. sam-ples.

102
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Influcnce on Pro-grade Maturation of Minerals
In several instances minerals in meta-pelites and meta-
greywackes exhibit different response to increased metamorphic grade

(Figs. 19 and 20§ - ’ :

'

Biotites in the meta-pelites show le'ss compositional
maturation than those from r'netla-'grcy'wacke's. The differcnt trends
for Na reflect the higher NaZO/(NaZO + K50) ratios of the nu_ta-r .

greywackes, Whlch apparently rgsulted in more Na bcuw taken int
the X-site. This implies that pr‘,é{—grade increase of Na was the fal- .
. . T - -a ! v

Y

N .
oured trend but was prevented in'the meéta-pelites because.-of insuffic-
ient Na supply. The pro-grade decrease of K in nmeta—grcy\vacke

biotites is partly due to increased Na, but the X—sitc_e total also

decreascs so this is not the sole cause. Perhaps another element

{

e g- Ba oan) was available only in meta- greywack» s and’ 1n<,reas-
ingly occuples th<, X- 51te T’he increase of Mg/Fe in the mcta— ’

gr eywackg blotltcs is probably the, favouLed trend (Lambert 1959)

.but it is not clear why the same is not observed in Lbe mcta pchtes

ConclusionS' : i . ! o )
. The controlhng rc;le of bulk éomp051t10n in I.‘OL.kS of
"this type is not agr eed Butler (1967) found it necessar> to ‘subdivide
¥ B
his analysed micss into those \Vhlch coexisted with ep1dote arll\:'l those
which d1d not, but otherw1se bclaeved bulk composﬂmUo hav?’had ¢
lwlblc cffect. Gui’dottl (1969) however recon51dcrcd Butler's
data and c‘oncluded that bulk comibosntlon would have a mgmflcan‘t ef‘fect

on ¢ phenglte corﬁposﬂuon in certain mmeral assemblages Yelde (1965)

and Brown (1968) indicated that phengite composition vg/’as stréqgly




l»controll( by ')ull\ comp051t10n but Vel(jg (1967 and 1968) sugﬂested

~ suspicion. - o , » ‘ L \\

_ -
“such control may operate:

R ' x”in“‘che»W.alsh and Burwash Fms Coopcr, 1/972

‘ - : o 104

'

-,

that the Sic ‘tent of phengites was laracly 1ndcpendént of th1s control v

\/[akanjdol'a‘ and HOW{C (1972) have maihtai_ned that there'is a c_ontrQlllng ,

1nflugncc. on a varloty of mlm,rals by rock conlposltlon " This conclu-

< : N
- 1 Co »
sioh is, however bctb(,d on pOSlthL, correlations between c:ornposmtlonal

I3

parameters in minerals and’ 10(,1\5 and should ‘rhcrefOIl ‘be treated with
g “ E <

’

There is no doubt that the bulI\ comp051t1on has mflu—
“ .
enced thé coni‘poéitions of t’he{miner,a/lxs‘at Prosperous Lake. The

. obsérved cffe:rsts‘(ébov_é') c'x_em'plify?general circumstanceé under whikh o

- . 5.

. . . .
“ , ’ . 4
Y

1. Large. dif{'ere‘nc.es_ir.llr'i"‘lir{.erél compoéiéion m‘ay' be
expe ct'éd w_h'qnd b\}lk cornp'é)’_sitions differ sufficier}’sly '
to dewvelop d%stinct m.ineralogie;s.‘ ‘l\/Iirier-al c;nnpo- :

. . ’ g N
3 sitions may then dif-fé_r as a result ’of_f.ormati‘oﬂn by

’ different reactions or competition with diffeTent

. mineral assemblages (e.g. ¢hlorites and muscovites

L
D Fig. 2; Brown, 19767 Fig. 1 ; ‘Hermes, " llc}

Fxgs. %

6and 7)‘ o

2 Wlthln a sulte of rocks of one mmeralwassembl ge

subtletles of bulk conﬁposmlon are not only 1efle\\ted

in varylna modes but also in mlngral cor’nposnlon

v

N (e'. g. muscovite X-51te occupancy is general‘ly higher

Q-

. y ;_‘«ii'n.meta-greywackes.vthan“’meta—pelit’es;_ see Fig‘. 20).

3. SubtletieS of,bu'-lk'c_:(b‘mpqsition iAn.a rock suite of one
. - assemblage can ;al'ter or prevent'the pro-grade

L



>

the pro-grade increase of Na in meta-greywacke biotites. The com- 7

;}

- hi
, . ' B} . o - : .
< - 4
f - ;,A .

Uc-ofnplo‘sitional Inaturzitio.r'x of the minera‘ls-:(e: g.. the
different maturation trends of‘mcta—pelite and llﬁeia—
_greywacke biotites; see Fig. 19). ' @
4. If ‘olnly’ o,,riel mineral rich in a particular clement is
present (end has 1 variable con;po'sition) it.s compo-
“sition. must be inﬂuenced by the abundance of that T

element in the rock (e. g.” Ca and the differ et plag—

~'1‘1ocla—SLs of the Walsh and Burwash Fms.; Mg ;md {

<

- the variability ofthe chlorites).
CONTROLLING ROLE OF PRESSURE . -, 1

—~)

_;!T.he influence of préésure can only be e,valq(’c/lteg_ by cofn—

parison with ather metamorphic ter=ains. Thc Prosperous L(E’ke mus-“

v

“covites have cornposmlonS typlcal of high.thermal gradient terrains

-

A Ty
{see Clprlanl et al., ‘1971, P- 27),0w-ith low celadoni’te contents. ’The_

similarity of biotite comp051t10ns fl om dlfferont p1 essurc regimes

-

(compare_Ta_ble 2 with Butlert, 1967 and Brown, 1967) indicetes that

pressure is not.an important control of biotite composition. However,

two features of these biotites may be.conséquent on the pressure con=-.~

s

ditions becausec they are not normally fourid:iginder higher pressure

. -y

. g‘radie‘n‘cs: '(‘l‘) the grade —,_‘c‘iepe,nder'l‘ce of ‘the I;{—svi;t‘e'”deﬁ'ciency and (2)

a9

Rl

positions. of the chlorites are inde[:;)er'ic'lent;‘o'f the pressure regimé (com-

pare Table 4 With data‘.ﬁ‘in I\/Iqatber, '1‘5703 “ahd Bi‘oivh,_ 1967). The dpaqﬁe

'7
mineral assemblage is that characterlstlc of 1ow pressure greenSChlst

[}
3

fac1es in Japan (Kanehu'a et al , 1964) except that rutile is al,so"pre sent..
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CO\I'I ROLLI’\IG ROLE Ol" LUID COMPOSITIO'\I
It is mxpos‘szglﬁe to « C‘thlb problcm dlI‘(,Ctly but it

semnS Lik ely that the composition o: (e fid medium mfluenced Lhe
L4 \. -
.Vcompos1t1<)n of the nrnncrals CI‘thHlllSlI’lg 111\t lt is therefore criti-
o ) AN
cally vunpor tant whether there was a progn ssive chande in fluid com-
position across the aurcole, i.e. _whcthor fluid composition within’
restricted systems was determined internally (closed system behav-

iour) or externally (openrsystem behaviour). For example, the

vz -

emplacement bf the central 'plutﬂ,on may have caused a radial flow of
+ fluid whose Cornposltion would have bex’en,p:rogressiv"cly modified by
interactlon with the 1;0@ rocks: " This would 'le‘ad to cllang'e_.s in” mineral
composition only apparently relatecl to'rnetalnorphic grade. There is,

_-}}?\v’ever, c.onsiderabl,e evidence against this possibilit;y.j ‘Tor instancc,

" the pro-drade..c-'nanrres in"muscovite are similar. to ‘chose,obser\red in

. réglonal Lnetarnorp’mc/terams where no central pluton was present to

induce fluid migratlon. :The same- applles to sever al of the channes in

biotite composition. Further, the' small volume: of fluid relative to

solid in these non- porous rocks sugaests to ths author Lhat fluld com-"

position would probably be locally buffered by the bulk rock composx—_._;

tion. Thus the COZ Content would be buffered by the plcscnce of <rraph- '
@

- ite and the redox propertles by the:* ferrous : ferrlc ratlo'-of the rock.

° RN

l;vcn if thcse buffered fluld compositions depended secorldarlly on
&

. R
temp_erature th'ey\ would be locally, ‘rather than externally determined.

- It seem"s‘ probebl'e the’refore, that externally controlled
.changes 1n fluid corﬁposntlon were no‘t important ‘in de’t;crrrnrunc7 nnneral
Comp051tlons in th1s partlcular rocl< suite. No d,oubt tlle presence of
'fllnld was'{cr1t1ca11y 1mportant in determmlng rates ‘and volumes of
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rcaction, but its composition was determined by minerdlogy, rock

N

composition, pressure and tompcraturo,’whi*:h were therefore the

ultimate controls of'mineral compesition. - . ‘ -

T[—IL CO\HRO[/S Ol' NII\IERAL COMPOSITION
Conbldel ing mc_tarnorphlc rocks in gener\I ‘the controls
of mineral cornposition may b_e dividcd into two types: (1) those Whlch

perimit the existence of the mineral and (2) those 'whi-"ch rnédify its com-
. v .
position. ‘ o ’ v ' . B

' oL R -
. Peérmissive Controls ~—_

These are well known through the evolution of the facies ™

A
U .
3

-~ concept. They are? \

1. Energetic controls. The appearance -of a mineral is

o~ . -

abégolutely dependent on the physical conditions being
within its ficld of stability. The o’bviouAs factors are.
P and T but the partial pressures of it/he various gases,

tl‘ie pH of the syst‘em,b etc., may be cqually ifnp‘ortant.

2. Crystaﬁographic controls. If the energetic controls
permit appearance of the phase; it is then essential
that adcqﬁate §upplies’ of the réquired clements be

available. What constitutes an 'v'ade;quate supply' is
crystallographically:controlled in'that elements must

be available in épp_r‘oxim;itely_the correct proportions.
R v . C
2

(Availability is not simply a function of bulk composi-

tion but also of metasomatic activity, reaction relation-

“
3

‘shins, <etc».) The crystallographi’c control is therefore .

,,.a-pprommately equ1valent to a control by su1tﬂb111ty of

¥ - . -

ro_ck type / “ough not compositional bU.bththS within
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. o e
that rock type) and to the 'bulk compositional control

commonly ¢ od with reference to ACF and AKF

‘diagrams. .

Modifying Controls: - -
Fof minerals of fixed composition, the above controls

are sufficient to ° “:rminc their presence or absence. When mineral
: 5

com’position is variébl;_thg ‘pcwnissivvc controls (abovce) determine the
appearange of a n}iner;l but -~ Ht its exact'Cornpoéition. lThcrg: are
several important modifying ntrols, often acting éilnultaneously.
The extent to which each operate'-sA on a Particular rri’i'ne;'a;l é::i'oup is

very variable and it is probable tlat t’h'e controlling factors operate to
/' = .
/';mdvi'.ffer ent extents in different ph&/S}C&l environments. In other words,
the relative prioritics of these factors are different for different 1 in-

erals ifi the samec metamorphic terrain and probably for the sam¢ min-
oy

era.. in different terrains. The main modifying controls are: ; k
’ s ‘ ’ , ‘ - \
3. Partition. In rocks of similar type but different min-

eral assemblage mineral compositions ate determined

by. different 'networks' of partition cquilibria and may
differ as a result. o . .

4. Cl'Létal ,chcmiétry. Tbe deman’ds of electrical neutral-

ity must sometimes result in modification of the mineral
compositions. If, for instance, increascd temperature
requires the substitution of Al3+ for M(g2+ in muscovites, ' .

the crystallo-chemical control necessitates simultaneous

changes in other eclements.

5. Metamorphic grade. Within the stability fields of

7

108
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the'minerals metamorphic T and P commonly

imposc a gradual compositional maturation.

6. Bulk composition. Within-a given bulk compositicaal

field subtleties of bulk composition can exert marked
control.

7. Modal proportions. It is shown in the following

section that “he ‘modal proportion of minerals in

rocks of very slirn‘ilar bulk chemistry may influence
mineral éhcmistry. This‘may. bé a consequence of
partition rclationship; ‘o'r’ simply a »refl_ectio‘n.'o,f the

v .
rcaction control (8, ‘below).

8. Reéét‘on relationshirjéR It also appcars from the

next sec;fign (.Fig. 26) that the composition Qf a min-

eral participating in a reaction may change prog're'ss_—

ively with tle extent of that vreactio’n.'
9. .Others. It is pro};able that other controls also

opér_ate (e. g. externally buffered fluids).
It is suggested that all of‘th'ese facto;’s may operate togethovr, in simi;
lé;‘ or olﬁposi_te sense.‘A In particular ciric,u.n:'xstances (i)ne‘may be dOmi—‘
nant .anc-i ;y.nodify or éven _preventwfcl'.l-é .iope‘\rafioh‘ of another, but thié is

no guafahtee'that the same priorities apply in other circumstances.

THE ORIGIN OF BIOTITE
' As noted above, the biot_ite isograd is not visible in the

area mapped. Therefore the nature of the biotite—’fc‘)rm'ing;rea'ction

Ly,

must be deduiced indirc . - using data on mineral c‘l},emistfy,-,- modal

P . . B S

},‘(r/ciﬁbftions_.a.ng textura relations.

o



The Problem . S e

o
Y’

Despite the zonal signifi®ance and ubiquitous oc¢currence
of biotite, its 'briéin in the greenschist facies has never bc4en fully
resolved. It is gonerallix-acccptcd that t'he rcaction involves the addi-
"tion of elements (mainly ¥, Si and Ti) to chlorite but the follc;wi;lg
rnzijor problems pcrsi;t. (1) What is the sour‘c‘e of these elements and
" are they dérived from a single ‘ré\actin‘g phase? (2) Do the vrcactavnt
phases chang.e in co%nposi’cion «during the reaction or arc they simply
consumed? (3) Are there any subordinate reaction products-and, if sou,
what are they? | |

C. E. T1lley initiated the controversy in 1926 when he

concludc at blot1te was forlncd by the reaction _— B

K- r1ch Muscovite + Chlorite + Quartz ——up

. Biotite + lcss K-rich Muscovite + HZO

Then, until about 1965, petrologists swung to the opini'on

I o

that .chfb'r_ite changed composition during.the reaction. This was éugF
gesfed by numefous workers inclﬁding Tu\rr‘ler (1948),. Ralﬁberg (1952) ,
Fyfe, Turner ana Verhoogen (1958), Turner and Verhvooge‘n (1951 éuﬂd
1960‘), Bairth (1962) and Winkler (1965). The s»uggested'react.io-ns gen-

erally conformed to that suggested by Winkler (1965):

Muscov1te + (Mg, Fe)- rich Chlorite

Y

BlOtlt(, + Al- rlch Chlorlte + Quartz + HZO

Recently, however, abundant compositional data on
- 2 |
greenschist facies minerals have become available and it is apparent

that chlorite cbmposition does not, in fact, change during the reaction

110
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(c. g. Chinner, .1§60, p'. 212; Brow‘n\, 1967). With the formulation and
clarific;atioﬁ of ;thc phengite problem (Lambert, 1959) atténtidn has_
bcc;l re-focussed on the role of,muscbvite in the production of biotite.
Yodef (1959) sugge sted that Siﬁ—rich ser’i;cite would react.with chlor4ite
to giﬂrc biotite ;"md muscovite. .A comparable rcac’tién was .experimen- '
tally denﬂonstra;tu‘:d by Winkler (1962) and the idea was developed fur-

v. ther by Ernst-(1963) and Mathor (1970). There is, however, some
contrary ~e\r'id(‘:n.czi]e su.g-gc sting that mi'.15co.vite“cé)mposi_tion does not
change during .th‘e reaction. ‘qu_exgmple, _Brown (1967‘) cqncluvded
from numverrous analyses. thag‘ neither .chlorit‘e no;' muscovite changed

. -L -
1n composition.

x| | There have atlso been suggestions that éther phases are {
rcact‘l"nts " Thus it“has be.eh suggested that the rclquired K and Si adfe -
) derived from K-feldspar (Ernst, 1'963; Winkler, 1965; Mather, 1970;
~ Brown, 1871) and I\/IcNalnara (1966) believed the K to be derived from -
Iy :

* aqucous KOH solution. There have also been suggestvions that oxide.
‘p'ha”seS are itivolved; iHarvke’r (1939, p 214) listed m%'gnetite a!nd-rutilc :
a's..rea'ctants a.nd—Dé‘er, Howile and Zussman (1962, p. 71) mentioned -

‘v"iron ore' and rutilé. ﬁ
» _ The definitive study at present is that by Mather‘(1970)

-. " who reviewed pfeﬁousl&r suggested reaétions and lﬁhowed them to be
<;’\/\/u::s/;tisfactory. He then demonstrated two important facts: ‘ '
|  1. Mus_cb\,zite coexisting with biotite is less pheng.itic:
than that Whiéhis hot. J
- 2. T‘hc c'ompoéition of thé muscovite 1s crit-ical in
_ defiﬁing the fa\nge of rock ¢ompositions in which

biotite‘may appear. -As the muscovite becomes



W

112

less phengitic at higher g_draldos the variefy of rocks
which may contain biotite inc1‘elaées.

It is nut entirely clear what reaction I\/Iathei"“envisagcd
for. the forrﬁatio.n of the })iotitc and there appears to be some contra-
_dictic;n'in what he has written:

p. 263 and 267 . . . The ass‘elnblage chloriteft+ phengitic
muscovite + microcline b‘révak;s dov&;n to yidld chlorite
+ b_io.tite ¥ léss—pllengitic muscovite. With incrcasing
grade (and ‘compl.ete.removal of micréclinc?) the

stability field of the Liotite-,b'eari_ng asse'mblagc is’
enlarged and biotite is produced by a new reaction

between phengitic muscovite and chlorite yiclding

less}—ph’engitic muscovite, chlorite and biotite.

p. 267 and 268 - . . The seqﬁence of mefaﬁl01'phic‘ zones ‘
is descr‘ibéd as follows. - . ' - 2
'Zone 1 : chl‘orite‘ and micr.ocl‘in.e are . J n
>st"able . )
Zone 2 : Zhlorite and microcline ré ac,t
_Zone 3': chlLrﬁ:c and plknfvlte react : ""f,.‘
It is therefore uncle.ar \%/hether Mather believed the required 'elcfnents
to be derived fi‘om'vr.nicrocline alone until 1t Was‘all re‘rnoved_. and then
" from phonglte, or whether mlcroclme and pheng1tg were sn‘nultaneous
reactants. As Mather was obv10us}§r awaré in settmg up tho zones, . <

this point is critical in determining the rcaction isograds. It also |

.implies a fundamental difference between the biotite isograds of ter-

B
3

rains where microcline is present and those where it is not.

-

It was with the above problems and disagreements in
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mind that the following investigation of the origin of biotite at Prosper-

ous Lake was deSigned. :
. . ) . . : ' R : 7

The Data
Modal analyses of the Jocks are g'{ven in Table 12. The
" accuracy of these determinations is 'stimated as £10-15 per cent-(sce

Appendix). Data on the mineral chéh’listry of these rocks is given

above. / _ L . a2 S

Someé usc is made below of graphs correlating variables

subject to the closure cffect (Chayes, 1971). In view of the ranges of

o 3,

percentagcs in these graphs the corvr'c;lati‘ij')'ns are believed to be signi—
ficant but evidende from them is deliberately restricted to supportive
rather than crucial roles in the argument.

The Participant Phases

-

1
A

Bi‘otite,. - The habit 'csf biotite is variable. In some r'ocks.
iit'O(;CLll‘S' as subhedral pldtgs with weakly preferréd orient’ation;.ilin'
ethers there are biotite—'richlclots with minor chlorite or c;x-idé min-
era'lls. "In many rocks, particularly 1j1eta—pelites,l, it occurs as large,
Slig.htiy poikiloblastic porpliyfroblasts commonly associated with rutile -
(Plate 3B). Some biotite flakes have quartzo-feldspathic peripheral

" zones defigciént in chlorite and muscovite or' aré a's_sociatc;:d\with
unusually coarse guartz grains. In the ex’;féme case this yields
Quaftzo_s_é augeﬁ s,urlrounded by biotite (Plate 3F). Bio.t‘ite formation
clearly stt;dated that of)chlorite an'd‘ muscovite and the téxtures 'sgg—:
~gest that rutile dhd quértz were also involved i‘l_’l\th(;i' reactio.r.l.

Biotites i.n_meta—greywacke‘s show sysfematic cmnposi»-

tioﬁal changes with metamorphic grade bt those in Ineta;pélites do not
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PLATE 3

Photomicrographs of biotite zone rocks.

(KEY : bi = biotite; mu = muscovite; chl = chlorite; rut = rutile;
ilm, = ilmenite; co = cordierite; gt = garnct; st = staurolite.)

A

Q

. H.

light.

General view showing blastopsammitic texture of 4 typical biotite

zone meta-greywacke. Sample G-14. Crossed nicols.

Biotite and rutile porphyroblasts and a fine-grained, lepidoblastic,”

- (kinked) matrix of chlorite and muscovite in a typical biotite zone

meta-pelite. Sample P-5. Plane polarlsed light.

Etile porphyroblast in sarnple P-4. Biotite, quartz and

"K-feldspar are associated with the rutile. Note that the lepido-
" blastic matriy folidtion has been deformed by the rutile. Plane

polarised 1i o ) _ '

'

(1) Imenite grain with embayed outline suggestlve of corrosion.
Saxnple P-14. Reilected light. : .
(2) Composite rutile porph\/loblast. 'Sarr‘.ple P-1. Reflected light.

'“Chlorltc(B X) cutting across b1ot1te grains in samplc P-2. Plane

polarmnd llaht

Quartzose augen surrounded by biotite in a fine-grained ground-

mass. Note associated rutile. Meta-pelite. Plane polarised

)

Example of a 'stable' clastic plagioclase grain in a meta-

" greywacke '(sqe text). ~Sample G-14. Crossed nicols.

Example of an 'active' clastic plagioclase graln in meta-
greywiacke G-14 (see text). Crossed nicols. :

s
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: o
(Fig. 19). Figurc 24 shows the corollary of this -- when biotite com-

position vi‘vs plotted against biotite mode thé metq-gl'ey\%/d:(:ké;s shlow no
correlation but the méta—bélité biotitcé display irié-z:casing AIVI/(Fe’+_' .
Mn + Mg) as b.iotite mode in‘creas'es. This‘ problem is discu;s.ed
further below; |

As the principal reaction p_roducﬁ ‘the amount of biotite

present is a measure. of the extent of reaction b(e.g. Everett, 1959,
p. 93 since the rocks were biotite—_fr"eé before the reaction occurred.

The ~odal percentage of biotite is therefore used below as an index of ° =

Ce

g

tife extent to which the reaction procéeded.

~

Chlorite occurs as very small flakes‘ 1n the ground—

masses of both meta-pelites and méta-greywacl;e‘s‘_(Plate 3B and C)
. \7? . ’ | ’ ‘\\ o - .o .
~There is a slight tendency to lower chlorite modal percantages at

higher grades (Fig. 29) but there is little compositional depéndence on

grélde ‘(above). ’ J\

‘Tig. 25 implies cbnsumption of chlorite in the biotite-
forniing reactiorn. Graphs (not shown) of chlorite composition against -

biotite modal percentage indicate that chlorite composition did not.

‘change as thd reaction progressed. The possible exception is that the

chlorites of the biotite-free Walsh Fm. rocks have h_ig‘her Fe/Mg

ratios than thpse in the biotite-bearing Byrwash Fm. v»\hich might be

’
—_—

attribufable tq different host-rock compogitions. - P
" Thus all the available information indicates .that chlorite (
was a principall reactant phase but apparently did not change in compo-)f)

B -
sition'during the reaction.

uscovite. Small muscovite flakes {Plate 3B, Cand
. o » - . : A ‘v - ‘:/’('
F) are abundant|in the meta-pelites but less so in the meta-greywackes
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FIGURE 25}f:, Mutudl relationships of chlorite'and“muscoﬁite
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+ .. Thesc includcvtne d(;é:;;('eaSL of K Sucmested by Tilley (1926) and a

suggest that this is not so). Figure 26 thiercfore implics changes in

W

r

" (Tablt 12). Muscovite abundance is not related to metamorphic grade

but there is a broad antipathetic rclationship between muscovite and
b1ot1tt? modes in .Acta—polites (Fig. 25). This“is at least compatible

with consumptlon of muscovite dur1n5 formatlon of blotltc

Figurc 26 shows th_at t’ncrc, are' sy stematic relat,ionshios ‘

bctween thc comp051tlon of Innscomtc and th( ‘ambount of b1ot1tc prescnt,

(It might be argued th’lt these trends are a result of both rnuscovﬂ:e

composition and bio}iLc mode being related £o metamorphic grade but

the relative lincarities of the trends in Figs. 26 and 28 and th.e\ fact

that the Ti content of rnus_,c_ovité is not grade-dependent ---above --

(%9

muscovite composition as the b_iotite—for'ming reaction progressed.

5

decrease o_f (Fe + Mg +-Mn) compatible with decreasing phongite con-

tent (Mather, _.1;"9"70 and Ernst, 1963), ‘buat no change in-Si or z’_\lVI con-

tents is apba;rent. They also_ include increasecd Ti content and

dccrcased/vutal Y -site occupancy

Txt niferous oxldes The ilmenite in thé: : rocks char-

acteristically occurs as anhedral grains with embaycd outliﬁ_cs (Plate
« BRENR vl

3D) suggestive of'corrosion. In some instances it forms bubhcdrwl

plates allcnod parallel to the aroundmass fohatlon 1nd {')"Lz}mg paragen-

e

-etic contemporanelty w1th 1t Hmc;mte has not been oh cmpcd 1n Walsh :

‘Frm. rocks but in thc Burwash Frn its modal amount is rclated to

that of blotlte as shown in Flg 27 -- there is a Jn,x;:ked dccrease in
. / ,,,A

120

the maxlmum 1Imen1tc content as blOtlte mode 1n Trases. This is l/\
¢ g .

. AN /
compat1ble Wlth thc tc\tural lndlcatlons that 1;., '
. €

the reaction. Howevezr, the most Substanti“@;rroof that ilmenite

a0
L

enite was consumed in
; o
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‘greywackes had” too.limited a fange to reveal trends. Péi?ts
“marked (?) fall away from opherwiée well—definéd trendé.

'rdinate axis graduated in atomic proportions. Symbols

as in Fig. 24. ' o
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participated is that rutile was co-genctic with biotite (below) and the

Ti cor;tcnt of the biotite is l}igbcr than that of either the chlorite or the
muscovite. A Ti-rich reactant is therefore mandatory and t.he'nattire
o‘f the ;'L;tilc proves that it was a product not a reactant.

The rutile commonly occurs intcrgrown with the ilmien-
ite or clous’,bc’ly ass‘ogA ;te:d with it, buF more "typically,is alone. It forms
Sn’l%lll anhedra (including flakes on biotite cleavagcs),f short prisms, .
or the very characte ristic compjosite porphyroblasts dcpicted_ in Plate

B

3Cand D. These arc typically associatea with biotite p.orphyroblasts ‘

.and, n some instances, deform the groundmass foliation (Plate 3C).

