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. The record of\an“Archean continental rift is preserved in

"“the ¥olded and faulted Supracrfd;sfal syoce‘ssion in the central

- part of the ka Grend‘e greenstone belt. The base of the
| / sdccession is obscured by syntectonic tonalite 1ntrusidns. ’
Volcanoclnstics and sediments’ deposited in shollou water are

overloin by urge volu-es of‘ subuarine basalts and minor s

‘ ,( baseltic ’andesites that were ektruded on sdbaerMe Tava plains/. *\,q: i

> Coerse,uesterly-derived c‘l%stic sediuents ‘Were deposited on a° \
sub;orin: fon overlying the volconics. while banded iron ':3*

- fovmation wosz forméd fn the deeper perts of fhe besin. Late- )

_ stage oosoltic andesites and reloted volconoc‘lasties fnd -

.. sedimnos were enplaced 1n shallow uter.s du‘ring a period when

bR , .o £
X .

SRS - the bas&n was locall;y energent. The presence of netasedimentary

and granittc xenoliths 1n the volcanic *rocks. dnd the granitic

\ provenance of the basin- fﬂling seduents. indicate that the

1 +

supracrustn ‘pile was forned on continewtolr crust. The basaitic

VWA AR R Y

LA T rocks are tholeiitic. with flat. REE profiles (IOx chondrite),
“and 1ow. Hg! » and are believed to: he\re evo‘lved Hy fnt:tionel
- crystal]ization of kouﬁnic parents in laﬂge. shanou,
subcrnsta‘l magma chambers, The late-stage basaftic andesites and
. N ) “~'“f ondesites bave high Mg, Ni, Cr and ‘Zr end\,}oi Ti. v and ve:;ﬂ
- cohtents. as vrell as high LREE abundances (IOOx chondrite) and y
:' it is proposed here that they hne forned by fractieouaf\
crystoleotion of o kontiitic parent coubined with‘

‘ossi-ﬂotion of a tonoHtic crustal contuinant. The La Grande,
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greenstone be']t is considered to have been a westwa'rdl;}

'\prﬁpaguing continental rift in which the fnitial subsidence

£

recordzd by the supracrustal successfon was the result of

lithospheric thinning. -
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Les ve'st\‘iges d'un rift_‘continent‘al d'age Archéen sont

pre’serve’s gans”la séquence plissée et faillée “de roches vplcano-

sédinentairesj,dans Ta partie centrale dgs la bande de roches
vertes de ln G?ande. La base de cette succession est msquee par

1a Mse en plﬂtce d'intrusions syntectonﬁ‘hes de composition

. tonalitique. Une sequence de sédimenty clastiques et de
) };volcaniclﬂtiques. déposée en-milieu marin“peu profond, est
'recouverte d'un ilportant enp,tle-ent de basaltes, . en grqgnde

partie. et d'andésites. basaltiques.. Epanches sub  de grandes ‘

plaines sous-marines. “Mors que “:des sediuents cnstiques

g.ros§~1‘|aﬁ.. dont 1a source est localisée a 1'ouest,
}

de deJection sous~iaﬂn. des fomatiovfs de fer se formaignt dans

us Erties plus- prﬁom!s du bassin.. Des andésites bas‘a]tiques

t.u-dives. a'insi que les sedinents et volcanic\astiques associes."

“furent déposes €ii "‘eau peu profonde “lors, d'une pértode

’Ee de xenol i thes

d'origine -etasedinentaire et granitique dans les depots~'

volcaniques, M‘hsi que l'origine granitique des sedinents qui

combl ent le blssin. suggerent que la succession volcano«

sédimentaire fut ac'cunullée sur une cr‘oGte continentale. Les

roche/s\ basaltiqucs tholeutiques. montrent des patrons de REE

pla‘%/s (10 x chondrite) et des rapports Mg/Ng+Fe(t) peu 2léves,’

suggérant qu*ils dérive‘nt de l1iquides parentaux deeconposition

komatiitiques p'a"i’-"_un processus de cristallization fractionnde”

; ayant pris place dans de vastes chambres magmatiques situé€es a
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ent sdr l'e-pilenent volcanique pour former un cone“
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e ¢ ‘u A
PN tardives lontreng, des’ valeurs elevees en Mg, Ni, Cr, Zr et HREE 'a
(_) (100 X chondrite) et de basSes valeurs en T1. V, et Y et «
an semblent etre le produft” d un proce‘ss‘us combine’ de
a | R . crista'llizat/‘ion fractimﬂwe a partir d'un 1iquide parental 4
‘ kont'litique et _de l'assimilation d'un contaminant de
. ;
e MHmm:m.'.ithm tonalitiqum La bande de m)ches vertes de La Grande .
: est fina]enw 1nterpretee connp representant un rift
‘g contimental se propageant vérs T'ouest, pour leqbel la 3
S . N
o -7 sub:idcnce initiale, dont la sequence volcanb- sediuentaire est ’
N ¥ N
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1.1 Introduction

¥

4)‘ '

. The record of Archean tectonic qnd lagnatic activity is

© o

préserved 1n.part in graniteﬂgreenstone terranes, Tbese terranes
consist predouinantly of granitoid plutons and tonaliitic

gneisses that contain 1Qfolds of supracrustals kmown - ‘as

greenstone belts.: Although the nldest known greenstoﬁe belts &re(r

3. 4- 3 8 Gyr. (eg. Isua, sreenland. Moorbath,1975; Sebakwian

sroup. Zlabhbwg, Hilson ut a].. )978 Barberton, South Africa,

' Barton et al, ™ 1981) uost appear to have formed 'in the period

2 ,6-2.7 Gyr; 1eg.~5uperfor Province. Canada. Goodwin et al.,

1972) Granite gfeenstowé terraues doninate the Archean

provinces of Narth Anericq. sodthern “Afrita and western

¢ W S~z

Aust,‘aliao Lo P ,‘\,.'“‘,) ol '.w"_ Lo ‘ L.
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Greenstqneubelt; are connonly Jntruded by, or Tn faulted
coutact with. youuger grahitoid plutons. ‘Some greeﬂstone belts ,
howaver. unconforuably o0€¥11e older ‘basement rpcws (eg. Pongo1m

Supergroup. South Africa. Mathews, 1967; Upper Greenstones,

R A

EEd

Frith et al., 1977).
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" Archean greenstone belts are commonly ﬁ?ésenggd as

s wad N

synforual ‘keels’ with ‘linear or cuspate structural trends and

large lengthsto<width ratios.. The{F metaworphic grade 1is

- '(“ NG

typically greeqschist but nay attain nnphibolite facies near

1 ' I {
" J‘" . . ‘} o g . pl ot Uil

i_21-babwe. Bickle et al.. 1975; Yellowknife Supergroup, Canada,j
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contacts with plutons (Jolt}y, 1980). The overall structure of

many greenstone belts appears to have been controlled by
vertical tectonic processes associated with the euplaéen&nt of
syntectonic granitoid plutons (Condie. 1980) Some greenstong
belts. honever. have undergone early phases of deformation that

_are dnulnated by hdrizontal tectonic processes 1nclud1ng thrust

T e st o enngte Srimr o aioiiron o 20

a_ﬂ.‘faulting, recunbent folding and . the eaplqcenent of nappe
structures (e.g. Barberton Mountain Land, Ramsay, 1965 Pilbara.
Hestern Australta, Bickle et al., 1980; Willfams et al., 1979)

The oldest volcanic rocks in greenstone belts are commonly.
- {interpreted to have~beeno¢rubted‘1n submarine envjronnenisy .
whereas extrusive rocks at higher levels in nany—kuccéésibds

- - \' . )
_;. have field characteristits suggestive of subaerial epplacepegt;”

o The %ouer stratlg;aphic successions preserie&ﬁﬁn greenstone =
belts are dominated by tholeiitic basalts and ionatiites such as i-

y those found in the Abitibi belt of Canada/(oiuroth et-al.,,

. - p1982) Tholeiftic hasalts are connonly 1ntercalatgd with, or
ES replaced’by. volcanic rocks of calc-alkaline. affinit«\at higher §
levels within the supracrustal pile (Jolly, 1975, 1980; Thurston- B i}

ilet al.;/1983). The ratio of kouatiitic to calc- alkaline volcanic

v S * rocks generally decreases up section. Volcanic rbcks of alkaline ~ '~
waffinity are relatively rare in Archean successions and are 4

o | Lo generllly found at the highest levels of the supracrustal pile,

;f’ ' . unconfornably overiying tholeiites and calc alka]ine volcanic

" rocks (e.g. Bijou Point, Ontario ,Smith et al., 1974; Oxford

-¥ Lake;.Manitoba, Brooks et al.,1982).
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... Sedimentary rocks are found throughout greenstonq

'successions. Houever. the laryest accunulations are generally

“{n the upper levels. They are predoninantiy clastic rocks such
as i-:ature lithic arenites, arioses. siltstones and
conglonerates. Hature cbastic seainentary rocks. such as
orthoquartzites. are conparativeiy rare in Archean greenstone
belfﬁ. Chemical sedinints found inﬂgreenstone beits include. in
decreosing order of abundance: banded fron: forlation. dolomites,

and,evaporites. Foraation of many greenstone belts uas folloued

: "

by the developnent of sedinent&ry basins (e g. the Tiniskauing

Group. Abitibi belt. Canada, Dimroth et al.. 1982; and other
e g .

» ”:exanples referenced in Bickle et al., 1982)

»

¥

A variety of depositional environments has been documented
in Archean greenstone successfons. These include fluvial

(braided streau and alluvial fan) (Sfoux Lookout. Canada, Turner

) et al..1973). and sublarine fan complexes, (Pilbara. Western

Australia, Eriksson, 1981). ln the Pilbara of Hestern Australia, ]

Eriksson (op. cit.) has deaonstrated an abrupt transition from

terrigenous (bratded alluvial) to marine (submarine fan)

‘sediuents without any (hallou}parine facfes, thus suggesting a

narrow continental shelf. Similar transitional terrigenous -to-

+

marine sutcessions have been described in a number of other

“

greenstone belts (e.g. Hahitou Lookout canada Halker et.al.,-

" 1971; Sioux Lookout, Turner{et al., 1973' Barberton Hountain

Land, Eriksson, 1980). In the Barberton, Hountafn Land an initiai

steép-rift margin (abrupt terrigenou% to;narine facies’

i
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;ransitibn)<%as succeeded‘qi‘the deveioplent of a sﬁé&f-rise
margin with 2 well developed continental shelf upon which
extensive deltaic, barrier beach and tidal flat sediments

bgcuidlated (Eriksson, 1978, 1980).

o~

Many models have been proposed‘to‘explain the origin and

. o
evolution of Archean greenstone belts. Classical- models of

1

Archean crustal evolution.,incIuding density inversion podgls.}

(MacGregor,.-1951) and mantle convection models (Fyfe, 1974,
Willliams, 1977) and models thcg treat greensgonevﬁqlts~as

"Archean analogﬁeg of mdodern oceanic crusi (6likson, 1971

1972; Glikson et. al.. 1976; and Goodwfn et al,, 1970). have
been reviewed elseuhe?e (e.q. Hindley. 1977; Condie, 1981).

Continental-rff; tectonic settings have been préposﬁd‘for a

number of. greenstone‘geits which have sedimentary contacts with’

underlying sialic baselent, as well as those belts which are
believed bnsed on the: provenance of their sedinents.‘ to have

forned close to, if not directly on continental crust (e.g.

TBarberton.,Eriksson. 1980). Some of the earliest rift models,

which do not address the actual nechanisnvof_rifting. include .

those of Anhauesser (19515. and Windley (1;73). Hupter (1974)
and Condte and Hunter (1976) have ‘proposed that continental
rifting in the Archean may have.been 1n1t1ated by upwelling
mantle plunes.nantle plune models are appealingin that they

_provide a uechanisl to initiate rifting, as well as a means of

L geﬁeratinb komatiites by multistage melting (Arndt, 1977). These

~w fC

e Tt T ot U




" models require that subsidence occurs as a result of {sostatic

compensation due to the erosion of the continental crust

assocfated with an early phase of domal uplift.

3 r
b

A vassive nodel of continental rifting has been forlulated

——rs -

by ucKeazie (1978) to explain the evolution of sedinentary

A

basins formed 1q continental settings. This model entails two

stages of Subs%dence. The -initial subsidence is in response to

immediate isostatic adjustments associated with thinning of the
continental crust. The second stage of subsidence, termed
ther-al subsidence (Royden et al.. 12;0). is a result of
fsostatic conpensation associated with density 1ncreases that

occwr uith conductive cooling and thickening of the lithosphere.

" McKenzie et al. (1980), Bickle et al. (1982) and Nisbet
(19842, 1984b) have suggested that this model could explain the,

evolution of Archean‘vd1pano-sediuqntary basins that are
unconformably overlain by sediment-dominated basins (such as the
Belingwe greenstone belt," Zinbabwe- Witwaterstrand and
Transvaal. South Africa). The esriy forneh volcanic doninated
successions would have forned during periods of initial
subsidence when the heat flow was high, whereas overlying
sediuentar;fi?sins may have formed during the ﬁ%rjod of thermal
subsidence (ﬁickle et al., lQ@;).

Some workeérs have appei?id to a margfpal-basin model for:
Archean granite-greenstone terranes (Tarney et al., 1977,
Windley, 1977). Tarney et al. (op. cit.) have suggested that

the Cretaceous Rocas Verdes complex of southwestern Chile,f(

- ) ) .' /
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fossil ngrglnal basin, has an overall tectonic settLJvand 2

HEY
~ e e -

record of magmatism that closely parallels that found ln“

- T (_} granite-greenstone terranes.

7

-~
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So-e Archeen greenstone belts have features conparable with

nodern fsland arcs (Langford et el.. 1976) binroth et el

, ,
q T . ;
L A b1 b £ o, e SRS g S
. X " i, P Ie:
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(1982, 1983a. 1983b) haye suggesteu on the basls of stru;ture.
lgneous‘metrocheulstry. paleoenvironnent and paleogeogrqppy that
the Abftlbl belt may be an Archean analogue~of a eE:erniefe- - -
forearc coiplex The Internal northern end External southern
Zones are believed to represent the -aln arc complex and the
forearc terrene respectively. The External Zone is believed, on .
the basis of 1sostatiq argunents, to have been. emplaced on
oceanic crust, uhereas the lnternel lone may have been formed on

. ,"elther thinned contlnental or oceanic l1ithosphere (Dimroth et

el.. 1984). The Internal Zbue is belleved to have béen

ve SO
..

susequently underplated by shallow level calc alkaline plutons”
- s
(Dleroth et al., ibid.) i

Chotice between these models must be based on all the\

available geological and geophyslcal data for avglven greenstone*~;‘vf2

" belt. leeu the complexities of lndlvldual greenstone belts ‘and ‘
the large time span involved betuee various granite-greenstone‘
forming episodes, 1t is unlikely at one model applies”to ell
belts. e A “

1.2 . Statemeant of the Problem
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-crustai evolution in the La srande greenstone belt of central

this thesis addresses a nuuber of aspects of Archean

?
ﬁuebec. A transect in the central,portion of this belt provides

“l

s
f
.
i P St et e o

the luin data base for an interpretation of the\tectonic setting'.
and Iog-atic,evoiution of the vplcano- sedimentary succession and
piutonic rocks, The, first part of this thesis ‘deals with ‘the
overoll setting of the belt, stratigraphic reiationships of theh:
centrai segirnt.<petrography and field relationships of .the
various iitnologies. and the structural and- netamorphic history.
A paleoenviroﬁnentai and paieogeographic~reoonstruction of the’
xentrai seg-ent is then“wresented The second part of this'
thesis concerns the geochemistry of the volcanic rocks and

Y

synvo1conic intrusives and the nature of the physical ‘and

¢ -+
I oAl N 2l 3 et e R WL e S i e £ e A3

chenical processes that antroLled their evolution. Finally. a
preliminary tectonic model of the pre-defornational evoiution of

the belt is.proposed, and a number of tests 'of this model are

o ¢l
sug ested..for. uture investigations: .
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() X 2.1 Regional Setting of the La Grande Greenstone Belt,

The Archean La qiahde greenstone beri.consistsngj;a series

of NE to ENE ¢to g‘tsending synforms of volcano-sedimentar} rocks
that extend eastward from James Bay some 450 km toward central
Guebéc(Figt 1). Radiometric. ages (K/Ar) determined on biotite

and -gscovfte separates of volcano-sedimentary rocks from the

| '43 A 'Gralideaaleﬂine River area (Fig. 1) give a mean age of 2580 + 125
° Ma for two samples (Lowdon, 1960; Eade, 1966). Eade has
suggested'eha%‘this age determination and those determined on
granitoid 1ntrusives and gneisses (Eade op. cit i, units 1-6)
fndicate that the last phase of metamorphism to- reset the K/Ar -
1y isotopic system wasrat approxinately 2500 Ma (Kenoran orogeny).

Regional mapping of the La Grande greenstone belt includes the {

Eyaan Sl

2 st e
-

work of Eade et\al. (1957) and Eade (1966) (at a scale of
1:500,000) ; Fouque et al. (1979) (1:250,000); Sharma (1977)
* (1:100,000); Avramtchev (1983) (J:ZSO.bOO);,ﬂnd Ciesielski
(1984) (1:250,000). :
“ oo }
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2
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Fouqne et al, (1979) divided the rocks of the La Grande ;

 area into eleven lithostratigraphic units (Table 1). They
divid:ﬁ the lowermost un¥t, which comprises the greenstone ] 1
0 succession. into two cycles. The first-cycle is comprdsed of
mafic volcanic rocks, including massive and pillowed basalts,

and intercalated mafic tuffs, and may contain banded iron

fgrnat;%n near ' fts top. The second-cycle, which they tentatively
) - P

Iy 23 - f- . &
. i . . 0,
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Table 1 Litiostratigriphjc Units of the La Grande Greenstone
Belt (after Fouque'et. al., 1929):W

Proterozoic;...n....Diabasic-texfured gabbro
“  Early Helikien.S....Sakami Formation i
T SERIE LAGUICHE AND ASSOCXATED GRANITIZATION 'l
Early Aphebian . ,
or Archean.....¥3...Post Tectonic Granite ” .
™~
,‘5{ . eeses¥2...Leucocratic Granite and Pegmatite

,l..,u2.¢.nig-atftes and Granitic Hignatite‘

—

f

cecmumcccsscnonmmanssenan DISCORDANCE=-=-=n=romemmmmrmcenane- peee- .
“SERIE DES vxEux.snsxss' o .

gxfﬂ/\' ' ceeee§2.. . Amphibole-Biotite Paragn?iss L

e - Archefn.".”A.u.niglitificQnéiss and Migmatite
" Undifferentiated '

L]

o - .....gl...Foliated granodiorite-oiorité‘(Agiiectic ?) .
g* s“.¢1".ﬂiglatitqsosneiss. O;thogneiss (Granitiq,
v ' . Grlnoaiﬁritic) l '

;f,f‘ . . vesss¥S...Basic and Acidic VJTianic and yoic?ho-

L}

o Sedimentary Units. Biotite-Amphibole Schists
’ ' ~ AmphiboleGneiss, Andesite-basal'tr Quartzite

a

L | *J«Arkose. Conglomerate

R —-eccocecaePISCORDANCE (2)=-c--scccococccacoaoan--

FIRST-CYCLE ) .
eesssRY...Si1ts, Tuff, Pillow Lava, Intermediate-

_ - Felsic Flows, Conglomerate . g ]
eeccccsscancnccanann -----DISCORDANCE ) T Y

SECOND-CYCLE -
eesesRV. i Iron F mation, Mafic Tuff Mafic Lava.