In the Walsh Fm. the rutile occurs as tiny anhedra very distinct from

those of the Burwash Fm. and none of the. C()1nposite,porphyroblasfs

‘have becn obscrved. Thus there is very little doubt from thé{tcxtu.ral

relations that rutile was co-genctic with bidtite and it is therefore not

immediately -apparent why there is a marked negative correlation

between th-;: {nddal arnourits of rutile and biotitr (Fig. 27). This corre-
l;;cion might sirﬁply be due. to the cl‘osu,re effect (Chaye s, 1971) but
altﬂernati\./ely rﬁight indicate that rutile was Sirr}_pﬁly'v prbduced'in whatever
amounts were required to.\'\take cup th-c Ti which could not be a;:coihmo-
dated in Eiotite. Whére bio\'{e ié abm_ldan’t these excesses werc small

and little rutile was fbrmed. =This implies, of course, that thé amount

of ilmenite decorriposing was not controlled by demand for Ti.

The above features clearly indicate that ilmenite was
p. =ent before the appearance of biotite and was consumed in the reac-

tion, while rutile was a secondary product co-genetic with biotite.

The absence of biotite in the ilmenite-free Walsh Fm. rocks tends to
. 3 v

confirm that ilmenite was essential to the rcaction.

N
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Potassium feldspar. K-feldspar occurs in fhe fine -

grained portions of these rocks but never as clastic relics. Secondary
. ) ' : . /\.'
K-feldspar is also present in most of the rocks from this arca in small

Vo
i )

amounts localised along veinlets or"a"s_“sé‘c'iated with chloritiscd biotite.
(The sccondary K,—'fei‘dslv)ar and thg_ﬂ.a‘if:é:lr«g‘d"‘_‘b'ibtito do not hinder the ‘
study of these 'roc‘:ks be..c_ause they are Yo réa;dily recognised zll'nd
avoided.) The .primary K-feldspar exhibits several significa.nt textural
features. It is Qccasio.nally_.f‘ouzid interleaved with biotite 01: "incllti(:le.d'
in biotite poikiloblasts. It is very comrﬁonly associated Vlvith rutile
pél‘pllyl'dblaéts an?‘lv occur$ in some (iuartzose augen. These fc‘:ityu‘res
éuggost that K-feldspar was a by'—producto,of the biotitc—forr’ﬁing reac-
tion. |

3

v Plégioclase and quartz. There is no evidence that

plagiocla*se pafticipated in the reé;tion but the abundance and diverse
hahit 'c;f‘that minecral might oBlitcrate such evidence and its pari’ticipa—
tion cannot bc rL“1'lcd out.  Quartz, however, displays textures sugées—
-~ tive of being-cojgenetic with biotite, forming augen~ (Plate 3F)

-associated with ,biotite or occuring as quartzose rims round the biotite

porphyroblasts.

The Reaction

The evidence above leads to the conclusion that the

operativéireaction at Yellowknife was a complex process approximated,

. by: ’ ‘ - ‘ S
- . . ' v . b
- Chlorite + Muscovite(l) + Ilmenite —> T
i . Biotite + Muscovite(2) + Hp)O + [Rutile, Quartz,
. 9 .

K—fcldspar]
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K

)

‘Chlorit¢ did not change in composition but was simply

consumed as the reaction progressed. Muscovite was consumed but

tha€yremaining suffered compositional changes. The composition of
R :

the biotite produced w:ls'dcpcnaent, at least in the meta-pelites, on.

the extént of reaction. Rutile and probably quartz and K-feldspar were

produced.-only in amounts necessary to take.up excesses of clements.
The role of K-feldspar is uncertain except in that it-was co-genectic

with rutile and biotite.

Discussion “

A
'

Mechanisms. The mechanism of a reaction in which a

. . . . :
reactant is partially consumed and also Altered in composition must
p

be complex. Figure 28 is a simplistic'model for the transfer of

material in such a reaction, illustrating two discrote stages in the

cent! juous process. Deccomposition of muscovite (1) apparently liber-

ated clements in proportions rather different from those required for:

the converstion of chlorite to biotite. The resultant cxcesses (and

deficiencies) were accommodated eithér in muscovite (2) or in - .

X-feldspar and quartz. Excess Tiliberated by ilmenity decomposition

v

was similarly fixed as rutile, though Fig.: 26 suggests that a little of 7

it was taken up in muscovite {2). Muscovite (2) was then-the reactant -

for the next step of.the continuous process. This model fails to explain =
the dependence of biotite composition on the extent of reaction (Fig. 24). -

No entirely satisfactory explanation for this is apparent. Possibly in

. R

rocks where the extent of reaction was large the depletion of reactants

R o

e ——

(e. g. ilmenite) caused a pali;c“i_t)';ﬁplfﬁ_gﬂ_cm@%{ﬁ“’fe.fg.lﬂfz) so that biotite

compositi_gn deviated from the opfirpum to accommodate. this shortage.



Extent of reaction :

ictants

.
C

e

Products

“ }iL

~
1

9

. ' 54
FIGURE 28 : Simplistic diagram illustrafing the sugrested transfer of elements during

the conversion of chlorite to biotite. It attempts to explain the features of Figs.
24 to 27 which sugpest that the reaction involved both changes in amounts of the

o .
phases and (in some cases) composii}onal changes in them. Dashed lines indicate

excesses of elements and the sfzes of the circles indicate crudely the amounts of the

N «
phases present. Three stages in the continuous process are shown.
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Te’rmination of the icactiori. Figure.Z‘)‘ show s that the
extent of reaction va‘rics widely at any particular 1ncta1ﬁorf3hic grade.
é‘he reaction was not, therefore, sirpply a continuous p"rocess whose

- balance shifted to the products at higher temperature, ’;and some other

»

control must have operated. The most likely cause of termination of

' . ! .
the reaction is the removal of one reactant. However, only 53 per

éent of these rocks effcctive"ly lack 6n¢ reactant {i.e. contain less than
0.3 per cent rpodal). Only another 6 per cent have two recactants pre-
sen.t' in such smail amounts thét they might be isolated from one another
(i. e. totalling less than"3 per cern.t nﬂiodal)‘. Clearly therc-are many
rocks in which all threc reactants are abundantly present. The follow-
ing reason is suggested. Wh'e'n conditions of incompatibility were
reac.ﬁed,. tiler,e was rapid reaction of incon;patiblue phases in effec'ti“w;.
physical conta?:t. This ceased when two rea.ctan‘t’f became se-pareited
but‘increased‘ temperature and duration of metayéorphimn permitted
~diffusion of 'componenté from increasing distan‘ges. In time one reac-
tant would have I;een ;:omple.tely remc;'ve:d by this mechanism I;ut the
system was cooled before this was ac’hi'eved. Thus the }Wide range of
-modal pércentaées in Fig. 29 ana the coexisten“ce of ‘réact-‘a_nt‘s in ‘some
rocks is due to’éffecti.ve isoia‘.’ti'on’ of reactants while theAsecond-order
pro-grade increase in biotite content is due to more complete reaction

by diffusive processes.

‘Comparison with Previous Studies

None of the numerous propbsed[‘i*eactions which involve
éhanging Ch.l.orite compoéition (e. g. R‘,émberg, 1952; Winkler, 1967;
Tﬁrner, 196?) occurred in the Yellowknife rocks. lTher‘c is, however,

-
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little doubt that m.arkcd changes in muscovite composition of:curré&
(cf. Brown, 1967).

Little pertinent information is available on the'partici- .
pation o’€ titaniferous.q‘xide‘s in comparable silicate reacfio\u's. ‘Evans
and Gﬁidotti (1966, p. 58) sugg’e sted that a reaction with ilmenite
‘I’nig}lt accounf for increased Ti'in bictites anc'l Muller (1966) described

the retrogression of biotite to chlorite, muscovite, ilmenite, ruti.:,

sphene and hematite. This is similar to the pro-grade recctic sug-

cested above and constitutes 'strong:eviden.ce for its fcasibility. -

The 1'eac-tion differs from that suggested by Mather
{1970) in three ways. (1) Detri‘tal K—fclds'par is enti‘rel.y absent and
there was no chance for the fli'r st of Mather's r.eacntions to occur.
(2) Thevp.hcngite content of_ the. Y‘éilowknifc muscovites is small
{Table 6) so1 t‘ihat muséovite composition did not influenc¢ the condi-
tions of reaction and biotite was formed at similar meta;rnorphic grades
in all rocks which contained th‘e’ essentizl rcacta,lixts. This telesco‘p_ing
of the biotite isograds in"différe},nt ;:ock cox.npositions may beéxpecte.d
in all low B/T.facies Serieé. ~(3) The tita‘nife‘rous oxides at 'fellow-r
Xnife were involved in the reaction. Mather's Talbie 2 shows that his
reaction cannot be balanced invycrl-'ns of TiOZ and smné éourcc." of Tiis
required. Mather gév’e n‘olinfdi.'mation on,“the oxldes present and it

scerhs possible that ilmenite was also involvi-‘ectl‘{.'in the Abcrfoyle-rocks.

Fris point is, in fact, of-general application and many biotite isograds

may involve titaniférous oxides as‘essential rcactants.

Conclusion B 5

Biotite orjginatqa in the Burwash Fm. by the complex

reaction described above. While the identity of the reactant and.

4

2
"

J G"f
b
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product phases is not surprising, it is the apparent complexities of the
reaction which warrant much further work. In 1926 Tilley concluded

a papcer on rocks of this type by remarking that, "The mechanism of

 mineralogical transformations’in crystalline schists is sompthing

much more complex than is explained away by the customary simple

' This is clearly still true for biotite -forming reactions.

equations.'
The most obvious unsolved complexitics apparcnt from

. . - . Fol

the’ above study are as follows: (1) Apparently a paucity of reactants

: O
cnt of reaction was large caused the biotite comiposition: .

to vdry with the extent of reaction. Is this really the cause of the
corrclation between biotite mode and composition and is the effect of

gencral applicability? (2) What mechani's;ﬁ*accouhts for both consump-

‘tion and compositional modification of the reactant muscovite? (3) Why

»

should muscovite b'cI';:bmpositi.onally"modi,{igd b

- )
ut not c?i\?éi‘_j‘ite?A (4) It

has becn suggested above that the minor reaction products were pro- .

duced only in amounts sufficient to take up elemental excesses which

.

could not be accommodated in.the principal products. This implies
that the stoichiometric coefficients vary from rock to rock for the

'same' reaction. Does the exact nature of mineral reactions depend
on the relative amofints of the reactants present? (5) The formation

~

- of biotite at Yellowknife was dependent on the presence of ilmenite, 'as

shown by the abscnce of biotite in the ilmenite-free Walsh Fm. Minor

constituents, particularly opaque phases; have comm'only been ignored
.in petrographic studies. Are they essential to many reactions and
does their presence or absence'commonly control the appearance of a

. new- phase ? -




THE CORDIERITE [SOGRAD'
"The ordicrite isograd ha$s traditionally i:;cen used

throughout the Slavc \Craton to separate two r(.achly mappablé meta-

1

. morphic zones (the bllotltc and cordierite zoncs) and conseq’u’ently has
E .

been egxtensively map‘pgd (e g\. HLndel son and Jolhf[e '19'11~ Jolliffe,

ks
B

1942 and 1946) Krotk/ (1968) and Dawdaon (1967)}{121&@ attributed the
appearance of COl'“dlel‘lte to the rcactlQn of chlorite, mgscoVitc and
quartz to prdduce cordlierite, biotit_e and \A;at.er,' but n:)' detailed petro-
Iogicél study -has been'&made_ énd there has been no specific study of.

the Prosperous Lake Area’.

The Problem ’ . ;

o

There are numerous possible reactions to account for
the appcarancewof éordﬁerc’:te in pelitic and semi-pelitic schists
(Schreyer and Yode“ 1961) : Perhaps the most commonly suggested

and the most churly undorstood one is

%
Muscovi'te + Chlorite + Quartz —_—

Cordierite + Biotite + H"ZO

© (Tiller, 1924; Winkler and von Platen 1958; Schr eyer and Yoc}er
~‘19611; | He_ss., 1969;. Seifert, -1970; Bird and Fawcett, 1971). There
,-are, howev. -, severe re strictions on the ‘bulk compositidns in which
this simultarieoﬁé fifst appfeéfémce of cordierite a‘nd\biotite‘ will occur.
Seifert (1970, p. 76) noted that it will only occur 1f.thc bulik L,O@mpOSL—
thﬂ lies in the rﬁuscovrcc chlorlte two-phase f‘l(,ld ir. the i@dlagram
;n'more aluminous c_ornp_ositions cordierite will appear at lower temp-

‘eratures; in less aluminous rocks biotite will appear first. As a

gw,
“
e
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CORDIERITE ISOGRAD

PROSPEROUS ©

Sample location
with cordierite

@ Sample location
: without cordierite

P17 Location of analysed
samplés

/.\ Bedding trends
Vv

FIGURE 30
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Mincrql assemblages obterved in the vicinity of the cordierdte 1so:rad‘\

the resulting definition of that Iecrrad and the locations of samples for analysis.
: nj“ ’ ' B




.conscquence of these restrictions, the experimentally established

reaction (abové) is q11l{ke13f to represent eqti'rely'thve isog/rads of real
meta-pelites. In particv'u:lar,' the érior appez;rancé of biqtite i,)n'the
pro-grade éopal sequence is the rule rather than the CXCLjpti;)n and its
efi_fehctv.s o‘n the growt{n of c01’-:die'rite'aré' ribt:f known.:

o The Pl‘ésperous Lgkc; cordierite isogrz%d provid¢s ;n_

ideal opportunity to stu this problem. Biotite is 'prcsént in rocks’
below the isograd, its comp051tlona1 changes with grade are known
{above) and the cordlerlte 15001ad itself is bharply defined and wéll

exposed.

The Isograd

B 1-‘ The cordierite i“soarad in the Prosoerous L ake area

" was first 1napped by Jolllffe (1942 and 1946) as shown in Flg 4. It has

,\L LS.

been simhﬂf mod? 1ed in the sxnall area \vhcre detailed study has. been

appear in éburi'dah"c ;,,fr a very small interval of grade (Fig. 30).

o A

: . . L . D :
There is no particular rock-type in wh’;chvthe‘cordlerlte appears f1rst

thouch comrnonly at any one outcrop it is pre esent in some beds and not ;

—~—
“

1n.others. W1th1n the cordlerlte zone cordierite is ubiquitous but vari-

able in amount and is absent from - rocks.

Table 13 'shows’ the rel .tive {: ﬁquency of m1nera1

assemblages above and below the 1sogrdd l‘hejfollowing points are
A .

1 . 5

51gn1f1cant o ' : _ ' o -~

I While chlorite(A) and muscovite coexist in many
rocks below the cordierite isograd,  they have not.
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been observed together in cordierite-bhearing rocks

D
’

“and very ratc:ly sO in corvdicrite—fre'e‘ Ri;ocks above
the isograd. (T/f;e only f'wo o{;seerd.exce[Stior;s are
ffom the same locality very glose to the iéogradi'.)
Minor amounts of chlorite (B-X) do coexist with -

D

muscqviteﬂabov;: the‘isograd but its formation N
apparcntly post-dated the cordi‘crite—form;ng reac-
tion.
2. Rocks a.bove thé isograd commonly ’Contc;in either
c‘h}pritc(A) or muscovite.
3.’_7- Absez:lce of both 'chlorite(;’%)- and muscoviite‘is rare
below tHe isograd But much more common above
- it, es’pbciall\; in.cordievrite—beariry\g rocks.
Tablévl3 therefore‘ indicétc-}s that cordicrite f’orf%cd- by r‘c‘zactionof
chlorite(A) and muscovite. Both \V(—,*“1'e essential rcactants and the
appﬁeérance of cordierite ceptnded on their coexistence. " Thus the
cordierite-free rocks above the isograd are those which .prrcvioﬁsly
lacked eith.é_r“‘chlc_)rivte(A) orv'znuscovitc.. In these rocksAthe chlorite(A)

or muscovite pcrsisted above the dénditions of their mutual incompat-

’ibi‘l‘ity (Tables 17 and 1'8). In most cases the cordijerit‘e—forming reac}

tion was terminated by complete consumption of the chlorite, leaving

excess muscovite; less commonly muscovite was completely consumed

- - . . . S

first. _ . , - i o

The role of biotite cz;rmot be evaluated by these criter'{fir

&

Coa
-

The Role of Biotite -- Petrographic Evidence

<2

lar to ths .c;qyi} it and there is nodistinct difference betweén*the ‘

The an.unt of biotite present above.the isograd'is si_f_ni—.‘
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Featur os of the tordierite, cordierite-garnect and sillimanite-

"PLATE 4

staur ollt Z0Nnes.

(KEY : As for Plate 3.)

AL

B.

~polarised ligit.

- (Fig. 36).

Typlcal outcrop of cor dl(:l 1te—r1(_h biotit{c meta-scdiments.,

Fy pical dif usec poikilobl—dst,of co_rdicrite with numerous inclusions
in a 1neta—grey,\'vacke‘.“ Crossed nicols,

Margin of a <.Ord10“1tc polklloblubt showing depletign of biotite
within it dnd coxnplcte lack of marginal blotxte concentration.
Plane polarised llg,ht » . o

Co’arsq mterlca_vcd muscovite and chlorite included in a cordierite
poikiloblast., Note associated ilmenite and anhedral {corroded?)
biotite.' Plane polarised light. .

) Lu hedral rfa.rnet with few mcfusmns in a matrix containing biotite

and rutile. Plane polarised light.

Embayed g garnct \Vlth relict cuhedral shape. The embayments are
{filled by quartz and are thought to indicate corrosion. Plane

LR

Large euhedral andalusite (var. chmstolltu) porphyroblasts in
biotite semi-schist from®he Western SllOI‘L of Pr o¢perou‘s Lake

Optlcally contmuouo relics of corpoded - - aurolite (].OLElthll shown
in Fig. 36) surrounded by abnor nmlly CO?’Ll’bC muscovite., Plane

polarlscd llght
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. biotite contents of cordierite-bearing and cordierite-free rocks above

the isograd (Fi‘ét 31). "This indicates that biotite was not produced
co-genctically with cordierite. .
! . A similar conclusion is suggested by consideration of

the","c'“ordicritc poiléiloblasts (Plate 4B, C and D). 'Biotite is definitely

,{,:;-’:,dépleted in these relative to the amount present outside them {(Plate
¥ , :

rd
>

4C). The inclfxd?d biotite grains are also anhedral and reduced in size

compared to'those outside. Marginal'concentration of biotite in the.

vicinity of the poikiloblasts is very rare.

.'Althrough tBe above indicates that biotite was not pro-
. ,

duced with cordierite, there.is one possible point of evidence to the
coutrary. In seme thin-sections there is evidence. that two biotite ‘
‘generations are present. Kretz (1968,\P1ate IV) and Xamineni (pers.

comm. 1971) have noted the s.ine and it might be argucd that the -

subordinate generation was co-genetic with cordierite. There is no

. marked compositional distinction between the two generations (Table

14) and no evidence of an association between cordierite and either

Cone. Itis suggestea-below (Fig. 37a) that there was a sporadic carly

" biotite followed by the pl_‘in(.:vi'pal biotite 'g;}cratibn, both formed before

the cordierite. {
{

The petsographic criteriatherefore indicate that no new

© biotite crystallised with. cordierite.

The Cordierite Poikiloblasts

Cordierite forms large (ca. 0.5-2.0 cm.), diffuse

poikiloblasts with numerous inclusions and ragged margins (Plate 4B)-

.
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which are oftén pinitised. These pailqiloblzlsts hav: cdnsistent textural
featitres relevant to their origin:

1. They include medium-grained muscovite flakes

T4 -
~which are distinct from those of the exterior ground-

masses both in appearance (Plate 4D) aﬁd compQsi- @;’
. . : - ] " a C : .
tion (Table 15). : ) B

= X . ” A !
2. ‘Many poikiloblasts also contain large chlorite flakes.

'

whichL are petrdgraphi'cally distinct from chlorites
not included by cordierite (Plate 4D).
3. These included cﬁlorite and muscovite .flakes are,

gl 2R PP
LA o
] Cie

‘in some instances, ‘interleaved, a featur¥s

obsc?rv'cd outsidé the poikiloblasts (Piaté 4D).
4. Aimost\:aljthe péikild})lésts contain -mofe ilmenite
, S ,
than is pre‘s,ent in the groundmass.
5. Round s_bme cordiérites there is marginal concen-

tration of coarse chlorite or muscovite.

6. Biotite in the poikiioblasts is greatly reduced in

amount relative to the rest of the rock (Plate 4C).
The biotite that is included is fine-grained and
anhedral. There is no indication that pre-ecxisting

"bio‘tite was pushed aside and marginally concentrated o

during growth of cordi.er‘it;te (Pl‘ate 4C). - '
The nafure of the poikﬂoblastsl thercfore implies that biotite wabs ‘con—“ '
- sumed in the réaction (at 1ea‘lt in s.r.nall amo'unfé where tl’ie’goikilo.—. |
blasts- are noviv sitﬁated) and tfl:it minor am"ounts of muscovite, chlor-

ite and ilmenite were produced with cordiéerite. B
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ordierite

snd arpinite

Trscdrad, Prosperous lake area.

rdicrites

Inclusiops,in.cordierite’

nl'

237 = 0.115, Fe?¥ 2 2,399 (Calculated as in Table 14).

flmenites included in cordieriie are given in Table 11,

\ Pinite
B ’ ) - - Muscovite Chlorite Biotite
Sample No. G-16 P-17 P-19 G-106 - g
—— P-17 P-1¢ P-19 P-19
SiO, 18.78 15,92 48,34 | 47.97 | 45,43 44.93 23. 65 33,45
Ti05 0.00 G.00 0.00 0.01 0.20 0.2+ 0.08 1.69
Al>05 32,92 32,95 33,17 | 30.50 | 36.11 36,61 23,47 20.00
SFeCw, 7.56 8.13 3.19 1. 27 0.84 0. 80 24, 42 19.23
MO 0.66 0.23 0.35 0.03 0.00 0.00 0,18 0.10
NgO 7.86 3.03 7.70 2.47 0. 44 0.39° 14.35 8.99 -
CaO 9.00 0.00 0.00 | 0.14 0.02 . 0.00 0. 04 0.01
Naz0 0.57 0.27 0.27 0.12 0.88 1,47 0.00 0.22
K20 0.05 0.05 0.06 7.36 8. 57 g.10 0.07 9.05
Total G8. 14 98.68 .93, 92.86 | 93.12  93.55 86.27 92.74
[ : : -
Si_ o 5.018  5.019 4. - 6 104 6.039-|  2.528 5.229
Aty 0.982  0.981 1. - 1.896  -1.4col 1,172 2,771
AVl 3.009.  3.004. 3. - 3,676 3. 84l 1.485 0.914
Ti 9.000  0.000 0. - 0.020  0.024 0.006 0.199
Fe#- 0.630 0.698 0. - C.085  0.051 2.133 L I
Mn 0.058  0.029 0. - 0.000  0.000 0.016 0.013
Mg . 1.210  1.22%8 L. - 0.088  0.0673 2. 286 2.095
Ca V.000 0.000 O©. - 0.003  4.000 0.005 0.002
Na 0.114 0.05¢ 0. - 0,224 0.383 0.200 0. 067
K. 0.007 0.007 0. - 1.320 4 1,560 0.010 1.805
ZX-site - - - 1.753 1.944 - 1.873
=Y -site 5. 046 018 5 - T4.070  4.024 5.99] 5.734
1] i - ‘
“Total Fe as FeO or Fe?‘+.
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. . 3t
TABLE 16 : Mineral-asscmblages of rocks ?rom the cordicrite
Tsourad in whicn mincrals-have been analysed.

2,

Mineral P-16 G-16 P-_17_“’ G-17 P-19
Cordierite . l ] | XX XX O . XX
OBiotitﬁe . XX XX 4' XX XX XX ) . :
Chlorite(A) XX o - o XX . o
Chlorite(B-X) O | .
:Kdu-scovite O . O ‘;}ﬁg X -0

. g

All assemblages include quartz and plagioclase.

XX = 5% -
X = 0-5% ’ A
O =

Absent or Trace

g
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Mineral Compositions

Tables 14, 15 and 16 giv‘e miner: . analyses and md.dal
constitution for scveral focks from- ghe vicinity of the”t‘:.o‘rdicri‘tAe iso-
grad (F.ig; 30).' Analyscs of cordierite zone rnincralé from other /

: L}
areas arc given by Folinsbee (1940, 1941, 1942). -
“ | Biotite. The compositions of biotites in cordierite-
: . .
bearing and §orc1ie;ite—f1‘e_.p 11o‘cks. may .only be compared wit}: due
reference to the controls exerted by ‘tamorphic glidc and rock
c':‘émpositi.on {above). This is done in Fig. 32. The biotites from

cordierite-free rocks conform entirely to the established pro-grade

(above). Those in cordicrite-bearing

Wb

trends in nlqlineral'coxnpo:;i'tion
rocks, however, are cenerally distinctly dif‘f-erent (sec also Fig. 34),.
notably in having higher allVysi, Fe/Mg, Na/K and AlVI content. |
The biotite included in cordierite exbﬂ)ifé even.greatc”.x" deviations (in_,
the same sensc) from the trends for'cordiei‘ite—free rocks.
Figure. 32 therefor_de leadls to t.wo important cvoncl'us-ions:w
The Qro—gfade coﬁhpositiénal changes'in biotite
~stablished in the biotite yjone are further substa‘n- ’
iated.
fhe- formafiénpf cordierite led to _dis-’gihct but subtle,
changes in the compos/i#ion of biotite. .When cor>dier_
.itev was produc‘ed the pa’rtition eqL'xiilib'ria glyifted so l _ -7
that biotite effectively su-»pplic'déi, ‘Mg and K to the
reaction in exchange for Al, f:e»arid;Na. | v ~  - S
The two‘-possib.lc‘ biotite _ééneﬁétions_dc scr’ibed%bm}e“ .

are very simildr in composition.; The differences in composition«

between them are not consistently the same as-b_etWCen“the biotites of
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/ N -
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. ’ .
. FICURE 32 Illustrating ‘the comronitions of blotites above the
cnrdierite isoprad in rcll.u:. 1 to the pro-grade CE;‘;.‘pO'_\itionll i
= trends previously cstablished (Fig.19). I‘oints'bzl[yv the cord-
lerite iscgprad are transferred f‘ron Fig. 19,
S ,
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cordierite “bearing and cor‘;liigrite-frcg rocks, a further 'ixlldicatiori that
the subordinate one was not co-genetic with cordierite.

. Muscovite. The‘ ‘rnuSCO\%LQs included in cordierite are
composnlgbnally more ideal than thos;e outside the po#luloblasts (com-
pare Tables 15 and 3) Thcy also cogﬁ::%:in markedly rhox:e Na than .
expected from the grade.—dep_cndgrr-x{ trends |

cmorite.‘-Anwt'heQ anaiyscd chlbriteS (Tables 14 and‘15) “@
conform to the establlqshcd conlpo:,luonal trends \v1th grade. The
coarse chlorite enclosed in c01c;1er1te s shghtly m;)re Al-rich and

“has hwher Fe/Mrf than the groundmass Ch].OI"LtC There is no apparj-'

ent difference between the chlorites of c’ordierite—bearihg and»

I_lmenité. T‘

arc very similar to those of the grouxidm‘asses (Table 11). - s

The Cordierite- feupaing Rn_actlon

7 4 3

1? : J‘f
“ﬂl’i}g %’erlerltc ”’Sodl‘ad m thc Prospgrous Lake area
~(and pc‘rhaps 11“Lf‘nnuch n,f the Slave Craton) represonts the complex
. reactl,on S ' : % :

oy . ' - =
Sl , )
' f:lllorite + Muscovite( )+ Quart7 r Biotite(l) ~——s=

. : c R "

e h Cordierite + Blotltc(Z) + H>O +

[Ilmenlte Chlor 1te, \’IUSCOVIt(, 2)] .

Chlorite and muscovite were consumed in tl_l\e':-r"féaction but a little mus-
. - ‘ T ’ ]

covite was also prod%ced with the ¢ordierite. Ther was probably no

a’

crystallisation of ncw biotite but some, was““c'onsu.lnc'd_Aand the remain-

. der.was modified in composition.

Protes
.
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-

A = [\1203'*‘ 1:(’203:((::\51 g))'f' 1(2()

F - FeOMnOMO

X ‘Walsh Fm.

. Burwash Fm.

a

FIGURE 33 : AKF diapram deplcting the compositions of minerals from

"the immediate vicinity of the cordierite isoprad and all the‘avail-
- A
‘able rock anFlyses for this area. Muscovites : P-1, P-3 and G-1;

),
N

. . . - Chlorites : P-16, G-17; Cordierites and bioii_tes from Tables 14

and 15; Rocks from Table 2, Boyle (1961) and Henderson (1972).
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Controls of the Appearance of Cordicrite. ' : L.

“Mineral assemblage. Cordicrite was formed only in

those rocks in which chlorite and muscovite coexisted. This in turn’

was controlled by the biotite-forming process and its termination.

- Rock coxnp.osit,ions. The work of S(;ifg rt (1970) anci
Hess (1969) suggests that bt.ilk‘r.ock ,composiﬁbﬁ has important co_ntro.l.sj
on the appeara'ncc and proc ction of‘co.rdicr'ite. v‘.In the Prosperous
" Lake arca there'is no Tiﬁdical:ior'l that cordiefite was: more readrily
formed in either meta-greywackes or xncta—.pclites (e.g. Table 16). .
”'This is presumabiy bec:‘ausc of the similar fniheralogies'ax1d bulk com -

poéitions‘ of thesc two rack types (Fig. 13).

Figure 33 shows the relationships of the rocks ahd min-

erals in the AXKT diagram and confirms what Seifert (1970) stated about
- : " _ : | G
the sequence of appenrance of biotite and cordierite. All the Burwash

Fm. rocks pl‘ot}below the muscovite-chlorite Jjoin and developed biotite

- (, . s - -
before cordierite. The two Walsh Fm, rocks plot just above that tie-

line and lack biotite at grades above the biotite isograd. Presumably

at higher grades they would develop cordierite before biotite.

[ -

Figure 34 shows the mineral and rock compositions in
the Thompson AT'M p_r}ojcﬂcti'oh which was the basis of Hess's (1969)

criteria for the ;Lability fic_ld,-of‘_c‘oi'dierite. (1) Hess po‘inted‘ out that

-

X most meta—pclitcé plot on the Fe gide of the 41\125105—'c1110,lll'ite tie-line
and therefore must dévclb'p garnet rathe_r;tha.n cdrdicritc until that
'fie—‘linc is llaeren.‘ The compositional field of the Prosperous‘ Lake
rocks straddles that t‘i'e—line (Fig. 34) but it is impossible, with the
eivaiﬂlable data, to deternfxijne which rocks would develop cordiél'{te andi
.which‘woul'd not. It“ is .t'he’ref.oreb uncertain whcther or nyo}tl the

a



(o] Minerols/ossocioxcd‘%mh cordierite
© Minerals without cordicr.ite

e Burwash Fm.

x " Wolsh Fm.

~

(1

. ALOS3KO
T ALO;- 3. K0 MgO*FeO

S

SMgO’

Ph= ——o—
MgQ*‘FeQ

Rocks
<.J

Cordieriics
+ MUSCOVITE; .
+ QUARTZ

; Chlorites

s T )
oy . ‘

el (% A
Bbu@y.vfﬁo\*
f R O

FIGURE 34 : Thompson AR projection depicting rocks and minerals from

the immediate vicinity of the cordierite iso'gr\ad.‘ ‘Data .as. in Fip: 33.
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“minor products seenis to be dependent on t

L L : ' ' . 150

H . 13

Al,510g-chlorite tie-line was stable at the cordierite iéHagrad. Since
‘ N . \".,{’

the propoz_’Kx/Bn of rocks bearing cordicrite is much grew

ty#;than the

proportion of rocks on the Mg §ide of the tie-line, it scems pl“,obable
that the'tic-tine had been broken below the cordicrite isograd.
j : . '

2y The present results arce at variance with Hess's statement that
. pra ; ’

1"

if the bulk compositions fall beneath the garnet-chlorite tie-line

then the important reaction is v

Chlorite + Muscovite + Quartz —>

\
K

Biotite + Cordieri . rnet + I"IZO” =

The Prosperous Lake rocks pro‘jcct well o the Al—riclfsidp of the

garnct-chlorite tic-line an' v t the operative reaction was very simi-

lar to that cited by Hess. "

5 .
Minor Reaction Products

The recaction deduced above lists ilmenite, chlorite and
muscovite as minor products. Ilmenite is always present in the

poikiloblasts but the amounts of chlorite and muscovite vary greatly.

As an cxample, a single poikiloblast straddling 2 bedding plane has

- different character in the two beds, as shown by Fig. 35. Such evi-

dence suggests a problem similar to that encountered with the mnor |

S %

‘products of the biotit‘,e—forrning reaction, i.e. the abundance of the .

/ i .

he relative abundances of

='. the reacting phases; It is n'et simply related to the amount of the -

principal products. ,

Relation to Experimental Work.

The//deduced. reaction approximates that.studied’ by
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scveral workers (sce above) and experimentally determined by Seifert
(1970) and Bird and Fawcett (1071). There is close agreement between

these twh studies but Scéifert's is the more comprchensive and is the

definitive work at pre sont. It wos made on an Fe-free system with

bulk commposition doelibe *"mul sclecte d to ield cordic r'tc :.111(1 biotite
it Y b

\

simultiineously . 'wc Aage pressure cstimated for the

Prosperous Lake e cauilibrium temperature for the -
reactionis 5609 C. Prior to these studies Winkler {1967) reported -

~ . a /s .
preliminaryt rasults for the same reaction in an Fd-bearing system

”

‘

. i
: o ! . <1g“
As would be expected, the cquilibrium te ‘mperature is rather lower 5

.D

. . M
- P cor - ‘N A e R - - .
(5399 C.) put Winkler noted that varying tne Sig/ e ratio of the systdm

made ltte diffe remee (o the cquilibrium conditions. Dotailed studies
of morc natural systdms which followed this (Hirschberg and Winkler,
1968) found aluminium silicate in the reaction products with couilib-

- - - .o .“.‘(')
rium temperature or about 3405

Again the similarity of

Fe-rich and Mg-rvigh
) : : u
The reactiontat Prosperous Lake d ‘rom the
system studicd by Hirschberg and Winkler in that b vit o feldspar

Q

=5

were present in the r umtlnv asscemblage and ilmenite, muscovite and

L4

occastonally chlorite were produced. Tt-differs from that studied by

- .

] . - - .

1 . LN . Sra.
Scifert in that Fe, Nn, Ti, cte. wene a

iinl dompaonents. As a

result, ilmenitc was presoent M the products. It also difiers in that

¢

‘leiotitcx'\\'as jpre;‘;gtflt in the reactant assemblage, a factor which led to '
the following xnodificntions;f (l? Someu biotite was conisumcd during

cordiérite growth: (‘2) A\w) new 'biot’ite Was forn-i(;d but the o:-';isﬁing bio-

tite \'va»s,coxnpésitionziily. I’I’lddif-‘le,‘d.’ E“‘urLHc‘r, the c')-:pcrirnv.?z;tzll studies
wpcerated with P(water)tl.”(‘to-m ), o <r)ndlt101‘ uilikely to 1 \(‘ APl )lwd.to '
these rocks. (,O'la‘del'lno these differences between the real (md,
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haplopelitic systemy, it is impossible to assign accurately a reaction

temperature to the /cordierite isograd. If the Mg/ Fe rafio has little

‘.CQntI‘OI on the equilibriytm temperature. (Winklery, 1965, 145)67; Hirsch-

bcr‘g and Winkler, 1968) then the temperatufc woldd) be close to the
560'0‘(3.» (at 3.'0‘ kb) given by Séifcrt’s ('19705 curve. The present study
and th'lt of Hirschberg and Winkler suggest that an aluminous phas’é is
produced by this reaction iﬁ more natural systéms. - If the aluminium
silicate foun“d by Hirschberg and Winkler is taken as. cqgivaloﬁf to the

ooy . .
coarsc mustovite at Prosperous T.ake in this respect, then perhaps

e

the 55@_6_C. of tvheir_ .curve is applicablé to the reaction at Prosperous

,I;faltc. .There is, h&iveyer, no way of estir‘r}ating the cffects'/‘of the
rcac;t‘r—vmt'biovtite orr t_!ie product ihn_cnitg on the equili‘brium temperature.

The b? st cs.ti_r'nate is, thercfore, ‘that the cordieri'tc.isog_rad repre sorits '
temperatures of 5505200 C. @ ca. Skb'.A' This is a 1'at}.1e_1' hig‘,.-hcr;tomp— .
eratur:o_ than the 530710° C. given by Da;vidAson {1967) on the basis of
Winkler's (1965) data. | |

-

THE CORDIERITE ZONE \ :

. . c T
-~ The cordierit\zone comprises the arca betwedn the.

cordierite isograd and the {irst appearance of garnet. As shown in
Fig. 36, the cordierite isograd and the 'garnct line' (sce below) are

not parallel so the cordicrite zone'is o@ifregular shape in this area,

‘o

Its further extensions are shown \in‘Fig. 15.
The important facet of this zone is the isograd itself

(discussed above) and therc is little change in-the rocks botween the'

co” erite isograd and the garnet line. No detailed petrological work

has been attempted and the following merely reports on a preliminary

.
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pctrographié study of some ¢ighty thin-secctions from the cordi;;rit‘e
<.zdﬁé. '
No comprchensive study of equivalent rocks in the Slave
:Cratqn'has been published but pertinent data haivvc' been reported by

Foli'néb’uc (1940, 1941, 1942), Henderson (1943), Tremblay (1957),

-~ Ross (l"()é()), Davidson (.1967), Kretz (1968 and in press), Heywood and

Davidson (1_9‘,6_9) and Kamineni and Wong (197'3)_. Detailed studies are

currently being made on cquivalent rocks from the Sparrow Lake area
- L4Y

2

by R. Kretz and.D.. C. Kamineni (University of Ottawa) but their data

sty . :
r 4+ - T are not presently available. : -

o -

S “Rocks of the Cordicrite Zone

g ~The rocks in this zone arc massive to semi-schistose
and consist of quartz, 'plagioglase and biotite with chlorite, muscovite
and(or) cordierite. "Andalusite occurs sporvadically. Rutile is the

. principal oxide. Hematite is sometimes present but it is uncertain
. “ whether it is of primary or sccondary drigin: '

B

Texturally the rocks. are mediuln-grained semi-schists.

+The original mudstones have a fine-grained granoblastic matrix of

. quartz and plagioclase which . contains biotite in variably developed
lepidoblastic foliation, The original greywackes retain some blasto-
P - n. AT ginal grey . _

psammitic texture but have coarser, more uriform matrix.material

, o A o A
‘than at lower gr@dési They tend o be more massive and display less
preferred Sdrientation ‘than the met:a.—pclite.'s‘.‘ . ‘Meta-pclitos and mecta-
' greywackes aré not as readily distinguishable as at lower grades but.

may be rgcognised in thin-secction. &

T4
o U " Thin calc-silicate or quartzitic beds'and boudins. are
R .o ‘ . R ) R S : . ) D T
Tht '



7

.

I

. . . - B .‘J’ . .
still recognisable at these grades. They are characterised by calcic
and non-calcic amghibsles.

Mincralogy ..

Cordierite occurs in large porp'hyroblasts {usually. ca.

2-4 cm.; sce Plate 4A) in many rocks. There is nd noticeable change

in these porphyroblasts through the cordierite zone and thc descripti o
given above applies throughout. \
Andalusite appears sporadically in the cordierite and .
' . ) ) ’ FaN

cordicrite-garnct zones (Fig."‘36), usually as ‘spéctaculér, cuhcdral -
7 : FOR R ER
meta-crysts several centimetres in length {Plate 41:(‘})"‘. - The distribu-

#Cussed below.

tion and origin of these is

s

occurs in all the meta-sedimentary rocks in the
‘srdierite zone. The problem of the two possible generations (above)

persists throughout the zone and no conclusive evidence on this point.
has been observed.
Muscovite is present in somie of the rocks as small

flakes in the matrix, commonly with lepidoblastic ortentation®% This

muscovite is.texturally shniiar to that of lower grades.and apparently

_is-inherited from thosc grades (sec discussion of the cordierite 1so-

arad). There is, in addition, a rare type of muscovite which cross-
g : y \

cits biotite and therefore is patagenetically later than it (sce Plate V.

] U

of Kretz, 1968).
- Chlorite. Both .clﬂoriLos(A) and (B-X) are present.

Chlorite(B) may also occur in a'féw rocks but it is difficult to distin-

guish at these grades from coarse chlorite(A) or abundant chlorite(B-X) :

.Oxides. Rutile is the predominant oxide, presumably’
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sccondary origin.

The Miheral Assemblages

Table 17 lists the obscrved asson'lb‘lag-cs and $hows

their relation to mctaﬁnorphic grade. S
. . N s LT »

As noted above the biotite flakes are cut b.;}j'_g:h'lrérité
(B-X) and lllIISCQ:-'ite(X) which -post—d_;te th(;zbformaﬁon' of'bid'{ite e'md
p‘roba.bly cordierite. Thus T'lblc 17 shows that"chlo:‘iteJ(‘B—X) com -
mbnly éoexists in appérént stability with 1n1,1scovite al_thougﬁ chlorite,
(A) does so -oxﬂy very rarely because of the mutual incompatibility
demonstrated at the cordierite’isograd.

Table 17 al-sq_is"uggcsts_‘ that muscovite \is a.stable mem-
ber of the assemblage to ;cheAhighe'st gr.ade'sl \\'ithi"n :thc‘ cordierite zone.
Chlorite(A), however, has not been observed in the upper cordivcritc
;;one. The compositionally similar chlorité(B—X) persists furtﬁer
from the qo.rdic rite isograd, perhaps as a‘ resu}f of formation dﬁring
the decline of 1netarn<l51jphic conditions.

r

There arec seve?al noteworthy diffefcnccs between the
mineral asscmblages of co‘r’d_:l'orite—bcarivng a'nd cordicrite-free rcz/cks
(Tables 13 and 17): (1) Ch'l(’ﬁ*i'tc(:’\) 1s more abl‘l‘pda'nt i‘nvlc_ordierikté—
{rée rocks. This silxnply r'et'flects"the considcrable proportic;d of rocks
’téuglow’thc; éérdierite. isograa wh‘ichw‘}‘cbntain chlorite withou_f rn»usco.vit'e

and therefore coulé not produce cordierite. (2) Muscovite is more

vbundayt in cordierite~-bearing. rocks. This is a result of two factors.




TABLE 17 : Obsgerved mineral asscmblages and their relatioﬁ to

metanorphic prade in the cordierite zone o the Prosperous

iake aureole.

Rocks without Cordierite

Rocks with Cordierite

Chl. Musc.] Chi. |Musc.

Chi. |Musc. | Chl. |Musc.
A .

A B-X | X B-X | X
o |ed | | o o leco| o] o
: A 0 o | o o * o leo | o | o
Alo | o 0 o O (oo | O | O
O | O O o O O o | 0.
5 0 0 O ot o |oo | o O.
- g"*g ol o{eo | o olo | el o
&2l O o.| o | ok o'} O | o O
Bl © o) o [o) o | @2 | Tr o
%‘%g O o | O ow - O | GO Tr O.
ks O | 0O ®) o O O - Tr @)
W, ofo|m|o oo | e o
el O o | o | o O T e | Tr
*ﬁ‘\}k o | 0| o] O ol o | e|o0
e O |60 | e | O Tr. e € O
O o O () O O o) o O
!l o o) O o - o | Tr e | o
2 o o | o o) o |eo | @.| O
Wl oo | O.| O o) O 0.1 0 o -
T|leo| 0o | O ]| O .| © | © | O
T leo | o o) o o | @ | 0
Ko o | 1w | o o |leas | o | o
O o |ed | o o |eo | o O
co oo | Tr @ O |oo | © o}
go | O | Tr 0 © {co| © |'0O
Tr " Tr O o @) SO O O
O . Tr @~ O 00 - O 0 v}
o |lea | o o o |{eo| O | O.

. {1) All assenmblages include quartz and plagioclase.

{2) O= rnot rresent; Tr = <ii; Q= 1-57;

(3) Chlorites (A) and (B-¥) are explainezd in the te=t.
biotite. , [t and chlorite(3-%) prohajhly pest—date the erowth of cordierite.

(4) The metarornhic grade index is the  perpendicuiar distance f;om the )

cordierite “scprad.

© (5) 211 cordierite zone samples are listed except for calc-silicate rocks and

QO = >5% medal.,

——t

those showing evicdence of pervasive hvdrothermal retrogression.

¥ Contains andalusite.

S%#% Contains cumniingtonite.

ruscovite(X) cross~cuts
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recognisable, this new muscovite has been closely associated with
. i ' : '
cordierite, but it mright also have crystallised in the matrix. Secondly,

some of the rocks contzin muscovite left.in excess after complete con-’

sumption of chlorite in the cordierite-forming reaction. (3) Chlorite

B-X) is more commonly present in cordierite-bearing rocks. Since
. >

tHe origin of this chiorite is not under'stood, it is impossible to say 7

why this is so. Its origin is clearly not solely due to the formation of

v

“cordierite but perhaps some of the chlorite formed with cordierite

crystallised in the groundmass, adding to the amounts of coarse

: N

chlorite. . / S ‘

The Origin of Andalusite’

The andalusite in the cordicrite and cordierite-garnet

i

soncs is similar and there is nothing'to suggest that its origin in the |

latter is related to the presence of garnet. It is therefore considezd

)

here as a sporadic member of the cordierite zone assemblage.

The distribution and origin of andalusite in a similar

aurcole has been discussed in-some detail by Davidson (1967) (see

also Heywood and Davidson, 1969,]and Folinsbee, 1942). Davidson

recogniscd four modes of occurrence for thelandalusité at Benjamin’
\ : N - . . . . .

Lake: .
1.  Large pirﬂ{ ‘cr;rstals asséoiated with ve.i.n qu‘artz,
sometimes beléw the cofdic rite isograd.
o, ~ 2. Thin rims at the edges of cordierite porp.‘hyroblasts‘.

3. Porphyroblasts in cordierite schists. ) ' )
4. éhiastclite in graphitic biotite schists.

In the Prosperous Lake rocks, type 3 has been observed but not type 2.
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lTypc 1 has also:been observed but éannot be-distinguishéd fronq‘typc 4,

Davidson also demonstrated the existence of an "anda~-

B} 1

lusite line'' which was ""approximately parallel to and 5 miles.cast of"
the cordicrite is‘ograd (Hcy\{food and Davidson, 1969). Beclow this line

~andalusite is rare, occurring mainly as chiastolite in graphitic slates;
. N ’ ’ -

above it, andalusite is increasingly comman.

Typec t or 4. . The occurrénce just East of the Ptarmi-

d “

gan Mine (Fig. 36) belongs to cither type 1 or 4. Deep pink cuhedral .
andalusites octur in black slates near a quartz vein. They clearly
transect a sc};dsto"'s'i'ty which is axial planar to a typical Hay. Lake

domain fold. Therefore, andalusite formation post-dated the main

phase of deformation and cordierite growth. ’
On the ‘West shore of Prosperous Lake andalusite is.

common in biotitic rocks containing garnet and(or) cordierite. "It is

most spectacularly developed near quartz veins (Plate 4G) and the

rocks are very dark-coloured so this occurrcnce is tentatively cquated

'

with Davidson's types 1 or 4.
In these rocks the andalusite is usually present as

poikiloblasts with numerous inclusions. These contain more opaque

mineral and much less biotite than the matrix. , Thereris no sign o

~

marginal biotité concentration. Muscovite is associated only in trace
amounts, if at all. Wherec garnet or cordicrite-is present there is no
suggestion of genetic relationship between andalusite and these phases.

The reaction producing andalusite is therefore of the form

AN ra .
[—— N
Biotite '+ ... . . —3Andalusite + Oxide + . . .

3
Ao

The significance of the association with quartz veins insuncertain,

8]




o

-

Perhaps they simply provided a more hydrous medium in which anda-

lusite growth could occur very readily.

-

Type 3. Andalusite is common in the porphyroblastic
schists near Madeline and Pontoon Lakes. This type belongs to

o~

Davidson's type 3 in that it occurs in otherwise normal pelitic and

semi-pelkitic schists. The andalusite is not, however, restricted. to
cordi‘oritc—boaring rocks.

0y
-

In such rocks the andalusite forms rn

~

ged poikiloblasts

+

¢ similar to the cordicr%te

whose appearance in hand spaci

porphyroblasts. They arc usual #d with, Coarse muscovite

flakes and in some cases include fhinerals. Bictite insidd the

poikiloblasts is reduced in grain-size and abundance rolative to the

ton.

-r

rest of the rock and there is no sign of marzinal biotite concentra

.

These textures suggest that a renction of the form

Biotite + . . === Aixdalusite + Muscovite

i

e

occurrcd to form the andalusite. This renction 1s very diflerent from

that suggested by Davidson (1967) w

wch involved reaction of cordierite-
v

and muscowite to andaldsiterand biotite with inc Teasing pressure. In

1

th suggested reaction considerable Feis not rccounted for iR the

e

products.  Small amounts of‘opaque oxide are included in the anda-
. o . o ; .

lusite poikiloblasts and may account for some of (he Fe iiberated.
There is no textural cvidence ofanother mafic o]

and there is therefore an unresolved problem with the disposal of Fe -

and Mg in the product assemlage. . ; o -
oty
.
Q.
‘f
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.Conclusion . : RS

Cordicrite was formed (as described above) at the
cordicrite-isograd but thercafter-ehanged very little within the cordicr-
ite zone. Andalusite occursan ‘two divstinct modcs as described by

Ny

Davidson (1 07) be 1ng devived in boLn cascs by reactions of bmute

o v

At grades near the cordierite isograd-it occurs as sporadic porphyro-
blasts which are particularvly well developed ndar gquartz veins. These
. . . - : . N . .

andalusites demonstrably posi-ddte the 1main metamornh « maximum.
Y Dt

A e Y M s .

Closer to the granite itis more common and occurs in morce typical
rocks, apparent. ‘as a normal muember of the pro-zrade pars "r(nk ‘tic

) . . Sy i .. (. ‘
sequence. » Sary.ple distribition is inadequate s test whether Dav id- 2

, ‘ . W L s ,
son's (1967) Tandnlusite line' applics to the Prosperous Lakyv arca but
the absorved distribution is compntible with his obsg ryvations cven to

Cthe aoprovimate sgparation of the f;, ’L‘d‘!‘l ite 1 sograd and the andalusite
. l } " . N - B L “ .

[— R - , B “w";“: L . T . .
- o e %

. ks . ) i L ‘ o
e, w0 o v : . ;

/ lHF ( ORD{EPIFT SGARNET 'ZONE‘ ' IR L
_ lt has b(\ Ful 1\v1r»\\n for a ronyg time that g_ja'rnot- pCeurs in
. ¢ Al B

the inner mctrmmt phl(‘ zongs vl hc Pruspkrf)us Tarks ,pll,lto‘n (& <)l1'1 bee, ¢

PR - N . 4 ’ )

19. l“ ~J0111f e, 1942 xnd 1” ’()) Tte occurronce 1‘36 1 «’l"’lg,t(‘l isiin
r / : ’ )

. 'cor'nparﬂl)lé ~11i\ uh Siny th(- cragon (c.w. Mretz, I“() ) but. it 15 not

1
L
-

’

- R e = - i L L R . S~ v
P R 2 ; A LML . . . oL
. elways present (oo, Tloywood and Davidson, 19 éC‘}. £L> Presunce W ith
R ‘ e : o ‘ R S | ) - wop &\
“eordicrite in these thermal aurcoles presents A4 problemy interms of
. . 4l

CA . !

N
» - .
. . - . “ N ta

o [N . - L . - b oman - s B
the conditions permmitting such parogencses (Coinnoer, 1259 and 1962,
. ’ ) . . o

and many other authors). S S :
‘ B ) “ . T B . - .
! . ) ’ D B N ” o
In the SlaveCraton, the L\uluL on of the mincral assem- w7
bld'u s in this zone. 11 as never been clugld tcd Folinsbee (1942)
o e .
. S I L v o , .

Lide 30 B ATA. Moy LM 2 B S SERpA L FUICW S T
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n

Lelivved garnet to be present as a result of regional changes in the

Q.

composition of the meta-scediments, those near Proegperous Lake being
han those near Duck Lal Since

morve suited to garnct formation t
Folinsbee's study. however, the meota-sediments have been snown. to
i | \

€

be turbidites (Ross, 1962; Henderson, 1972) so that compositional -
variations arc unlikcely on such a scale. A detaiicd study of garnct
) Tt .

“arade by

zoning and grain-size distribution at Sparrvow Lake has been

Krotz (in press, 1973) in order to clucidate the kinetics of garnet
rmiing roactions and based

crowth. e suggested various garngt-for
the kinetic study on dircet derivation of gavnet from chlorite and
.

e

AS
was highly acceleratory

Lgquartz.

e concluded that the reaction rate

could have resulted from a steady increasce in Lempera-

and that this
T have so

nly part of bis dats

turc. D. Gl

Cruriineni s currently making detailed studies of similar
hi-h-siade rocks from Sparrow Lake but o

RN . o . .

: _ .

far been published (amineni and Wong, 1972,
’ oo . .
geographic meaning.

pa

In this context, 'zone' has only

. . . - L " . ‘ F- .. . - L o
Since the garnet and.cbrdicrite are paragenctically distindt (below)
' . ) - VS '
) - - L T ) . B . ,'/,." - . . PRI
the status of ' is 'zone' in the pro-gradé Succession 1s uncertains
. o . N { . . N R .
- . L N . L Ty N
carnet-formjing reaction is unknown and the term 'gar-
\ ' > -
)

Similarly, ..
v .
Cof ther

. o

is avoided. .