- ) : . Ultra-afic Lava

.
PN . f-

-
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'suggested may be discordant with the first. is conprised of
r

polymict paracongio-er?tes overlaiq}by finer-grained sedinentary

rocks and mafic, intermediate and rare felsic volcanic and

-

. voTcanoclastic rocks,

¢
.
1

R . Sta-atelopoulou Seymour (ms. in prep.. 1?85) has erecteﬁua

N s

431  detailed "’ stratigraphy ef fheyrArcheqn volcano- s@dineniary
succession' in ‘the vicinity of Lag Guyer (Fig.wl) The ‘Vower

#: units n- this area. consist of A succession of «clastic

sedimentary rocks overlaiﬂ by rhyodacites and - felsiq

volcanoclg;tic rocks. This lower unit is overlain by a- thick

ynsucesssion of nassive gnd piilowed basalts which are in turn

1

overiain by a sequence of pilﬂbwed peridotitic. pyroxenitic and

Pasaltic. kouatiites. The third and uppernost unit in the Lac

Buyer area is a sequence of pilloued and massive basalts.'

<

wr
~

r!l LY
2

ot . 4 A '
Liu (1985) has established-a stratigraphy in.the
supracrustal succession southeagt of Lac Guyer (?ig. 1). In this

‘ area. nafic Voicanoclastic rocks ‘are overlain by pillowed and

0

intercalated auongst the lower .flows. The basaits are overlain

by pillowed and massive koua‘tiit* and 4n turn by an upper

succgssion of basalts. , - . .

- 5
vy ".}
4 !’:’

- Konatiitic rocks are restricted to, the eastern part of the

o
™

La Grandn greenstone belt (Avramtchev, 1983 Liu. 1985) These ,

S rocks appear to exist at..both the base and near the top of the

e

Successions in the vicinity of Lac auyer. ‘_ w

E:a

1

i )=

Vo anty. o g,
i N

gassive basalts with thin lenses of lafic volcanoé}aﬁtics .
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At least three sets of folds are evident in the Archean
”supracrustai sequénce (Brenon et'-al., 1977; l-'ouque~ ‘et al., 1979;
Stantglopoulou-Seynour. 1982). The first set is rarely

pceserved a,n’d -{s characterized b‘y microscopic, isoclinal

inxrafol'ial folds that are penecontenporaneou‘s with amphibolite~ "

facies regional neta-orphis-. The second set is§eharacterized by
mesoscopic isoclinal folds that are noderately plunging toward
the N and S. andiare acconpanied by a pronounced ENE striking.
. steeply north- dipping, axfal-planar schistosity”tfhe third set

s most evident in well folfated lithologies. and--

characterizad by kink- banding assdciated with intrafoiiai

rw¢hearing and shearing transverse to- the foliatidn.

"

-
‘u‘:' -~ T
.

Two n‘aj:-o'r nhases"of‘j‘bﬂrittle deformation have been
rec‘og'nrzed‘in the La Grande greenstone belt (Fouque et al.,
1979): The Serfe Laguiche is separated from the Vieux Gneiss
(Table 1):by a well-defined iineanent which trends N 70 and is
evident in satellite inagery (ER‘I’S) (Fouque et ai.. op cit.;

Schunacher et. al., 1978). This lineanent is believed to

represent a sinistrai shear zone uhich def\ines the nargins of

the various Sahani sedinentarv basins. Fouque et al. (op. cit.)
have suggested that the Proterozotc Sakami basins were formed as
)pul 'I-apart structures. A second phase of brittle deformation

resulted in transverse conjugate faults that trend N 20-40 and N

A 140 160 These late-stage faults post’date the emplacement of a

'*Proterozoic diabasic gabbro swarm, o
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£ i /A nu-ber of workers have inwestigated'the petrology and
\\ petrogenesis of the voiconic and,. intru,si,ve rocks in the La
~ Gruide Greenstone Belt. Stanatelopouiou Seylour (1982. 1983, ms.
in prep.. 1986) has studied the petrogenetic history of the
N bosalt konstiite and rhyodocite -granodiorite association in "the

Lac Guyer area. Liu (1985) has "i{nvestigated the petrogenetic

- history of‘basaltic and kontiitic rocks as well as the

¢
u

the petrogenasis of basalts, gabbros, and peridotites in the
\ nstern part of the La . Grande greenstone bel‘t ‘and compared these
with -the ovailabla data fro;(otner parts of the La Grande belt.
Skulski et al (1984) have investigated the stratigraphy and
petrogenesis of basalts if_i fhe.cen\tral part of‘ the La Grande

t.gr&enstone"’ool t. Regional models of the tectonic and magmatic

evotlutto'n” orf:..i:he La Grande greenstone belt have -been presented

L 'by Ltu (1985) and Skulski et al. (1985). .

el 1 ' -
4

. . 722" 'Access, Physiography and Previous Work in the LE-3 Area

PO W

ro~
I

< The present study is based on detatfed napping (1:10,000

‘;.*"” . scale, su-ner 1983) and supling of a 45 square km area in the

central portion ‘'of the La Grande greenstone belt in the vicinity

of the LG~ 3 hydropouer station (latitude-53 39- 53 42 N,"
longituda 16 05- 76 57 W, (Fig. 1) This study: also treats a
nu-ber of snples provided by A. Hynes. that were col lected .some -

(.} ’ 25 km to the USH of the study orea along the shores pf the LG-2

progrossivo migmatization of biotite gng‘i,sses fn. the area

4 T southeast of Lac Guyer. Rivard et al. (3984, 1985) have studied

. .
e T




wreservoir (Fig. 1). - The L6-3 area is located approxinateiy 450
kn north of Matagami, Quebec, and is located within the
Lo b territoriai lioits of La Societe de Developpenent de Ya Baié

Janes (Hydro Quebéc). Access is 'by road fron Matagami or by

-7 plane to the L6-3 airport.,f
A

o N “ \ p

— _
T e st e

v l ) . Tne topography of- the- LG 3 area s characteristic of a
heavily glaciated terrane, as evidenced in the nultitude of
g ) lakes and swamps (Sharma, 1977). The topography is i’bdued in

h“ B ' ' areas of predoninantly volcanoclastic and sedimentary rocks.

RS

J © suth as in the northern and central portions of the map area
(Appendix D). In those regions dominated bynplutonic and
volcanic rocis. (as in the central and western parts of the map i
area) thectopography s .rugged and abrupt elevation changes on

2 tne order of 165 m can. occur. $orface exposure is(approximately
% S ) ‘50 £ in this area. However, recent construction“activity has

~also created excellent roadcuts.

e
32

: [\ . 3 -
" In adoition to the regional napping of the La Granoe belt,

R

, part of the the LG- 3 area has been napped by Ekstrom (1960) at
a scale of - 1487, 000. In the early seventies the area was napped

at 2 scale of 1:50,000 (LaRose, 1975) for the purpose of

Ex deli-iting~uraninn nineralization at the base of the Proterozoic

Sakani Formation. Drillhole data and geoiogy of the ‘TA-26A and d
" dam sites on the shores of the L6-3 reservoir (Appendix D) are
- reported in a 1:2,400 scale map prepared by Tremblay (1982) for
-f . - the Societé d' Energie de 1la Baié Ja-es. The geology of the LG-3

14 - \
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aréa has also been discussed 1p a regiopal study by Ciesielski
(1984). Aeronagnetip maps of tpé'LG-3 area include a 1:31,680
scale map included in a mineral assessment repd?t by Eckstrom

(1960), as well as 1:50,000 maps by the Department of Energy,

4 o

Mines and Resources, -Canada and the Department of Natural
Resources, Quebec (now known as Ministere de 1'Energie et des

Ressources). s
Y

2.3 Gcological Setting of the LG-3 Seynept and the Lac

[

Coutaceau Dykes

'
» B

2.3.1 Local Setting And Geadrpl*j Stratigraphy

Thé'ceptral segment pf the La Grande greenstone belt is
predo-inlntly ENE trending. However, in the vicinity of LG-3 the
belt is arcuate about a composite pluton which intrudes the
southern periphery of the»@reenstone succession (Fig. 1).. Toward
the SE the greenstone belt pinches out on the eastern 1limb of a
large NNE plungfng synform ( Eckstrom, 1960; Eade. 1966; LaRose,
1975). The Lac suyer segment of the La Grande-belt appears to
1ie directly on strike with the eastern limb of this structure

" (Fig. 1).

2 KR

In the LG-3 area the volcano-sedimentary succession

represents the lowermost stratigraphic unit of Fouques et al.

(1979).Jjunit R.V. Table 1). It may be subdivided into: four‘

strat%graphic units. These are, in stratigraphic order' unlt I.

i

Lower Volcanoclastics ind Hetasedinents. unfit 2, Fiﬁ&tktyfﬁe

@,

e i

T AT AE e



Yolcanics; unit 3, Metasediments; and unitpa, Second-Cycle
Yolcanics. The maximum thickness of the exposed strata 1is
.approxipately ?:6 km. Thié egtinate ignores thé~possib1e effect
of folding, théh is invariably present ;n the well-stratified

units. The base of the supracrustal succession {s obscured by

younger granitoid intrusives.
" There are.five suites. of’syn{;cto;Lg intrusives in the LG-3
‘areta.the%§outﬁern Composite pluton.\”fd?ﬂe‘Ténalite pluton,
Northern Tonalite, HNorthern Porphyr!?ic TonalitéTGranodiorite{
aﬁd porphyritic tonalite and trﬂndjhenite d;?és and plugs
/(Appendix D). The:;oncondance of structural fabrics bétween
various plutons‘;;H the supracrustal succession they intrude

‘Indicates that these rocks are Eynéﬁronous with the first phase

of deformation.

"
-

_Nine samplés of fine grained diorite (Lac Coutaceau dykes)

e - R N

were collected by A. Hynes along the shores of the LG-2

et e

reservoir WSW 6f the LG- 3 area. These rocks occur as dykes that

have mutual crosscutting relationships with lqcal granodiorites

X i A,

that 1ntrude the.Archean supracrustal succession (Hynes,persona1
: connunieition) Based on their sinllar nodai coupositions ‘the
granodiorites-in the Lac Coutlceau area are assuled to be of 1
similar age to the Northern Porphyritic Tonalite aﬂd

v o

Granodiorite in the LG 3 area._ ( s

» e N
- . Uy . LY«
.3 p g

b3

The youngest-intrusive bodies in the L6-3 area are

-
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relatively fresh, diabasic-textured gabbro dykes of probable

A3

Proterozoic age. These rdy.kes crosscut all structural fabrics and
1ithological units. The largest of these dykes strikes
approximately ENE and can be traced from the extreme SW corner

b to the eastern 1imits of the map area on the shores of the LG-3

e o ko

reservoir (Appendix D). N

The xoun’g"elﬁt_ lithologfical unit in the area 1is the

Cen Proterozoic Salglni Formation. It consists of shallow-dipping to

“ . horfzontal quartz irenités and conglomé‘r’ate beds that
o ~ -unconfornbly over'lie the Archean supracrustals in the east-
central part of the -ap area, on the shores of the LG-3 .
‘“reservbir (Appendix D).‘ Revie\gs of the stratigraphic and
(sediientological characteristics of this fornation can be found

in Eade . (1955) and Fouque et-al. (1979).

i

2.3.2 Structural History \)/

o

.The ,Archean/ supracrustal .succession in 'the:central pa}-t of

b L *

e e Ryt

the La Gran_dé belt has been ‘affecte%‘*by two ph\a‘se‘s' of

pre

deformation. The first phase of deformation.(D1) accounts. for -

wal

The synclinal form of the greenstone belt ahd'is contemporanegus

|
ﬁ < . nith the first phase of netuorphisa (Hl) The second phase'of .'
) deforution 1s characterized by strike sd,ip fdulting that has
,""(,displaced urlier ftrst-order D1 folds and appears to be'

associated with minor folding (FZ) and i low-grade retrograde.

"‘metamorphism (Hg). There is no evidence of ear‘ly‘iln;rafolial .

(_; ‘ ~folds as isvtfggested‘ by Fbuque e‘t‘ al.w(l979).ﬂ and Grenon et al.

h 4 };’
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(19i7). and"thu‘s. the -0l and D2 ewents docunented here probably

correspond to the D2 and D3 events of these previous workers. !
’ ( ‘a; - - ' oS ‘f ’ ¢
. L . . ~r’ . é

F1 folds are isoclinal folds’ of bedding sur faces (S0). and 7

have a penetrative axial planar fabric (Sl) The absencew of any
‘ significant"p?e Dl event is suggested by the polqarity in SO - i
h / | . surfaces as determined throughout the map areaon the basis of‘ _
' “p'illow facing in volcanic ,roclss‘:"dnor-al gr;di‘ng in the Loye&f“

. Yolcanoclastics and Hétasediients. volcanoclastics of the

.First-Cycle. Volcanics. and sandstones in the Hetasedinents and e
- Second-Cycle Volcanics. Fl folds-are obserwed on hoth a,_‘_
legascopic (wavelengths up to 4 km) and uesoscopic scnle |
(wavelen gths up to 5 ®). The supracrustal‘?{success}on ha's ‘been
folded into a large. first-order syneline (1nfnrua11y referreﬂ,__ e
to as/the Chaim I.sk\es syncline) nhich is E- trending and NNE-
plunqing {ca. 50. Appendix D). Buth Hnbs dip &pprc*xﬁately 70° -
xﬂ (Fig. Za. b, Appendix DY. The hinge zong of th& Chain Lakes
n T syncline is defined on the basis of a partia! closure in the 'iif
© .-, ‘Netasediments and ‘Second- cycte Volcenics fn the western part of !

. the wap arep (Appendix D). “andin cangalonerates in the g
R Hetasedinents in the central part of the -map area (“Fig. 11) 1

Conglolerates fn the Hetasodinents in ithé hinge zohe are highly 1

J

E 1. - defoyud (Plate 1), nnd 1n the' certral part of the uap area are
ourlain by siltstones in which the”bedding has been transposed

= e L.

- - 1nto the 'S1 cleavage. . _" e T

. & dpa M
. . r 7 1
A £ - s
- - . " > . r'l . v
+ o -

Snaller F1 ncroscopic folds (wavelengths up: to 150~ ii‘ are
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restricted to the stratified Bedinentary rocks in the
Metasediments and Lower Volcanoclastics and Hetesediaents
(Appendix . Macroscopic folds are not found in the First-

' -

Cycle Volcanics, as evidenced by the straight continuous nature

of a glomeroporphyritic uarker in the northern 1imb of the Chain

Lakes syncline (Appepdix D). Minor Fl mesoscopic folds are found
in stratified sediuentary end volcanoclastic rocks in all four
units (Plate 2). Hesoscopic folds are typically tight to
isoclinal and have moderate plunges (ca. 50. Fig. 2c).

S1 1s a schistosity in amphibolites and epidote
amphibolites. The S1 fabric is manifested by the parallel
alignment o; actinolite, chlorite, plagioclase and quartz in low
grade rocks and the parallel alignment of hornblende,
pIQgioclase. bifotite and quartz in higher grade rocke. The Sd

fabric is preferentially developed in ‘sedimentary an&

“volcanoclastic rocks in general, whereas massive volcanic “and

plutonic rocks have A less well developed schistosity: The;fa
febric is parallel to the contact between the Soethern Composite
Pluton and the supracrustel succession .and is locally west-
striking and north dipping,(epbroximately 70, Fig.3a). Toward

the east of the map area (Fig. 1), the supqacrésta1 succession

4 S ,
becomes arcuate about the Southern Composite Plgton and the S1

fabric becomes progressively more N-striking in this area from
W to E, (Eckstrom, 1960). The 'concordance of bedding in the

supracrustal shfcession. the contact with. and the S1 fabric in

the Southern Composite Pluton reflects the synchronous nature of .

the emplacenent of ihis pIutqn and the deformation of the
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Figure 3 Poles to S1 in the Frisg-Cycle Volcanics, (a) south i
{
and (b) north of :the Chain Lakes fault. ;
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. greenstone belt,

The second phase of deformation is\:ﬂa&a&teri;ed by strike
slip faojting and linof,crocs-folding; A large, sinistral strike
slip iault (informally named the Chain Lakes fault) has

displaced the southern 1imb of the Chain Lakes syncliine eastwardu

relative to the northern 1fub. The fauit trace is not exposed.

The surface expresgion of this fault is a marked linear

copograbhic depression that is filled by glacial sediments and én

chain of E-W striking lakes in the central part of the map area
_l:goendix D). , )

The Chain Lakes fault Juxtaposes Lower Volcanoclastics and
Metasediments of  the southern linb of the Chain Lakes s}nciine
against Metasediments and Second-CycTe Volcanics of the northern
1imb (Appendix D). A large concentration of minor cross-folds
(including kink- and box-type folds
open,
trending

steeply.piunging folds in

} i ’w
and associated with a ‘NNW vertical fracture cleavage,

occurs in the vicinity of the fault (Appendix D). N

5 : - s

i

i

The sinistral displacennnt on the Chain Lakes fauIt s

evidenced oy the reappearance of the closure between the Lower
N

Volcanoclastics and Metasediments and rhe First-Cycle Volcanics

4

;An the.u. fn the S central part of the map area {Appendix D).

-

Furthernore, the uetasedi-ents in the east are not directiy

cowrelated on both sides,of the fault, uhereas the nesbern

P

ixposqres of this unit jn tne north can be correlated to the

3

in the north, and moderatelx;

the south) which are NNW
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- . Hatasedlnents in the south Evidentce for strike slip faultlng
can be found in other parts of the map area (Plate 3) and 1t has
been reported from other parts of the La Grande belt.(Fouque et
al,,: 1979 Grenon‘et al., 1977). _ yw’
#7 .. Minor F2 folds in the southern 1imb of the Chain Lakes
_syncllne are relatively open. with hlnge lTines that trend
‘ typiﬁally N, and plunge toward&the NNW at about 50 (Flg. 4).Z
;¢ Both symmetric and asymmetric folds occur. They'are found

~s -
\

predoninantly fn’ the Lower Volcanoclastlcs and Hetasediments.