. ) - — - .
ctatled examinntion o
s Ny

net isograd!
’ ) ', h 4 . ‘ . . N
In the present study nd «
‘A "‘T}~:"W' e olv
i’ WS EPRion merely

¥
.
La
of

(s
v

c-zarncet zone rocks Trds been made
: % s ’
t

: s wcordierd
' . . C R Ly A g e T L . CL s
rits the results ol .ficld observations in the immediate vicinity
aBout {ifty thin-

to defling,

“

B 'epo
Prospérous Lake and the petrozrvaphic inspection of
' . B N . i ‘ .
arca. It scrves rather than solve, the

sections {rom that

o problem.. . _
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* JThe Arenl Distribution of Garnet ) ] .
: igure 36 shiows the obsgerved distribution of garnet and
the Hmiats'of the zone which.are very similar to those mapped by Joll-
(19:46).  The zonc is asvnunctrically resnect to both
a . c
the cordicrite tsggrad and the phaton contact., Tt may be dindded into
two vradationad sub-zones (Fig. 36).- In the lower-grade sub-zone
? . .
grrnet s prosent only in some rock types. Thege cannot be com-
: pletely defined at prescent but genervally garnet is present t1ower
; .

EAN inthe more quartzo-rcldspithic, biotite-poor nui‘t.n-5(3(11'_1112\11/1.&;.
. By /«
[ the upoer sub-zone Sarnet is presont in all rack types, includingg

in all rocks. The daplicniion is that

¢ pluton contriet in rocks with higher

.
P Ca. PN
e isacrod and far irom the
e T P P TU I SR . .
[ RERS M RER S )\\ O R T ! =
! ) L s
it @Lm(‘{r:r;anc' corvosion, ’
(33 A - -
: ..
cdiiscaussed beldawy -
. )
¢
R tior s g : B : PR
f i ; X K i _ o ) r o L . s
. B I BN o . . v N - c'l - o e, R . ;r‘ Ve
v~ . sl cvuhd s tosguhhedrdl S ey ST A
N T : <0 PR S
\ o N : g . N
roblogts uD to aboul Loy
3
small inciusions o
Lo x‘rlivlnw-'.‘“\\ ~o ) -
i nuNneraiogical R
T . L. .. . : . : M
rPoCcks Fhey Bnve boen observed included in both, ¢ordic. te and andr-
- ’ <
Tusit O Mmore comrtmon ti diciated by
' ’ .
: “

« -
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chince and the included garnct shows no s'ign oft corrosion. Where
the retations of the garnets to biotite .foliation may be observed, the

former cut cleanly across the latter ~with no sign of rotation or bend-
: {

ing of the {foliation. This arrangemoent implics considerabie textural

A

cquilibration.

-

. There is considerable, tho/‘fgh not uncquivocal, evi-

- “ <
dence for corrosion of the garnets.  They range in appcarance from
. s "o - h o ’ .
culedral grains with sharp margins and few inclusions (Plate 4E),

'
¢

through the most commor type which have subhedral, slightly embayed

cutlines and 2 m

»

sderate number of inclusions, to very ernbayed or
' ¢
cvén skeletal crys

ct’eidhedral outline (Plate 41y, The '
‘ S
o

interpretation of tred as cvidbice of corrosion is subjective

and opcn to dispute as thoey dnight also be interp ~oted as growth tex-

3

turds, the embayments simply being marginal inclusions which coultd—
’ : ! h '

: . ' . - .’ ‘ ,_, ¥
not be consumed or pushed aside. In fact, Kretz (in presgs,, 1973, and
% . - R . B -7 v . Lo o
vpers. comin ) reports the Spa ot Lake oarnets to Be cuhedral and

uncorroded, although Kamineni-{pers. comm..»to Kretz) believes someae
< " N . . .

from the sfme arca to be corroded.  The highly embayved garnets at o«

P
~ >

Rrosperous Lakegre belicved to
. ! . ¢

o8 v o P D ' 0 .
il T - ’ M ) 3 . o N ) : 3 1 ‘) t ’ ’
sons: (1) Some garncts in similar ropks arc guhedral showing that
L - - " . . '-.'} oY o ! - . :
4 e o PR TR . . . . . .
y = - P B - SO o Dteags LY :
ccoarsd guas Jr feldSpnr did not Jedd B emBDayctl outlinest (2) Many

i . N
2

i : L . , . v ' ’,. T B -
embaycd garnets have relict cuhedral shape. (3) The e wnyments are
. . . A \» : )
alway’s occupicdyby quartz or feldspar. (4)» The minerals in the em-

bayrments commonly, shem o little coarser, and pérhaps more abun-
dant, tha: elsewhere in therrock. (3) The occurrence of smbnyed -

N
3

garncet in a normal meta-gréywack

Iy

> dutside the cordicriyc‘—gnrnct'zone

be corroded far the following readl - ‘
. + : &y . t . B



y

It is therefore suggested that the garnets have.suffercd

. 3
variable degrees oi cor

rosion in differént

¢

rocks. The rocks in which

. .
corrosion is considered to have definitely occurred are all meta-

grevwackes but probable corr wion has ols

mein-pelites. Thus no

recognised and the tex
quartz or fcldspar.

f

contr ~the degrecof corrosion has been

v

/2
50 bcvn obzorved in many

tuves indichte no reaction products other than

Cordierite.” Cordicrite dccurs in the same abundance
,____,_.__\_L, B !

distributiorr and style a

Andalusy

s described for the cordierite zone.

has nl 20 been discussed above

5 ‘ ) ’ Cummin
-

bo¥ers are uvm monly pre

ton'w and godrite.

The pecurrence and origin of this mineral

Non-cale ifernus amphi-

sent in the hi_.»;hes‘gradu portions or this zone.

Cummingtonito is a characteristic mincral of the met ‘mov‘pbl m in

fhis craton, both inompu

Crotz, 19680 Heywood

- .

ta-¢ dlm‘ ntary and meta-yvolednic rocks (c. g

dqd ml\ldﬁ‘)n 1969

pro-grade segrencs, in the caleosilicate
, ;

IS
§

big

‘D
0

ly iginity o,i' t,ﬁv cchntact.
v :

siudicd
o

,2 - 3

and there is sommonly sub jottive cvidence of the two biotite yoncra-»
A . ~ v : :

tions discussced abovie.
and n some instancos
S

~grains. . Chlorite(A) is

* v‘l
e FEUL

hWor orades is also present iy non-cale

-

“is morno rarely obscrved and s PP rentl

3.7 C 7"110 {rom equ

v

:%‘I‘, Uj‘u ) [J{'nd Wb '1; (1

- s

L FP G R TS ..
5 pPro bC.\nt in b ghotmeta - sedTinentary roc
el Y

H

’ ‘ |

Lisestn ul-L throughout the. zene. MU 18

Muscovitd oceurs
W .

15 'prerSQnt invtl‘.}cc
L

whbundars ina few

<

973). L T

5+

Y. It ois fn‘%tiorln«d in the

'
,

lenses nnd boudins, but at’

ot i
.

ic, bx()“ ie rocks. Gedrite
? -

% cpr;}'-inud to the iwmmeddiate

51\ 11(1*1 roc ks has bo on !

L B PN
‘ . A -

variably foliated
~

L

in sbundance in;a few rocks
amounts cross-cutting hiotite

rocks, but chlorite (7 X) is

166
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Ly
&

ubiquitous.

The Mincral Asscmblages

s

As shown in Table 18, the minerals o . ur in most
possible

- . - . k) . . “.
combinations.  The components may be taken to b &102 --

,4;,‘7**(1&-‘@\3.1'11})@ 2= MyOr-- NayO -- 44,0 —- Ti0, -- Hy0 -

In some rocks there were nine phases -- quartz, biotite,

prdferite, andalugite, ClllOl‘ltC: TiZoxide, plagioclase and

A . .
e intensive variables arfgtakon ty
. . P ;

¥ 1° and P{{ZO Lho

- o e
phase rule'is ¥ =.C - P ¢ ?%nd the systom,

Fariant.,  (Since there
:‘ J e )
garnet stability, this

2
3 s

is ¢vidence that POZ Is"important in controlling

.
¥ Ppre-supposcs that Poﬁ was not independontly varviable,) In
2 :

rocks wwith less than thisn the vaviance is
. ‘ Fh

© i

greater,  Inogencral, iherefore,

18

20opatibly with the phose rule and mavy

: noeven though tex - '
. /“ T N
furally-unceauilibrated. o )

. '-' 2 < - ' _ , g ‘ .
Caifpoverzl cviior Soints may be notod from Table 18:
- L. v i - 3 )
. 17 NMusecovito odcurs in Jargiot-iree rocits but only |
' ‘} ' - - e

153, does it coenist

Ce e , - e ’
, L, Loout s abEont lrom. : i
. “ i , \
« . N P -, . . .
37 ChlSritd(B-X), andnlimsite.and. cumminzstonite Geouy ”

. R . * g L. . .
e .

mogarnctiforous ond rarfet-iree rocks

While the complexity of the TYenesis provints oy detailed nter-

cast comontible withd the

pretation of these viscervations, they Aare at ]

generation of garnct fromt chlorite (A). muscovite and auartz as ' :

-
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sug'go_stbd by Hirschbd xg and Winkler (1968). By this hypothesis gar- .
net did not fo e ‘iz}-ro;g_:k's l‘a'(:“k:ir‘ig chloarite(A), with .the result ;‘thntynlus—

covite is still prescent, In.the gn'rn{‘t—bvaring rocks the reaction was

¢cMcessces’

(%3
bl

torminated by complete consumption of muscovite, leavin
of chlorite(N).
T

R . . . A
Evolytion of the (;Ofd.i4\I';t(‘.,"c}(’lfll()t Z.one

“The following arc the crucial factors in interpreting the -

paragenc si1s.of.this - zonec: - _ .

’

1. Thedistribution of garnet bears no simple relation-
ship to cither the cordicriie fzoygrad ov the pluton
margin. The zone is, however, directly adjacent
- . - R S
‘to thd¢ pluton. : R
2. Garnet is present in less biotiic rocks Jurther .
from .he contact.
- B % ' . . Coe .- N
3. Corroded garnct has i n found in a normal meta-
[N » . . .
. orovwacke near the Ptarmigan Mine. 7
4. The 'gai‘net underwent thoroungh =cuilibration, ’
- e o *x C e
; followed by variable dégrees of corrusion.' No R
b . e . hY
. . 2. s . . < - .
obvious products are associatec with the corroded c
‘garncls. - L . o RE
5. Garnct is included in both andiidsite ahd-cordierite .
but the garnet decontposition dod not yicld the
cordierite.
6. The textures suggest a comple  paragunesis in
which ¢ srdierite-post-dated garncet. : .
. . N ) « i i
7. The : vailable data are compai ole with the {formation’
- ‘. T
M . . z

o
v
N
v
v
x
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!

‘of garnet from™c chlorite, muscovite Aud quartz at

' moderate pressures. : ; .
! N ’ ‘e :
3. Without detailed \*.'holc—rock’ dflt'l it is impossible '
to define exactly ‘the Tom: sositional fu'ld in which
- E . garnct, garnct - cordicrite . nd cor dlCl‘lbL are pre '
) : ; . ’ ) . . B
- . - . Lo . T
scnt.  In view of the limited compos sitiongl range of
. - & :
the rocks (Fig. 13) it is probable that bullﬁi; )mpo:31—
. /u ’ LA .

/ tion was. not the priacipal control of garncf—
cordietite relationships.

Thus an carly mincral assemblage including garnct, biotite,: ¢

ditions added cordierite and and:11usitc in a rcne\\'cd series ofz

tions. The'problem of the corroded garnet 15 not the common ont in

which an early garnct decomposes in a the fmal aurcole to give cor-

At Prospoerous Lake therorigin of

did¢rite (Chinner, 1959 and 1962):

¢

- was unrclated to grirntt, -arnet isprescent in thie inncrnlost

‘ . ‘

parts of the aureole and, if removal of garnet by corrnsion 7 Actun lly

did.cccur, itdid so.from the outside inwards. . - " ’

' o : ; : .
The controls oif cordicrite- :mr L pPArace nesos are

c(Eskola, 1914: Ghivner, 1959 and 1962, Hgu, 1968]

. . S - T
. . . - . 4 - . P
Mdler asd Schneider, 1971) involving all of the varia oh s P T bulk

%

1

4

compo-ition ald exyceon partial pressure. CWithout compoaltloz1 al infor-.
“ : : PR . Tl

m1ioh, one can onlyispeculite on what controls operated at Prosperous

i - o, B

“ake. Do this author, however, it secims significant that a late chlor-’
ite(B-X), which is para Ly unaccounted for, u)uld eNist in
rocks which may previousty have containeq a garn 1et-whose removial
‘left no apparent products. The -ollcxunu nn)dc‘ the rcLurL bears closer

9 H v



.

"

¢

cxamination.

at only two locations, both close to.the pluton ;nargin. Onec of these

! . Ly
. o a . . " '«@
. - o 0

s . e + -
Tnhe initial phascs of m(:tmnorphlérn 'produccd a zone,

’_.' 2 &

extending from about the present "Ol‘dlk‘l‘lt(‘ 15057&111, tc Whe present v
*

pluton, in which sporadic garnet became increasingly abunda’nt North'-
) . - e . ~ N 9
Fastwards. Later, with intrusion of the Prosperous Lake pluton,or
. » ] p ;
during the cooling which followed it, the garnet became unstable in
the osuterinost-parts of the aurcole and was h"dl ated to chlorite(B-X).
. ’ . = . o . :
1 100&) showed that the critical factors controllmrr this rcaction are
=] . .

O

‘gen fugacity and temperature and it seems possible hat these should

vary across the aureole;in such a-fashton that chlorite was stable in

the outer parts and garnct in the inuer pa%ts. The exact cgpditions of ‘

‘ )

ocarnet decomposition. were apparently modified by bulk composition.
RS g b b

Such 2 model might alse account for the asymmetrical garnct distri-

g © «
v

bution if oxyyen fugacity wis coutrolle c‘ by w cater migration into or out -

of the pluton and this was not the same in all directionsl, The principal

objectianto this model is that coarse chlorite is also prescent within

the cordicrite-garnct zone. o

A
THE S.LL.. IANITE-STAUROLITE 'ZONE' . ' e N
\ e e s T . - '
' ' (The \‘v'drd "vone! in thjs ¢ontexi implics only that stauro- v
Lite and sillimanite are immd 1n tlu 'mn'e arca, nidg that they were para-
, , ’ A ey AN S
. . - . . . o . ;\
cgenetic pll; Lcmnalont ) T , o Lo : R ;

R Euaurolltc d!?d 1nc1ovc~nt Slllunanlfv ha\ ¢ bL ¥cY Obv(‘L ved

.

=1

locations is: shown in Fig. 36, the other is at the mouth of tne Cameron
i : -

River (s AI“‘lpl“ Cullcct d by Dr R. SL 7. sz.rﬁbcrt); In advditivon - 2

St:;urohte is recorded in several 1ocnzl1t105 \Torth~ Fast of River Lake
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P

The Assemblages

bd \ At the first of these localities (Fig. 36) correded relics
L -
of staurolite surrounded by coarsce muscovite (Plate 4E) occur in a

rocl with biotite, quartz, feldspar and minor chlorite and muscovite.
Another & ek from the same lo_(:ality 15 an ordinary biotite semi-
schist ¢. - ,ot that-the incipient breakdown of biotite to sillimanite and
oxides is readily apparent. |

At the mouth of the Cameceron River the remarkable
Sb(mblaw(* quiertz-play ‘asc-biotite-andalusite-staurolite -

sillimanite -chlorite(D-X)-muscovite -rutile-opaque oxide-possible

f

(.1‘4:t1‘og1'<?ss‘c'd) cordi'pritu 7:1;1—5 boen observ (d ~This is patently a dis-
u:quilibri(un asscmvbl;wﬁ{rgin ‘\"-'hiCil relict Stauvolite is whaelly included in
a:‘;d_alua“itc and sillinlanifc is commonly (;ls:s‘.‘i(':iat(zcl- with andalusite and
~.“iL'n' oxide phases.

TAGCNRCS1S ) o : . >

Therve 1s little doubt that the sta uro lite'in this zone is

the rolie of lavge norphyroblasts Wwhose stability Himits were exceceded.

An earlicr st wirolite-bearing assemblage had a later phase of cordicr-

o

ite and sillimanitd forvmation superimposcd upon it.  This zonce thera- Lo

[l

> . . . Sv - .
canstitutes the mirzinal sillimanite =éné of the nluton & w\l\/\
¢ . , . oo

b=y
-G A
"3
(&

: bt surolite relics.
LW m\{’“"’x\IOR’DL—UC erTORY _ % . . '
T r&.ﬁv’- = . . : L\
e A 2 A notﬂ)lc feature of this rock suite is the paragenctic
LT . ; . : )

Y 2 mcorded in the texture s of»rocks from all zoncs. Most rocks

snco of twd, and sometimes three, phases of mineral forma-

T . : . v
! 3 i

show ¢+

tion. The suggsstled evolution of thése parageneses is schematically




S ' ! -
P N — : A
&y ' . - \
: ‘
17 A . . . ) ‘\‘\ )
S represented by Figs. 37a, b and ¢ whlciu are successively morce 1nter-
pritive and hypothetical. ; : ' : = .

Figure 37a'is a conventional paragenesis diagram in
which the c¢arlier asscemblages in cach zonw have been called Phase T
p : . .
and the later ones "PhadSe II: Phase [Ib is added on a tentative basis to

account for the late c'ﬂuv‘ltc(l)— {), the latc andalusite and (pecrhaps) .

'Jq

.
7

the corrosion of gaxnf ul No time:connotation is implicd between zones
in this figure. It simply records that, within each zonc, the Phase II
PR . "

. > r - ;
\ass‘:ﬂnblngcs post-dated Phase Tassemblages on the basis of textural

» relations. ' -
' / . Tigure 37b is the logical succassor to Figurc 37a but
// ,v ' . ) -;‘:u . :-‘ ) . . .
is based on the furthdr assumption that all the Phase Tasscemblages

were pcncconunlporinu)ua an® p?'n—dat >d all-the PPhase T assemblages

which wer. also penccontemporancous.  The zonal progrossion (Fig.

374) and geographical distribution (#ig. 37Db) of Phasc I'mincrals sug-

LU

Uz

gosts o gradual increasce in grade to the North-liast, not divectly

f

related to the Drosporouf Lake phaton which later intruded the Phase I
staurolite zone. I‘h wmse I s ~blages show a par;ﬁ.ll« 1 increasc
' s ot e T . Siv ey T oy ?.1].1,'.. N -, e Y P 4
ofmoetamorphic grade ranging from cnlorite vonie neat Yellowknite ’
Ty 1 s N IR S, - th Tyt e B fr PRI e e
Day to sillinianite zone near the pluton controt and elivesis ol over -
' " orinted o tlie Phase [assemblages. ‘ .
_ The [icfies series. The gssignoignt of ‘absolute temp-
: - - \ : .
. ) \ ! .
cratures and pressurcs to these assanblages de 'Jums on reliable
’ ’ . .. : - . . b i 1 N -t L ’ ’ .
recognition of the facies series and thie miine ':':l—lornung reactions.
. ' ¢ . . ' ) - . '
Lo The re: 'ctions Vul ing t‘m Phasce 1L nrgner dlb have beon xqwnuu d above
: . , \ '
bur cyperimental data are available only for the c,ordi(;-‘si(c—fornﬁng
ol ‘ ' o
:J’ 3 - N -
\
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3

»
2

"‘y, ; B . t”
2 * . - ‘ - y
’_’_.A;. N ) & ¥ & . )
T o, 5 . : T
:' ’ ~
. 1 »
; . . + LI ’\( L3
" reaction.” The 1'cactions in th¢ Phase I-a:.s mblages arc unknown.
‘ o
| / ° "‘ ~

<

Tim as SIW?L temperagtuves arg thercefore c’approxipate.  Since chlori
. ; ! . .

1

_ \y/ B
) biotitcf, ?rnc t,istaur olite, andalusite (md sillinlan_ite' hive 21l been

forrmed at some_ Stago' in the 'p;n‘agcqekjgs it may be assumed that there

‘are no Compositi‘ohal, rcstrictionslon their prescence. Thercfore the

pro-grade sé ‘quence in each phase may be used to-deduce thejfacies

;series.and pressures of wetgmorphism.

- o - - B
There is, Wowever, considerable uncertainty in the O

literaturc about the nomenclatire-and-pressure regimes of the facies
\ . . : . ° . ,
series, particularly at pressures below the aluminium silicate triple

. o ‘ ) . ) S . X . ‘ . {s
point, whose uncertainty confuses the issygd still further. The 10110\*&’\

™\ -

ing lists the commonly accepted facies series and gives three recent

. estimates of pressure for them. The less common scries are brack=
. o - - ~
cted and only the 18wer pressure regime is considered:

. @

. " Hiectanen (1967) Iic ss (1069) Lambedt (1¢72)
Contact . 2-2.5kb. 3-,5 kb. - 1-3 kb.
{(Bosost) . - " - o -
‘Abukuma# V . 2.5-3.5 : 3- 4 2-4.5
"Buchan | ) N o 3-4 3.5-4.5 ) i
(Idahoan) Lt 30526 S 7.3 ¥ T
Barrovian - » . 3.5-7.0 T 3.9 7

.

N . . - -

Other pressure cstbma:zls have béen made by Dén Tex (1971; gencrally

higher pressures than OV_C‘)’ .Wi':nklberj(lC)67; rather similar to the

above).and Turner (1968;. g(f—'ncra.lly lbwer).

The Phase I fames series cc tained garnet rather: than

a .

L >(wﬂrdlc? ite, 1mply1ng that p easure ehcecdcd about 3 <b @ 650O

(Larnbcrt, 197:3& RlChEll'dSO"l, 1968 Hletancn 1967) Thc completé
absence of kyanite indicates tua( prcssules were lcss than in the Ida-

hoan series (Hess, 1949; Hiét@nen,-, 19%67). Hiet:’men__has pointc | out

Voo

v -




) \ ’ . ' - ) : ¢
r ’ (1 ‘767 . 2006) that the grad(- at which z[ndalusitc' ap[ﬁears is-a g{ood

' : o
1nd1catol of pxossuég s¢e albo 7walt 196'@) ) Phase I staurolite 'is

ES

present at lower gr adg t}nn andalusite, which pre smnab‘lyawould have ¢

-
M ~

appearcd just beyond the arca studied. According to Hictanen this
indicates pressures greater than the Buchan facies series.” James

(1955) described a facies series remarvkably sirn_i'lar‘_ to that of Phase I
‘ : . \"\\ _ ' - ' . b
and Hictancen called this the 'Michigan Type', concluding that it
\\ . occurred at 'slirrhtly lower presSurCS than tixe Tdaho:m serics. Thus
¥ ¥ .

,ﬂ' S it scems rcasonable to concludc that t}’lL Phase I facies scru.s iolmcd

- conditions 1'a11§:,’-ing from about 3000 C. @ 3 &b, to 700° C. @ 5 kb..

2
i

though the highest grades have not been obgpe rvcd durxng thf.lsvstudy.
> s a : o .
The index-succession in Phasc II is c.hl'or‘it'e-biOtitc—‘
. : .

cotdierite -andalusite-sillimanite. Andalusite first appears in the

. - ) - y . ) : -
upper co’rdicrite zone, Staurolitc is unstable and garnet was probably

close to its lower pressure lnnlt The stability of ah:d’alusitc, cordier-

\ " ife and xﬁuscovitc in the upper co‘r/dicrite <wone indicates pressures of
_ : . - ,

K : : : — . . : .

less than 3: kb, @ 620° C. (Lambert, 1972) but this is not cntirely in

N B : F i . v/ Low

b . agreement with the petrogenetic grid of Hess (1969). - The assemblage
o » oy . “ . -

‘cordieTite -biotite-andalusite’'is a critical asscrnblagc in this grid and
. : o i .

~~swpr essares of 3-4.5 kb. @ 600O . T‘nc i‘ndcx"su St s ssion is

o lar to thateof the Abul\un'la facu.s ser ies alLonunh andalum‘ce
[

. R -~ . Y. . '
seavs at rathey. higher grades-than usual. Bocause this is an

. o - " . - . M ’
%aurcole rather than a rogional thermal ll'ﬁ‘etamorphism, it is prob’able
y : B

' that there was rather lcss pressulc increasc with gradc than is'typical
) &

& :of the Abukuzq;ﬁ series. All theSe considerati'on lgad to thc conclusmn

mthat thé Phase II asscmblades rgpleeent Londltlons from 3300 C. @

X %~5kb- to?OOOC @3035kb
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~

probably ¢ r1tu,a11y n%portant The overall trend of dccrbasing press-

ure, thec.cccurrence o

,.

the biotite zoye (Davidson, 1967) and the appai'cnf unstability of the

tions of Phase IIb, particularly as oxyegen and water pressures were
Y g P

- ‘.

X * ! N ' B o - . . . -
Q\ There is no way of determining accurately the condi-

&.

b 4

‘
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s
el
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3

. - - . .
garnet sugge t that~the pres bUlL was lower than in Phase II, perhaps

2.0-2.5kb.

]

.

. S . 8 A . S
Meétamorphic cvolution,' All these obscrvations and

interpretations arc thought to suggest the cvolutionary model depicted

N

o

-

o

in | ig. 37c. During Phase I the thermal rcgirne in the area was rath

uniform w ith gently dlpplng 1soth;11ns of regional extent and a. broad

N

In Phase I the thei‘nméi_rec

metamo_rp’hic zonation in the low and rncdium gra:des of metamorphism.
B - : )

gime became much less uniform with the

~ J\‘
; S TN, [ R PP TR S Do e
de\'(‘lupuu:ut and dp vard 1rig ration ol anyintense thevral 1O Lorea

({asymmetrically) by anatectic granitic melt.. The up-doming of the

i
er

P

.

isotherms caused them to steepen and migrate outwards, -compressing

\Hb\appar ently occurred after

pluton cooled. . . ;

, a wide range of grade into a distance which previously covered only a

-

ase I assemblages on Phase 1.
. - ) o

These changes were accompanicd by a decrease of pressure. Phase

the climax of Phase IT and is tentatively
. , ) \ ,

“correlated with a stage in which isotherms migrated inwards as the

Timing of the bllases.. Phase II is reliably déted, by

the zonation of its mineral assemblages round the late potassic plutons

the Prosperous Lake pluton.

and therefore occubre"d some
. 3

~and by the structural information (above), as contemporancous:with

Phuse Iis known'to 'pre-.dafte P'hagc I

. Sl S 4 e
time between the emplacement of the

o
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. N I

- R T . .. ’ o . . . - o
carly granodicrite bathliths and thie intrusion of the Prospers 2
pluton.. The gr e in Phase Iincrewses away [rom any known
diorite but i+ the same direction as Phase II. Tt was therelory O,

o . .

ably for aed in an early stage of the smume thermal doeme. \\1 “her e b

the chlorite(B-X) and the late. andalusites are oo to post-dyte

Phace II and the garncet corrosion w:n

s oalso have cccurred at tl/}i? Sta 8¢,

’
\

. It is tentatively correlated with cooling of the platon.and the i e 1
of the associated pegmatites. . . .
: v
Conclusion . , . T . L
— . L N o e )
- . N 7 L s . . ’ .
Ihasc rockscevolved in a.complexometame :phm’\iy\f}c
? . v" . g . » N ) .
involving the development and.decay of a single thermdl dome AL
’ - ; . v e e o
) . ) - %
.panicd by contijuous pressure decrease. The texturally distipe "Wy +%ces
do not represent sepatate metamorphic cvents but dif;’fu*l‘(»:ldt-islﬂst 10
the evolution of assingle metamorphic cycle. v
B . \d
2 . o N -
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relative abundance and inter ~T §"1tlonship as observed in the other

l(n s and bodies
(The 'irrcgular veinst discussed-
. N Rt

3 6’flth’is cato‘gory. )

p 0 A : .
‘hhon’ s(‘hmno ade q\mtgly desc 11bes tho qunrtz veins of
R x}

[

P S | .

pyrrhotite, tourma-

Na@ve

“nd - : , :
nd, anrassociation wi‘ sphalerite in particu-

NP ¢ -
0) A

g (e. g ‘Iendci son and Fraser, 1948). Npo dctz}ilod

gold is comnionly associated with

from deposits in the meta-scdiments (Pta: ‘migan) and gave no details

of mincralogy or paragenesis. He noted, however, that sulphosalts

appearcd to be absent but tlievsulphides werce of the same variet

L : Yy,
$ .

~7

deposits: In his dctailed study o«f the Giant Ycllowknifé mine (1957) he

)

made the following identifications: °

Ubiquitous o Common - e Others | ,
.Pyi‘ite I 7 Gold ) Antimony
Arsenopyrite - Pyrrhotite Lead ’
Sphalerite o . Galena - - Mareasite
~Chalcopyrite © Stibnite - . Others

Aurostibite
. Sulphosalts

I\‘hnc alorw "These are all massive quartz bodies (e. g.
.,—_._.__4._.4»..1._

g”'ilé‘ually less than 1-2 15:01' cent of other minerals.

5 Lake j‘ﬁl’c?{, though no dbposits related to.is ~‘<:lin;11 folds
v.:'*‘ o B )

'
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T ‘ l . |
a2l : - - - . . . *
o - ..+ He conciuded that there were three phases of mineralisation by mag-
N matic solutions introduced into dilatant zones during deformation.
/ . Pt N e e - s
R ce ) . ; . . PR \ .
. , < ., % These phases produced N - : .
N Y B . - . - . t
e . . o . :
R A L. Pyrite, arscdnopyrite and most of the gold, -
. R e . . ’ . , - .
. NS . . . ¥ ’ .
: i ‘A 2. Sphalerite, chalcopyrite and minor pyrrhodite.
' | -7[c . N B ) 3 . PR Y
', ' Y S
> , 3. Sulp#ides and sulphosalts of Pbh and Sb:
T P-T conditigns changed zrogressively from the fir st phase > 500° C..
S ) S Lo . : ~ . :
s 7 -+ and high P) to the last (< 350° Cs and "fairly low' 2). &
Lo B > o T T S
St e Vo ey « It should be repeated here that there is no ccrtainty.
" . that the-mineralogy, paragencsis or origin of deposits in the meta -
o L .o sediments is the same as thatg given above. The evidence is, however,
T sk) = % othatthey are rather similar.
. -, cs@icmetic-Lheories
\vl“ é‘ ) E y - )
T v o7 . . . " : : 3
' - & . B¥ the nature of thelr structural tontrols, the deposits
',\" R . -} . . . . /\ . .
- . J in the meta-sedime..”s can be more precisely dated with respect to the
B i ‘ ) y ‘ . N T 3 ' . . . .
e - tectonic history than can the shear zongs in the greenstones. - Despite
L this,"almost all the recorded theories of gencsis apply principally to
\ . ] - .
the latter and unly peripherally to the former. Henderson and Jouliffe
(1939) thought the gold of the greenstone belts to have originated in a
deep-seated igneous body via the major late faults. They made no
conclusions on the origin of the meta-sediment gold deposits but noted
N ?

a change in character from high-temperature veins in the more meta- ,
morphosed rocks to lower-tempgrature veins in the less metamor- C
.phosed ones. De»,sp%\e this, they suggested that the gcld was derived

from the granites.

: Fol_insbee. {1942) noted that the gold depoksits were

\



o

~

concentrated just within the 'nodular zonce' in the meta=sediments and
N B .

- suggested that'this was because that scction of the metamorphic aur-

coles nepre scnted the nﬁaxim‘um hydrothermal mcetamorphism.
Boyle's detailed Kk on th,e'dcposits of the greenstones
(1955, '1959, 1961) led him to I lic re that the vein material was

K

.

derived by literal sccretion during metamorphism and he extended
this model to fhe deposits in the meta-sediments. His theory has,

o ' .(\c' . ‘. . - [‘! .
however, provoked much criticism from authors believing in hydro-

thermal models (e.g. Coleman, 1957;, McConnell, 1964; Chary, 1971)

including Ames, (1‘):62) who re-interpreted Boyle's own data to atrgue in

«

- favour of a hydrothermal origin. Critical in this context aré the data

-of Robertson aﬁd Cunnn'mg. (1968) fwhi‘t.h have recently been modified

(Robertson, pers. comm.) to indicate that the orcs arc exactly the

same age as the enclosing voleanics.

The discussion is, therefore, thoroughly polarised into
two traditional schools. (It is agreed thatthe ores wére deposited by
hot, agucous {luids but one school would argue an igneous. derivation

for these while the other favou‘rs_avlate‘ral sccretion of fluids carrying

ore eclements, probably during -rnctamorphism.

Scope of the Present Ir_l-vost.ightioz

This disagreement m‘ight‘be solved by ‘resolving (1) the

exact temporal rclation of the deposits-and the tectonic events and

. (2~)_?}1\e nature and temperature of the depositional fluids. The follow-

3
3

ing is a reconnalssance btudy which attcxnpts to apply the se two

criteria by dlscussmd the structural scttlng of depomts in the Pros-
. f_)

~'.perous Lake_area and presenting the results of a fluid inclusion survey.

'
-
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THE GOLD DEPOSITS ,
Four deposits béaring (academically) significant gold

;

mineralisation are known itethe P-osperous Lake area: I‘hree of these,

.

- : k -
xamined and sampled in some detail, the other has- bcgn e

,onlee oPily examined. l“hcn‘ locations are shown in Flg 41.
) e : ~ - ]

-Ptarmigan Mine

. Thls mine wa's closgd in 1942 as a rgsmlt of war - tlme

. conditions and has not been re - opcncd The property is owngd by

. -

Ptarmigan M;nes Ltd. of Trall, British Colurnbla Its C\plm ation-
and production hlst01y has been described by 101d (1951) and&spects.
of its¥gcology by Lord (1951) and Boylc (1961) |

The geologlcal settlnrr of the n’1a1n (No I} vein is shown
in:Fig. 38. If. is long (ca. 400 m. in all) and 1ppr0\1mat<>1;rust1 alght
withea maximum.width of about 15 m. and an average 'oi’:ﬁgut 4m.
f‘(Lord 1951). It dips veltlcally and ha‘s beLn explored. u,ndgr(n ound‘to
a depth of about 21) m. by nec ally 1800 m. of§\1fts O\}l} seven 1evclb

The contacts with the \wall rocl\s are rre“ie?ally sharp,

_partlrularly on the south we St_.51de but the north-ecast rn:irgi’n has.

. - .\'\ s . ‘
up to one or two metres of inter-lacing ¢z veinlets Tormring a

stockwork. Narrow stockwork zonecs are occasionally present on the .,
_south: west side. Th country rocks (typical Burwash Fm meta—

~sed1ments) are fractured or shghtl)r sheared in places near the contact
" hut th'ere i1s no indication of a.continuous or bdisg:re'tge 'shear zone'.

oL . . . ) ) 7 ’ . } ) .
Jolliffe (1936) noted that there wezre several en echelon quartz bodies

rathet than a single vein.

Quartz of several ‘_cy‘p'es makes up this vein: (1) Sugary,
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&

o

be Qf’ diffc rent ages, the -white cross-cutting thc&tcy.' Certainly the

‘are part of the same vein set (Fig. 41). ~They have not produced,gold - -

E%y o, . e ° . : S :
Y ‘ . - - 1 e
5 CJ . N ' o, \}Q\ - ' ’ 1(87
) N . -~ - ' .
s v , . e : .
grey cxluavrtz.v (2) Massive, milky whfite -quartz. (3) Drusy quartz,
often wil' sulphic--s and usuagly on recognisable frdcturcs. 6’{) Stock-
: ‘ . = . s P ; .
works .i narrqw . rtz veinlets ?:th'e adjacent country rocks. Types- ¢
~ . . . / Lo
(1) and '2) ar- v ominant ones and were thought by Boyle (1961) to .

PS

grc\y typé comprisés the bulk of the vein but boundaries with the white

type are diffuse and definite cross—cuttiﬁg relationships’are seldom
visible. Type (3) is, however, definitely later than the bulk of the
veins. Cavities in these fractures commonly contain drusy quartz’

coated with pyrite, . sphalerite or 'galerila. ‘Boyle reported that calcite
‘ ’ T » h .‘b - ) W . : R )
and ankerite occurred in these fi‘actu}‘e‘s and that-gqld was present.in

a
v

some of the c_avit{e s. Lord (1951) noted that where gold content was

appreciable, sulphides were usually present. The gold is usually in
grey ribboned quartz and the r‘hassivq white quartz contains little gold.b
= , G ,

Tourmaline is present in the massive quartz.

N

e

The Tom Veins : - o . a
- , - & ‘ . ; f

' T_he se vci,xis are due north of the Ptarmigan Mine and

buf‘:'th_e No. 3 vé,in was thoroughly explom’éﬁ(’i'igy Cominco Ltd. in "‘1940— _ -

1942 (ilncier ‘option). This includécégaan exploration s’hz_lft (éboﬁt 16 m.

\_;_;\—deeg)ﬁ-—Cae-n-¥él~lowknifc Mines Ltd. acquiredsthe p'rop'c»rt‘y in 1945,

changed its name to Cassidy Y ellowknife Mines Ltd. and drilléd num -

FI
B

Six veins are known on the Tom claim, all striking

north- west to west. The main {No. 3) vein is visible at thg surfdce
R . : L LT . L . :
for about 400 m., being terminated at the castern end by the Ptarmi- e

‘g'an,_faultf.: (A possible eastern extension of the same ve'n occyrs

e .
—— v
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g B )

€, ’ i t L '
. . . e A

P

Aabg_uth 300 mi. north on the other side of the fault.) The No. 3 vein

I

.., ris essentially long and straight (Fig. 39) and its width in c'orbe/i/s

reported t;p vary from 1 m. to about 7 m. vItv hias been testedfin depth
to a’'maximum of 106 m. and dips vertically or very steeply/ north-.
wards (Boldy, 1959). Threec of the ycihs are shown by Jolliffe (1946)

but no published account of them is lg/nown. n

3

The No. 3 vein is similar to the rmain Ptarmigan vein
(Fig.. 39). It apparen"cly consists of en gchelon pods'connected by just ~

a few small veins. This surface configuration suggests that in three
s , A ’ :
dimensions there is a plape with thick lenses at intervals along it. -
N . . a . : . 4
The vein contacts are generally sharp but are discoloured by a rusty
or yellowish stain and have rather more marked schistosity than most -

of the country rocks. This schistosity is commonly irregular, being’
' )

parallel to the vein wall adjacent to it and gradually merging outwards

I
' f

KAl

{over one or two n1etresl)‘\‘v!ith the schistosity of the country.ro.cks.»

¢

The nature of the contacts does not suggest shearing. Some {ragments

1

' e ‘ ‘ 1 : .
of altered country rock are included in the quartz but there is no sign

of rnoargin-al quartz stockWork. A -7

»
. '

L _ Alteration of the wall-rocks at _t‘l“le’ vein margins is con-
~ ‘ ' T '

P fingﬁo within a few feet of the-contact and co{i‘s,{ivsts mainly of the
RPN L o L Coa
yellow discolouration of both wall-rock and quartz. - In some instances

there is a few centimetres of rusty-coloured boxwor' some¢  on-

tacts and in some included wallsrock fragments thore nas been alter- -
ationito a biotite-sulphide rock and included and m» -ginal wali-rock is

enriched in ‘pyr"rh'oti’te.v__ This alteration is markc_ly distinct from that
‘associated with the Ptarmigan fault at the fasterr end of thé vein
(Fig. 39), which is typical of the pervasive hydrothermal alteration

¢
\

L g U



by

associated with the major faultsin the arca (sce above). This perva-

sive alteratipn incrcases in intensity towards the Fault plane.
L ‘ : , :

. The vein consists almost entirely of massive quartz with
a few included picces of wall-rpck and minor amounts of other miner -
{ ’ ) T

' o - ~.

als. The sulphlde usually cornprise le ss‘than=0ne per cent of the vein

v /

ibut in placcs they appear to be concentl “mted along the contacts and

%
‘samples predoz\:: 1ty of sulphide have becn rern‘o"ved from the'cexplor-

ation shaft’ M- <t of the, quartz is white and entirély'massive \gth

slivers of country'-‘rdck in places. \/Iost usually thc sulphlde—riCh

: qualt/ is grey and massive but theze are some vuggy p_teheb of white:

v
Guid Ttz with as'sociated pyrite.( Pyrite is the }moSt'common-lsulphide in
the vein but massive galena and sphalerite are pre sengfin samples
from the shaft. Pyrrhotite i§ commonly presc¢nt in the included and

1

adjacent meta-scdiments. Th'ere are no clear a'gc relationships

|

between the massive white and grey dluLu tz types but the vuggy typé

assoeiatcd with pyrite is 'pro_bably luter than the rest.

The Rich Deposit

{

.

’ ng‘s deposit (F'g. 40) has been deb(_nbed by Jolllffe
(1936 and 1938) add Lord (I = The’ ploperty was e\p101 cd by Bur-

‘ v A , .
wash Yellowknife Mines Ltc in 1935 and yiclded about)‘siktee_n tons of

rock which r‘cportedly"a’cvésaycd at 13.6 oz. of.gold per ton. .An explor-

ation shal (28"m. deep),”considerable d.rilling and sev‘er‘al hundred

feet f trenchmn were cornpleted in the ten years tQ 1943 but no fur-

R 4

ther coﬁ Was produced . ' N

Flgure 40 shows the gedlogy of the shaft area.  The

- ¢ . I
rocks are sediments of the Burwash Fm. , metamorphosed to chlor1te

| . . x . .. . » . '. {
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y

‘chlorite schist (Jolliffe, 1938) Jolliffe gave

» o /) ' >

or lowest biotite grade. They have a weak schistosity which strikes
! ‘ ) —

cast of north innmost places and isasub—vcrtical, suggesting that the
-3

carea is in the “Yellowknifce Br idge structural domain (above). The

beds are cut by a set{ of parallcl shears or"faults which strike N.N. E.

and dip steeply to.the west, probably at 60-75°. These are narrow

shear zones marked by small scarps, slickensides, quartz veining

'
>

and mihor th&I‘lD(T Horizontal dv splacement on thom is bmy’i and

-

the beds an the swest have movl d up sllghtly south (J’Bllli‘&e 1938).
-Quartz veins of two dlStlnCt types are’ rccocnlsable in
this area: |
1. Small lpnses, a few fo .t i length, randomly dis-
pel‘.sed‘vin the country rocks bt always striking
:paral%ei to the sc‘his-tosity. These are barrpgn.
- 2. .Irregul%f ‘veins,» p,od:s and narrow Sto‘ckworks
located ;discontinuously albpg thq shears. These’
are of va_fiablc thickness but are seldom thicker

“than a'b”iout 60-70 cms. Thev shaft is located on the

. - . ' .o -3
main one of these veins. : . - -

p

//"

The quartz in the shears is dark- colourcd often slightly pylltlc/aﬁiél

N

has sheared chloritic margins. It contains some carbonate?” Thp gold '

;

is primarily in the quart,z but there is a littl:c'in theCarbonate and the
the principal sulphides,

in order of appearance, as arsecnopyrite, pyrite, marcasite, chalco-

pyrlte g‘alena 1nd.pyrrhotit_e.

K

The Tin Deposit

’ Thisdéposit has been-only cursb-rily. examined during

.

“the pre:sé;nt st}r;x}ey. It has been mapped and described in more detail

i
o

*uTn
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in unpublished company. reperts (¢lg. Aiilams, 1967, There is a
. o A
small pit on the main outcrop and considerable drilling woas cavried

out on the property by Tarbell Mines Ltd, 45 1955,

Doy

The country rocks arc {olded stratan of the Duarwash 'm,.,
: — v
i

metamorphosed in the cordierite-gagnet zone and cnf Teomnme rows

faults and &uartz veins., Williams (1967) concnded e b aald (with -
i =

. i e . r
massive sphalerite) occurred along a bedding®*plance © - a4 porth- g
westerly plunging ‘ne.  The dominant feature is o schist o zone,

stained red and yellow, and about one metre wide as now exposced.

' .

The rock in this schist zone is a4 yellowish scericitic sehitst containing

1

small and irregular-pods, veins-and lenses of grevoauavtz, This,

- N B -

schist grades into nogmal massive meta-scdimoents in the space of o
few centimetres. Within the schist wone the schistosity strikes con-
sistently north- west (320°) and dins stecply southwsrds, this being

. . . . . . N . .
the orientation of typical schistosity in the Hayv Dake suractural domain
but inclined to the trend of-the schist zone. [t scems untikely, théve-
fore,. that the mineralised zone is a simple shear or faalt.

. . ’ o “
L, The quartz generally contains sphalerite (up to 40 per
cent), some pyrite and pyrrhotite. Gold iz commaonly ~sanciated with
3 :) -
sphalerite (Williams, 1967). o
) . : (L
. i
- o= . ’
STRUCTURAL RELATIONS
.. The main Ptarmig-a and Tom “eirws (as well as the \
others in the set) display silni\lar relations to the local structures. -
Both are long and fairly straight and cut acrnss bedding at a high
angle. It has been hoted th... both are approximately parallel to the
. - -} ' .
axes of local folds but in fact they deviate slightly in oricntation from
f | - .
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roure 41: Gold-bearing Structures

+ HY in the»‘i’ellowkni’fe Region
+ .g..:: / Vé_iﬁ / Fo.ld N ;;"..Shécr 4 Shafs
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.
r

STe

/BOundqQ between Hay Lagke and <
7 Yellowknite Bridge structural domains.

157 piabase :
Compiled from Jollifte (1346), McConnell (1964),

(lenderson & Brown (1966)'; Williams (1967)

cand - this work,
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v

.

Yellowknife Bridoge domain and its asswned cxtensions are shear 2z s

predominantly oriented NoNL L orenorth- cast, regardless of what

. jp—
rock ty- ~ they occur in, ‘ ‘\

i

Thus scveral important L:ongluéions can be made:
1. The or-iuntat-ion of the controlling structures was - :
S determined by the structural tlomain.
’Z. The. type of contg,‘ufling structure was not. dependent
on thc;' country-rock type (cf., f(ﬁ' example, Hond::r—

son and Jolliffy, 1939) but on the structural cnviron-
. : . . . J

n

ment. . , : '
3. It has been sugycsted above thot the structurals

domains arc intimately related to the emplacement

’ : : s
of the major plutons. It follows that the gold- ¢

controlling structurcs were contemporineous v.fit\h

Y

the plutons.” Further, those of the Y cllowknife
Bridgedomain probably pre-dated those of the Hay

Lake domain (Table 1). Thus the gold mineralisation

v . .

itsclf is probably of two similar but distinct ages,

the first being penccontemporancous with the West-

N
0

~ A\

crn Granodiorite, the sccond with the Prosperows
. ot ’S
Lake pluton (scc also Robertson and Cumming,-1968). -

“There are scveral points which permit more exnct suggestioa of the
M ) gge: ,

o -

time of wold deposition in relation to the tectonic history. 1) Fortiexr
g ¢ L T v y. o :

(1946) gave evidence for the formation of gold-quartz vtins between

intrusion of the late potassic granites and their attendant pegmatites.
(2) Ttsis generally accepted that the mineralised structures are struc-

" tures Owncy (,Cbl,cma)n, 1953 and 1957; , Boyle, 1959; this st Iy)/

.

-
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which implies that they formed dutln'r relaxation of compression, .
(3) The dilatant zones avce sub-pacatlel, vather Unn exactly parallel,
to the characteristic ovientation in their domains which is compatible

with their formation during veleasce of the compression which caused

deformation. () Mo Connell (195:4) has pointed out that mineralised *
Shears occur in the Wostern Gra nodiorite (fPig. «t1). - The pluton must.
e ofore have been,solid at ithe time of their fhrmation, at least in
this locality near the margin, I view of points a fourth convlu-
sion may be adde d to the three nbove: . .
4. The gold-bearing stvuctures were formoed, and . .
» . 3 ’ ’ N
“obably mincralised, during release of deforming :
pProbanty e ralised, danring retedse GL Cerolming .
A . ‘ .
’ compression, i.c. whena batholith inflation ceased
oq . , . . . F
» and possibly minor confraction occurred. -
. A )

IRREGULAR QUARTZ BODIES

The u u’wutou;.pxusuncc of these snmall irvesulay bodi s o
. . : . ~ -
Il 3 s 7 41 M N - P ., N N 3e . . . -
of veln quartz in thne mets L-—bf dimoents has hoon previously aoted (e, .
- - A L] -
Boyie,"19o6l) but they are not kiown to contnin any sold mineralisation.
T se bodies ave of massive, milhy walte fquartz
. N o

occasionally slightly pyritic or gossanous. -lhey ;‘11‘02-:'>f‘,,linﬁtc(i extent,

‘l_

(typically 1-5 m. across) and ave chavactervizsed by complote }flk_ of

rational shape on consistiont relation to.other. features (Plate 5B).

i
<

They are commenly {iliamentous with a more massive core area but

can take alimost any other irregular shape. They are apparently

" unrelated in distribution to any of the granitic plutons and occur at all

grades in~the Prosperous Lake aurcole.

‘ rlly a fcw geological featyures’ indicative of their age
: ‘ e 3 Ve 1

§ o s
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heve been obhaesyed, Ooc drrecular wein s been ghscrwdd cut by a -

N .

base cad another sht quarty voin strikios 0209 Com-

] aronty they woarp the se he surrounding rocks. At anc loca-

.- . . . . 5 . e . - .
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' 0
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> :

. 1
-
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150-2500 C. Coleman (1957) uscd his detailed parag netic study to

’,

deduce that depositional conditions varied from about 500° C. in the
initial stages to <350 C. in the latter stages,"with a parailel press-

ure decrease. Chary+(1971) used sulphur isotope fractionation and

!
some fluidsinclusion data to derive aidepositional temperature of 300-
. \ : A N i

=
350° C. for the ores of the Con mine.

r§r‘,o_po of the I“‘luivd Inclusion Study

Understanding the origin of these deposits depends’
. ' ' 2N °

largely on knowing the' constitution and depositional conditions of the

vein-forming f(luids so that their genesis may be discusscd with

respect to igneous or metamorphic sources. This problem has been
. . ¥

approached as follows. Pcotrographic study of inclusions in various
quartz vein generations was carried out to indicate the natare ofthe
- {. I'.

.

fluids. The prevailing conditions in'the country rocks werao examined

through the petrologic'azl data (above) and by an homogenisation study

9o, E .
- \

of the irregular quartz veins which were apparcently syn-metamorphic.

] —

'- - ! : ) 4 . . }
The depgsitional temperatures of the gold-bearing veins have becen

studicd by an homogenisation survey of the Towg and Ptarmigan veins.

o : . ) .
The study has been scverely vestrictad by the lack oty

freezing and crushing stages. Details of methodology are given in the
>

Appendix. = " | ‘ s

.

: .ot N "
Petrological Constraints

The m :tam@phié: reactions and paragenesis discussed

3

.in detail above indicate a progressively increasing tempernature across

the aureole from about 3500 C. at the lowest grades to about 650°°C. at

" P '

the p!ﬁton contact in Phase II (Fig. 37). The cordierite isograd, which

> . : . ¢

)
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quartz voins arce thought to have forimed.

el

Is almost adjacent to the Ptarmigan deposit and at slightly lower grade
than the Tom veins, has been shown to represent.550520° C. at 3 kb.
These temperatures apply only to the climax of the thermal phasc of

vein formation just post-dated the metamorphic maximum. Therefore,

the veins were deposited at temperatures of less than about 500° C.

and pressures of nearly 3 kb., the exact conditions depending on the

pericd between the metamorphic maximum and vein formation. Igso-

§ions can be applied to the veins inf the
b , ;

far as Coleman's {1957) conclu
AN
mata-scdiments, his suggested dc’@llnequ, temperature from about

Y
'

500° C. is entircly compatible with the metamorphic eriterial

. The petrological constraints on the conditions during

Phdsc I metamorphism are less exact. Pigure 37¢ suggests,

, .

f
. K . PR R . a - - oy = ) 3 y . .
that conditions intengifiicd North-Eastwirds {rom about 2507 C, @ 3 Ikh.

.
[

near Yellowknife Bhy to about 5259 C. .02 4.5 kb, on the Bastern shgre

=

o7 Prosperous Lake. It is under this thermal vevime that the irreoular
S : ) 3 g

s
‘e

Fluid Inclisions in the Irrecular-Veins,

a3 -

"It his been teatatively concluded above that these quartz

. "

bodies formed by silica segregation immediately preceding Phase 11 of

.

metamorphism, i.c.-development of the Prosperous Lake auficble.

.

3253
. A ) . : e _
ring veins, ‘but offerithe opportunity of studying the thermal regime
g PN -t ‘ 7

They are, thercfore, rather carvlicr-in the scquence than the oolde

“1v. ¢he earliecr phases of metamorphism... - - : L

Accordipgly,' samples of quartz from irrcgular veins

were collected at all metamorphic gradces across the aureole.  From”™

metiamorphism 4ind the structural relations (above) indicate that gold (&
\ =
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tHese o_suite 70 senty samples were selected (Fig. B2).. A of these ..

woere petrogro T 'Cily cxamined and homogenisation temparatures

vere (h termined in cieoven () { them.

5 s . . ) P

The inclusions, " The quartz veins conlain an cnormous

number of inclusions with a masimum size ofsabout 20-#9 microns
. . . - Oy =

(Plate 5C). Inglusions larger than ten microns arc rarve and the great

majority are smaller than one micron diameter.  ¥is P result; beating-

A ~ R

7

determinations arc only possiblé on avery¥small proportion of

th( 1ndu‘>1on¢ pres "\nt. Ordinary petrogrs phic cwainination at high
P I g

magnification is pussihle for a rathe ‘,T arFer proportion uwt there. is

undoubtedly marik fdsample bias {ds in most {luid inclusion ,turlws)’ ﬂ
. - \ ’ .

e : Several types of inclusion arce. recornisable, most of

>

the
: T - : .
ity primary nand sccondary catezoried. Most ol }.(' criteria for

¢ catcoories merging with one. another. The pgincipal subdivi sion

is

75 11(‘0 sercond: nry inge hhlJnS

o

the disi\}nction 50 primavy, sccondary and

aedder, (1967 and 1972) cannot be ﬁﬁol,l) d in these veins because the

- ru.