Iy

where they refold earlfer SO and S1 surfaces (Plate 4).

‘o l L
o ) | 'fln the northern‘fault block, Elnk'folda are, concentrated in
the arglllaceous sedllentary rocks of the Second-Cycle Volcanltg
adjacent to the fault in particular, and in other argillaceous
""units throughout the map area. The fol@; adjacent to the faulo
“are’ predomindntly sinlstral'(viewed down plunge) and are
assoclated with box foldﬁJ(Plate 5) The hinge lines of the box
folds are NNNW' trending, and the ‘folds plunge variously to the

‘uun and NNE (ca. 5 ). Accurate measurements in this area are not

posslble as a result of the erratlc behaviour of the compass due

to the local presence of banded iron formation (BIF). Many of
the ;open folds ln the Second-Cycle VoJcanics adjacent to the
Chaln Lakes fault have faulted llnbs and are associated with
~zones of intense brecciation that may be associated with the
second phase of defornacion;’ninor F2 folds in the Lower

AVolcanoclastics and Metasediments, Flrst-dycle volcanfics, and
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Metasediments north of ihé fault, are predouinintly nor;h
plungini, but vary in trend (Fig. 5). This varfation,in trend
may be due to the develqpuent of a conjugate fold set, or
reflect their proximity to the fault, or alternatively, it may
be éue to the fact that all éf these late stage folds- cannot be
;scribed to a single pﬁase of defo?mation. Gﬁoosinﬁ between
these'alternitives 1; not pogsible given the limited data

available.

Megascopic F2 folds in the argillaceous sedimentary rocks
of the Second-Cycle Volcanics in the central part of the map
area are open./asy-letric (sinistral asynnetry) and have hinge
lines that trend NNW, and plunge toward the NNE (ca. 55). These
folds have wavelengths of about § m and refold earlier SO and Sl

’ A \ -~

surfaces.
.A closely spaced (1-3 cm ) fracture cleavage (S2) is

developed in the Lower Volcanoclastics and Metasediments in the

southern 1imb of the Chain LakEs syncline. S2 is NNW striking

and 1s almost vertical (Fig. 6). This fabric is believed to be
paralle}'t9'the,axia! plane of F2 folds in theigouthern faulq
block. It is oriented at appggxi-ately‘70°to the proposed fault
trace.and may reflect the development of F2 folding in response
to NE-SW congggiilpn thaf ultimately resulted in ;trike-slip
flu;ting (Fig.7). This fabric was not obgerved in the northern
fault block. “ |
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2.3.3 Metamorphism and Secondary Alteration

)

Tuo meétamorphic events have affected the supracrustal and

intrusive rocks in the LG -3 area. The ear]der progvade event Ml

‘attains nid—anphibolite facies in the southern fault block and

upper greenschist to epidote’ anphibolite facies in the north.

:This uetanorphic event is broadly contenporaneous with the first

phase of. defornation and the intrusion of syntectonic plutons,
since s1 is defined by the parallel alignulent of ninerals in the
typomorphic assmblage and the netanorphic grade {in the
supracrustal succe&e
syntectonic plutons,

In the souther’n\l.in’b of the t‘hain;Lakgs sync1dne the
metamorphic ninerﬂ ass"eubiage in volcanoclastic ‘rocks changes
from hornbiende plagioclase biotite epidote quartz to garnet

(alnandine)- hornblende plagiochse biotite quarti toward the

. Southern Conposite Pluton. although almandine garnet occurs in

the- BIF' in. the Hetasedilents. quite far ‘from the Southern

’Conposite Tonaiite pluton, and _adjacent to\anphib"lites that do

not contain garnet. The presence of garnet in the BIF is no

doubt due to the‘ unusua'l conposition (in particular the Fe.-

.

content) of these rocks._ C T T
- - e

s ; " ~

" :In the iﬁ’ﬁrtm‘ern 1imb ot the'Chai'n‘Lakes syncline the

netanorpnic g}ade and degree of recrystallization is lower than

in the south Siuilarly. in 'Ahe’ northern linb the, distribution

Lof rocks containing« an. 81 schistosity is sporadic. and

: -t B
e A S FINEE -

ion" increases toward the contacts with‘
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”coqsequently iany of the volcanic and sedimerntary rocks preserve

?videdee of priuary textures. The -etanorphic grade in the:

R fgreenschist facies (actinolibe chlorite albite epidote quartz-

albite-quartz -sphene) to lower alphibolite facies (hornbiende-

oligoclase quartz sphene) adjacent to the syntectonit tpna1$ti¢“

plutons 1n the central and northern parts of the map area.

Sedimentary rocks of unit 3 and volcanoclastic(rocks of unit 4

fn the central part of the map area in the northern limb of the

Chain Lakes syncline have been recrystallized to nad-greenschist

facies and are cenposed of muscovite, chlorite, quartzfgalbite.

and actinglite {(in the volcanoclastic units).

" Evidence of i‘regrograde metamorphism, M2, is not
widespread in the Lower Volcanoclastics dnd Metasediments and

First-Cycle Volcanics in éné’ iouthern limb of the_CQafn Lakes

syncline. Retrograde netanorphism ogcurs in the,;outherni}

N

Co-posite pluton as ch1oritization of biotite. $2 in the

A

netahasalts of unit 2 varies continuously from‘ niddle‘;

\sphene) through epidote auphibolite facies (hOrnblende epidote- .

southerﬂ liub is a fracture c!eavage that. at “least 1n ‘the case™

“of 3 slngle sample examined under the microscope, is not

r

associated with any evident recrystallizatfon. In the northern
1imb of the Chain Lakes syncline, on the otper hand, retrograde

metamorphism 1s evident in many of the rocks. This retrograde

‘I"

netanorphien is characterized by aciinolih* rims around

r

" hornblendes and the appearance of chlorite. These retrogmade

asse-blages occur 1n ampiFibolites adjacent to tonalitic plutons,v
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7 J_“a"nd a"re”very locally developed in the axial planes of F2 folds,
T indiéating that M2 is synx}ronous with D2.
,L; ‘ A The effects of secondary alfiration. as well as the late
& e ‘"U ' @tage neta-orphic segregation of lonolineralic veins that
R S R crosscut Hl fobrics. can, be found in all parts of the
ke .y“supracrustal“succession. This secondary alteration and veining
e ” - “._3P' . TN
i RS SR £ Wﬂy nidespread in one part of the southern Hmb of the Chain
e Lakes syncline.‘,) ‘. * el |
‘t . . g . LA ("',‘l S ' ’
s Wi ] H~"Tne typical alteration products in bagglts ifn thenFirst-

RS J.f; Cycle‘Vo1;anjcs*are thin quartz veins, calcite veins, epldote

{»f_ ¢ﬂ5»; voins. and cﬁlorite veins and rare heaatite veins. Most of tBese

: o vefns appear toﬁcrosscut S1 fabrics. and are thus belie%ed.\o

g ‘r:m,-:l".‘ postdate regio“ﬁal aetanorphisn. Secondary alterat1on in the
C e southern iimb oF the Chain Lakes sxnoline is rarey apart from
.. the pre-sence of quartz, veins, and the repLacement of plagioclase‘

. LT,
sy . o

e L . by fine grained, epidote. cah:ite. sericite, and clay minerals.

N’“’ff:':,"_ “‘-\euw-;u - Sinilarlyw the segrinentary rocks of unit 3.in the north ws
¢ AR txpicahy contain secondary caroonates (ankerite and calcite) , ‘j
e s cnlorite and quartz ‘as replaceuent patches between detrjtal - }
N wel ~ :xi’ g e ;:
. e e.;“grains.iand a& thin veinlets.” oo * e
-, - . . ;
e T - . ) AL rox
B R On the shores’ of th!’*lsﬂy reservoir (close “to the TA-268 -
e £ ) 3gat. Appendix D). in the south. -a zo0ne of pervasive alteration
- . T ' -~
NS m - ha‘s affm:tub the basaltic rocks of the: Hrst Cycle Volcanics.
oo | This alteration is. of the vein type.eand is cnaracterized by the
ook *
& qu - presence of, quartz- tournalin ﬁ(schorl‘«}. and tournaHne calcite
F oo ’ .o g e =
-f‘" =y . . : L. T . % Fe . - -
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veins. Tf:ése ve;ms'host pyrite and chalcopyrite mineralization.
The veins attain a* thickn@ss of - approxiuately ‘30 cm, and are
only closely spaced in a limited number of exposures. Thexse

veins cr,osscut all fabrics and jre thus related to a post-

4 . v
tectonic -Wevent. The lack of crosscutting
-relatiénships between* these late veins and M2 fabrics pregludes

an interpretation of the rela-tionship between these two events.

/ {
- .

o
&
b wt ~
i

kS

';he fine-girained dioritic Lac Coutaceau dykes have been
completely recrystallized to a -typonor% assemblage ofﬂ
hornbiende-epidote-hiotite oligoclase -quartz, +/- diopside. This
agsublagd’ may be correlative to the Ml event in _the LG-3 area
althoudh some of these dykes crosscut previously deforned (D1 7?)
supracrustals. Some sag:ples record a retrograde upper

greenschist assemblage of actinolite.. chlorite, albite and

. quartz that may be equivalent to the M2event in the LG-3 area.

4
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Chapter 3 Field Relations and Petrography

( “ In this chapter the field ind peftrographic relationships of
the supracrusial succession and the younger syniectonic p‘lutons
are sumsarized. Particular ‘attention is focussed on features of
tl;je supracrustal succession)that have a direct bearing on the

paleoenvironment and paleogeography of this area (Chapter 4).

3.1.1 Umit I Lower Volcanoclastics and Metasediments,
Field Relationships |

d;nvthe northern Hn.b of the Chain Lakes syncline, the llower
}V‘olcanoclgstics and Metasediments are approxiuatély 750 m thick.
They consist of ‘Interbedded mafic to i;wternediiate volcanoclastic
rocks at the base and fite-grained, immature ::lastic sedimentary
¢ rocks, banded iron fdrmatiog (BIF) and polymict
orthoconglomerates near the top. Ther‘e are numerous thin (0.5-2
m) gabi:roic sills., On the sou‘t:ﬁern 1imb of the Chain Lakes
*1:‘ . syncline the Lower Vo1canocilst1cs ;nd Metasediments consist of
I ‘ (ueil-bedded. and normally graded nalfic volcanocalstic rocks, and
! L L . fine-lgr';g_ined clastic sedinenfary rocks in apparently random
e sequence, cut by thin (0.25-0.75 m) porphyritic diorite dyke;.
; They are directly Qverlain by Fkiqrst-c,yc‘le Volcanics in the
y - northern limb of the Chain Lakes syncline, whereas a lateral

N transition between the two units occurs in the south.

i -.J' 3 . ~ ’
- ~_In the northern limb of the Chajn Lakes Eyncline. ;he

-

i (\ : volcdnoclastic rocks are well-bedded mafic to intermediate fine-
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) grainedatuffs and tuffites, with ninor amoupts of well-bedded

mafic crystal tqff(?latevﬁ) 1euses of well-bedded 1apillistone

(PYate 3), and some mafic bombs that form bedding-sags (P1ate \

7). Many of‘the volcanoclastic rocks are pruuably strictly
epiclastic and occur as well-bedded and graded epiulastic
siltstoneg and sandstones. These epiclastic rocks aré
interbedded with immature, finely bedded and graded, lutites and
lrenites and BIF near the ;op of the unit (Plate_8). -

The fine-grained lutites are coununly colour banued and
very finelywllpinited. Ihe?urenites areépredoufuantly fine
grained subarkoses,. A‘polyuict orthocongioieratb occurs as a
lensoid deposit fnterbedded within finer-grained clastic
sedinentary rocks (Plate 9). It is well-sorted, and consists of

both mafic, volcanic (locally derived?) aod felsic plutonic

cobble-sfzed clasts (28 cn). qe clasts are commonly obﬂate and

T

may hav$ beeh fIattened tectonically. . \

Foow o,

H
-

4

The gabr-oic sills in‘the'hu¥th are geneﬁally less than 1 m
thick \SOIE of the sills tontain granitoid xenoliths, The sills’
are medium- grained aud hava\dinbasfc textures in places. Similar:

si]ls are present in the southern Vimb -of the Chain Lakes

“syncline, SR - T .-

Volcanoclastic rocks of unit 1 1n the southern T1imdb of the

Chain Lakes syncline consist almost entirely of fine- (1-2 cu)

to -ediun—bedded (2-5 cm) mafic epiclastt; siltstones and
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sandstones. Désﬁjte mid-amphibolite facies nétanorphisﬁ,

graded 5eddingvis reflected

original ifn size gradation in

’ individual ﬁornblende,porphyroblasts;‘There are some interbedded

" saussurite

zlgﬁnméiovite and Gpidote./yﬁ??i/laﬁilli occur in a groundmass

‘\,—— <

fine-grained clastic sediments that have been recrystallized to

quartz, muscovite, plagijﬁlase and hornblende.

I

o

4

3.1.2 Peir;graphy of the Lower VYolcanoclastics and uetasedinenﬁs

Inthen;rthermlinbof theCThainlakes syncltne, mafic and
intermediate tuffs are generally recrystallized to schists,
typically consisting of aligned actinolite or hornblende (60%,
percentages are visuai estimates unless otherwise stated), Qith
smaller amounts of plagioclase (20%), quartz (5%), epidote
(10%), traces of secondary chlorite and minor opaque phases.h&he
pervasivelsch/\\os1ty in many of these rocks precluges
recognition of microscopic primary textures. '

&
[

Lapillistones typically. consist of felsic lapilli (up to
30%) that have been recrystallized to very fine-grained

with patches of coarser-grained guartz, calcite,

conaosed of hornblende (30%), quartz (10;) and -very. fine grafngd
epidott. plagioclase and calcite (30%).° '

/
¥

P

Epiclastic_sfltstones consist of fine-grained epidote

N
(20%), . .hornbTende (40%) and quartz (101) with rare felsic
volcanic clasts (<5%) recrystallized to saussurite and coarser

epidwte

and,sericiteu'

The Subarkoses nre conpletefy

a

it b 2 i s S, st o0 S
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rccrystliiized and are conposed of’ plagioclase (40%), 0uartz
(30!). luscovite (26!). epidote (5%4 and traces of biotite
(<5%). ] - '

¢ ,
~
- -~ - , 3

Mafic epiclastic sfh{sgones in the southern 1imb of the 2

-

Chain Lakes syncline tipicaliy consist of fdioblastic hornblende

. ____4_;:%{- u
~ H

(55%) clear, hnaltered biotite (52) quartz (10%), plagioclase
(20%), epidote (51) and traces of an opagque phase(s) (<5%).

2 ey

l-nnture CIastic sediments 1n the south contain polygonal quarty

(55%), ltarge (2 -n). subangular. altered plagioclase (20%),
. i epidote (5%) and traces of an opaqua phase(s) (<5%). Porphyritic

diq;ite dykes and sills n the southern 1imb are conposed of -
phenocrysts of plagio ase (uﬁzoued) (30%), in a groundmass of
pllg}Lclase (602). qyartz (151). bornblende (20%) and traces of

l L

- an opaque phase(s): (<5$) SR 'g- ;

/ ( ‘ 4 | : ’ “ - a ‘ %
. 2 . ¢ ¢
3.2.1 Unit 2 First-Cycl¢ Volcanics, Field Relationships :

P 5 B
F »t ¢ [ . - [
;s n . -
§ i} N ¢ \ ! T,
o i

adn thé northern linb of the Chain Lakes syncline, the:~

Pt

B B
. Fir&t Cycle Vol;anims cowsist of approxiuately 3. I/kn of ) ﬂ,
sublarine. -assiveﬁand pillowed basalts with assodiated gabbroic ' ¥

'N;% sjlls. uinor hyaloclastite, and s-all lenses ofﬁbanded iron
g for-at;on (BIF) Two distinctive strat%graphic hofizons of:

1y laior¢1]y persisteut. g}oneroporphyritt& and plagioclﬁse

'J

! porphyritic basrtts and gabbroic sills occnr uithin the‘
succession. %—thin unit cf nassive and mflloued basaltic g

andesite and'andgsite occurs th discontinous lenses aear the‘: o

&
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?qradation into pillous or fing qrajn size. Brecciated facies

!
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top. The upper parts of this unit contain minor amounts of fine-

grained lafic hyaloclastite. and small lenses of BIF. - -

-

s
- ‘

}n the southern limb of the Chein l1akes sync]ine. p{laowed

lassive basalts also predominate. BasalticfanQeeites.

s

\ ! \ .
BIF and hya\oclastites were not found 1n this area.

1

\GIoueroporphyritic and uegacrystfc vlagioclase gabbro sills

PR

73

occur as small lensoid intrusions at tuo levels (Appendix D). ,’

The degree of original textural preservation 1s limited in these

-
-

rocks due to the hﬂgher netanorphic grade (aid-amphibolite)
: i !
Pilloued flows in the First- Cycle Yolcanics occur as

-t

'mattress' and * ball' forns (Plate 10). They are. transitional’

along strike into nassive. laterally continous basa]t flous

:genera]ly a couple of leters thick. It is commonly difficult to

;distinguish nasfive basalt flous. -that: lay have coarse- grained

interiors.'fron nassive gabbroic sfills (c f.ﬁDinroth eq al,.

o 1982) Hassive f1ows could be positively ‘identified only where

‘ they %ere seen to have«welt dévelope{~chilled nargins. lateral

‘e abpear to be ahsent in the nassive flous and occqr very rarely

in the pi]lowed basaltic flow; as’ 1nterstftial fill betaeen

Y \
? .o. .*,

4

\1“
- . . .o R
¢ » o . ’ R

\

ehilred uargins.aend have stightly cparser-grained 1pteriors tﬁ l
large pillous. lndividual pillous co-Qonly*have sbarp.,darkhé

o coiored.-fine greined chilled -argins (Plate ll) The pillouéd

: .
V‘J‘ T » \ 5 5 . 5

. individual pillous., ‘ P “i Se e S

} Pilloued,basalts are typica]ly fine-grained and aphyric on SR

'
!
i
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basalts are not vesicular. Some pilloued f1ows contain largu
phenocrysts up to 2 ‘cm) of plagioclase (in places

glonropocphyritic. Plate 11). -

Basaltic andesite a:l‘nd indesite o“nccu‘r“primar'lly ask massfve
flows, although some p‘il 1owed faéies were also found. These
rocks are very th’t g’reen on the fresh surface. For the most
part they are fine-grained to aphyric, but in some cases small

(<3 mm) phenocrysts of plagioclase can be found The flows of

basaltic andesite appear to have limited (ca. 50 m) lateral

extent, and are cgu-oni,\& 2-3 m thick (Appendi‘x D). v
’ i . ¢

4

g
-

There iu’:e many “subvolcanic sflls fe: the First-Cycle
Voﬁ:anics. The largest of these occurs near the base of the
_unit. and can be traced through disqontinous lenses for
;approxinately 3 knm (Rppendix D).” Although secondary
*recrysta'lliution has replaced all primary minera]ogy. relict
textures; suggest that this 1ntrusion uas a medium-grained,

' ;d'lablsic-réextuifed. gabbro. , t

) t % %' ) 4
t B

,f ¢ T’himier sdlls occur as discontinous lensoid or tabular
sheets ﬁith distinct chil led nqrgins. Their 1nterior portions
ny Qe crude‘ly (zor;ed., nith fine -grained margins and coarse-

grained ipteriors. and co--on‘ly ‘have subophitic textures with

lnbhfibﬂe pseuc&ouprphs after clinopyroxen’é/. Lem:losing: L

! plagioclrase Taths.: Thﬂ groundnss is co-posed of finer-grained.
£y

smbheﬁdrll

L vt

p;’lagiocllse lqths and post-cli.nopyroxene/

i
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pseudomorphs. The presence of abundani evhedral, size\-\graded

"clinopyroxene in an ‘a groundmass composed of anhedral, 'fine-\

grained phases, indicates that these rocks are orthocumulates.’

p

Sills with gloneroporphyritic and -egacrystic plagioclase
(eMP) occur 1n two distinctive.horizons within the first-cycle
volcanics. These sills are spatfially associated with pillowed
ba,salts with similar textures. GMP sﬂls are also found in other

parts of the La Graude belt (Stuatelopoulo Seynourﬁ/-na.?).