Features.  The only criteria

quartz is massive and displays no growth .t

whic h can be frsed to indicate primary ocigin are an is/ﬂat,c)d and ron-

2 o 2 . ; .
. \ . / .
‘{1‘1bthn unvelpted to healed fractures and oo compact shape
' »)

B

Plate 5F

L
. B ey ) . . R . R *
sdendritde dppearance or indications of neckins down.

t'.he’sc 'criteri:_:i. ~It'is impossible, 1'. crefore, Jto be

LY ' o n : ~’ ' S = .
xr}inly (‘crtm_n L‘mt any onc particulsr inclusion i3 pl’lnlftlqud the
inclusiois “have c'm_w llant]V b( on classified into three categorics:
- 1. T)cznonstra-bly sa:condnry, i.c. on hewled fractures
; containing numerous inclusions. o .
3 v 2. Assumecd primary, 1.ec. displaying no indications of’
‘being secondary:. i i
’ ’ +
< - ) .
.
a \ -
; v . '
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[ . ' : & >
o | »

2

.

/__/ thought to be prim- ry but display some hint of the o

sceondary chavacteristic - iz d above.. .
, : o : : «; " o
The inclusions can be further subdividéd on the bases of the phase s(1)

present.  These inclusion types are gradational with one @nother but

”

examples arc illustrated in Fig. 43 and Plate 5 and described below:

Type I. Licuid-rich. These are the most numerous inclusions
v AV 4 e _ { >
in both primary and secondary catcgories. They con'sist

. B

simply of a colourless liquid phase and a small hubble of
Y o . Ca -
vapour (Plate 5D and others; Fig. 43). The sizcs of

.

thése bubbleg ar  given by the homogenisation tempera-

turgs (below) but they ave typically about 15-25 per cent
by arca of the'inclusion. .

\

Ty?c II. Liquid-rvich with solid dauuhter(s). Some liquid-rich

5 : inclusions ¢dnt+in small  lourless daughter mincrals
5 . : ’ :

. AV B . .o — - . o
. occasionally -in identifiable cubes (Fig., 77 Plate 5L). A

few contain two colourless daughters, the sccond in some

cases being a bircfringent prism. Vevy occasionaliy 4
tiny opiqgue daughter minerdl is observed. The identifi-

cation of thése phases is very difficult but the recognis-.
R ) : -

able propertices (réiractive index, birefringence and

sometimes temperature cocfficient of solubility) syggest
Py - : } i i
. (o - - . .

A

o™

i (ll)Therc is much ungertainty in the pha(sez te 1‘1'1"1inology,
of multi-component, nuxlti'—phasé)({uid systetms (Roedder and Coombs,
1967, p. 419), compounded in tbis"\gn-so.by the.ungertainties in phase
identification (sce text). Herein the following usage is adopted.
'Liquid' is sub-critical.  'Fluid' i's super-critical. »'Vapotr' should*"

. imply low density but the character of bubbles’cannot be reliably iden-

‘tificd’ with the available apparatus. ' Phases described as 'vapour' may i -
o . ~ . 4

therefore include some which are-supcer-critical {luid. o /

N . . ! a
3. Probably primary. These arce inclusions which are \

v



’ a
-Explanation of Plate 5 continued. @
,. T o |
J. Frenmple from a presumed primary arrvay of three-phase (Type V
. 1 y 1 i Yo Y I yi

9} inclusions containing a liquid aqueous phase, a liquid COp-rich
phasc and a vapour bubble.  Sample ITrreyg-13.

K. " As in J above. Noté the difference of phase 1'atio:>\b\c_t\\r’cpn J and
K. Sample Trreg-13.

.. Planar array of irregular, neckid-down(?) sccondary inclusions
many of which contain solid daughter minerals.  Sample [rreg-2.

0
o 7
z ’
R v )
3,
\\ .
= ~ 7
B . -
N R
» -
. A . - i
s
'
'
-
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/
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CPLATE 9,

%\. Quartz vei : T

tz veins and Tluid inclusions.

‘

(KEY @ lw = aqueous liquid; lc = CO,-rich liquid; v = vapour; s = solid

duughter mineral.) .

A Massive quart
<ot : Tom Lake s

ct Fig., J1)-and typical of them. Note the sharp,
unsheared, su

%

b~ Ve crtical Conta t with the mota-sediments.

B. Example of a: .rregular quarts cein. S
- ’ . - ’

C. Typical distributior, concerration, size and.appearance of [luid
invlusions in these cnartz - ein samples. Note the d:ff‘iculty in

- assigning definite primar or psendo-secondary origin to any pal -

ticular inclusion. Samp srime- b

D. " Exceptionally large, fsolated, ctwo-phase incldsion (Typeil) pre-
. 3 sumed to be primarv.  Sample Irreg-1. ' i
S, Array of three diiferent inclusfons typh al of thestypes observed.
The top ovue 1s a simasple L\\/o—pli\ : mchluon of Type [. It may be
rsecondary. as i va gue planar arrvay is visible near it. | The middle
. inclusion is presumed to bhe primary. IL is a threc-phase (Typo \/)
inclusion with two liquid phases (visible in the photogtaph) and .
small vapour bubble (which was hichly moebils and could not bc..
' ‘wtogi‘n ohed).  The lower inclusion is also ;w)pnr'*'lt]v primaxry.

s a vapour-filled (Type [V) or possibly vavour-rich (Type III)
inclusion. Note that the lower two inclusiconsg and possibly the
upper one belong to e same primawy avray whld has variable
phasc-ratios. Somple Trreg-4. . - :

>

e

F. Tlustrating the main criterion used for the ¢ istinction of primary
and sccondary inclusions. The former are unlag,mt(_.o to healed
[racturces, the latter aligned in them. Notoe also that the three

. v wolavge primary inclusions have very variable phase ratins though
1 apparently part of the same primary arvay. Sample Irreg-1.
- . . - h . . - =

G. Three-dimensignal array of typical two-phase (Type 1V inclusions
‘ . presumoed to be primary. Note, howcever, that the Jar e inclusion
nl(ay have a very narrow double meniscus rour ! the vanvour bubble.

If so0 it should be, classified as a Type V inclusion.  Sample.

Irreg-1. = L

o - H. Three-dimensional random array of presumed primary inclusions *
containing both liquid-rich (Type I) and vapour-filled (Type IV)
inclusions. Sample Irreg-2. -

I. Planar array of secondary, (/apoui'—filled (Type IV) inclusions in
sample Irreg-3. ‘ -

//’;{;(LT‘J
o

vein.  Southernmost o the gold-quarts velans in the,

“
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that almost all of the daughter phasces are halite. Inthe

rarg dnstances where two solid cubes(?) are present
¢ : : - .

N i

their wvery different rates of dissolution on heating sug-
gest that the sccond is sylvite. The bircefringent prisms
may be anhydrite. There.is no way of identifying the

very rare opaque daughter. The relative [requency of
I g . y

these solid phases may be juduzed from Table 19.

Inclusions with solid daughters arce'present in

many of the samuwvles (Table 19) but comprise only a

minute proportion of the total numbér of inclusions.
. . . . e
The solid phases are invariably very small, being of
, .

the order of 1-2 per cent by volume of the inclusion.

wer, almost all of the solid daughters obscerved
arc in demonstrably sccondary or possibly secondary

inclusions.

3

Vapour-rich. By arbitrary definition any.inclusion v

in Wwhich the bubble constituted more than 50 per cent

by area of the inclusion has been called vapour-rich

(Fig. 43; Plate 5E and I').  The bubble is of variabile o

.size and this type probably grades into the vapour-

filled category below. Vapour-rich inclusions occur

et

in most of the rocks though in rather smaller nuimbers
' ‘

than the liquid-rich types. They arc mo © commonly

primary but a few indeterminnte ones and a {cw sec-

ondary ones have bden observed (Table 19). No solid

daughter minerals -have becn obscrved in vapour-rich

inclusions. , -

|



A
s
FIGURE 43
-
. :
Types of fluid inclusions nbscerved in irregular veins and zold-quartz -
. : ‘ veins from the Prosperous ¢ i arrows indicate yrada-

tion of 1ypes. Dot vpes thought to be

K - reiated by ph s Yooolw s oacueous liquid; le o= CO;,-rich
/ licuid: « super-critical COs-rich fluid (see footnote
) R T :
T above); probably halite; x = decond solid
- duaughter mincral, éither syivite(?) or anhydrite(?) or an opaque min-
eral. Romain numerals indicate the Type to which such zn inclusion L
wouldibe assigned {see text), \ '
i .
! - . .
L] , ’ .
i rimary -or Secondary o :
! : . . B
-
.

Tl -



/ The vapour-rich inclusions display two interest-
ting features: (1) In o some of them the bubble is of
sather Iower reliel against the liquid phase than is

typical of vapour bubbles. Relief can be highly miss
5 .

leading in such instances (Rocdder, 1972) but this docs
fe

R

suggest that the vapour phase is ralher more glense than

usual. In a few cases such low-relief bubblds were
— -

induced, by cooline to about 10° C. , th searate into
4 S0
! bl

A liquid phase and a small, highly mobile bubble. This

suggests that the large 'vapour' bubble was actually

supcr-critical CO,-rich fluid and that some Of these

twosphase vipour-rich inclusisans are super-critical

cquivalents of the CO,-bearing category below.

Boecause of the unrcelinhility of relict as a_dinunostic

tool, it is Impossible to estimate what proportion of « ¢
. i ‘ .

. . "
the vaponr-rich inclusions are CO,-rich. (2) Charac-

’

teristically these inclusions do not homogenise within

the observed hénting'lmzmgc {to 350% C.)." Turther, they

. e

commonly display little or no change in this Lemaperature:

range (IMig. 44). In sorne cases the bubble increased

on heating, in others there wias no obscrvable change,
~and in others the bhubble appeared to shrink slightly.
5 . 3 ’ 2 \ . [P - 1)
This behaviour alsoapplivs to a [ow vapour-vich sec-
s
SR ondary inclusions ¢Fig. 44) whercas all other second-

arics homogenised at low temperatures. The signifi- .

cance ol these features is discussed below.

" Type IV.. Vapour-filled. These are high-relief in'cllus_ions which

&
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7

appear empty (Fig. 13; Platce 5H and 1) but grade into

the vapour-rich category (IIT above). They ave com- -
mon both s primarvy (Plate 5H) and sccondary (Plése
: ‘ 1
5T) types, though not in subh numbers as the liquid- o
‘ 5 . : %

rich inclusions. Tt is impossible to sec into most of '

. . T B . o : o
these inclusions so the identification of their contents 7

is-difficult and no tests, have been performed on them.

I

-l

a few instances, howewver, inclusions swhich appcar
to be normal vapour-filled inclusions also coutain a

small, highly mobile bubble with low relicf (at room

temperature).  This suggests t

al these inclusions
are Yilled with CO, -rich fluid, usually supcr-critical

but occasionally sub-critical.

CO5-bearing.  Some inclusions contain two definite
. - b . . !

liquid phages and a small, mobile, lowxrclief bubble

s

) .
|

(F'ig. 43; Plate 5J and K). In a few instances the

il

latter can be made to disappear under intense illumis
nation. This fact »nd the relative refractive indices
: v L N N

of the phases indicate that the two liquids arc wator
and liguid CO,. The phase ratios vary {rom
inclusions in which the liquid CO, is more abundant . ‘

than water (¢. g. TypeIV above), through those with

sub-cqual amounts of CO, and water, through those
in which minor CO, forms a definite double meniscus

round the bubble (Plate 5J and K), to those in which a
.thin double meniscus is probably prescent but it cannot
. ' : i :
with certainty be distinguished from optical cffects
. - ? )

. J
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Type VI

-

(Plate 5G). Those i 'usions which are deflinitely -y 1
CO, -bearing thérefore grade to the simple, two-
2 o > > : , LR

- : K s

phase, liquid-xrich type. In addition, they arg ve

rich, vapour-rich or vapour-filled

the 'vapour phase' is super-cC

‘ 3
InClLlalOIlb of this category o@cu;r' nomany

¥ ! .
-

i‘ocks though the amount of li'quid COp is usually

small cnough that the inclusion must be listed as only
¥ _

probabiy having three phases (Table 19). ‘Inclusions

definitely containing liquid COZ have becen observed in

both primnary and secondary categorics.

Liquid-filled. Somie highly irregular, dendritic

inclusions on healed fractures arve single-phase,
aqueous inclusiogs. Many show evidence of having

necked down but some do not.

Table 19 summarises the types and approximat. abun-
v _ : Y1 Pl .

dances of inclusions observed in the twenty samples. Considering the

suite as

S

a whold, the liquid-rich inclasions are by far the most com-

‘.

mon p1'1m”1rv and s ondaly inc lublonb Solid daughter minerals are

uncommon and small in size and are more abundant in sccondary

inclusions. Vapour—rlch primary inclusions are common but some

«

secondaries arc also present. Vapour-filled inclusions are comanon

it both primary and secondary categories. Definite CO;-bearing

-

inclusidns with a wide nange of liquid phase ratios, occur as both pri-

mary and seccondary inclusions. A few single-phase secondary inclu-

-

sions filled with aqueous liquid testify to a recry stalllliéatio@g's‘tory
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. TABLE 19 : Tvoes and approximate abundances of fluid inclusions
observed in the irregular auartz veins. ~In the Type 1F column -~

\

"the X's refer to cubes, probably hallte, and the other words

® ' jpndicate rare second daughter minerals, 1f present.

ﬁ'Irrég. I Liquid-rich |I] Daughters il Vopour-ric'hTi\,’chour-fitled V Liquid COyp.
vein ' '

nomber| P s | p|ls|P[s |l PSS | PIS

I It e opq | X . xx | XX
grﬁ{# 2| xx | oxxx | XXX X x@ | owxx |oxx | 2 ?
S E R R . B I I O IR I B ?
A4 | xx | o |ox gl ¥ | X x | x .
5 1 xx | 0 | phem. | X B e R B ?
6. | o | oxx ol xx XX | |
7 T [ xx | | g X x| ox |-
8 | wxx | xxx X@ | X XX ol ox |
ol | | ]| x| X 1o | oxx |
0] e e | | oxx x| x|
| ||'~xx.‘x5£x ] oxx X X | 5
1271 x| xx XX | XX Coxx | oxx |
13 1 wx | | R s & :
14 x| xx 1ox ] o XX | XX s ?
15 | o | oo | x| oxx |oxx 1 ]
16 | o e | x| | x| ||
17| o e an o XX XX
18 | @ [ xxx |, - ‘ @ | XX
19 @ o | | X XX /’\/ ) !
20 | xx | o | @ pr_lszX x| o &3( i xxx X

KEY : xxX=Abundant; ~XX=Present; . X=Only a few observed.
) 2=Thin doubte meniscuses, probobly hqund CO9. '

. i P=Primary; ~ S=Secondary. _ . BRGO EN
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which continued to low temperaturces.

Homogenisation stuciir:s. T()I“(‘ka.‘ ratures of homogeni-
sation have Bcén dcte_rhlingd for 145 éélm:ied inclusions in eleven-
s:unples. of irregular \;(-sins. Onfy dctl‘c‘r‘rninations which satisfied the
fo'llowing criteria of reliability have been ncce pted as us 1ble
(1) There 1nust be at least twao dctornqmatlons agreeing W1L1nn 10° C.

- » on céch inclusion. {2) On cooling, the inclusion 1‘111.1st appear exactly
the same as it did before heiltinfg. The only ’exccpti_‘éﬁ?}}s_ were in the
case of 'lypc [T inclusions in whlch only single determinations were

made b(—\.cause the daughter mincrals (ommmﬂy failed™ tQ re-appear on

1 S
. . ! N
cooling. _

.

The re sults-aro: smnlina‘risc‘d\-in I‘l:‘i.:{s':._ 44 :inci 15, “.Thv re
is a.wi.de arlcty of hOI]lOWLnl atlon)tcrnp(l uurcs ranging from less
th: an 1000 C. to more than 3600 C. The statistical maxima fo‘r tlﬂo
suite taken‘ as a whole are given by Fig.. L‘L‘@S..A The socor*(‘u’y inclusions
xnostly' Ho,mogcnia between 1159 C. and 1650 C. The n’l(l'mjr)rity of the
primary inclusions homczgénis.e in the range 210- 2700 C., i)ossibly

with a subordinate rn’l}‘lmum “at 315-335° C.

b : - " Thirty of the inclusions tested did not hornogcmsc mn
v | . N ’
the \VOI"I\II').(T L(,mpCl Tcuq o'ranrm (Fig. 44). Of these, bmtm n had
, -

bubbles whn_h appoarod to shrulk as thc temperature vy

4'-.
R
i

and thcrcfou‘ would pv obably have homogcnism_i in the liquid phase at

15 increcased

rsome higher tempczratLll‘u‘. Another three had vapour bubbles which

were apparently growing. The other eleven inclusions displayed no

-+ L

- notlccable change betwcen room teimperature and JSOO C., despite
hav1ng a w1dc range of initial phase ratios. Two of these were sec-

ondary inclusions Which should, according to the other determinations.

' ’ . s .

o




¢ P N
. ] 214
B s .

. . <

Irreg. - Areal Percentage of .
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.
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T - 100 200 . 300 0 50 100
. KEY : As in Figure 47 ' : ' N
.' . FIGURE 44 : "Illus‘tr‘atiny, the response to heating cihibiled by
A
: . fluid inclusions 1in the 1rp€gulur u\uart‘z veins.
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on sccondary inclusions,

V

v

éignifi'c 4nce of thx.b(‘ obsmr\ atlons is discus sed b(,low

tions,

/,Sal-ialit’y.

it is possible to make only crude cstimates

’
S

gene

jc./) salinity.

already been noted that the primary inclusions are

)

havc homogenjscd. at less than 200° C.

The

In the absence of freczing point determina-,

It has

saturated-in salts at room tcemperature while some, but not all,

&

|

)

sccondary inclusions are saturated.

inclusions contain less than about 26 wt.

saturated secondart

tain about 0. 126 gms.

tlor\

nt by volume of vnpoul’ (Flg

3

v()luznc of solid daughter.

(1942) th

N

To Qquwalqnt Na G}

phases have beecn gollcctcd (1

S5ome da#a an the diSsoluLion temperatures

-
Turneatre (1970) thosg inclusions: satul ated in- botl KC -1 and NaCl con-

4)

for all the

: . ‘ S4
¢s contain more than this.

KCl z_md 0.258 gms

nd a maximum of 2-3 pc1

rally under -

of the

>

This means only that'the p‘ri'rhary .

¢

‘NaCl per cc

N
~
co

il

Accordir

Yo Qt{uiV&lOlnt NaCl and the |

ofsthe solu— :

inclusions obscrved.

nolo'ZO)

!

!

cent by

These figures give an upper limit of

By using the ¢urves of RKecevil

The data apply, of course, only to those inclusions c(gntaiTing' solid

‘daughter minerals, i.e.

aarcomgnt w1th tho crude catlculatxons '1bO‘/C‘, _mdlca{ ng tl at the most

»

..

the most saline ones. ' T‘hv

\

saline fluid‘s~observc~'d cqptain‘ abou’t 30"wt."’/o gaciuivalnnt \IaCl

(¥

sions are 1mposs1bl<, \Vlthout flc Amg data

cub_es sugges

temipeTrature

sts

B

E stim-ate S 'Of“th’e

N

t o .
results :;re in

e

s to [_\’clls}f and.

" A typical saturated secbllclal'y i'nclils.ion'cov tains about 7.8 per -

of the solid ™

R

actual salinityr"{or the prir'nary‘inc‘lué

'

26 wt % oqulvalcnt \Id.C]. (abovc) but tbc p1

csence of very rare halite

that the conccntratlon approachcs satur;ﬁflon at 1oom

A salinity of 2C

R

quivalént NacCl is

tentative l\yxl

¢

It. must be less than ab__o»ut"

¢se tempevatures can bo used to derive approximate™salinities.

$216°
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/A TABLE 20 : Approximate salinity data for (saturated) fluid
' inclusions in irrceular quartz veins.

Primary or .

Dissolution

. Sccondary . | Temperature W}_’ ) .
Sample No. TP or S) (UC.) {wt. %, cquivalent NaCl)
1-1" P 100 28
-4 (1) 150 29
e (2) > 240% D
L 'S 150 o 29
° 'S 186 31
1-7 'S (1) 150-160 30
R {2 > 2607 ?
o li\ S bt 140 | 29
‘f“"'ﬁ @ >260% | ?
. s 130-160 29
I-12 s 103 28
s 115-120 29
L 1-15 s ‘ 140- 29

#Second daughter présent. . Was not dissolved by

specified temperature.

%%Curves of Keewvil (1942).

L
i

¢

P
.
4N
7N
. N

slow heating t the

@

ey

&
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accepted for the primarvy fluids, ;
! ' -

R The vein-forming fluids. Several of the observations -
above indicate the nature of this fluid: (1) Water, liquid COZ and NaCl

are the important phases present in both primary and sccondary fluids.

M‘(Z) The primary (luids were rather less saline (ca. 20 wt. % NaCl) than

‘tht secondary fluids (ca. 30 wt. % NaCl). (3) The phase ratios of

";aquoous and CO,-rich fluids arc very varviable, probably from 100 per

~cent aqueous to 100 per cent COj-rich cven within the same array of

o

inclusions (Plate 5L, F and IT). (4) Some of the inclusions show no stgn

14 . ' . . . -
of ¢change 1n the phase ratios on heating.  (5) Most of the inclusions

“homogenise in the liquid phase but some homogenise in the vapour s

phasé. Rare inclusions ‘homogenise by fading of the meniscus. ;
) :

These propertics indicate that the veins form ed fromi

a two-phasc {luid containing immiscible NaCl-water-and CO,- -atern

phases. The existence of such fluids at high temoeratures and press-

1

ures has been demonstrated by Takenouchi and Lenaedy (1963) and

their bch:i\fiouf has bcen ¢éamined in dotail by Smith and Littic (1959),,
.. [Rei . S o

.

and Roedder (1965).

‘
'

- Absolute temperatures.  Smith and Little (1959) demon-
Strated that the homogenisation tempoerature is related to the temper -

aturc of formationin onc of two ways for such two-phase fluids,
Inclusions of cither onc of the two phases alone have homogenisation” N

temperatures cqual to the temperature of formation and requiring no

pressurc correction. Inclusions which trapped mechanical mixtures

’ N . . .
of the two phases have homogenisation temperatures greater than the

_ _ . TN
true temperature of formation. Many of the foaturo‘is of Figs. 44 and
.3, : : Y ’

45 are immediately explicable. All those incl'usionsj which showed
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'<—Distance from cordierite isograd —>

FIGURE 46 : Showing the relationship between the}minimum observed
temperature of ggmogenisation of primary inclusioms in each T
jirregular quartz v&n and their positions in the metamorphic

\
aureole (see text).
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, little or no change of phase ratios on heating were trapped as mech-
oy . N ’ ' " PR '

anical mixtures of the two phases. The pressure corrections (Lemm -

lein and Klevtsov, 1961), which yicld unrealistically high'temperatures

of 550-650° C. for the majority of the primary inclusions, should not
be applicd.  The homogenisation of . some inclusions by ¢xpansion of

. ¢ . % \)v‘ ’ . . .
the 'bubble' is due to the entrapment of dominantly the CO,-rich phase.

These conditions of formation provide an extremely
potent tool for the détermination of temperatures in high-pressure
regimes where pressure and salinity corrections are large,. approxi- .

. ‘ : _ b Ky
mate and based.on extrapollation of data. Homogenisation tempera-

tures of both HoO-rich and CO5-rich inclusions should "approach a
2 ’ 2 S s P

mrinimum, which would be close to the temperature of formation"
. o

(Smith andrLittle, 1959). TFurthev, the inclusions which trapped

L

single-phasc fluid arg more - likely to be aqueous than CO,-rich. There
is no way ol distinguishing, in the heating stage, or in IFig. <, RN

sions which trapped only agucous {luid from those which also tranped
pl J . . L;i

a small amount of carbonic fluid. The only possible criterion is to

take the m'inixnulnzobS‘erved homo;senisation tmnpc’fi'aturc for thd .« ¥

primary inclusions. . IFig. 46.gives the resultant temperate s of for-
. ,/ v -‘ .‘ » l VIL : ; ' . M > ‘ -t §

mation of the quartz veins in relation to their geographic location

(Fig. 42). It shows a general decline from 220-280° C. in the north-

cast to 160-200° C. in‘the rsouth-west, The metamorvphic tempera-
ture during ompldcezhci}t of these veins (Phase,I) is thought to-have

© _—

increased from 250—3000 C. in the south-west to 525° C. in:;the north-

cast. Figure 46 is corﬁpatiblc W"ith'this grade change thou‘gliﬁthé'
~actual temperatures arve lower than' anticipated from the I}linel"élfl

.

assemblages. ~This imay be L inuse a salinity covrection s -

" . . . ~ o«



e
\\
77
A
AN
TABLE 21 : Summary of phases present in fluidsinclusions in
ER metamorphic quarts veins studicd by previous
authors. Datn from Roedder (1972, Table 1)
Liquid CO, :Solid NaCl Solid KCl S&lid CarBonate Organics Others
X. X - X R . ca hem
ce H,S
X X
X -
X .
X ) J
X Can
- X X X x 3.
- X X X . X c.
Ca X
e X
X
R D
X X X (?) X
X X X X ‘...  X,hem
X X "X X . ... . X,hem,
. ' ‘ FH, S
X = present; ... = absent; hem = hematite.
o
P
LN
3
1
~j -\’\ V' .
+
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required even though apressure corrvection is not, or because the

veins formoed in a ghcht metmorphic lull between metamorphic

Phaoses 1 and 11 {Fig. 37). Another possibility is that the supposcd
; 3 [ S ! p/ PPRo

tivne of their formation is incorrvect and they really crystallised in

g I O et o phism,

cevious work,  Table 21 summarises {after Rocedder,

1972)

,._
w
"~
s
=
o
o
ey
-
.

leations of phasoes m inclusions in quarts veins

S

from metnmorphic rocks.  Carbon diovide is presont in about half

the veins listedy solid NaCl in slichgly 1oss than half and solid KCU in. |

about a quarter. -Clearly the
. .
[ -t

phasc s identified above are gquite com-

s
L

monly present incomnarabld veins, thoush thieir derivation from a
Vol t b

4

two-phasc, inunizcible fluid mixtuve may be less common. Dramples
] ) : ’

of ftnmiscibility of aqueous and carbonic phasces have been givea by

Little (1960) and Rocdder and Coirmbs (1267).

Plaid Inclusions in the Gold-Quartz Veins

[nclusions in suites of ropresents saumiples from the

Ptarrmizan No. | and Tom No. 3.veinsdhave boon studicd by petro-
phic and heating-stage methods,  The inclusions in these quarts

Anthe irrezular quartziveins and homogoenization determinations are

accordingly nlor(tvdif(icult. ) ’ h
:E»'nc inclusions. ‘Likc the irreoular veins, thesc con-
tain innunior-ﬁ..blv)l';* tiny inclusions (Plate 3C).  Rare ones are up 15-25
nlic'rons in siz .S rather more are about 5;10 microns and the vast
N ' -

majority arc much less than 5 or even 1-2 microns. Solid inclusions

are rather more common than in the irrcgular veins but the types of

5 &

222



TABLE 22 : Descriptions of uold-quartz vein‘samples used in the
fluid inciusion study. :

Location

Sample No. -’

Description

Ptarmigan 1 Late(?), vuggy quai‘tz with galena and
sphalerite.

2 Barren quartz of dominant vein type.

3 Barren,_milk'y, massive quartz witb
surface Fc-staining.. Dominant vein
quartz. .

4 Milky vein quartz. Massive, but contain-
ing a-few small vugs filled with sphaler-
ite. . N [ '

5 Massive, barren, light grey quartz
typifying abundant vcin quartz.

6 Barren, sugary grey quartz. Granular.

Tom 8 Massive, barren, grey quartz.
’ 9 Massive barren quartz.
10 Massive, barren; mottled.gréy and white
quartz. ’ -
11 Gossanous, vuggy, pyritit quartz from
- margin of vein. ' ' o
12 Clear grcf quartz, slightly vuggy with

minor sulphide. n

..223



fluid inclusions present are the same. The definition, illustration and
v < , j A 4

description of the inclusion types is thercfore exactly the same as

given (above) for the irregular veins.and no further description‘is

. ' 'w
rq\cossary.

. Table 22 gives the locations and descriptions of the

.

samples studied. T:ﬂﬂe\Z} is a summary of the types and relative \
abundances of inclusions observed in these samples. Liquid-rie¢h /

inclusions are the most abundant in both primary and secondary cate-
gories. Solid daurhier mincrals are rare in primary liquid-rich inclu-
sions but occur in the sccondarics in-some samples. No daughters

present in —/

most samples as primary,inclusions but much less commonly as secc-

; »

have been observed in vapour-rich inclusions which are

ondaries. Vapour-filled primaries are always present and vapour-’
-filled secordaries commonly so. Carbon dioxide fas been observed
in both.primary and sccondary inclusions but it is usually present in
' ' ‘ : Ot
small amounts and must therefore be listed as.bing only possibly

present. In addition to definite COZ—boaring inclusions, there are

~thosc of Types III and IV which pro'—hably'conﬁain COZ. "Clearly the

types and abundances of inclusions arve very similar to those in the

irregular quartz veins (compare Tables 19 and 23). Solid daughters ; ~

. 2

are marginally less common and vapour-filled primaries are more
ubiquitous in the gold-bearing veins but otherwise the inclusion suites-

arc indistinguishable.

Similarly, the different types of quartz contain very

similar suitcs of fluid inclusions. (Table 23). The only noticcable
differences are that the late, vuggy; quartz samples contain

¢
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i

vapour-rich sccondary inclusions while the more massive barren
quartz docs not.

Homocenisation studics.: The gold-quartz veins. are

~highly unsuitable for heating®stage examination. All the inclusions

are very small and primary inclusions arc both rare .and difﬁcult‘ to
recognise. In twelve doukly pol'vis‘hcd quartz plates only 59 useful
» ’ .
inclulsions have been found (Fig. 47) and ’hornogenised.
The typical, massive,. sul..phidc—frce quartz of the ve'ns
{probably inéludiné sample Ptarm. 4) is particularly (ree o. usable
: : ; S

inclusions. Tour primary inclusions im quartz o/ this type (and three

probable pseudo-scceondaries) homogenised in the range 240-3109 C,
4

AFig. 47) but most showed very 'ittle change o heating to 350° C.

Two secondaries and one probable secondary inclusien homogenised
. i A

between 1 20‘— 1502 C.

The two samples of late, vugoy, sulphide-bearing

J

quartz contain rather largey numbers of usable inclusiods. (Sample
Ptarm. 6, which was classified s 'uncervtain' in Table 23, may also

belong to this category. ). In thefe two rocks, 17 of the 22 primary
g . ‘ > gory > Ly
; . , c _ ]
inclusions homogenised did-so between 1-:00-220° €. Several inclu-

sions, of both liquid-rich and vapour-rich categorics, displayed little

responsce to heating.

i

~ Thus the limited data available suggest: that homosenisa-
tion behaviour in the gold-bearing veins is veryssimilar to that estab-
S . . '

Iished for the irregular veins. For the main velin-forming quartz

{

homogenisation of primary inclusions occurs at rather higher temp-
eraturcs (ca. 240-310° C.) than in the later, sulphide-bearing quartz

140-220° G.) which is reputed to contain the wold (sce above). Most
P 24 » :
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Somple Areal Percentage of Vopour
Number Temperature of  Homogenisation (°C) Remaining if Homogenisation
> 3608C
T T T T T
Ptarm,’
1 ) .
A 4 1
" Ptarm. . . Q
) /‘i o)
- & B
Ptarm.
4
\ ’
> . /
Al
’ Plorm., ) . , .
> ‘ Sty
L — -
Ptarm. B l ) ‘
6 g i
Ha (€] S ]
Tom. ’ : Co .
12 :
48 %
D QA L
! - L 1 | 1
¢ i 100. - 200 300 -0 50 100
. ) pd
Vapour-rich —~  Liquid-rich il Bubble shrinks - S
= . —_ . <
O primar B3 M M Bubble expands 9 oo
Y. = T =
Probobly ey Little or no change Ly
~ O primary 0. r2 -H to 360°C S
o
A Secondary A & B By daughter dissolution|.5&
’ - JL

FICUPE 47 Illustrating the response to heating exhibited by

fluld fnclu:.fons {n the vold-quartz veins.




saline fluids (. p to about 31 wt.% NaCl). No consistént distinction

-

\// ' o 228
of the 'sccondary inclusions in-both quartz types -homogenisced in the

range {(120-200° C.).

'Snliﬁitz. . Table 23. shows that the presencse of daughter
. ’ o

salts is erratic, even within one quartz type. Only single cubes have

been observed and no inclusions contain more than once daughter.  All

the ‘observed cube's are probably halite but this cannot be proven with-

-

“out freezing apparatus.

The salinity can only bof”{crud‘ely determined with the

available data. The primary inclusions in the massive, barren quartz
are apparcntly undersaturated at yoom temperaturce but probably are-
: : . LU

N )y IR hwg . .
saline erhapg in the range 15-25wt. % NaCl. 'Solid daughters are
? p &3 . Lo - o

VAR

: . ‘ . * .
morve common in the secondary inclusions. but their presence is still
. | By N .

| -

! . . B i
erratic. Of thg late, vuggy quartz simples, only one contained abun-

i B

dant zolid deughter material and Tabb&i gives some crude salinity

data for this sumple. Apparently the maximum salinity attained by T

these fluids was wbout 31 wt. % cquivalent NaCl.
. Lo ! . . - N J

i : - ‘ - S

The vein-forming fluic 5. The arguments presented

above to show that the irreoular veins formed from an immiscible
) . =] ,

t

.

mixture of COZ—r.ich and I'{ZO—ric}1-‘{1uicls appl'y.p(méll‘y to thic vold-

.

biearing veins. The salinity of the hydrous phasce was gencrally med-

erate (perhaps 20 wt. % NaCl) but there were sporadic.influzes of more

N3

b'ca‘tﬁvccn the fluids of the massive barren quartz. and that of the later,

: . : -
vuggy, sulphide -bearing quartz has been observed. &

:

Absgolute temperatures., It follows that the hé'rnogcnisa-

. ' ’ : ' ) 6 ' N
tion data - for these veins should be interpreted according to the model

‘

of Srnith and Laittle (1959). The data.dre limited in amount but suggest,



¢

TABLE 24 : Aponroximate salinity data for (saturated)

&

fluid inclusions

in the law 7)) selphide-rich phusce olia vold-quartz vein.

Samuple Mo

Primary or

Dissolution

Sccondary

Temperature

(® or 9

(°CH

Inferreds=

o

fuct. cquivalent NaCl)

Tom?'l2

30

.
S 192 ; 31
S 140 29 .
’ S 187 31
- ) -’.4"./
. (?)S 180 3975
(?)S 193 31
et
° LY
' <
./
’ - :‘/
, Y,
< //‘ o ‘\ . ' 2‘;\‘%
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on this model; that the main portion of thc veins were deposited at

about 250° C. while the vuwg,y, 5ulph1do—1 uh quartz was doposnud

~

at about, 150° C. .

. Previous work. Table 25 lists the ‘phascs identificd in

° previous: studies of ggld—qua‘rAtx'vé-ms. Liquid CO; is'a very, common

~

phase, occurring in nearly half of the recorded rocks. Solid daughter
‘minerals are apparenily ro ~a~=<Thus the naturc of the fluid identified

"~ above is typi.cal” of previous de sc’"‘riptions ofgdld'~quartz>vcins._
. R Cold ldeOSlEb app"ucntly ley bunllar fo these have

been described by Koltun (1965). ‘gvHe J_Eound ‘a ..similar viriety of inclu—'
. e . o -
sions including three—phas‘d'inclusio,ns \‘.}'i‘_nll COZ and noted a ''fair
o s . B
varicty of phascﬂe“ilolurdes. " TBC sc veins were, howcver formed at =~
L . >

low er pr( asu:@s than pI‘Obdbl(, i01 the Y(llO\"l\nlf&, dcposns Kdltuti .
concludi: d that vein: orxriatl,on bcuan at about 420 3700 C. \wth thc ;
forn‘mtlon of ﬁ&lf\a9§li(‘lU,C—b(h(,(,lltc, veins and that \(,nlpuz ature

.w\-[il};y—whitc quartz with pyrite,: tourma -

lifie, ankcrlte anﬂ» ¢ ' inerals (perhaps cquivalent to the massive.

“

quax tz of the Torn avd Pt ‘_‘rnigan,'veins') formed [from 310-180°.C.,

. . k. L .
iollowed by quartz with gold and the bulk of the sulphides (including

pyrlte, ‘galena'v;nd sphalcﬁte) at 180-150¢ C." This last stage seemns
comparablo with the late,? vuggy, sulphidi-rich phasc of the Yellow-

knife veins. At stlll lower tcnlpcrau '0-70° C.) K-olt.un obscrved

another bhaép of,quartz—sulphidc—gold nm.neralization followed by{“c'la;'l“‘-

cite anyd p,rrltc at 100 300 C fthe t\vo‘phascs havc not been o Lo

. obscrvcd at Yellowklnfe, at least ili veins .in thc 1neta 5(‘{111’11(,11'58

Although tm fL/rst and 1ast of- thc phascs ob,servcd by

Koltun have not becnobserved» in thc Tom and -Ptarmlgnn veins thcre ) o
2 . ) -t . . | “

v



Phascs previously identified in inclusions in the quartz

ol gold-auartz veins, (Alter Roedder, 1972, )

Liquid 'COé Solid NaCl Solid KC1 Solid Carbonate Organics Others

.

:)
TA BLE/ZB :
KJ“‘)
X
‘X
X
X
!
.0 M
X
Q@ X
e @
%{ N

@) ¢

£
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is 2 remarkable similarity of mineralogical paragenesis and 11:id
inclusion types. The absolute temperatures cited by Koltun were

“corrccted by about 34° ¢. for pressure, which has not becen done here.

Considering this, the tempevature scquence of cguivalent mincaralisa-

tion phases is also very similar.

GOLD IN THE COUNTRY ROCKS

~ .

There is little information on the gold contents of

- ' bl
unmincralised country rocas at Yellowknife. Some data have been

1

given by Boyle (19613:-5(-:0 Table 26) and these may be supplemented by
analyses of rocks from an Avchacan greenstone complex in Manitoba

{Ste phonso_ﬁ and Ehrnanﬁ, 1971; Table 26). Gold is apparently hprcoscn't.

in'both the greenstones and the meta-sediments but is not enviched in

these rocks relative to the others. The notewnorthy {cature of Table 26
Co ‘ .5 :

is that the hypabyssal dykes scem commonly {o contain rnuch more

(x10) gold than the .other rocks. Stephenson and Bhmann (:ongll,uded T

tentatively that-the mafic ivtrustons were the source of the gold in the
Rice Lake area. Howcever there is no known spatial relationship

between such intrusgions and the sre deposits at Yellowknife.

o

ORIGIN OF THE GOLD DEPOSITS
Thé previous theorics for the origin of these wold

deposits were reviewed in the introductionto Part IV (above). The
structural and fluid inclusion ¢vidence presented above leads 'this -

author to suggest the following model for the origin and evolution of

the ‘deposits. It is derived principally from work on deposits in the

* L . . '. .
meta-sediments but can probably be extrapolated to those in the meta-

Y

@ . L
volcanic roc':s. . ' S

-
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TABLE 26 :

Piblished data on the

aold contents of rocks of

Archacan greenstony

lselts in” Canada.

1

Yellowknife (N W, T.)

_&_L';_(fp p.m.)

Gruenstones O 01, '0.008
Basic dykes <O 01

, Tuff‘sf 0.01 t0,0. 07"
Meta-pelite . 'OA. 01 -

v I\/‘Ieta--gr'eyr\x)acke <0.01

Quartz-mica schist O 01

W. Granodiorite <0.01
Qtz-fsp dorpllyry 0.10

Prospe rous Lakg

chmatités 0. 01

Granite . - 0.01 i

Boyle (1961)

"»-‘, Rice 1. 7 \( (I\hmtobi)
Au (p.- P b.)

\/icta basal s

Mafic mtlusxo o
Quartz diorite 1.1, 1.9
QOtz-fsp porphyry - 6.1, 1.1
Qtz monzonite 0.3

Stephensor and Thmann (1971)
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"{\' - R // 4‘ . .
in,the meta-sediments and French (1966) has shown that fluids in
cquilibrium with graphite must contain abundant CO,. Boyle (1961)
reports @l concentrations of 100-400 p. p. m. in the meta-sedimoents

and it-scems entirely reasonable that chloride 1ions should be concen-
T
trated in the pore-fiuid leading directly to the dissolution of Na and

o -

probably K in the fluid phns{* (¢.g. sce Burnham, 1967). Pyrrhotite

gnd pyrite are the main sulphides present in the meta-sediments and

Sewand {1973} has shown that solutions buffcerced by this assemblage
_ o~ ‘ T
can dissolve appreciable quantities of gold over a wide range of pHL.
Since most (_% the gold in the meta -scediments is contained in sulphides
Boyle, 1961) prolonged coewnistence of fluids avith these sulphides is
QYLC, 1 g . I

.

cvery likefy to have dissolved both sulphide and gold.

/ i

i - 3 .r G . . « . . .
C I'hrere has been extensive discussion inthe titerature
| / o

A

Eels! o hydrothermal transport ol oo and the nature of e solutions
/Lh/} drothermal tr » of gold and U ‘

/
\\'/4119/'1_1 carry it. There ave two basic schools of thouzht: (1) Tuat gold
issolved and transported in acid chloride solutions (Ooryvaio, l935;\

i

\
\

A

E{rrtuskopf, 1951; Helgeson and Gavrels, 1968) particulasiy-under

/ oxidising conditions (Barnes and Cramanshke, 1967) and (2) That it is

2 >

. carried in alkalinc}]@hidc solutions {Oyryzlo, 1935; Darncs and

Czamanske, 19487; Bovle, 1969; Weissbery, 1970). Most recently

SSéward (1973) has pointed out that most hydrothermal ore fluids are
probably close to ncutral in pil and has demonstrated that thio-

complexces of gold, particularky AL’l(HS)é, are of great importance,
' . { .
cspecially in neutral solutions.  He concluded that gold is probably

transported as both thio- and chloro- complexes and is deposited by
changes in temperature, pressure, pH, oxidation potential and(or)
~ : N .'1‘_
total sulphur conce¢ntration.

.

23
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chinnelways ave derived from a varicty of sources and thercfore,

W

et !y

when mixed, have different chemical propertigs”from those of any
. . e . \;~ '\5};_; )
particular supply of metamorphic fluidis. » Thus gold-bearing fluids -

.equilibrated with reduced meta-sediments might be introduced sud-
. . 5 | : v - .
denly into dilatant zones of very different oxidation potential or acidity.

Such changes could produce precipitation-of both gold and sulphide.

Reduction of temperature would have the same effect as theve is a

marlked decline in the solubility of most of the gold-bearing gpecies
, :

(Seward, 1973, Fig. 11) below about 200° C., which agrees f(airly

well with the suggested depositional temperatures of the gold-bearing

dquartz. ’

e N ' ' . b
- S
\

- . LY e . . ORI
[his model calls on the dissolution of gold from thew
o

\

country rocks daring metamorphism but does not explain the ultimate

oD

orisin of the vold. This author hns no new dita on this subject but is
1 ppe . N . J . -

impressed by the anomalousdy high gold content of the hypabyssal dyke

rocks in the avea (Table 26).- The basic dykes in the meta-voleanic
: B "' ‘\ .' ‘. -

rocks are thought to have been penecontemporancous with the lavas

s ,

i ! !

(c.g. Henderson and Browr, "1966) and therefore were potential sourde

rocks during the metamorphism which produced the gold-bearing

veins (sce Stephenson and Bhmann, 1971).. It was suggested in Part 1T .

(above) that the sé¢diments were derived from volecanic and hypabyssal

rocks which formed island clusters above the present granodiorite

,

batholiths. If the high sold contents of the quaftz-feldspnr porphyrics ‘

V4 .
and tuflis (Table 26) is representative of many rocks in this phage of
plutonism then the sediments derived from them would contain aburr-

dant gold

. . ‘Thus the gold deposits arce thought to have originated by
# - -
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~

: C - . - -1
a lateral scceretion mechanism of the type sugeested by Boyle (1961 and

other papers). This conclusion is directly at variance with the vari-

-~ .
~0

% ous authors (e. g. FHenderson and Jollifte, 1939; Coleman, 1957;

McConnell, 1964; Ames, 1'962;' Chary, 1971) who concludced that the

gold was deposited {rom hydrothermal waters of magmatic origin.  Itgus
‘ : . PR

Jis in agreement with the suggestions of Ilolinsbee (1942) ingofar as the
deposits. were metamorphically generated in the waniriy stages ol

lntgi:nnworphi(sm but differs from his suggestion that they were formed .

by retrogressive or hydrothermal metamorphism.

Neg

O

o
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CONCILUSIONS OF L LOCAL APPLICARIL ry’ -

4

Structure .
— = Ay N ! : . : ¢

« . + The structural ge olouy of the arcn;‘y bgcn investi-

\ - ; -
gated at a 1'ccomm1 sance level., The arca is structurnlly inhomo-

gencous and can be divided, on the basis of orientation and style

‘Loldb and cleavage, into five small structural domains whose approx-
. R A
imate extents arc shown in I'ig. 4. Three of these domiins are spa-
. . |

tially and genctically related to batholith cimplacement while the
fumrth and fifth are considercd to be due to the interaction of two

others. Superimposition of folding phases is gencrally apparent in

o

“only. onc of these domains (the Is 1 md Lake domain) but there are some

suggdstions of multiple deformation in the Yellowknife Bridge and Hay -
Lake Domains. The existence of these doynains testifies to the action
. M 1 .

of deformational tovees o/'f very limited oxtent and a batholith infiation’

I
'

nlod(l ( Uor(;, 1972) accounts for many of the observed teatures.

The structural characteristics of the individual domanins may be scen
from Figs. 5 to 11 and have been summearised in Part IT above.

¥
These structural observations, together with previous
- 'y . ’ ,

geochronology, le ad to the tectonic history pres nt(d in Table 1 and
to the evolutionary model (after Glikson, 1972) represonted schemat-
ica].fy by ¥Fig. 12. The region evolved from Archacan oceanic crust

in a single tectonic cycle in which all events were genetically related.

Emplacement of the batholiths was the critical causative factor



Hy

e

throughout the cycle being dircctly related to scdimentation, deforma-

tion and meiamorphism.

! B
The Prosperous l.ake Aurcole

ve oo 0
The Rrosperous Liake pluton is surrounded by & wide
b . - ' :
{(ca. 10 km.) metamorphic aurcole with some paragenetic complexities

but approximating an Abukuma facics series. The following pro-grade

succession occurs in the pelitic and - semi-pelitic rocks: (1) Chlorite
B » —

» ') . ) ’ . .
Zone. Rocks of this grade have not been observed in the study area

'
©

oS

_but have been reported by o.T;her authors (c.g. Henderson, 1972). "Thcy

arc very [inc-urained phyllites and scii-schists characterised by the
R ) w&:o\ .
stable coexistence of chlorite, muscovite and ilmenite and the absence

A
Al

of biotite. (2) Biotyte Zone. The biotite isograd has not been obsceryed

but there is a wide biotite zone in which biotite is present in every

rock which contrined the ¢ssential biotite-forming reactants (sce

below).,  This means that all Burwash 'm. rocks which -have cscaped

.

complete hydrothermal retrvogression contain biotite but Walsh I'm.
rocks within the biotite zone do not. Biotite and rutile porphyroblasts

in a chlorite-muscovite-ihmenite matrix innherited from the chlorite

zoneé (Plate 3) arc the charnacteristics of thetbiotite wone, which is

sharply terminated by the cordicrite isograd. (3) Cordicrite Zonc.

In 7 short pro-prade interval {(IMig. 30) «ordicrite porphyroblasts
1( o _ {—; I 7

appear in all rocks which contained the ¢ssential cordicrite~-forming

reactants clilorite and muscovite. Cordicrite is present throughout

the rest of the pro-grade sequence. The presence of cordierite and:

the absence of garnet chavacterises the zone. Andalusite occurs

‘sporadically, madinly in the upper cordierité zone. (4) C();l'diéi‘ite—

garnct 'Zone'. In the higher grades near the pluton (Fig.,36) is a

St
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'Télr:;c arca in which cordicrite and garnet coc ist.  The garnet is,

however, paragenctically earlier than the cordicrite and in some
: -b D. P s A

rocks shows signs of unstability and corrosion. Andalusite occurs
. . N ‘ .
sporadically.  Cummingtonite and, less commonly, gedrite occul/in
o 5 : : . N
some rocik types. Problems @ paragencsis and spatial distribution

make the stsi s of garnet in the pro-grade succession uncertain.

(5) Sillimanite-staurolite 'Zone'. Tncipient sillimanite occurd at the
highest metamorphic grades in rocks wdjacent to the pluton” (Fig. 36).
It is present in complex assomblages associated with corroded stauro-
o .

lite of an carlier paragencsis. N -

v : This zonation has been interpreted in terms of a single
metamorphic episode of gradu;affy changing character (Fig. 37).

Initially a moderate pressure (3-5 kb, ) reyime of regional éxtent pre-

vailed, probably with metamorphic grade increasing North-Eastwards

- ) ‘ L
from Ycllowknife Bay. Prossure griadually decreasced and the 'theis
mal dome! associated with the Prosperous Lakp pluton suporinl'p.c;éod
. thermal facies‘ serics (2,5 to 3.5 kb.) on the existing assem- -

. . . a
A es. ‘urther pressure reduction and slow cooling led tQ late meta-
Mmoo ophoe ‘.ngoé aftcrvthc__ iﬂctmnorphivc ¢limax, | [-chirothoi*xn:xl
rotrogsro nwas t‘ha lgt-stbevcnt,‘ being _sc"p;‘irz}tc [rom the ‘nla‘in meta-
Mo ohic :le and related to ‘fm_xltinl«:r and'cliabzlsé intrusio‘n.’
I'loti one Miﬁcralogy ‘

. v
.

Rocks of the biotite zone are compriscd of the following

k3
'

acrals: .biotite -- chlorite -- muscovite -~ guarts -- plagioclase.

< e
)

~ X -

Wwith minor amounts of rutile, ilmenite, K-fcldspar, pyrrhotite, pyrite

and chalcopyrite. The mincral chemistry of-

‘

the principal phases is
2

31
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summargised in Figs. 16 to 23. There are very restricted ranges of

‘approach ideality at higher meta orphic gradcs (Fig. 20). Therdis

i : , ’
coMposition within which subtle differences du(C«, to metamorphlc grade
1 Pl N T - i 7

nd Host-rock chemistry may be.discerned.

; Thc‘ biol.it_éﬁ are no.rnial_alqnli‘nrms biotite's with roughly
ce, amounts of Myp and }‘E‘(z'in the octahedral site. “Those in meta-
greywackes display cmnpositio'nayl trends with gr::dc but those in meta-
pcl'i‘ges do not (Fig. 19) The ‘nluScovites arc sltightly phcn:git.ic and

- g : W )

o

little differentiation between muy chvites of 1 meta-pe clites and meta-

grcy\f/a‘cl-i,-'s in the Burw abn Flf but those of the Walsh Fln. are subtly

distinct. The chlorites ate I‘;ﬁpld()lltu s which dlsolay little compos

tional varintion with grade fIFigs. 21 and 22‘)_-, The plagioclascs of the

A
Walsh Fm. are very sodic.. Those 1n Burwash Fm. meta-greywackes
have a wide range Of con‘xp_osition at low_grades but display progrcssivc

Lqulhbratloné}tomarde intermedinte (ornpoquorw at higher 'frad s

’5:
% . .
7 .

o

3).

(Fig

Vi

P
. R '"“1’“
' . o . [RE]

P L

Contrors of Biotite, Zone Mineralogy
L R

: 'Th’r-;-

3- il -
cont 1oll1n<v mineral compost itions. A,"'if'hu,_qrdcr of dominance of these

»

2,

controls varied for ¢ lifferentiniineral groups, for different host-roc ks

and even at diifér ‘nt metamorphic grades.. The clfects ol prossure

1flcr1nﬂ mineral as scrnblau s were minimiscd by sclection of a

l\Ictalnoryhi C

Lunpc atu"d cohtroll >d biotite compos 1tlon but only where pe 1lnltt(‘d-'

to.do so by the bulk-reck composition, i.c. in meta- grcvwadxcs but

f
'

not in meta-pelites, (Fig. 19). In some’ instances (e. g% K) this mecans

242
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- . o

that there is no apparent bulk comgositional ontlol at low grades buu
- - : } . - ¥ .. ) .
an obvious one at higher orades. Compositional chzm‘lgcs‘ in muscovites

i .- : . & o wme
woere determined almost enticely by motamorphic gyade (Vig, 20).

2 SR " ' '
The 'influcence of bulk composition was small within the Burwash Fm.
but noticeable between the Walsh and Burwash rocks.  Metamorphic

grade appnfc;i[ly had little influence on chlorite (I'ig. 22), ' s com-

position being determined by the necessity to take.up all Mg in the T
: , rock because no other Mg-rich phase was present. The principal .

g
control was thereforc the Mg/ Fe ratio of the host-rock. Tor the

plagioclases an homogenisation process was induced by increased

temperature (Fig. 23) but the final composition of the homogenised

plagioclase was defermined by the Ca content of the rock because no

~other Ca-rich phase wa's

The Origin of Biotite

'-Thf;li;t.fi-}:turgzl fca’tur‘cs of the biotitf.‘—:aone rocxks (FPlate 3).

- %) - ) .
and the mutual. ‘ﬁfé‘r a“ﬂ on ();;tn nlodal per Ccntauo ;s (Fig. Zﬁ) suggest

y

that bmtlto RV }"by a romplo\ 10“ctmn nppl oximaled bv t we forimula

) “P Lo . . »-\-. . ; L e
‘Chlor it’r.;}' + s‘Musco\VLc F Ihnzc .1115 : —>
s g 7 . ;
Diotite + Mus covltc(Z) & [I& [xqullc Ot/, K—Lcldbpnr]
S . .The rcac'tio‘r.l"oc curred by Chélni‘é“al’ modification of chlorite which was

“/vi"hpOslllonﬂl xnodlflca—

’

simply consuméd in the reaction witbou‘t any

» \

- . o o L i~
tion of-the chlorite which remained. rrncnno WS bln’lllall‘ consumed
, : 1. : , T T ) T .
o e . + 2l - . .
(Fig. 27). Muscovite, however, wis m}.odlilcd in conyposition while

‘ - . . . 2
! :

being. partially consumed. As more biotite was produced the muscov-

LT , ite bccame depleted in-K and (Mg-%Fc'-'r;\/In.)'- but 811‘_11‘ig.}1e‘q~-§ri"'l“i (Fig. 26).