They-have been termed sills in the present study, although, true

intrusive textures.uere not observed in the fteld. Since similar
textures are found in pillowed basalts, albeft finer grained,

they may well be flows /(c.f.gl)ilroth et.al,, 1982),

i
’

. ¥ Glomeroporphyritic. and megacrystic (up to 7 cm)@plagioc‘lase
;cc;:rs in some texturally zoned sills (coarse-grained interiors,
finer grained uargf'ns) in the ndrthern 1imb of the Chain Lakes
syncliine (Plate 12). The outlines of the megacrysts and
glo-eroporphyt:itic clusters are typiLcally sharp and 1{ndividual

crystals are commonly euhedra'l (Plate 12) Some sil1s, however,

contain plagjog:lase megacrysts uith rounded and corrodgd(

outlines.-

*

ln one location in the east central part of the nap area,

_ GMP gabbro sills overlie a uediuu-grained gabbro sill that,

.:contains Targe rounded xenoliths of mid- anphibo]ite facies

letasedinent. The xenoliths are up to 30 cm 'Iong (Plate 13).

‘_Xenol‘iths can be 'traced over only a short distance 1n the sill
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(60 -) 51-11or crustal xenoliths aré ossOcioted with GMP sills
in the Lac Guyer ‘area (Plate 14 (Hu. 1985\) There 1s no

evidence of reaction textures between the xenoliths Qnd the host

£ . ¥
’ .x
gl bbro . 2 .
. .
- N . ’:n ::
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Mafic volcanoclastics occur mainly in the upper part of the

.

First-Cycle Volcanics in the‘ northern 1imb of the Chain Lakes
sync'l‘lne. They are“lenticular over some 100 o and are up to 5m
wide. The deposits typically t:'pnsist of medium bedded. normally
graded, fine-lopi,lli sized mafic ﬂnts. overlain by coarsely
loninited. graded tuff. Hafic agglomerate occurs Tess commonly
ifn beds up to 2 L] thick of linited la‘teral extent. Individual
blocks ‘are of basaltic composition ond are typically su,Q(:::lor

\

and up to 27 e long. The blocks are natrixmsupported. a the
matrix is a fipe- to ;ediu--groined“'uafic tuff. Micro§cop1c

primary textures are not preserved ,An ani‘ of these

.volcanoclastic rocks due to secondary recrystallization. It 1s

‘not, therefore, possﬂ;le to deter-ine uhether ‘these rocks may

'nove been reworked by water q;; dens ity curt:ents.

£
*

BIF occurs as lensofd deposits up to 5 ® thick and of"
limited llteulﬁextent‘( <75 m). The BIF occur intéréalated with
pilloued and massive basalts in the upper. pacts of the’ First-
Cycle Volcanics 4n the northern limb of the Chain Lakes
syncline. BIF typically consists of coarsely laminated
magnetite-hematite and fine-grained quartz (after ;her:t?). Ci'The
laminae are typically slightly wavy an‘qo Taterally contikno‘us and”
RN o A \
2 . - . o
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consist of alternating quartz and magnetite-hematite.

3.2.2° Petrography of the First-Cycle Volcanics -

The chilled margins of- least-deformed pillow basalts
preserve delicate skéletal textures and -1c;‘“~opheno~crysts (10:)

Skeletal crystals of plagioclase. which are completely replaced

by saussurfte, have suallou-tan terminations (Plate 32).

Sinﬁar textures have been found in other Archean volcanic rocks

(Gelinas et al. 1974; Pearce, 1974) and are common in glassy

-basﬂtic‘rock; such as mid-ocean-ridge basalts (MORB) (Bryan,

1972). l‘heg';'oundnss consists of p1lﬁuuose¢texturéd‘ actinolite
and chlorite ('Pla'te 32). that are interpreted to be .replacement

products after glags .

The finer- grained margins of the least deforned pillowed

flows contain licrophenocrysts of - lath- shaped plaqioclase {5%)

which are qonplétely replaced by saussurite and patchy quartz,

phenocrysts (<5%) that may have been pyroxene (Plate 34) Fine-

‘grained -sphene pseudomorphs small (q u’) cruciform opaque

minerals (10%), that may have been titanomagnetite in the

groundmass, Most pillowed basalts contain thin (<1 mm) veins Of

calciée. quartz or rarely epidote. ’ ' T
) o

GMP pi1l lowed basalts have a ground;ass similar to that of

the aphyric basalts. Plagiocla;e nega;;rysts in these rQcks are

generalu cojpletely replaced by saussurite. quartz.» and

. .3 y

s

bl

\(Plat:’e 33). Quartz, calcite and chlorite pseudonorph equar,)’t\\

Hesdts
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c’alcite.“The qegucr,ysfé and glomeroporphyritic clusters ha’ve
sharp boundaries with the groundmss. The maximum size of the
-egacrysts and gloueroporphyritic clusters is approxinately 1

y N

: cl.ind th&y -ay conprisg up to 5% of the rock.

¥, A A
s ¢
o W

' “'Many of the basalts that were analyzed do not retain any

i

*
[
«

primary microscopic textures and are couposed of hornblende,
., very fine- grairfed plagioclase; epidvte, quartz and sphene (after
titano-agnetite?) Louer-grade asseublages contain actinolite
and ch'lorite fn:place of hornblende. Pi1lowed basalts 1n the
southern 1imb of the Chain Lakes syncline ‘are generally in the‘
lowgr uphiboiite facies and.consist of hornblende.\pligioclase.
quutz ¥nd epidote. In p]aces they attain ‘mid- anphibolite

»facies. with hornblende, garuet. plagioclase. and quartz.

LR
[

& =

v The basaltic andesftes in the upper pgrts of the First-

.
e

“:,_u..,""'

"c,yc'[e \Mlcani;s have abundant nicrophenocrysts (10%), and

- _microlites of lath-shaped pilotaxitic plagioélase (60%) (Plate

T
i e ]

35) Fine- grained Sphene replaées small opaque grains (5%) that
are 1nterstit1a1 to 1nd1vidual nicrolites fn the groundmass. The

grounduass_gzsz)_of the pillowed varieties consists of fine-

-

i uy
LR,

- grained chlorite, epidote, actinolite and traces of calcite.

Equigranular gabbros in“both t.he'Portherjn- and southern

fault blocks eihibit considerable modal variation which, with . j:

L

increasing differentiation, is charactefized by an increase 1n

‘T
’

nodal plagioclase. uagnetite. quartz and granophyre. and a
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corresnonding d‘ecree'se in c¢linopyroxene (Co-pletely

pseudomorphed by hornblende) A medium- gralned gabbro fron the 4
‘ - northern .fault block fs typical of the least- differentiated
) gabbros. Lrh‘ls rick conslsts‘ of large (4 nm). subhedral),

subophitic clinopyroxene (nou hornblende 54%) enclosing small

1
W it o A nm e o e rin oA i

“(42 m),’ euhedrol plagioclose laths Fcoopletely saussurltized
40%1). The 1nterst1ces_between:\clinopyroxenes are tomposed of
small (<2 sm) subhedral or»cr—uciforu lagnetite.,_,sinall (<l' mm)

interstitial, anhedral, quartz (1%) and traces of: thin apatfte

3 needles (<1 mm). The order of crystallization in this rock is
* {nferred to be: c;l,ino}:yroxene and plagioclase (cotectic),

" ‘magnetité., and fina1 1y quartz and apatite, h

An eQuigra'n-oler. medfum-grained gaobro from the southern
. © fault bloé_i" has. a modal composition typical of the'most
wt . _ S d.i‘ffere;ntia'ted gabb.roic end wmember (Plate 36). Post-

g

;. o - c'l~inopyro§,w<§:eudouorphs (25%) in thls rock are euhedral to
\ ' ‘sllghtly rounde small (1 nn). equant ‘to f’thtly elongate on

*(100). and are co-pletely\ ‘pseudon‘o’”rphed by hornblende: ‘i
. Subhedral, large (3 Em) plagioclese latn!s (56%, aluost ‘

co-pletel,y soussuritized). partly em:lose post clinopyroxene : {

5 waadh e el

iyl 4

pseudouorphs. The 1nterstlces of this rock are couposed of" snall
(<1 n) gnnophyrlc intergrowths and anhedral quartz (6!).
-subhedral and cruciform ugnetite (111.), and suall needle shaped’ -
apetite (1%). Secondary uinerarls titlude ealt\ite which

preferentially replaces hornblende pseudonorphs of

SIS orma st

cllnopyroxene. and biotite which occurs as small (41 am) flakes

» around magnetite. The order of crystallizat?on in. this rock ts

5 T o 2
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"typically contain up to 60% cunulus clinopyroxene (p}seudomorphed

‘by hornblende). and 40! fine- grained (<2 mm) .intercumulate

_contacts with the host grpupdnss. The plagtoclase is co-uabn1y

N N ,
ol {1 .

inferred to be: clinopyroxene and :p‘l"agi,o;lase (éoféctic).

magnetite, quartz and apatite.
: 0

T ' T -
a ’ -2 ’

Gabbraic orihocunul"'ate'sills in the First-(:ycle yo“;canics 1

plagioclase. quarttz and -agnetite. The r;ost-clinop:yroxene
pseudolorﬁ:-are siubhed?aral; and vary in size and mode from the}
fine-grained margins, (30;401 post-clinopyroxene pseudomorphs,
1-2 on 1: diameter) to the interior (60% post-cl inopﬁ‘}oxene
psegdouorphs. 3 mm). The clinopyroxenes have an ophitic te;ture
and enclose small (1 mm) euhedral, completely saussuri fi;ed
plagioclase laths. Plagioclase -enclosed ¥n clinop}rdxene and in
the grou.ndmss* comprises 30% of tt@ rock. The intercumul Is

“

materfal consist§ of small (1 mm) sub'hedrai plagioclase, small

(1 mm) anhedral quartz and minor granophyre (4%), small ’i
subhedra) titanoaagnetite (replaced in- part by sphene) (5"1), {;
, npatite needles (c¢1%), and secondary epidote and chlorite (5%). i
The order of crystal Hzation in this rock s ioferred to be.: ; ii

early cl 1nopyroxene and pl agioclase (cotectic), folloued by .
postcunu‘lus crystal'lization of plagioc]ase (clinopyromene ,
overgrowths on earlfer cu-ulus material?), -agnetite ¥y Quartz
and apatite. '

' ‘ I ‘N i
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) GMP bearing sil1s consist of up to 80% euhed ra] legu:rysts . )«r

of plagioclase upto 7 cmin diueter The negacrysts ‘have sharp
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) replaced h;{ saussurite, and<chlorite, ca‘rcite. epidote. and

quartz. T:he groundmass {s typically -ediu- grained. Priuary
textures in the groundlass uhere preserved, are fdentical to

those 1n the le&ast differentiated equigranu\ar gabbrgs.

Y B £
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. The xem)liths found in gabbroic s1115s are medium- to coarse-
- grained rocks -with a- pronounccd s;.\l{jtstosity. '_Tlgb‘ey are conposed
of° porphyroblastic garnet (the brown-red co'ic;“rﬂ:\?suggeéts that
this may- be grossular-rich), .".C)'\Mve textured staurolite,
clinozoisite, muscovite, treuolite %iotite. chlorite (after
biotite and garnet). Sphene quartz md traces of plagioclase.
Minor opaque phases in this r(or:k have fine-graine& sphene
replatement rit»s. The aluuinous ‘nature of this asseabhge
suggests that the Pro;olith of this rock nay have been a
sedimnt. The typouorphic asséubhge/appears to be- garnet,

muscovite, - stauroHte Kand bto:ite. ‘The clinozoisite. chlorite,

rA e

2

treqolite and sphene are probably retrograde.
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custic sediu;n‘i:s ,:onforu,bly overHe ‘the First Cyc1=e
Volczmics 1n the ﬂor‘the‘hn Hnb of “The hain Lakes syncline. The

sedi-entury, unit 1s 1éas‘-s|upéd and a;tafns a nxiau- ;Mckngss
" muugej-y 500‘—1: "th f’he vIeast deforned segnent north of

/_,.g/.u 26A du sitgr (Appénrlix 0). In the southern ‘T4mb of the

) N P i
Chain Lakes @ymclt‘ne a correlatflve sedinentary unit is

1nterc'&]aged w?th tllemﬁrst Cycle VolcaMcs. 1t 1s also™tens-
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southern shores of the LG-3 reservoir (Appentix D). . )
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;‘; s The sedjnent%ry rocks,of unit 3 consist of lens shaped
& } H It ‘/

3

-
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latera]ly continous

depositsegf condﬂoyerate within
z voowrr” ¥
' &\cccululatﬁons of int&rbedded“siltstone and sandstone. Banded

&
fron fornation (hIF) oecurs as large. Jens shaped bodfes at tne

!’é}

T

top of the succession ?h the &érthern. ﬁmufi block and as clasts -~

P uithin 2 conglonerate at the base of the successiqn in the
eséhthern fault»block The sediuentary rocks n&x be” assigned to

three distinct focief'f he siltszone sandstone facies. ‘the

C
conglo-erlte,facies. and the banded 1ron forqation facies. These
1

* fecie&:are described in turn, and an inte?pretationyof the
9

facies association is presented in Chapter 4, 7 .. -

j(« 7 v FE > >
& N , w
& & g

3.3.1, 1.

by «??f o J}p ] :.,“\
@ The siltstone sondstone»ficie% contains sldtes. éiltftones,
‘u

slndstones and linor pebbly congloneretev The siltstones occur

. - r .
7 -3 - LA
vy o

Silfsione—Sandstone Facies
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fin finely béﬂded wto well laainoted*deposfis that show normal

greding in places. and grade up td, and are. interbedded with,
%

A

-

laninated slates (511 of these rocks. have been uetanorphosed-ande

will be referred tg by tueirqprotolith fiames 1n this‘paper) The
si;tstones are also tnnerbedded with and grade up from
snndstones.rinclu idg iilature arkoses and subarkoses. and
immature laxhic arexite. In the norbhern Iinb of the Chatn,Lahes

syncline the %iltstqnes are generally dark cologed (typically

..‘,

Ed 20
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dark grey ‘to brown) on the fresh surface,ﬁand have ee'n qrey-
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brown weathered surfaces. The shales are generally dark grey to

green on both weathé)ei%;r("fresh surfaces. The fimmature

A n A

§ubarkoses. arkoses and lithic arenites are tan to brown on

_fresh surfaces and white to pale brown on weathered surfaces.

The graywackes are dark grey-g}een on fresh surfaces .and dark

grey-to brown on weathered surfaces.
\ . '

~

(»\ ’ . ¢ , ) ’ /r
¢ The siltstane-sandstone facies\‘s characterized by sets of :}

norn;?Ty irgded coarse clastis§ (ranging in size from siltstone
‘to fine pebbly-conglomerate) with sharp, planar basal contacts,
that grade up to finer clastics (including shales, siltstones

‘and fine gra{ned sandstones, Plate 15, 16). The finerycla;tics

”}r;zgéqerally finely bedded in coarse end members to well

laminated (planar to wavy) in the shales. Primary structures in

- the finér units are not observed everywhere, probably as a

result of.breferentiai weathering Sﬁg deformation of these

divisions. Cross stratification was rarely observed in the finer
Siltstones and sandstones in the northern limb of the Chain-

. Lakes syncline. However, in one outcrop in. the northern fault

bIBék, fine-grained graywackes grade normally into laminated

sfltstones, ripple-drift ia-inated fine siltstones and finaYTy.‘

fin€-wavy -1aminated ;halés. The contact between the saﬁ?& base
of an overlying pebL1ydconglonerate and the{;nderI}jné sﬁale is
éharacterizediby ball-and pi!low;structune'¥h‘the sands and
flames in thexsﬁ&kés, Planar cross stratification, with sets up
:to 10 cm thick:iqﬁiihature subarkoses, occurg in the section
measured in thenorthern fault.block. Asa ;‘;sul t of the common

lack of ‘a third dimension 1n'outérops. primary sedimentary
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structures could not be\descrtbed from the undersides 6f beds..

. [
)

In the southern limb of the Chain gakes:synctine. the

siltstone-sandsjone facies 1is cﬁaracterized by lighter-colored
rocks due to %ne recrystallizatidnhof clay -1nerals associated
with the hioher netanorphicwéradeé The shales and siltstongs are
medium- to dark-grey on bath the fresh and weathered surfacesa
nhereas the sandstones are- generallr uediun -grey on fresh~

‘surfaces and light-grey to nhite on weathered surfaces.

- <

-

The s41tstone-sandstoqe facies in the southern 1imb of the
Chain Lakes syncliine is: characterfzed by successions of coarse\
to fine clastics with a variety of prinary structures. The
coarser sandstones of this facies are generally gradational to
underlying congloueratos. and are typically characterized by
‘f -assive Jand graded sandstone or- nassive graded and paralleJ
laminated sequences of sandstone {Plate 17) ‘ Trough type
crossbedded fine sandstones orysiltstones occur in thick
successions of sittstoneesandstone facies (Plate 18). Trough-
type crossbedded sandstones (indtvidual sets up to 3 cm thick)
_ are Yenerally. 1nterbedded with coarsely lalinated and graded
sandstones'in alternating successions. Planar and lou angleo
trough cross- stratified sandstones. with sets up to 10, gn thick.

occur interbedded withxpassive sandstones (Plate 19)\ Finer

grade up into la-inated.sha1es.u

c%astics are characterized by thinlybbeddeﬂ.sttstones that .
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.3.3.1.2 Conglomerate Facles

whete observed,

. = ¢
siltstone-sandstone facies units‘(Plate 21).
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The conglo-erate facies in the northern 1imb of the Chain
Lakes syncline f§s cn;ractérized by tabular-to lens shaped
deposits of predoninently -atrix—supportedncongio-erates uith
subrounded. oblate to sgperoidal piasts ‘up to 85 cm in dianeterv

The clasts ere uainly tonalitic (Table 2, Plate 20), but a small

propgrtion are intreforuetionel (arenite. siltstone angd BIF). .