>




This is interpr ot(d to mean that dcconlposulon of nluocowto ‘/L clded

'

‘nt‘;cr less K :md ( IrHFoi\«In) and rath it more Ti than éould ber™

accommuodated in the biotitc s0 that the excesses and deficiencics
were re-~-distributed in the remaining n:msafbvite. The composition of

i
i

s ' . -
L

24y, implying that there were scarcities of-some clements which

caused deviations from the 'optimium bictite composition-as more bio-

fite was formed. - Rutile was not. produced in a fixed ratio to biotite

; ; X . e -

(Fig. 27), apipar-ently bcitng" forr’dqd only in amounts nccc;ssa/ry to fix

’ nh

Tiexces cs whx(_h could not be <1CC~DI nmodate d 111 bl()tltc Qufut/, and

K- f'lrlsoar may bll“ﬂll(ll‘ly have ber\n pluClLl(_Cd only as nccessary to
fix excess co'mponents rather thai gy [imed stoichiometric ratios.
. . N , Sy . - N . . .

[+

“The Origin of Cordierite

G
i

Textural relations {Plrah;“k).ﬂnd mic ro pl ubf‘ an: 11yoc

(Fige. 32) of mincrals from the cordicrite isogrz_{d (Fig: 30) indicate

that cordierite was formed-by a modificdtion of a~well-known réaction:

- .

Chlorite + Muscov te(l) + Quartz + 3iotito'("1‘) —

. R > . R ) 4" Lo L
Cordierite + Biotitc(2 ) ”Z [lhn(*nltcf"Ch‘lurite,f‘
‘ fi\.‘IuscoviL;c(‘Z)] .
.

"This differs from the commonly rcported ,L‘.cactionjn t‘h:!t biotite was. -

.

present boforc»tilc’;a‘ppearancé of.c‘_oi'di.orite. AS a Losult L _A,<“\1‘:>L1no
. . v \

'biotitg was cqm[>a>‘9‘;\itionally modified rather than n_' new biotitc 15(3ing

-forn_nc;i (I"i_g./ 32). -‘ Cordier‘ite"iavppe'al‘é'(i at the ;bo ;ld m all thos |

rocks-wh‘ich containedl,thc‘ ¢S scntial re ;Lctrmts no"t'av'blvy chlorii:g’m_l:d".

4

muscovite. The coexistence -of these mineralsawas determined by the

the biotite producced depended somewhat on<the extent of reaction (Iig.

P
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v
previous reaction history of the rock and there was no dircet control
by bullk composition on the appearance of the cordicrite. The enrdicr-

o

ite 1sograd represents temperatures ¢f 5502209 C. @ ca. 3 kb.

Origin of the Gold Deposits

Three of the cold deposits in the Burwash Fm. have.

been examined (Figs. 38, 39 and 10) and sampled. The telationship
- ‘ . h : . ! ’

ol these deposits to the chay cteristic structures of the structural
. ‘ _ : _ ‘ 1

3 . I
domains-in which they occur (Fige 41) indicate that they were deposited

during the relaxation stage of detformation i cach dormnain,  Dilatant

. v

czones permitted by this relaxation but still controlled by the remnant

deforming ftorces chomaclled hot siliccous fuids which deposited
v ' g

quartz and gold. The fluid inclusions ave very varied (ffig. 43) and

s
i

represent a byo-phasce immisciblemixture of a beine of moderate

salinity and 2 CO,-vich fluid. - The nature of this fluid is catively
th an oriygin as pore-fluids in the country-rocks during

compatible v

Ve - N - M M
metamorphism. The depesits were foreed by lateral secrotion o

n

~

thuese metamorphic fluids into dilatant zones. . The initial stages of

quartz vein formation occurred at about 2507 C. from two-phase floids

which cither contained little gold and sulphide or woere nnt constrained

to precipitate them'. " The later fluids contaied or precipittied much
moe sulphide and gold and deposited thern ot tather lower tempera®
tures (probably about 150° C.). The comumaoen association of gold and

sulphides suggests that sulphide was the assentinl complening agent
. T e . : N . .

for transporting the gold rather than chloride.
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CONCLUSIONS OF GENERAL APPLICADILITY '
: S . The worlk reported above has led the author to the RN -
[ BREEE

following conclusions of tnore gencral application.
o - 3

N . PR . . . ,
Foalution of Cratons . 3

0

This area scems best explained by 4n evolutionary

9

madel of the type suzgested by :-Glikson (1972) and ‘Green and Baads-
o LR T : o

gaard (1971) in which the craton was, formeoed during a’singlc cycle of
- : = !

viuicanism, platonism, scdimentation, deformation and metamorphism,

’ : - - : .K" - ' E
A model has been suggested in which exténsive clongate 'island

'

clhusters' reprosented t}n-»\,)ppcr Levels of the batholiths now crxposed,

. [ . 2
. - . . . . . Ll
C()'l')LIHUOU.‘j]\‘,’ f;'rill)(ldlng (I(:LY.’UAIS onto oceanic (‘_; rust inn the HTLL?L'V(’,I”‘Tg

biasins while upward mizreation of the batholithic masses beneath
initiated deformation. 1t scvems,iurther, that the continued upward
B - - N iy )

: . i N r ..
movement and lateral Inflation ofthe se batholiths woere the couse of

)

much of the tectonic history which followed.  Such a4 mechanism

appears cqually applicable to thio extensive sodimont-fitlod basing of .
i i Y oAl ; .
X i . . . 4

the Slave Craton and the narvrcow syaclinal keels of gre nstone in the

Rhodesian and Transvaal Cratons. - ‘ R

\ ' /

Controls of Mineral Comnaosilion =0, .o \

° - 1‘ . . . -~ . N
The facters which control the composition. of minevals

forming in metamorphic vrocks are very numerous, They may dperate =

simultancously or individually, in similar or opvosite senses, on

somu mineral groups or o all.  Once may modify or cven prevent the

Sopers . ion of another in cortain circumstances, but this docs not mean
A . . o

that the sanu'f&prioritics'\'\’ill apply in other circuristances. The

Pt

© - identiffcation of these factors will he a long and complicated process



D

but o supgested schome of sub-divigion has been presented in Part I

X © above. In {‘SI nee it is as followsy

\
1. p(b ')nn‘;:;!" _C()\ rols

. ‘ Foneceoeiic (cabilith ficlds) . ¢
Crystallosraphie (requived elements available)
q . - ' :
2. 'Moditying CGontrols .
. Pwttu\n Tuilibria S ' :
lectrical Newtrality, i . : .
Temperature.
) Pressure o . .
Dulk mnDo;JH()n ' ¢
’ : Maodal prx);_?gntlonb . . ‘
- ; + Reaction relationships - o
) (‘t hers o : .
‘ ’ . \' . L. .
’ The Biotite Isogvad / : . \
Under some ¢ircunystances: at least, the titanife rous
oxides are esscndal to the o0 tion of biotite.  This may cxplain the

common (hsgu proay betweon tive Il contents of ouerestiod rovetant
t Y s

- v
, . . 4
as mmx)h nges and the biotite produced.
A -
.o ' Nather (19270) demonstr ('Lp_d that the coladonite content

ol muscovite ¢ould produce a bulk compositional control of the avade

at wnich bhiotite \.‘.f:gs Tormed. Tnlow-Pressure facicos sories

the b’(J“L(‘ 1b0"1r‘db of different rock compositions will occur at very
similar grades providcd that the rocks are mineralozically similar.

Stuichiometry of Reactions
. . ‘ . ’ .
g T In the above studics of boih the biots t( -ferming and thee
.. cordierite-forming reactions it became dpoparent that the minoe reacs
z!;»}:-‘“ ’-%@\‘"\;-, - ! " . ' . L
SR tion products were not always formed inthe s amounts relative to
. . , ‘J \ g
Y other products (¢ g. Figs. 27 and 35). Rutile, for cxample, is pre-
. ‘ s : .
- sent in =zmaller almounts in more biotitic rocks (Fig. 27). Onc partic-

O

ular reaction in / single rock must .be ;::o"vrm d by stoichiometry but

/
i

L - \
. «
i b - . N
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o

it seems that-such reavtions differ in detail from one rock to another,

Chus there is, strictly, ndt onc reaction bt a set of similar reactions
. . > v . .

. ~ . . . . 2y . -

whose exnct nature is determined by the relative amounts of reactant

phases prosent.
<

The nrinor products difter acceogrdingly™in relative

armounts and the major products can apparently difier :;lig};)tly in com-

~
position (Fig. 24).

Hydrothermal Tranenort of Gold

This study »provides
. Yot

I

geological cvidence that gold was

¥
§

~deposited

from sulphide complexes rather than chloride complexes,
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- cWater and volatilécontents of the rocks ha've been
q - : ! .8

'
1

- deterrnined rofighly in two wiys - - 'by@’h 1ogs on ignition' determina-
- £y N .
tion and by calculation from the point-countéd modes using assumed
N - , . hJ &3
. X . . 5 v .
water contents for the hydrous mincrals. The bwo sets of results  w,
agree :m{f‘(‘.icntly to indicate that oxidation during ignition was not a’ "

major factOr and the joss on ignition values have been accepted.for
. ™~ .

. - v . N

Table 2. - .

! =

FoO concentrations were determined by titration against
" standarad BMpOy and Feo O3 hy subtradtion of I'eO from the total Fe

determiined., o

Quality of the rock an;

?v'scs. The resultant analyses.-
————— . . N . "

(Table 2) are entirely comparable with published analyses of rocks ,

N
. - . .
' \

. X I
¢+ - from the s@me Formation (Bovle, 19‘31; Henderson, 1272) and the
~ ’ . . ‘.‘ . : I . . ’ -.
incarity ol the calibration curves suggests that the analyses ave™ .
- N . . J ) - N

accentable.  Table Al gives estimates of procision.  Without an aceur-
L ‘ate water determination the tgtals aré a dubious test of analytical qual-
\ SN B o . ®
ity but'two analyses have been vejected for hawing unacceplably high

i

. Ctotals. One of these (P-4, totalling 102. 3 per cent) contained a few
crystals in the glass; the othet (P-10) totalled 103, 9 per cent but
- . . . '.‘ ' ‘ g"i e
en

e Jime. Once the technique bas be

o .

¢ is 10 known reason for this.

perfected this is a
v rapidanalytical method. "Sample preparation, analysis and
: O : :

v B \

\ f s

" s X 1 " B o - . N b
 standaidscand one Dlank took the

L e o L
% computation of 16 ZITlalyS(—':s using

>

! “author a 14ttle over” 6 daysl This could certainty be improved with -
' ) h . : ' YN

. bracticesyt Co . , . / . ‘ ' -

. Conc¢litsion. Provided adequate care is taken to ensurc
e e e R

the absenc® of crytstqls in-the glasses this is a 'fairly'i'apid‘and‘ s

SO N~
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- : o
TABLE Al : Preéisfon estimates fur the whole-rock analyses a
- given #h Table 2. -
. [
: < .
Oxide *Statistical -counting Precision suggested| Replicate
: serror (997 conridence) by 'scatter on -analyses ¢
e ‘ - | ‘*calibration curves .,
1 % Relative™ ‘Wt.-%f ST (Wt. % oxide)
SIOZ ) 16 ‘ O,g . ) r . 0'5
TiO, 3.8 0.03 % 0.01
1 \. . )
AT-03 1.5 0.2 0.5 P
SFeO - 3.0 0.2 2 '
- . N\ :
FeO - - : - 4.9, 4.9 .
- . 14.3, 4.2,
4.2
7.7, 7.7
MnO 7.6 0.01 ‘ 0.02
MgO 2.8 0.1 0.1
CaO 4.6 10.1 0.15 :
Na,O 4.2 0.13 0.1 -
K,0 3.0 . 0.09 0.1
l.o.i. ™ - - - 4.5, 4.3
. * Doubled to allow for s»irﬁilar_ error on standards. Calcul_atéd for
an aver‘age réck\]composition in tbis'suite'.
\ 1 ‘_QM
‘ ) : : '
{ L
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Toavering,

§ On fuston.

cult: : . h loss of 1[1\,111

aproved by in -

and ve-casting and by using =1
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\

same amountsof watcr Ag the Lainploo.,
v . N
A,II\'FRAL ’\\"\1‘1 ES. o '
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L The nbow:"t(:chlkiquc Co-uld be

hip mineral analyses were p\él‘f&l’ﬂicd using

-r

tainiay aporoximalely the

.

Y <’

A R. ,L

od( :mnly-o:, (5u* nlso Gul-

1970). . ln(v:,rc S appatt ntly no Jdiffi-

anid cooling of the glarses fGllowed by regrinding §

(EMX) xnicro—p"rabd-.' OAxdv concent 1"11.10ns A grg determined by com—

¢
1 -+

PaTison wWitl sii%- »tv‘ tandards

e

after corre <:tiQn-.q'. for bad’k ground,

2 . .

fluorescence, absorption and atomic nimber cffécts according to

K

ind Tomling

N B TP
walllibil

oxygen.concentrdtion was assumegh to be equal to the diffeyence

=3

between 1 OO .po r co

ho)
. ferric catios were dotornvvcd on two blotltr* scparates (by E";\'[nO4
.. - t ’ ” :

‘thi tion) blk‘{tnit proy. timpossibl to g olatcv

e

Y ~

either chlorite or mus-

N

analyses

-

-~ L ’ §- . . - .
. S 3 u,
Lines K'{lph a1, 2)
. ' . o
. Beam size - _ 7o ca. 1lomicron
Operating vol.t_age . L 15 KV
: AT e
Beani current 0.1 micfoamps
- B . . | “)
Emission current T -/ 200 mictoamps
Take-off angle | 52. SQ

‘St’and,_;‘arvds. A suite of 10 ,,tandard was selected and

Cncckcd f01 hoxnogonelty and con’lpoaluon (by

'cross-analysis') before

Ale sum bf the analysed cléments. ¥Ferrous:

The following opera tmm conditions were used cmrmg he

1 (1970). For the purpose of these corrections the
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Yelouse. ff’lm‘.fru.j'J'Le‘yv";?sxl;'«l:ﬂ. rds \\vc.r;'fc <.ml'y .\us\:;‘d {or those-¢lements for
avhiich they digplayced acceptable homb‘gcncity ;;mcl ag ré‘(:mcnt in cross-

B no \ N

. analysig. Many weré found to be inhm no¢ geneous and to cross-c 1(\(,1(

’

“ only within broad limits. S o .

N

. Table A2 lists the ‘:S'tnnd:u'-ds nsed. Thew reat majority

¢« of the analyscs, including o'l thosc where p:ca;;ao_n is critical, have

18}

. been based on the btlndarda EPRS/12-1; EPS/L\E—Z and Kakanui Kaci‘—'

S sutite. fhcsc thrce wevre Scl scted Lroxn tho initial standard suite and

-~ cross-analysed (Table A3). Their homogencity was numerically tested

.

', . . . ‘, . . - - 0 . e '. -
(Notes with 'I,’ab',le,AS), With these three analyses and the homogceneity
_data 11 was posmb e to svlu ¢ 'relinble clerfents' by the following
L. ., . s L _
criteria: (1) The three analyscs gave effectively the same values for
that elem. «t. (2) No' gigniticant inhoinogeneity was detected for that
crtement. (3) When used as a standard in analysis of the other two
ts - ‘ .
minerals, that element gave xnlu s close to the known concentrations.,

[

These selection ceritéyia arce thought to have supplicd areliable stan-

dard suite. T o .

Of th( other, stnndalds (T able A2

1 O(‘ ﬂma.rdon

Ihmenite and the [/Ioheufgl: Sanidine have beo carcfully checked in the
U. of A, lnicro‘-probcv-laborator’y and their analyses were acceptéd.
. o \ :

Garnet 12442 was checked and Mn found satisfactory. The Anderson

Ilmenite and I\’Iaﬁﬂcutu, the Anorthoclase and the An(60) olass were

- .

acceptcd on rccornrncndatlon of Br. T. O. Frisch. ' The Mn-

o
»

Cummingtonite is i-pholnogcneous but has- only been used for clements

. 5

IR

with much lower concentrations than in the standard. T
o 3 . . . )

) Sample damage. The biotites, muscovites and chlor-

w
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. . B - ) . ] ) . ’ - :_'
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B ' S .
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- - ,,erall mecan. The allowed, mhomoncnﬂ/\r ) - ) -
1 2 ;) . .
2 » s nhtm"’ errcr (at 9%per Ccnt confidence) f\/ %hk\ jnl - .
: ' Qber of Couﬂt(;t in ¢ach set. If the detected mhomogc-ncu/ e &-/ th ‘ X a
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T 3
. ; s;\a LQ“ for b(_IcCtlon criteria. )
N v o
. u?\d OPC’mum arlalysls is only different from }\f q, / N
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. }&on if thc tWo new detcrmmatlons differ //1{‘/ l ﬂtly
k2
ot e .
- e ’ll’ltly L»oyn the: orm‘lnal R Lo -
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" T. o. Frisch. : ‘ T
. e T v , _ ’ h
f’ ) \y
e ; ' ,
. °
)
) \ ~ -
L vy



'/ -
. . .
, 3 :
. ‘ )
. ! : £ .
Cw :
' oot i A i
. Y . T ' ’
L3 v M
"' . ) < }.
* , _Tr}B‘LI; A3 : Data oh the three pri‘nci'pél standards used ip thy pniSxg-Probe analyses
" N (in wt. 6 0! cach clement). g
. A :
W ' | v
.-";-;A " c ! N - . W
L. . (1) Biotite Nos 1 (EPS/i2-1) - -
: . \ o Element 9{_\5_'_1_1__1_1_ Crr)'s__S—A:mlvsiS !?on\ov:mmil-;“) %}WL(‘"J ;g{l}';lf‘j&j‘(”
. . . Analysis o< AL GotMagy
) \ —_— “ Pprl—am
o vs EPS/12-2| vs. KR¥  [Ditected(T) ) Atlowed(y, - . '
N VAR y .. - ) '/'\/\_,' e
s ¢ 16.08 16. 22 16.27 1.4 1.6 - 16-2 .
. M Ti 1.83 1.90 (1.64) 1.7 3.5 o] 1-83
A Al 7204 27,12 (7. 6T 1.2 1.0 Copl . 7.04
e Fe . 23,43 {24. 20) 3.3177% 1.2 0.9 Fe 23-43
% v Mn &} 0.29 0.32 - 0.33 §° 4.6 ca.8 . . 0-29
L Mg (2.77) 2.70 . 2.70 2.6 1.7 2.70
AR Ca . 0.0! 0.01 o_c&/ 6.2 ca. 1o 0.0
R A " Na BRIV 0.07 0. 3.5 4 ca.lo P 0-07
e L BK 7.6% 7.72 (7. 39) 0.8 L “ 7.6% ¢
N . F 0,65 * 0. 54 - - - W F L\ﬁi/‘
: . ﬁ” - : ["_‘- —7 L\_/-\/ T
A A (2) Biotiic No. '3 (EPS/12-2) (Single grain) 3 .
. . : : - W—\/\/—
7 ; o , Original 1 ys EPS/I2-1] vs. KK \4 : s
- . B4 g N ¥ 3 - . WW
Lo "Q;ﬂ‘? Tisi 4 18.05 S17.95 ©18.12 0.8 1.5 5i 18.05
o S - Ti 1. 37 1.32 (1.18) 4.5 4.1 T 1.37
ORTEY S ‘Al S 5. 67 5. 62 (6. 06) 0.9 1.0 <l 5.67
oo 3 Fe ' {14,09) 13,61, 13.59 1.8 1.2 13-60
. s Mn CGV4 0. 68, 0.77 3:5 cals P47 - 0.74
N : Mg . 8.45 o (B.06) 8. 42 i.0 0.9 B 8. 45
IR N Ca » 0. 01 0.00 0. 00 4.7 . ca.lp R . 0.00 Ve
o - Na 0. 51 (0.91) 0. 46 4.1 5.0 . ala o.s7
, N\ X 7. 64 7.57 (7.33) 0.5 R Rﬁ\/ui /
¢ . —— rS - 7
. (3 Kakanui Kaecrsutite c- .
“';\ _ W\/\,‘/——
. Original |.vs. EPS/12-1| vs. EP5/ ) o .
T : 12-2 i
. ] 4
J si 18.87 - | % -18.68 18. 82 1.6 1.5 5i 18.87
. Ti (2. 62) 2.92 3. 04" 1.0 2.8 3.00 (4)
Al (7.88) 7.30 7.37 0.7 } 0.9 - . 7.3 (4)
"Fe. 8.49 8.2 .58 1.6 R L7 Fe . 8.49
Mn 0.07 - 0.06 0.07 6.8 Ccealg - 0.b7
— Mg 7.72 (7.92) 7.72 1.5 0.9 My .72
7.36 - - 0.7 © 1.6 ?
- Na 1.93 - - 0.8. "} v 2.4 ! . 1
K (1.70) . 1.77 1. 7% 2.1 2.4 - ] 1
- F can Ty - 11 - - k/\/
d, t o
i {1)-(41) Sce accompanying notcs. R
Bracketed values appear distinctly different from’ the other determing 327 Sy nd
#«Kakanui I(:\crsuLité. N
. i N .
\ »
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ten successive 20-sccond counts on the same spot.. The biotites and

»chlorites were unaltected but the muscovites displayed marked K

losges.
“~,

3 ' , : .
o Precision. 'L .e ringipal errors in Ll\u; biotite and
\-._, LT T ’ P
must chlorite analyses probably derive from uncertainties in the stan-.
S . A K ; -
dard composition’(climinated as much as possible above) and the
. ~ 0 v . ‘

statistical counting error.” The muscovites (and somic chlorites), ° T

however, are very fine-grained, leading to some difficulty in per-

forming the analyses and introducing the possibility of random errors., .

Further, the muscovite agnlyses . were prablematical because of a
“marked tendency to lose K under the electron beam. Therefore some

empirical test of precision/is required and réplicate analyses have

t
been pc:rforniCd for this purpose (Table'A4). This table also attempts

: ; , .
to evaluate accuracy by presenting somesdeterminations against diff-
crent standards. t ‘ e SR : o
The precision of the analyses may therefore be judged - -

from Table A4, but a graphical approximation of the uncertainties
. . 2 L ' . e

involved is given dn the form of average error bagg in Figst 19, 20

and 22, derived as follows. For small numbers of cterminations the -

standard deviation is approximated by the range., Thus for cach repli-

cate-set the coelficicent of variability was calculated according to the

_,,.\f'ormula
1 . . '
: - o) _ - L
. Coeff. of variation (V)% = 100 x Ranae '
; ' : : Mean S
R P i ) Tt '

&

(.Caldé:, 1971). " The average cu‘cff,icicnt of variation for each clement

was uscd as a measure of the uncertainty for. that element. For Si and
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Al, whic: wore not replicated, the coe (flcient Qf variabiligy was taken
. . ‘ : T -~ _ ‘ ‘
heosticist. l counting crger at 99 per centsconfidence. ﬁl"hcse

as

1 LI

co tlicients sof rariability were propagaled through the structural for-

mul.  coicuiations of avervage minerals toyderive the avesage error’. |
LEars shiown in the figurces. Lhe error barsyare large for the A1
. l v - N ! . . - °
values becausce they are the sum of the uncertainties in both Si and Al
N . B - . o
. determinations. . . . N
FLUID INCLUSIONS - . : S
i .
- ! . . . - " . ..
Potrographic examination. The inclusions were first
examiined in grain mounts at high magnification with a good micro-.
- ' . , ) . .
scope. '

©

Homogertesation studics. Heating determinations werve

: W B -
x R - . [ . . .
carried out on doubly polFisived glabs - of quartz about'1.0-1.5 mm. in ‘

N -

thickness. - They were heated in a’Leitz 350 heating stage capnble of

: » ©
attaining about 350° C.
. . . o
. _ Initially temperature. d ‘terminations were attempted ..
o o s ‘ L : I
using a Pt-resistance thermometer calibrated to great accuracy. - Tt R
. - . . [ =
o . ) . - .- . N . ) v
.« transpired, ‘however, that the resistance probe was the wiong shape

) FE . . b @
-

(approaching 20° C. at 270° C.).J Jhe Inctbod.wds thercfore discavded

. for the rcceptacle in the stiige and this led to excessive thermal lags

oo b .

but it is to be ré¢commended for accuracy and convenience if the cor-
b . \ . ) i

rectibrobe is available.

Tempcrature measurements were therefore made using -

u'1‘n'elr‘cu-l‘y—in—glass thermometers. " Calibration by melting sodium
, . : N . o ) . A N i b - . . . .
rfitrite indicated that the lag is only about 2° C. at 270° C. (sce also
. Fo‘linsb'c’e et al., 1972). The lowcr—fl‘angc thermome.crs viere not
' . -, : _A‘.')‘ ) . S : o x 0
- . 2T, s
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¢ T T . ¢ TR , Y e . % . .
s+ exactly the correct shape for the receptacle and were found to read .- - .
" betwegr 5-109 €0 low at thoir upper [imit 62309 ¢, o spite'variovus .
. ‘.' '_ RN 2 “ . . o i Yo } : PN
attempts torremedy this lagy - The, temperature measurements are hot o
. AR - o i B ,“‘ ’ [P . ) R ."‘ \
) - - C . R T e . BN ) . . . n M . . . .
therefore pnrh»ﬂarly accurate andan-uncartainty of T7-10° ¢, i5 ‘.
| I ., SRR oY D L . - ) . .
: Cestimdted s s _ o - PR
M e FT ) “ e ~
B B - . . !‘ . Lot .. o
‘ . . .9 S o ae 4
. T The henting stage was  ounted on a Luits SM Pol T
maicroscope.with long.focal-lc otdr objectives., The maximum magui- e - i
- C - - - . N . RN v . P
4 fication of this system is .s‘n)fficiunt only fof ‘\ficwing the 1;1rgo':;t inclu- ‘
. - . ‘ oo o " .
slons present and the illumination is pbor. This adds to the laccur- . .
. -, B R . . - .. e . . - N !
P acy of the deterininations. i \ oo
. - The rate of temperature increase wirs determinegd at @ -7‘
" ' . - ’ . .- ~ . Ty z ‘ .
DA _ . } , L e
5( different heating currents. It was thon pogsible to miantain a steady’, - v
Ctemperature increase of about 10-129 ¢/ minute by adjusting the cheo- - ©
. - . o . ' . - D, o
stat.as femperaturc i(n‘c'rc‘ased. N
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types (observed, inferred). _ or rgojsr pégmatite (with dip).
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+ Aerial photograph cent: o,
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Map. to accofnpany“ t‘hesis‘. by C.R.Ramsay, Univérsi‘ty
_Ramsay in 1971 with lithological boundaries slightly
1946) and -Henderson (197Q).  Cartography based o
-'veft’vicq’ aerial photographs. - Declination = 32° East
were obtained, in'depen(jentl‘y SO _that this. and ;I\ot-l
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70). - Carto’graphy based on-a “partialtly controlled mosaic of
hs. Declination : ﬁ&gggt All the s&ructural_dala shD.\{Vn "

tly. so that this and“thliffe‘S"m‘aps’" are :com"plementary&.
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