Coerse volcanic clests are very rare. The uatrix is generailéﬁ

greater than 15% by volune. and is predominantly in tﬁe uudstone,

PRI

to siltstonme size range with lesser quantities of sandy matrix.
The natrix is efther dark grey to green, or brown to green in
the mud- and stlt- riéh varieties and‘ighter toned in the sand-

riqh varieties. individual beds of paracongYomerate range in

P

thickness fron 1 to 10 u.'These conglomerates are generally

ungraded and disorganized. and have structurel@ss'

\natripes. & few exposures have coarse tail grading (Fig. 10).
The bases of individual conglo-erete units are scoured and sharp

and may also be cnannelied into underlying

:
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v ~ . . .
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Thin' orthocongloneretes are found ¥n parts of the northern |

1imb of the Cheinrkakes syncline and are generaliy cﬁeracterized

pebble- to cobble-sized clasts. The ciasts are

by small S
] ntra y of granitoid conposition. however. clasts of BlFf

clastic sediments. and mafic volcanie cocks are found in the

uestern part of the nap area (Plate 22). These rocks have cobrse

sand-sized qhtrices that are identical to the immature lithieJ :
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'siltstone r

areoites of the silmstoneesandstone'fapdes. Orthoconglomerates

grode'up into sdndstooes and sfltstones u{th{n fndividual beds.

-, ,
”
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In the sohthern li-b of the Choin Lakes syncline the

,conglonerote fecies may be subdiVided into two sube~ facies. A
~debris flou~sub facies 1is characterized by a chaotic

distribution of clasts and a gredation from a lower clast-

supported conglon&ﬁf?e to an upper natrix supported

vcongloaerote, The louer clast supported conglonerates are coarse

grained. end contoin abundant. angular, BIF clasts (uaxinum
‘clost size up to los)c-) awd ninor tngular to subanguiar clasts
of<a-phibolite tna natri@ of sond sized couninuted material,

lineralogicaiiy equivalent to the c]asts (Plate 23). The 1lower

-clast-supported cong)o-erate grades up 1nto a- uatrix supported

-congloderote uith soms grenitic clests and rare clasts of banded

Aron . for-ation. The clasts in these congloaerates are’

consdderably finer grained thon their underlying counterpérts.

¢
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;T The second subfacies of conglolerate is characterized by
thin beds up to 2 w) of clast supported cobble- to boulder-
sized clasts in- : send sfzed and subarkosic natrix. The
congTooerates have sharp erosive bases. and grade up into .
thlnner.'ltssive divistons of sondstone (Plate 17). 'The clasts
are predoninently tonalitic.*suorounded. and ob1ate to

lpheroldal. The conglonerotes are either nassive or crudely

Soue congloneratechonsist of shale and

-up clasts a! the base of depositiona] units and

s
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C grade up 1nto lassive sendstone (Plote 24). No clast imbrication -]
S o was. observed. % T - )
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. . .3.3.1.3 Banded Iron Formation Fiacies o I |
- ~ s .o f . \“ ) ) ., - , b . ‘ . Z . . \”‘
\ . ’ ' ,! 1' ) H. o, “. . y‘l;’ ! : .
V L \ o In the southern linb of the Chatin Lakes syncline the only
' T evidence for BIF- is in the debris Flou conglonerotes at the base &
ot the succession. In the northern linb of the Chain Lakes‘_ B
AU T syncliue. ‘the’ BIF ficies consists of coarse- to finely- looinated o
'( ‘J ’ , N ~‘l"
}éwx . b ¢ -ognetite and. quartz that _ 1s dark grey,On the' ueathered surfoce“ o
. Cangd: grey t6 black on the. fresh surface. The inddvidual units of . 3
N P o BIF occur os tobulor to lensoi¢ bodies up to 60 n tbick f
e ' % : 3
x 3 ~ lndividual units of BIF can be traced for ot Teast 1 km olongj ..
e [,‘ x‘ o “e strite. The loninatfons uithln the BIF: are planar to uovy and
AR .‘3,-_" shg‘ Sone evidence of synsedioentery faulting. Individual .

P T e L leninoe ore d/;continous and wispy. ond swell and thin along
" AR “s strike lPiote 257. Rarew thin, discontinous beds rich n" E

" . ! N

NS \‘ﬂ:“‘“‘ ‘rchlorite otcur Mith1n~the BIF, Pyrite quartz and henotite “~\%
' 4 ) . r o 2 f :. "y -~
\’ (speoularite) veins crosscut thisﬂunit. Dissewinated pyrite - ;i
* ¢ . . i crabd t v % H FE ! ‘"\\ ,..
Ca el ” o SRR & .
" - cubes - one)conuon. ‘L %,.1,7;: et o o ﬁ
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o 3.3,2 .Pet:rogre"phy’ _n,f ‘rtvll'g lletosedinents* ‘ Vo
’ Prtlary sedinentory textures on a -1crOscoptc scale are :
t I 7 [
best preserved in the sondstones in the northern fdult bloch. In
.8 ot NP
© T the southern linb of ’ “the Choin Lakes syncldne the higher_hg“‘
. \ “’ 2 o Ry,
-etonorphic*grode hos resulted n the couplete recrystallization
o 2’ |
L s of these rooks. anﬂ pri-ary -1croscopid te;tures are'very pOOrly 1
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: preserved Sev%n sannles of sandstone fron the northern f;Jfé

block weri selected for detai)ed petrograpp c examination (Table . -
L 2). These sanples are classified on the QdF R ternawy diagran‘
efofk. 1968¢ see Fig¢ 8). The*conpdsitions vary from immature
suharkose .to 1lnature irkose and lithic arenite (?ig. 8). ig

ror

l-rature' is used ‘here to 1ndicate thatfal-ost all these rock$3

“~

+ contain >1oz reerysta;liQEd c;ay ninerals. S ' “‘,‘_ . ‘f i

;A I s b - B
’ b s 5 { . ) ' ’ ,
k2 lu-atuﬂe subarkoses an¢»arkoses ﬁave siuilar grain

N o

’ norpho1o§ies. sorting anq size range 1n the sanples exanined

.

‘;’

i

—tiitzsfzeﬂrquartz and—fe?ﬂxpar"‘and‘ffne;graf““p*iericffe a'id
chlorite Athe alteratlon products of unstable detrital

; {‘ Li
ALY

fraglents) Secondary ninerals include quartz.ﬂcalcite. ankerite

(Table 2) The iatrlx is conpo;ed of conuinuted rock debris. L

and heuatite and are generally cencentrated in the natrix.
'Secondary nineral‘grainsicrosscut both detrita? grafin boundardes

amdfnatrix ninerals.iﬂetauorphis- and éeforuation of thése rocks

e

?&.:.:"!—-- T

o
B o g, Wi i, 2

—has resulted in the 1nc1p1ent recrystallizatlon of some of the
x

coarsen d%trital grains. andueo-erté.recrystallization of the

’
; matrices. A folfation 1s conlonly preserved and is characterized

o Be T
S V“; s Ay

S e oy

in the least deforled roeis by a parallelism of nicaceous

l

minérals anq; with increasing'degrees of deformation, by “the

i
- e

parallelism of qetrital.fragnenés. &
g u r‘ aﬁ‘

¥ 1 - s -
N “ ' 3 . ., - - *
Ny N g
¥ B r L

& ﬁ' ? Detrital _quartz grains fn al11 the sandstenes are angular to

-

i
l“‘

L subangular. Detrital feldspars aressubangular to subrounded and ' *’

" are’ afbite oligoclase genera?ly with some sericitization or :
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Composition of Selected Arenites in thé
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= lctasedinents
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, AREMITE.
"685 IMMATURE 1.2 9.9
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321

688

326

‘320
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A IMMATURE 5.3 15.8

'SUBARKOSE.

QQHHATURE 4.0

: LITHIC ©

7.3

ARKOSE

IMMATURE 0.4 13.6
* ARKOSE :

TONALITE 18.9
_ CUAST

IHHATURE 0.2 13 0
SUBARKOSE 4

ARKOSE 0.1 13.7

IHHATURE 0. 1 16.5
ARKOSE o

‘008 1705 13.9'

2.9 41 0 16.9 0. l 2.1

1.2°.26.3 12.8 0.3 10.9

2.2 22.3

P 79. 0 2. 0

3.2 47.47 8.2 0:3 6.3

1.7 26.3 17.6 2.1 29.5

0.5 “37.3 18.3 0.6 3.0

9.71.0 9.5

35.2

0.3 15.3
37.2
0.4 43.4

© v 18.3
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COMPONENTS

straight extinction quartz P
undulose extinction quartz : S .
polycrystalline quartz f ' o L

- coarse sflt . , ] S Lo
plagioclase . ) ~
-k-feldspar . ' yo ’ i -
Tithic plutonic} ‘ o
Tithic (volcanic '
clay and authigenic constituents

Modal compositions were deternlned by point cting.,- -iniuum :
of 1500 points was countgd per. sectlou. - 4
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Figure 8 Classification of arenites In the Metasedlnknts
"porth of the Chain Lakes fault (Q Is the total amount of -

auartz. F Is fﬁe total feldspar and quartzofeldspathic

lithig, fragments and R Js.kock fragments)
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~Q - saussuritization (Plate 37). Subangular gradns.of slightly
i i 'sericitized microcline were found in some of the samples (Table
(7 = ) 2 Coarse grainedJ subangular quartzofeldspathic (plagioclase)
ithic grains comprise-an iuportant cooponent of the coarse-

'g ained immature arkosesm(Plate 37). Individual plutonic 1lithic
f‘aglenti.are coarsew%rained and eguigranﬂﬁar. and tn'a'few

cases contain some small euhedral crystals of zircon. Lithic

sedinentary grains were found only in. one ‘sample of arkose, and

consist of coarse-grained, subrounded. quartz -rich siltstone.

3 P
F\ ~ f

" Immature Iithic“arenites conprise a small proportion of the

sandstones in the northern 1imb of the Chain Lakes syncline. The

e R

Pl \

1ith1c fragnents 1n these rocks are, in decreasing order of

abundance- tonalite,’ basalt and siltstone. Monomineralic grains

‘o¥ plagioclase and quartz are also found Lithic detritus is

generally subangu1ar to subrounded, whereas the quartz and {

¥

plagiocIase grains are predoanantﬁy subangular. The matrix of -

these rotks is chlorite rich and comprises greater than 15% - ‘of

-~

‘. the rocks. The coarse detritus in these rocks is. generally

watrix supported Secondary quartz. and calcite crosscut all

3y M e
. $ ‘
¢ . , . '
.
i

. Jﬂf_‘: fabrics in theseirooks._ o v : . :
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Fine! pebbly. clast supported conglonerates in the northern““,
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h : 11nb 9f the Chain Lakes syncline cpnsist of abundant Aithic §~
. ‘ xlasts. tonalite (351). felsic Volcanic ( <1%), oafic volcanic .
. c ( 41!) and siltstone (51) "The plutonic and volcanic rock’

N ~ fragpents are usually subangular to’ subrounded.»whereas-the

| |
(w) ' sedimentary clasts are subrounded. The matrix of these rocks

H
Lo *




‘con;jsts of subangular quartz (20%) and olagioclase (10%), in a
finer-grained matrix of silt (20%) and recrystallized chiorite-
rich clay minerals (20%). Sand-sized detrital fragments in these
‘rocks are wmatrix-supported. Tonalttic clasts are equigranular
and consist of plag{oclase. quartz and hornblende. The felsic
?'volcanic rock fraguents are porphyritic and consist of
plagioclase and quartz phenocrysts in a groundnass with a

trachytic texture. Secondary calcite. chlorite and epidote

2 _crosscut-the S1 schistosity in-these rocks.
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— 3.3.3 Paveocerrents °

\’
d »

N

b | -, ’ T;enty one padeocurrent eeaeurenents were nade {n the

‘ | section in the southern fimb of the' Chain Lakes syncline (Fig.

R g .,9)' TheSe neasurenents werehuade”on lowvanpddtude (€3 cm sets)
e o 'trough- and r1pple-1au1nated sandstones throughout the section
5o = ) ’T ﬁlfig. 9). The crossbedding data have beéen corrected for folding
) and tilting by using local bedding and ninor folding data. The

. fdreset planes were first untilted and. then unfolded. It {s not

; - 'possibie to choose uniquely between;unfolding or untilting
J first, and thus the solution presented -here 1s not unique.

SR .. . However, "the’ difference between tbe vector mean (azinuth) of the

{

RT3 exposures in: nbich bedding parallel stradn can be assuned to

¥

» N .
| v . o i ' ‘ e f

' paleocurrent data corrected first for tilting .and. then fold!hg‘

: vandivice verea is Tess- than one degree. ueasureuents were taken

> minimal; and the orientation of the foreset data uhen corrected‘*

(w3. . for folding and tilting are assuued to’ represent the prinarx

o b e g e
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Figure 9 Measured stratigraphic sectiovi in the Hetasediuents

south of the Chain Lakes fault. The Iocation of the section
is shown in Fig. 11, Ihe section nas«Hneasured through the

entire unit 3 exposures along the southern shores of the LG-3

diagnol1y across strike for. some 470 m.
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{ ' ! ‘*Tne uctor peam vf the correét‘ed data (corresponding to the
;" R dtregtion of th‘e vecf“or sun:wg,f tne data. where each data pdint :
L o As assfgneﬂ auuni{,,,len‘gth of 1) is 68° (for data corrected for |
N . "efolding ‘first nnd then t.ilti“ng t'he vector meam is 67. 5} Thel .
. .L ngnitude of tﬁis vgctqr iean (the ugnitude of the vector sun Fa
( f. of n neasurélents is constrained to lie betueen 0 and: n) is %
] E 19\9.,}":1 thus 1pdicates that: sghé2i, data, points are unimodally ~. w;
- . " L > % W" ree - ~{.;
.. ‘ distr"ibuted (c. f. .Pincus. 1956 .see also Fig. 9). On ‘the basis, &
~ ofuthis data seb H; nould appeﬂ' that the pl‘eduinant ndinent ‘ l;_
" j tnnsport direction vus eastward.o p%rn'lé'] h;- the rpre§ent
. &, 3 tectonic strike -of the La" Grande beH;. B t_; . o
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ST Y 34 Unit 4 Secnnd-c,ycle ‘Yolcarics, Field- Relltﬁ)nshfps
.f‘:,"" ,f:‘, . h -, s = RS L . 3 K3 ‘\,' “ ‘JB", . » J’, "' -
(PRI ' ‘ S e |
Lt e s The‘ Second c,yﬂe Volcanics aé 1: youngest Archean

«sfhatjqraphic snit in the L6-¢§ wZE They are conprised of

& Sf’gillgceous sediuennry rwtks. ’ninor BIF.éeinter,-ednte

&

N (7 PRl
7 epichst;ic rocks. nssive basaltic mdesgtes and andesites, and

‘w some snall 'émtii;'ntizéen,lugs. Thg; are restricg;d to" the northern
. S linn pf’“t‘he Chain Lakes syntiline. The Second c_ycle Volcanics
* ',j‘“cbnforrnﬁbt.:y overliie i‘.he coarne clastic sedlnents of unit 3 1n
g the uesi‘.ern part of the n[;v ;r“g, and BIF in the central nnd
,#tstern p&rts of the map area ’(Appendfix D) ‘The-aggregate N
' thickness' of. the Second Cycle\Volcanics 1s djfficult to estimite”
: . ’ due to F2 fo]ding and lack of continous exposure. Houever. in
; ;,,( ! o the least dif"or-ed exposné‘es inm th,e western partof the n;marea
k. p & ¢ Lo .
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a maxfmum of 150 m of section 1% exposed.

‘g ’ - } &
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The general stfatig}aphy of the Second-Cycle Yolcanics
B 2 ¥

consists qﬁ lower gréenxblack argil!jtes overlain by
'llnternediate epiclasgic sedimentary rocks. “In the nestgtfh part
of the map area the epiclastic rocis afe,relatively thin and are
intercalated with BIF and green-b1ack argillite. They are
iﬁtrudéd byea thin (<1 m) gabbroié sill that contains granitic
xenoliths up to 10 cm across (Plate 26) .In the central part.of

o thé nap area, green black argillites appeag‘to -be thinner than

L I

in the west and are overlain by intermediate epiclastic
sediueutary rocks. Tuo fiows of massive basaltic andesite and
andesite (each ca. 3 m thick) are intercalated with the
gpiclastic rocks. Thy ea:tefn exposures of the Seco;d-Cycle
vblcanics are dominated by epiclastic rocks and directly overlie
blF of qgit 3. Two small intrusives are found in this area. A
noriiic;pdug 1ﬂtfﬁ19$ tﬁe-sedinintary roc;s and is in turn

intuded by a small plug of tonalite,

The grei-greeu-arglylftig (b]g;e 27) afe'wa&siye,or.
coarsely laminated. There is very little interbedded siltstone.
f; the ufitern part of the map aréa. thin (ca. 3 cm wide)
Neptunian sandkione dykes crosscut the aréillites (Plate 34).

They can be traced from the base to the top of a cliff-side
section through unit 4, for at least 15 m. The sandstones are
rusty brown and subarkosic. inqe yocks pf this composition are

not found.elsewhere in .the Second-Cycle Volcanics, it seems

I
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conglomerates,

< . . ‘\‘
Tikely that théy were derived from the underlying netasedinents.

-

[

) l’hedplcfastic rocks found in the Sm,vcle YVolcanics
" consist of sandstones “and. pebbly\_:,é'ongl merates, The

i conglouerates ar¢ found only in the exposures in the central

part of the uap area. The epiclastic sandstones are distinctly

‘grey- and green bmded (Plate 28) and consist of thin beds of

s,and-sized plagioclase, quartz and volcanic grains. They are

generally‘ normally graded. The conglomerates consist of pebble-

sizgd. ang’ular,. intermediate volcanic clasts in a.matrix of

' epiclastic sandstone. lhey are clast-supported and are generally

nssilg or narmally graded The conglonerates and sandstones are

™

1nter3edded and sandstones normally grade up from underlying

[

, N : ,
The massive basaltic andesites found in the.central part of

. . . o3 ' . .
the map area have brecciated flow tops. The massive flows hav/; )

fine-grained exteriors and medium-grained lnte’riors. These rocks
are typically crosscut by abundant thin quart2 veins and are
considerably recrystallized fn places. The.most recrystallized

exposures consist of coarse-grained hornblende and plagioclase

¢rosscut by thln veins of -quartz and chlorit;e.3 ‘ .

1 . , :
.

.

3.4.2 Pctroﬁrai’:py of the Second-Cycle Volcamics

~

Massive basaltic andesites of unit 4 are composed of .

i ?

hornblende, actinol‘ite.'albite.. chliorite, 'epldote’, quartz,

calcite, and sphene. The amphiboleés in “SOIB ‘of these rocks haye_
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wpreserve no primary textures.

Aol <

blue -green pleochroic, horablende cores  and pale green actin
(.
rims. These volcanic rogcks are conpletely recrystallizdd and

————
¢ » -~

1te

&

The epiclastic sandstones consist of pglagioclase. quartz,
l‘nd Mgnly altered grains of plagioclase and chlorite. Almost
an the plagioclase has been replaced by saussurite. The natrif
These rocks have

consists of chlorite,_:ericite and actinolite.

a very pronouqced schistosity that otherates most prinary

P
“

.i %
« . 4
/\ o >

textures.

The noritic plug in the eastern part of the map area is a
(45%),
ortboﬁyroxene (pseudamorphed by magnetite and chlorite 30%),
-hornblende (51)). biotite (5%),

nedjun-grainedf";cqclﬁ_” that consists of plagtoclase

quartz and granophyre (5%),
ngnetite (5-10%), apatite (tr) and chlorite (tr). It has a
subophitic texturc. jln which euhedral plagioclase

partially enclose rectangular idiotopic chlorite pseudomorphs

after orthqpyroxe"ne with smal) crystals of magnetite on their ‘

margins (Pl‘atg 38). Hornblende: small

‘o

occurs .as

cry§tals and as reaction riams around post orthopyroxene

pseudonorphs; Biotite occurs as both. ffne anhedral grains
throughout the rock as an alteration product. and as large’
subhedral crystqls 1nterstit1al to plagfoclase (Plate 38) These

larger. "subhedral crystal's uaynkbe pri-ary. §\nce they have

strafght, well-defined crystal boundaries. Biotite also occurs

in reaction rims 'around.hornbjendé.'lnterstlt a) riuoph,y.re
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. occurs betwaen plagioclase laths. Magnetite occurs as  subhedral

interstitial crystaas and as small cruciform composite cryscals.

It commonly contaids exsolution lamellae of flmenite. The order

,;v. ~

of crystal lization of this rock i§ fnferred to be: orthopyroxene

and‘ plagioclase (cotectic). -aghetite. hornblende. biotite. and

granophyre. . B

L
Pao.

v .

- . }

3.5.1 Intrusive Rocks,Field Relatidnships

S
Q-

The intrusivc rocks in the L6-3 area haic been ten%ati;eli

hhrdered chronologically based on the degree of developnent of a

To.

ncta-orphic fabric (S1)- and on crosscutting relotionships where
available. The Southern Composite pluton and Northern Tonol?te"
are couside:gd~45yntectonic'. uhereas. the less foliated Middle®

Tonalite plutonkiuorthern Porphyritic Tonalite Granodiorite and
porpliyritic tonalite and trondhjemitie dykes are considered
“ate syntectonic’. In this section the fielq relationships and

petrography of these Jocks, as well as the Lac Coutaceau "dykes,

Y F
are described. .y \ )
- : /

t
]

,
e
RN

The syntectonic Southern Composite pluton is a semni-

- circular mesozonal intrusion approximately 9'1| in diameter, It

has four distinct ones. In the SW part of the map area

Z (Appcndix D), the periphery of the iotrusion is characterized

by a quartz-plagioclase peguatite that intrudes the adjacent
greenstono (unit 1) along the principal (S1) schistosity.

‘Towards the east, in the south central ano.south eastern part of

v t

the Nap area, the peripheral phase is a very fine-grafined

e

ey
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A tonolite.’lnthe interior. the pluton is auediun- to coarse-

grained. well foliited. quertz -rich tonulite that is porphyritic

5 L . : ﬁfvolule of the pluton (outside the region studied here) as
leucocratic granodiorite and‘nignatite. This pluton has a wide

. P (xa. 1 ﬁl) \loner— to mid- ouphibolite facies netanornhic aureole

v
B .
N / i (See 2 3 3). . 5, R o ¥ a P
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- \ \ The Northern Syntectonic Tonalite pluton is a porphyﬂT}ic.
T welle foliated. -esozonal intrusive:approxilately 12 square km 1n
Hren. The p1idton contains\plagioclase. hornblende and biotite
phénocrysts in ewuediul-grained ground-ass. It .has a thin,

i ; : {;ndiffuse epidote a-phibplite facies uetanorphic aureo1e jn
b 2‘ s N :
Y surrounding volcanoclastics and uotasedinents. - Lo

e v ; # ) , 14

B [ * .—.——.—..._.s,.._., N i
Y e, et e I - . “ i

i f v g 1N N 1

v :
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ER T B n“‘}"’ The Hiddle ‘Tonalite pluton s a lqte syntectonic\ mesozonal

Ao

¢ 1ntrusive.r1t has an 1rregular shape and is locally wiscordant

- . ¥

r/ SRR ”to the regional tectonic strfke. raflecting fts relatively late *

T stnge elpltcenent. The pluton has a su?face area ‘'of 25 square Km
(Appeﬂdix D). The supraorustdl country rocks facd: toward the
Vi -3 / -

- ,,plutpn in ghe north, thus indicating that the p]uton 1n£ruded p

]
[

o previously=deforued rocks. The Hidd Ve Tonalite cont&ins seriate L

&

;.f and porphyritic phases, ‘The porphyritic tonalite is cogposed ofg

plagioclase. hornblende -and Bjotite phenocrysts .in a groundnas;

34 . ) ‘1-. &.‘:

7 of quartz hnd plagioclase. Lts largins preserve a discontinous

“2 . folietion parallel to the regional £ L structura] trendrand“

M

n‘, * 14:“({}
,wrcontein numerous xeno!fths of u-phiboIite (basalt)e Its
- \ ' : ‘ g h 1?¢} )

B T

!‘ ' in places. Fouque et al. (1979) have uapped thé‘core and 1argest Lo
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N -etaqorphic aurgole 1s thin and’ poorly developed, and attains , ¢
? oo '. opidote anphibolite facies in -etabasites (unit 2) adJacent to . F
Th.oa N the pluton. .: . L . :
£ , e N - T y
; , : - - E o T
i b ' s : : '
p The late syntectonic Northern Porphyritic Tonalite-
’ i ceranodiorite on the northern nargin of th reenstone belt As v
v . coupositionally and texturally sinilar to the niddle Tonalite : e
{ ﬁ and also. contains mafic xenoliths (Plate 29) Both foliated and Yo
1- ‘; non foliated plutonic rocks occur in 1t,LThe.netamorph1c aureole i oy
; . ¢ associated»nith this pluton 1s thin and very Qiffose. attaining .;k
i DU, epidotezaophibolite facies in the adjacent Lowér Volcanoclastics S
‘ R . . r . Loty
X and Hetasedinents. o Voot Soe e N S
£} . ¥ \‘ L . ‘. -, “Jh ":y . “‘ ’r P ( I' ; .
,{. ;_ ﬁ i A e 3 -l ;- o : : i
NN : sSnall dykes of late syntectonic tonalite trondhjqnite ‘J?‘(
. ' L -Lporphyry 1ntrude unit 1 in the north, amd are abundant dn the.j ; %
2 T First Cyc1e Volcanics in the northern linb of the Chain Lakes ‘E.
,f syntline. The dykes geperally trend parallel to the regional ﬁ%%é
[ ST fabric.kand are themsetves weakly to -oderately foliated ﬂany \ "\{
3 ? l“.‘”‘;'
dispiay thin chilled -argins and some contain small xenotiths of §;
t allrock ‘The dykes«nay rebresent apophyses of the Middle ??
) i
: Tdnahite pluton” or. the Northern Porphyritic Tonaliteq‘ ’ %
Granodlorite. or both . ,g . v 5§
- .: N : ’\\ }
v - - ’ oy ifl.
) 1 : A snall=plug of late syntec Onic porphyritic tona}dte ;5\$
] “leth
iy 1ntrudgs the Second Cycle VoIcanics tha SE shore of the LG 3 -.f%
¢ - roservoir. The 1ntrus1ve is approximately 100 square n in area. ‘ Lé'g
. - nd consists: of‘soall phenocrysts of plagioclase and quartz in a’ :313
L ‘foliated, Jine-gradned groundlass.-There is abundant quartz ! Q
* 1A . sy Lo . . 13
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[ ¥ %. veining. The grounduass of the tonalite weathers uhite. whereas

gy the ﬁresh surface 1s plnkiswnorange. Slell plugs of late

g K ‘ Vlz .- syntectoqﬂc tonaldte also occur in the north-central part of the:

, nnp area where ‘they intrude the first-cycle volcanics (Appendix
5 E 1 “. 0). In this case, however, these smal 1 intrusives are coarse-
z;: ;- i grained and equigranular; . ‘ ) )

~

LY
1

The Lac COutaceau‘dykes ere fine-grained diorites that

f*iﬂe rnnge from 1 15 min width. They contaln abundant xenoliths of
1

granodforite and ‘mafic rocks and tntrude previously deformed'

S pilloued ‘basalts and basaltic andesites comprising the
J e e supracrustwl sqocesslon. These dykes“appear to bhe
P :‘:U .
b4 oo contelporaneous with granodioriﬁic nagnatisn younger than the
i.f ) - supracﬁustal rocks. as” evidenced by nutually crosscutting

v vreld?tonshios. Dyke% that contain xenoliths of granodiorite are

H

—

the granoddorlte (Elete 30). Xenoliths 1n the dykes range in
size from a few cene&ieters to, 50 cm 1n diameter and show ne
,epparent signs of asstnilation by the diorite, In those areac 1n
whlch the diorlte dykes lntrude basalts. unresorbed angular

xenollths of hosalt are.found 1n thefdykes (Pr1até 31),

) Y ; R i . i . ;
\ :' . T ’[ j:" ’
'3.5.2, Petrography of the Intrusive Rocks . ., -
. M “ § o« N . h ;

- “t . * * 3,
$ ‘S x 1 e ' ) %

{ pluton (3&51) ‘three ﬁerc sanpled and described the quartz
¥

3

i ¥
R %, t.,,ii" . ' . .
) & i‘ v ¢ ¥ ' R “ . . &

crosscut by granodiorlte. whlle elsewhere diorite dy*es intrudé

"~$ ) offthe fouﬁ zonesfrecognized in the Southern Colposite

plagioclaqf peglatite, che‘flne-grained tonalite. and ‘the
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coarse-grained. and porphyritic tonalite. S

"g EREN / - . -
The quartz plagifoclase pegntité (individual crystals 3

cm) 1s composed of plagioclase and quartz, The plagloclase is

subhedral and sodic (ca. An 5 ), (rh\ew“e
extlnction and is conlonly recrystallized yhedral,
polycrystalline assenblage. .

‘ {

) Tl{e fine-gra‘lned tonalites of the Southern Composite pluton

t

are typically composed of plagioclase phenocrysts with
recrystallized and granulated borders. (10%) ir a foliated
ggroun‘dnss of bfotite (10%), quartz (60:), epidote (51)“.
luscovite (51) and plagioclase (10%) with traces of zircon and
magnetite. These rocks preserve little evidence of 2 prlmary
texture apart fron the saussurfitized-plagfoclase phenocrysts.

- . .
a L 4

The lalrgest volulewof the Southern Conposite pluton f{s
comprised of a uediun' ?rained..co‘unonly por;phyritlc, foliated
tonalite. The rock consists of plagioclase phenocrysts (15% ,
point counting, Appendi'; ‘Bl. in a groundmass of pol}gonal quartz
(661). biotite (11%), epldot.g (2:5%) and plggioclase (10%) with
t:a,ces o’f magnetite, hornblende and zircon. Sodium

gobal;inlthte Etalning of these rocks (method after Hutchinson,

- 1974) reveal‘-\s‘:no ‘p-otassicﬁfeldsm'r. The plagioclase phenocrysts

[ - B .
~M"(ve recrystallized, granulated borders and have been replaced

by saussurit,e_. Many of the plaglgclase phenocrysts are zoned.

Chlorité occurs as a secondary replacement after biotite.

ra
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' The Northern Ionalite is a relatively well foliated rock
that is typically composed of plag;oclase phenocrysts (up to 8
me, 12 %), in a groundmass of hornblende (7%), plagiociase
(305). quartz (35%), biotite (7%), epidote (5%) and secondary
chlorite (4%, after biotite) (Appendix B). Sodium cobaltinitrate
staining reveals that all of the feldspar 1n this rock is
plagioclase. Some of the plﬂgioclase phenocrysts are zoned and
most are replaced by saussaﬂ'ite. The hornblende .in these .rocks
is general ly equant and commonly has a secondary (retrograde)

<

actinolite outer rim,

BT XL

s The porphyritic pha(e of the Middle Tonalite pluton is
folfated in places. and is typically couposed'of plagioclase
(28%, point coun@' quartz (12). horabiende (18.%) and
chlorftized i:iotite phenocrysts in a groundmass (53%) of fine-
grained quartz, plagioclase, sericite, chlorite and tri\ce; of
epidote and ircon. The plagioz:lase is generally replaced by
saussurite and is coupositio;ully zoned. Some of,‘ the quart:z
phent;cryst,s are’elbayed by.fine-grained groundmass. Hornb1lende
phenocrysts in these rocks are commonly twinned on (100) and

show some evidence of zoning. Sodium cobaltinifrate staining of

feld(;pars in these rocks reveals t;hat plagioclase is the only

.

feldspar, .
The northern granodiorite (part of the Northern Tonalite-

Granodiorite suite) is composed of microcline and plagioclase

. Phenocryst® in a groundmass of quartz, biotite, and secondary

70 - . 2
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sericite. epidote and chlorite. The one sample examined is-

Mghly foliated end has 2 pseudonylonitic texture (terninology
of Spry, I'969). The strong penetrative fabric in this rock is
defined by quartz and biotite. The quartz is polycrystalline and

‘has a strong undulose extincﬁon. The late syntectonic

tonn ftes, on the other hand, are unfoliated and contain both

porphyritic and equigranular (nediun-grained) phases., The

porphyritic phases are composed of large ( >6 mm) plagioclase

phenocrysts (60%) in a groundmass of quartz (20%), hornblende
(5!), biotite (9%), microcline (2%),° zircon (trace) and

- secondary epidote (4%) with traces of ch‘lorite. The plagioclase

in these\ncks is typically replaced by saussurite.

-1

-

<

.Lat':e syntectonic porphyritic tonalite dykeé c.onsifst of
vlagioclase. hornblende nnd biotite phenocrysts in a groundnass
of quartz, ﬂbite, 2ircon, magnetite and apatite with secondary
chlorite, sericite and epidote. The modes of selected specimens
are shov;n'*'ln Appendix B. Phenocrysts may accoun’i’“‘for 20-56% of
tbe volune of these rocks. Plagioclase phenocrysts are commonly
zoned. uith oligoclase co\res and albitic rims. The ‘cores are
generally alt‘ered_to saussurfite and the rims to sericite. The

groundmass in these rocks is eonnonly foliated, and this

) foliation mwraps nrounn -the larger:plagioclase phenocrysts. All

the primary biotite and most of the hornblende in these rocks
has been replaced by chlorite. Sodium Eobaltinitnnte staining of

these rocks reveals that all of the feldspar in these rocks is

4
f

plagioclase.
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§hown in Appendix 8. These rocks are porphyritlc and contain

phenocrysts of quartz and plagioclase. The modal abundance of

from <1%-11%. thoritized biotite is the onlx.uafic mineral
_found and is present in trace quantitiis. The groundnass is

Vo - ’ . connonly foliated and is conposed of quartz, plagioclase, and

" ) traces of zircon and magnetite. Secondary nineryfs include

- - :serfcite, chlorite, and calcite. The plagioclase phenocrysts are

from oligoclase to albite. Secondary alteration of plagioclase
oot by saussurite and sericite is co--on. The quartz phenocrysts are

commonly anhedrat, or 1in affeu cases, subhgdral. and shovw

TP L LIPS e ey ey

év1dé:cé of embayment by groundmass minerals.

-

o

Late syntectonic tonalite plugs are found 1n both the

Q

northern and .southern fault Gﬁock and are typically porphyritic

rocks conposed of plagtoclase (46%, point counting), “and

. G SaBmy T Gemensy, W

" hornblende (1%) phenocrysts in a groundmass (76%) of quartz,
¢ . plagioclase. and- biotite with trace apatite, zircon. and
magnetite. Secondary minerals include chlorite and sericite.
PLagiociase phenoorysts are coiionly-zoned anq'show core
- ,‘.5?:31acenent by saussurite. Although these rocks are discordant,
there is a weak foliation apparent an them that suggests that
,.f; . they lhave been deformed and metamorphosed (D1, M1).
| ,— .‘“ , - d
(v} The Lac'Coutaoeao'dykes ar; fine-grainod{pocns and are
©o e s

" St 72 ’ ’

‘3K

Hodes'o} selected late syntectontic trondjnenite dykos are'

plagioclase phenocrysts ranges from 24-35% and that of. quarta'

.- . 'tzonod in some-of the samples exanined, and range in eomposition




‘composed of hornblende, epidote, biotite, 61igoclase, quartz +/-

¢ f1op;ide. Sone.ianples contain reerograde actinolite
(overgrouths on hornblende). chlorite, albite and quartz. There

doés not appear to be any relict prlnary nineralogy. or’

";neuno:orpms thereof Sqne ;anples contain xenocrystic

v T pIngioclase nhich is coupésitionallylzoned and has a mortar
te;ture on its peripherie. Although these rocks have been

, conpletely Pecrystalllzed the uniformly fine grain- size and

lack of phenocrysts suggests that tney may represent chilled
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N “sedimentary .and volcanoclastic rocks.
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Chapter 4 Facies Associations, Paleoenvironment, Paleogeogriphy

*

and Provenance ’

oy

In this chapter, the data frol'Chapter 3 are used as the

basis for a model of the environuent of extrusion of the\

volcanic rocks. ond the deposition;l environnent of the
Sone of the 1nplications

I3

of this model are tested quanti&atively in Chapter 7.7 ot s

. +
v
; i, ’ # 4

4.1.1 " Lower ﬁoicanoclastics and Metasediments. L

Mafic volcanoclastic rocks ore found in a var]ety of

Z

depositional settings. both subaerial, and submarine (Lajoie.

1984) the lateral and, vertical transitions to,
“‘Jvl

subnnrine basalts in units 1 and 2 in the soutﬁbrn 1imb of the

uouever.

Chain Lakes syncline require proximtty tO\q marine environment.
The abundance of interca]ateo volcanoclastic and terrigenous
sedimentary rocks at the base *of the succession indfcates that
volcanic activity was coﬂte-poraneous with sedimentation during
the deposition of the._ Lower Volcanoclastics and Metasediments.
Quolitative limits uay be assigned to the depth of - euplacement
of the Lower Vblcanoclastid% and Metasediments. The fine grain-
‘sfze of the’sediqentary rocks of this unit, as’well as the
presence of BIF, and the lack of traction structures throughout,

suggest that these rocks were emplaced below wave base in a

‘quiet-uater environment. On the other hand, the presence of bomb

" sags in the northern 1imb of “the Chain Lakes syncline requires

thac at least part of the depos!tional epvironment must have

;
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been at relatively shallow depths (c.f. Fisher et al., 198!)

it uould appear that .the Lower Volcanoclastics and

‘Netasediments were geposited.‘at least 1n part, in water depths
g

eharacteﬁﬁsﬁﬁc of the littoral zone.

Pl

.

4.1.2 Provenmance of the Loyer Volcauoc:lastics a,nd_lletas_e'dijn:géts"

N

The - abundance of voPcanic epiclastic and

@

n

’
dys

inuatune'

terrigenous sediments and the presence of granitic ciasts in

conglonerates in the northern Timb of the Chain Lakes syncline

/-
indfsate that the Louer Volcanoclastics and Metasediments

(volcanociastic)

present,

Thg}co-poéi%ionil

.
sedinentary*Tadkg

these rocks.

and extrabasinal

" clastic rocks have a mixed provenance.

Bath\intrabasingl

detritus appear to. be

§
ismaturity- of phé -terrigenous

probably reflects only limited reworking of

and depasition in a

tectonically active

environ-ent.alhe intercalation of f?rrigenous and volcanoclastic

detrttus suggests

‘that periods of wa ng volcanic activity were c&gracterizeq by

the deposition of terrigenous sediment.
' <

4.2 First-Cycle Volcanics

h t the volcanic activity was episodic,

|

and

li‘

The First-dy&ie Yolcanics were extruded in a submarine

onvi?onlent_as'ewiden edxﬁy theipyesgnce of pilloued_ilows, The

pifiohs and massive

5

Tows in these rocks are not yesicular and.

may thus have been eitiudedaih a deep-nat;r environaent (b.f.

{
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"Moore, 1965; Jones, 1969; Dimroth et al., 1982; Fisher et)al.,

-
. o LW

198‘). This interpretation is further supporte$,by the general ;
scarcity of hyaloclastic rocks (c.f. Basaltic Volcanism Study :

Project, 1981; Dimroth et al., 1982a; Fisher et.,al., 1984).

Dimroth et. al. (1982a) have suggested that basaltic lavas
erupted on subaqueous! lava plains are characterized by
monotonous sequences of tholefitic basalts within which

important local centers cannot be recognized, have laterally

K o ——

persistent stratigraphic units and random vertical and lateral
proximal to distal facies relations. Massive basalts in these é
environments are believed to be proximal, and to have formed in
lava pools overlying fissures. Pillowed flows, on the other E
.hand, are believed to represent a channeled, marginal facies ‘
y - ' (Dimroth et al., 1978; Ballard et al., 1979; Baragar, 1984). The
First-Cycle Volcanics appear to have some of these i
characteristics. GMP flows and sills can be traced throughout
the map area and are found within the mid parts of the
stratigraphy elsewhere in the La Grande belt (Liu, 1985)
suggesting that they may have large later lateral extent.
Gradual transitions from massive to pillowed facies basalts

occur.randonly both vertically and laterally in the First-Cycle

‘ Yolcanics. Felsic volcanic centers are absent from the First-

Cycle Volcanics.

Sheet flows or submarine lava plains are commonly found at
fast-spreading ridges, such as the East Pacific Rise at 21 N
(_‘ * (Normark, 1976) and the Galapagos Rift (Lonsdale, 1977) and are
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beljeved to be the chargcteristic volcanic landforms produced in
areas of high effusion‘rat}. and large extrusive volume
(Cousineau et al., 1978; Greeley, 1982). The accumulation of
sediments is not appreciable in such environments (Basaltic
Volcanism Sthdy Project, 1981). The moFfphological features of
the First-Cycle Volcanics ire consistent with their hayiﬁg been

derived from vents at w?;yﬁ there were high effusion rates.

Throughout most of the First-Cycle Volcanics the facies
relationships of flows (pillowed and massive) and low

vesicularity are maintained. Thus, the rate of volcanic

accumulation was propably rarely great enough to permit marked:

upward shoaling of the sequence. An extensional tectonic regime

might reconcile the inferred large effusion rates with the lack
of upward shoaling (see also 7.2). The res;rict‘on of mafic
volcanoclastic rocks to the upper levels gf the unit in the
northern\limb of the Chain Lakes syncline suggests that the
volcanic pile grew at a rate greater than that of subsidence

there. Consequently, the volcanic pile may hdve shoaled upward

locally 1n the ﬁate stages of the First-Cycle Vo]canics‘

deposition. The volcanoclastic rocks at the top of theunit in
the north may have accumulated as a result of shallow-water

magmatophreatic eruptions (c.f. Fisher et. al., 1984).

The lateral and vertical transition between the Lower

Volcanoclastics and Metasediments and the First-Cycle Volcanics

is believed to represent a shallow- to deep-water transition. .

Q
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Thus the eastward lateral transition from unit 1 to unit 2 in
the southern limb of the Chain Lakes syncline reflects an
eastward increase in ba§1n depth. Similarly, the vertical
transition frqﬁ The Lower Volcanoclastics and Metasediments and
the First-Cycle VYolcanics in both the northern and southern
limbs of the Chain Lakes syncline recordsla progressive

substdence.

¢

-

4.3.1 Hétas‘edinents, Facies Assocfation .

The geometry of the depositional basin for wunit 3 is
difficult to delineate, given the Jdimited sedimentological data
on the La Grande belt and the uncertain position of its mf}gins.
This second point is a problem common to many Archean greenstone
~beits (Walker, 1978), and arises bge%use to delimit the geometry
of a basin it is necessary to identify and palinspastically
reconstruct a Eagin-margin facies. Although a relatively shél\ow
water facies (littoral zone of unit 1) exists at the base of the
"succession at LG-3 it cannot be used to define the margins of
the basin unambiguously, since the Lower‘Volcanocla;tics and
Metasediments cannot be stratigraghically‘pinned to a

a

predepositional basement.

fhe_coarse clastic sedinentary.kocks of unit 3 are believed
to be resedimented. This interpretation is based on the
stratigraphic context of this unit - these rocks conformably
overlie and aré intercalated with the upper parts of a sequence

of deep submarine volcanic rocks - and also on the fact that
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these rocks have an internal facies organization consistent with

that observed in modern and ancient resedimented facies

’

assocfations. In particular, ¢tonglomerate-facies rocks have

sharp erostve bases with, and grade up into, siltstone-
sandstone- facies rocks (Nalker, 1984). Furthermore, the

. o
siltstone-sandstone-facies rocks have thick, stacked, partial

. sequences of primary structures that are similar to those of the

Bouma model .

¢

T
i

In Chapter 3 it was se;ﬁ that the bredouinan;,sedinént

transport direction for unit 3 was eastward, An east-dipping

‘paleoslope 1is also consistent with the eastward lateral

transition from relatively shallow-witer facies of the Lower
Yolcanoclastics and Metasediments to the deeper-water facies of
the First-Cycle Volcanics in the southern 1imb of the Chain
lees‘s&nclfne (see 4.2). This paleoslope may therefore have
existed throughout the deposition and emplacement of units 1, 2
an 3. Its presence may explain the BIF-facies relations of the

First-Cyclte Volcanics and Metasediments.

A number of lines of evidence indicate that BIF-facies

rocks represent-background basin' sedimentation and can be

ascribed to a basin-plain facties association: .

-1) ‘BIPsfacies rocks occur as sedimentary drape deposits near
the top of unit 2 in the northern fault block. Thus BIF

clasts in the debris-flow conglomerates at the base of the
southern section "(Fig. 9) and in conglomerates in the western
exposures of the Metasediments in the north may have been
derived from BIF accumulations at the top of the First-Cycle
Yolcanics. '
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2) Siltstone—sandstone-}acies rocks are vertically transitional
up section into BIF-facies rocks in the central exposures of
the Metasediments in the north. ‘

~

3) The coarse clastic sedimentary facies of unit 3 are
eastwardly (downslope) transitifonal into BIF-facies rocks,
which thicken from west to east. 4

4) Blfifacies rocks are interbedded with argillites at the base
of unit 4. '

§) BIF-facies rocks and slates have been interpreted to be a
basinal facies (equivalent to modern hemipelagic sediments) in
Archean greenstone belts, where they are interfingered with
sedimentary rocks of the resedimented facies association (Walker
et al., 1971; Dimroth, 1975; Teal et al.s 1977; ‘Hyde et al.,

T 19717, Walker, 1978; Ertksson, 1982, 1980
’

s

s

The BIF-facies rocks are thin (ca. 2 m) in the western part

" of the map area where they overlie siltstone-sandstone-facies

rocks, and thicken to approximately S0min the central parts of

tE&g&Qﬂgrea (northern 1imb of the Chain Lakes syncline). They
S

doﬁ\n{te the sectfon in the easternmost exposures of unit 3 (ca.

100 n,* Fig. 11). Their increase in thickness from west to eastfﬂ

is consistent with an eastward increase in basin depth and
consequently a general scarcity of clastic facies in the deeper
parts of tﬁ; basin. Furthermore, BIE-facies rocks thicken and
thin along strike, ;hus suggesting that they are sedimentary

drape deposits that fill topographic depressions,
L

The lateral and vertical facies relationships of the
clastic sedimentary rocks of the Metasediments provide insight
fnto the processes that controlled the input of clastic sediment
intp the basin and the temporal and spatial variations of these

sedimentary processes,

80
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Figure 10 Measured stratigrayhi\c section in the Metasediments
exposed north of the Chain Lakes fault. The exact locatfon is
shown in Fig. 11, The\section has been subdivided into
fiping-upuérd (F-U) and co?rsening-upward (C-U) cycles., This

“sectfon is comprised of a 27m section measured on a cliff

© ]
side in overturned beds dipping 51 and striking 270. A ca.

20m break overlying this surface exposure is fol lowed by a

7.7m section measured in a vertical drillhole (T.F.-347, NQ
core, 26.3-76.3 feet (8.01-23.25m) provided b’,y the Societe de

‘Development de 1a Baie James)
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. Sectlons A-A' and B-8' are shown for reference
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The largest volume of clastic rocks in the Metasediments

belongs to the siltstone-sandstone facies (Fig;'ll).’This facies
is found throughout the clastic wedge, as laterally persistent
deposits that are abruptly overlain by, grade up from, and a
have a sharp lateral traﬁsition into conglomerate-facies rocks.
The siltstone-sandstone-facies rocks grade up into BIF-facies
rocks of the basin-plain facies association. The siltstone-
sindstone-facies rocks are characterized by coarsening- and

ghiciening-upward megasequences, and fining-upward megasequences

‘ {
when they are interbedded.with conglomerate-faciés rocks (Fig.

-~

10). The coariening- and thickening upward megasequences are
fnterpreted to represent progradational deposition of clastic
detritus on the smooth lobes of a submarine fan (c.f. Walker,

o

1984). The fining-upward megasequences that overiie 'the

- conglomerates may represént channel-fill deposition as a result

.of chann2l abandonment (c.f. Walker, 1984).

The coﬁglonerate-facies rocks comprise lense§ that are

’found throughout the western and central parts of the

Metasediments (Fig. 11). Conglomerate-facies rocks are never
vertically transitional into BIF-facies rocks., They are

characterized by fining- and thinning-upward megasequences. The

abundant conglomerate-facies rocks.in the lower 27 m of the

stratigraphic section measured in the north (Fig. 10), and in

the lower 240 m of the southern section (Fig. 9) indicate that

- these rocks were deposited in a proximal basin (c.f. Mutti,

1972). The clast-supported conglomerates of the southern and

northern sections are tentatively ascribed to the upper-fan
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environment as 1§Qcoanon1y the case for many modern submarine

-y
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' fans (Walker, 1984). The debris-flow conglomerates at th; base .

) " of the section fﬂ}ihe south {(Fig. 9) are interpreted to have |
been deposited in a feeder channel to a submarine fan. Such
debris-flow conglomerates are generally found in f?edér channels

to submarine fans (Walker, 1975, 1984).

\ i The occurrence of thick, massive sandstones, and sandst%nes
/;ﬂﬂ,//”f;;th >10 ¢m trough-type crossbedding, in the siltstone-
.. sandstone-facies rocks are associated with channeled, .
‘ cong19nerate-facies rocks (Fig's. 9, 10) is interpreted hgre)to
Be fndicative of channel nmigration, These features could be
easily wigtaken for fluvial facies assocfations, but the’ ,
stratigraphic context is diagnostic here, and similar deposits
have been reported in other deep submariﬁe clastic deposits

\
(Winn et al., 1977; Chough et al., 1978). 4 N

Fine clastics of the siléstone-sandstpne facies that are _
fnterbedded with and grade up from the éroiimal bas{in
‘conglonerates in the southern and northern sections (Fig's. 9,
{10). are characterized by the stacking of the followinqu%una
sequences: A, AB, BC, BCD, BD *. These rocks are interbedded
. with congfomerates of the upper fan environment, and probably

represent a variety of depositional settings. A detailed facies

* A= massive or graded, B= sandy parallel laminations, C=
rippled and/or convoluted, D= delicate parallel interlaminations

‘ of silt and mud, E(t)= mud introduced by the turbidity current,
E(h)= the hemipelagic background mud of .the basin (Walker,
1984). ,
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analysis of a large number of stratigraphic sections would be
re&uired unequivocally to ascribe these rocks to particular
depositional settings. The massive and pebbly sandstones that

directly overlie clast-supported congfomerates probably

represent within-channel deposition 1r‘| the lower parts of tﬁ\e

- upper ?)n, or in the mid-fan region (c.f. Walker, 1984). The

sil1tstone-sandstone-facies rocks that comprise coarsening-upward
megasequences and are bel feved to have been deposited on the

smooth Tobes of a submarine fan are class}c turbidftes and

“contain BC and BCLD sequences.

>

Simplified models of submarine fans are often characterized.

by an overall coarsening upward that 1‘5 interpreted to indicate
progradation of the fan (Walker, 1984). However, the upper
reaches of the southern and northern sections are< comprised of
laminated shales and BIlF-facies rocks of the basip-plain facies
association 1n‘dicating that the rate of subsidence was greater
than that (;f ﬂdeposition and the submarine fan grew in
progressively -deeper water conditions. The—~waning of clastic
sediments 1into this basin with time could have, been'caused by a
najorﬁ;'egression or the lateral switching of the se&imenf supply
tovanother main channel, It is not possible at present, given
the limited sedimentological data, to choose between these two
alternatives.

The presence of deep submarine volcanic i‘o::ks (unit 2), and
sedimentary rocks of resedimented facies association, suggests

that the minimum depth of the basin during the emplacement and
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deposition of the First-Cycle”Volcanics and oveflying
netaseaiuents\wgs below uaxinug storm wave base * (in order to
preserve pr{nary sedimentary textures that devel?p as a result
of turbidity currents) for ;he Metasediments (ca. 200m ) and at
least 1 km for the First-Cycle Volcanics (c.f. -Jones, 1969).

-

4.3.2 Provenance of the Hetasediments

The provenance of unit 3 sediments can be treated from two
viewpoints: the provenance of the coarse clastic fraction in

conglomerates, and the provenance of sandstones. Both the coarse -~

clagtic and fine clastic fractions of these sediments reflect a

provenance of intrabasinal and extrabasinal origin,

There are two important source terranes for conglomerates
in the sedimentary rocks of unit 3. The BIF and volcanic
detritus in the western conglomerates and at the base of the
section in the southern limb of the Chain Lakes syncline are
'similar in composition to basinal rocks that underlie them. The
original site of deposition for these sedimentary rocks must
have been somewhere to the west, since the southern fault block
has been transported tectonically eastward. In the case of the
debris-flow conglomerates in the southern 1imb of the Chain
* Although maximum storm wave base is an abstract concept in
that in depends on the prevailing weather and geometry of the
basin (amongst other factors), the maximum depths at which
sediment has been observed to have been disturbed by storm
processes, that does not include density currents triggered by

storm acfivity, is on the coast of Washington and Oregon at ca.
200, m (Komar et al., 1972). ) .
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Lakes syncline this intrabasinal provenance appears to be the

main provenance iﬁ the early. stages of basin fill. The largest
volume of conglongfates in unit 3 contain clasts of
ComFfors 1T 1oN - s
predominantly tonalitic indicating an extrabasinal source. The
volume of tonalitic detritus increases markedly up section in
the southern limb of the Chain Lakes syncline, and the ratio of
fntrabasinal to extrabasin;a clasts decreases from west to east
fn the northern 1imb. The textures of the tonalites indicate
that the source region was probably a mature crystalline
terrane. The occurrence of acid volcanic detritus in
conglomerates in the northern limb of the Chain Lakes syncline
suggaﬂts that this source terrane may have contained
consanguineous volcanic rocks, although their scarcity indicates
a predominéntly relatively diss;cted crystalline terrane.
Hheréas the provenance of the clasts in conglomerates can
be readily determined, the sandstones pose a particular{yroblem.
since these rocks have been altered and recrystallizea during

secondary processes. Only the least deformed and recrystaflized

samples of sandstone are considered here. ~

, Immature subarkoses and arkoses are composed predominantly
of angular quartz, subangular plagioclase, l1ithic plutonic
grains composed of plagioclase and quartz, and rare microcline,
Thetr matrix is rich in sericite, quartz and secondary
carbonates. The source of these rocks was probably dominated by

an extrabasinal terrane of tonalitic composition.
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Immature 1ithic arenites reflect a mixed provenanée that
fncludes extrabasinal and Bossible intrabasinal sources. The
tonalitic rock fragments, abundant plagianclase, and rare felsic
volcanic rock fragments are derived from outside the basin,
whereas basic vo]éanic and sedimentary rock fragments could
represent finely comminuted debris, of intrabasinal origin.

Thus the clast compositions in unit 3 may reflect the
derivation of sediment from outside the basin, and are
predominantly ;onalitic. Coarse sedimentary detritus that may be

of intrabasinal origin is found predominantly in the lower ﬁ?rts

of the succession and in the western part of the map area. Finer:

clastic detritus of both intrabasinal and extrabasinal

provenance is found in lenses throughout the section, but

»

dominates the lower parts of the section in the northern limb of"

the Chain Lakes syncline. It appears that inftial sedimentatﬁon
in the basin contain;d an important component of intrabasinal
clastic sediment, and that with time the basin was fed by
sediment from outside. The intrabasinal origin of sediments in
the lower parts of this unit is consistent with the fact that
late-stage First-Cycle volcanic activity was conteméoraneous
with the early deposition of the Metasediments, as evidenced by
the intercalation of these two units in the southern limb of the
Chatn Lakes syncline, With time. sed{mentation may have been a
result of the ;rogressive uplift and unroofing of a crysial]ine
terrane tk;t bordered the depositional basin or, alternatively,

the degradation and resedimentation of previously deposited

»
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‘sediuent of predominantly tonalitic composition.
. 4.4 Second-Cycle VYolcanics

The abundance of volcanoclastic rocks, including epiclastic
sandstones and conglomerates, as well as the presence of massive
lava,flows in the Second-Cycle Volcanics, suggest that these

g . rocks were depgosited and emplaced in shallower water than the

undeéerlying submarine fan and basin-plain facies rocks of unit 3.

' These rocks conformably overlie the Metasediments and thus the
transition between the two must reflect a gradual upward-
shoaling of the succession. The green argill}tes that comprise
‘the base of the succession are crosscut by Neptunian dykes that
are commonly interpreted to indicate rapid accumulation of
sediment in submarine conditions.

[
v

The Second-Cycle Volcanics may have formed volcandg

B

fslands, since they represent centers of volcanic activity in

H
~

shallow marine to subaerial conditions and conformably overlie
sedimentary rocks of deep marine origin. There is no evidence of
extrabasinal detritus in these rocks. In fact, the largest
vodume of this unit‘is comprised of epiclastic sedimentary
rocks. The lack of volcani? detritus of intermediate
composition in the underlying Metasedineﬁts'indicates that there

* may have been a considerable hiatus between the First- and

SecondLCycle Yolcanics. . /

4.5 Summary

'
i s il
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The supracrustal succession fis bel]eveq-to have been
deposited and emplaced in a basin which ;Bs active{;(subsiding
such that sedimentary and volcanic rocks were deposited in
prégrcssively deeper wa}er conditions unttl the time of
deposition of th lower most units in the Second-Cycle
Yolcanics. The Second-Cycle Volcanics may have been emplaced in
shallower water conditions at a time when the rate of subsidence
was less than that of deposftion (Fig. 12). The paleoslope of
the basin was probably east-dipping during the deposition and
emplacement of the Lower Volcanoclastics and Metasediments,
Fir;t-Cyc]e Volcanics and Metasediments. Thus, the source of
sediment during the deposition of the Metasediments was toward
the west, and is assumed t; have been an uplifted plutonic
highland. The supracrustal succession is believed to have formed
on a continental crust of predominantly tonalitic composition.
This interpretation is based on the provenance of the
sedimentary rocks in the Lower Volcanoclastics and Metasediments
and the Metasediments, and on the presence of metasedimentary

xenoliths in the First-Cycle Volcanics and granitic xenoliths in

‘the Second-Cycle Volcanics. Further evidence for an underlying

early continental crust may exist in the western part of the La
Grande belt (Lac Yasinski a;ea. Fig. 1), where clastic sediments
(including conglomerates) of tonalitic provenance occur at the
base of‘the supracrustal success&&n which is believed to locally
overlie a tonalitic basqment (personal communication, B. Rivard,
1985).
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Figure 12 Paleogeographic and deposfitional model for the

N
Y re

Archean supracrustal successioﬁ in the central part of ‘the La

Grande belt. The thhuréd pattern represents an extended

”é
1

sfalic crust unddrlyiqg the succession. The Lower
Volcanoclastics and Metasediments overlie this basement. The
'dotted and semicircuiar patterns represent mas;?ve (proximal)
”and pillowed (distal) First-Cycle Volcanics lava T]ows'tha£
have erupted onto submarine plains, Toward the west the¢
Firﬁt-Cycle Volcanics are‘ove}Iain by resedimented sedimfn;s
in submarine fans whereas toward the east the basinal facfes
ts banded iron }ormation (shown by the fine stipled .pattern
in plahﬂand fine ruled pattern in section). The youngest

volcanic rocks (Second-Cycle Volcanics) are shown .as partly

.,emergent island volcanoes.
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Chapter § Gcochei}stry”of the Voic;nic and Synvolcanic

Intrusive Rocks

<
~

$.1 Intropduction

This chapter concerns the geochenistry and petrology of the
-volcanlt and intrusive rocks in tre LG-3 area, and the intrusive
rocks in the Lac Coutaceau area, It provides the basis for the
“petrogenetic models of Chapter‘f. Fourty-eight volcanic and

intrusive rocks were analyzed for major and selected trace

elements (Appendix B). Det;fls of the sampling crite;ia.\

locations, sample preparation and analytical technjﬁues'are
given in Appendix A. The data set contains 34 samples of the

First-Cycle Volcanics (15 volcanic and 19 1ntrusive); 5 samples

‘of the Second-Cycle Volcanics (4 volcanic and 1 intrusive) and 9 °

samples of dykes froﬁ the tac Coutaceau area,
The volcanic rocks. 1n the LG-3 area are classified on the
“basis of their 5102 weight % (normalized to 100! volatile-free)
(c.f. Jolly, 1975; Gelipas et al., 1984). VOlcanic rocks with
S102 <523 are termed 'basalts'; 'those with S102 §2-57% are
fbasaltic andegitQQ' and those.uit? éioz 57-63% are 'andesites’.

The chemiCal‘Subdivis}on of these Focks is consistent with the

qualitative colour-index . classificatfon scheme emp]oyed 1n the

‘, Ll

“field and, at least in the case of the least dgformed and

' recrystallized samples, with their ‘petrography.

5.2 The First-Cycle Yolcanics:
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The %1rst-Cycle Yolcanics are cowpdseq, in decreasing order
of abundance, oftbasalts. synvolcanic intrusives and basaltic
andesites (3.2.1). A1l these rocks are recrystallized and onty a

few preserve relict primary textures (3.2.2.). Before discussing

‘the primary (magmatic) chemistry of these rocks, the extent of

i

-

4

. in most {igneous systems, changes in the Zr/Y ratio should

+

secondary (post-magmatic) chemical remobilization must be

eva[uated.

)

_‘.\
- To assess the extent of post-magmatic chemical alteration,
it §s neqessary to identify  elements that are relatively

unsusceptible to secondary remobilization and compare their

"ybundances with those of other elements. Zirconium and Y are

'particular]y useful, since these elements have high field
strengths (charge/radius) apd are not usually transportéd in
aqueous fluids of low F-.and €02 activity (Pearce et al., 1979).
FQrthernore. these ele;ents Show systematic varfations in

unaltered volcanic rocks. Since .Ir is more incompatible than Y

reflect fractionatjon processes whéreas Equivalent increases in
IZr or Y reflect enricbéeng processes resulting from fractional

crystallization (Pgarce et, al., 1979, Ludden et. al., 1984).

\ T

The Zr/Y ratio of the {ptrusive and extrusive rocks in the
First-Cycle Volcanics is near chondritic (2.54) and increases
'slightly with increasing Zr (Fig. 13). These chemical variations
are consistent with those of basi’ mangtic‘roﬁks~that have
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(ppn) for the First Cycle Volcanics. Solid black circles -are ' ’
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’) -
# undergone low pressure fractfonation (Pearce et.al., 1979).

Zirconium and Mg# (Mg% / MgX + Fe%) are good indices of m_agnai:ié

: ‘differentfation in basic rocks and show a negative correlation

in the First-Cycle Volcanics (Fig. 13b). The systematic trends
of the Zr/Y ratio and Mg# versus Zr suggest that these rocks are
for the most part comagmatic and that Zr, Y and the Mgf have not
been Affected by netasonafic processes.

g

‘ The variations of Si, Ti, Al, Fe and, to a lesser extent Mg
and Ca, abundances relative to ir (Fig. 14), suggest that these
elements have not been significantly remobilized. Sodium and K
varfattions with Zr are very scattered (Fig. 14g and h). Studies
of hydrotherial alteratién of oceanic basalts by seawater
3 suggest that Na and K are easily remobilized (Humphris et al.,
M 1978; Mottl, 1983). Humphris (op.~ gitJ study on’natural samples
showed non-systematic varfations in Na and K betw%ea altered
‘tims of pillows and fresh cores. Mottl's experimentdl work on
the batch-alteration of basalts by seawater at temperatures
cﬁaracteristic of the greenschist facies suggest that. at Jow
water-to-rock ratios Na is taken up by the rock (albftization),
whereas at higher water-to-rock ratios it is leached. Thus, it
seems liﬁ@ly that Na and K have been remobilized in the First-
‘Cycle Volcanics by secondary processes and the present
.abundances of these elements .are probably not representative of

their primary abundances. . .

3

At a given Zr content, the basaltic andesites have higher

S4
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~-Figure 14 (a) Si, (b) T1, (c) AY, (d) Fe, (e) Mg, (f) Ca,
& = N ]
(g) 'Na and (h) K (a1l in cation¥) versus Ir (ppm) in the
. . X -
First-Cycle Volcanics. Symbols are as in Fig. 13.
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rocks in the First-Cycle VolcanicS*(Fig. 14). The basaltic
andesites ha¥e a high modal abundance of plagfoclase (3.2.2) and

f: the high Na and low Ca in these rocks suggest that the

plagioclase was relatively sodic (Fig. 14),

With increasing differentigtion (increasing Zr abundance),
the basalts and synvolcanic {intrusives in the First-Cycle
Volcanics are characterfized by: an increase in Ti, a slight

increase in Sf, and Fe, a constant Al abundance aﬁd decrease 1in

Ca and Mg (Fig. 14). The lbst differentiated Fe-rich basalts
) occur throughout the First-Cycle Volcanics, but attain the

"highest Fe abundances in the upper part of the succession (see

Appendix B for sample locations).

Pillowed basalts in the First-Cycle Volcanics contain

phenocrysts (3.2.2) of plagiogclase and possibly post-pyroxene
. pseudomorphs, whereas dfabasic.gabbros in the succession contain
post-clinopyroxene pseudomorphs, plagioclase, titanomagnetite
and granophyre. It is ipstructive to see what control these
"mineral phases exerted on the liquid line of desce;t. The -
continuous decrease in Mg and Ca (Fig. 14e and f) requires that
the melt was saturated in a phase (or phases) that contains
these components. Saturation of the melt with clinopyroxene
could explain the decrease in Ca and Mg, whereas equilibratioh
-'with olfvine could explain a decrease in Mg alone. The

[

* The basaltic andesite with the lowest Zr , Ti and fe is
characterized by the highest A1, Si, Ni and Cr abundances, .
. whereas 1ts Mg content is {ntermediate between those of the s
( ‘ . other samples (Fig. 14, 16a and d).

*

L4
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7 S
tendency tqyard fron-enrichment in the most evolved basalts
would require that the magma was saturated with a phase with low
fron content, such as plagioclase (Fig 15a). The tendency toward

fncreasing Fe and T1 with increasing differentiation suggests

that the basaltic magma did not fractionate an Fe- and Ti-

“bearing phase (Fig. 14d, b, 15a and b). The presence of
titanomagnetite in the basalts and in the interstices of .

- differentiated gabbros probably reflects late-stage

grystallization of these phases (3.2.2).

oh

. i l‘\ »
In A1-S1 space, the basalts of the First-Cycle Volcanics

exhibit a diffuse trend (Fig. 15c). The most iron-rich basalts
plotf;i the low-Al and hiéh-Si end of this spectrum, whereas the
most magnesium-rich basalts have the 1owest Si and highest Al
abundances. The field for MORB basalts directly overlaps _the
co;positional envelope of the First-Cycle VOlganics. This
compositional envelope in A1-Si space corresponds td a two- or

three-phase cotectic for many basaltic liquids that have

fractionated along olivine-control lines until they became

saturated with réspect to plagfioclase and perhaps clinopyroxene
(Cox et al., 1979; Francis, 1983, ms. 1985). Plag'toclase
fractionation in A1-Si space drives the melt towaru/;;gher Si
and lower Al. Similarly, in Ti-Mg and Mg-fe space (Fig. 15b and
a.\respectively). plagioclase fractionation (either by the
melting or crystallization of this phase) i; marked by

increasing Ti with decreasing Mg and an increase in Fe with

-

decreasing Mg.
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Figure 15 (a) Mg versus Ffe, (b) Ti versus Mg and (c) Al
versus Si (al1 in cation%) for the First-Cycle Volcanics.
Symbols are as 1n>Fig. 13. The dotted field in (¢c) is that of
MORB (FAMOUS) glasses (Bryan, 1979).
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o
The basaltic andesites have higher Al and Si abundances

than the basalts of the First-Cycle Volcanics (Fig. 15c). The

abundance of microphenocrysts of plagioclase in these rocks

(3.2.2) 1s consistent with their position in A1-Si space.

Similarly, the one sampae of GMP analyzed 1is displaced toward a

higher Al abundance than the main cluster of data for the First-

Cycle Volcanics (Fig. 15c).
Y

With increasing Ir conteni the First-Cycle Volcanics are
characterjzed by a continous decrease in Ni and Cr (Fig. 16a and
d). There is considerable scatter in Sr-Zr space, but overall Sr
decreases in abundance relative to Zr (Fig. 16b). Phosphorus and

V have a positive slope relative to Zr in the basalts of the

First-Cycle Volcanics (Fig. 1l6c, e). Scandium shows little

change in abundance with increasing Zr in the basalts (Fig.

-169).

Chondrite-normalized rare earth eiement (REE) abundances of
the basalts in the First-Cycle Volcanics are flat and parallel,
ranging from 7 to 16x chondrite (Fig. 17). The most magnesium-
rtch basalts have low chondrite-normalized REE abundances,

whereas the most ‘iron-rich basalts have high abundances. The

b
(La/Sm)n and (La/Yb)n ratios show only a slight increase with

increasing La abundance (Fig. 18a and b). These compositional .

relationships suggegt that these elements were not greatly
fractionated with resped& to'each other with increasing degrees
of differentiation., The Zr7Y Patios of the basalts increase

slightly*with increasing Zr abundance (Fig.13a), suggesting that
. i
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3 fFigure 18 (a) (La/Sm)n .and (b) (La/Yb)n versus (La)n for the ) :
' . . i
First-Cycle Volcanics and Lac Guyer komatiftes. Lanthanum and )
. Samarium are normalized as per Fig. 17. Open circles are ‘
perfidotitic komatiites (samples LG-315, LG-124, :
. ® sStamatelopoulou-Seymour, 1982). Other symbols are as per Fig. .
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there mxy have been some fractionation o.f these elements

with increasing differentiation.

The basaltic andesites have ratios of Ni, Y, P, Sc and Sr
to Ir similar to thoseof the basaltic rocks. However, they have
higher Cr and vV (Fig. 16). They héve LREE depleted profiles and
flat, unfractionated profiles from Sm toward the HREE (%ig. 17).
The basaltic andesites are characterized by lower (La/Sm)n and

(La/Yb)n ratios than the basalts (Fig. 18a and b). The Zr/Y

ratios of two of the basaltic andesites are slightly higher than

the basalts when compared at similar Ir abundances (Fig. 13a).
The Fe-enrichment with increasing differentiation in the
First-Cycle Volcanics, as well as the low alkali and relatively

low T1 abundances, are characteristic of lTow-K tholeiftes. The

First-Cycle Volcanics are similar to the Thl Archean tholeiites

* of Condie (1981; Table 3, thig thesis). They have similar
$102, Ti02, Fe0, Mg0O, Na20, P205 and Mn0 abundances but slightly

‘higher.A1203 and 1ower Cad and K20. They have very similar trace
' element ratios (Ti/v, Ir/Y, Ti/V, (La/Sm)n, Eu/Eu* and

(Yb/Gd)n), although Cr, V and REE abun@;ﬁCes are lower. Of

‘average modern volcanic.suites the First-Cycle high-magnesium

basalts ‘are closest in major- and trace-element composition to

MORB (Table. 3). Some notable differences between LG-3 basalts

'.*-Type Thl tholeiites are characterized by flat REE profiles
“ (ca. .10x chondrite) with or without small Fu anomalies. Type Th2

tholeiites are characterized by enriched LREE and sloping
REE profiles. Thl differs from Th2 in its higher Ti102, K20,

205, Vv, ZR, Sr, ¥ and Zr/Y and its lower CaO, Cr, Fe0/Fe203.-and

i1/Ir (Condie, 1981, Table 3-7).
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Table 3 Comparison of Analyses (First-Cycle Volcamnics)
Archean LG-3 Modern
1 2 3 4 5 6 7 8 9
Si02 50.2 49.5 50.37 52.76 51.57 49.8 51.1 50.2 50.3
T102 0.94 1.49 0.86 1.54 0.41 1.5 0.83 1.0 2.2
A1203 1.5 15.2 17.16 13.66 9.73 16.0 16.1 17.7 14.3
FeO(*) 10.7 11.6 11.2815.38 8.94 9.29 9.99 9.80 12.14
Mg0 7.53 6.82 7.91 5.75 15.98 7.5 5.1 5.4 5.9
cao 11.6 8.79 9.77 6.37 10.71 11.2 10.8 9.8 9.7
Na20 2.15 2.70 2.32 4.08 1.54 2.8 2.0 2.7 2.5
K20 0.22 0.69 0.02 0.10 0.56 0.14 0.30 0.9 0.8
P205 0.10 0.17 0.06 ¥0.09 0.09 0.20 0.15 0.2 0.16
MnO. 0.22 0.18 0.21 0.25 O0.19 0.17 0.17 0.2 0.2
H20 . r1.62° 2.04 1.3 0.50 0.70 0.65°
Lol 4.52 2.06 4.16
Ca0/A1203 0.75 0.58 0.56 0.46 1.10 0.70 0.67 0.55 0.68
Mg#(**) 0.4 0©0.36 0.41 0.27 0.64 0.44 0.33 0.36 0.32
Cr 490 250 272 90 1558 300 50 50 100
"N - 140 125 148 47 430 100 25~ 50 100
v 260 365 195 482 138 300 270 150 300
r. * 83 135 45 81 42 100 60 100 200
Ba 80 90 41 88 180 11 60 100 200
- -Sr . 100 190 246 80 157 135 225 300 350

" La 3.6 13 2.6 4.2 15.0 3.5 3.9 9.2 27
Ce 9.2 130 6.4 11.8 35.6 12 7 25 140
Nd 6.6 17 4.6 8.6 17.5 11 6 15 61
Sm 2.0 4.0 1.9 3.1 3.41 3.9 2.2 3.8 8.2
Eu 0.73 1.3 0.59 0.96 0.76 1.5 0.9 1.3 2.0
G6d 2.6 3.8 yi ‘ 6.2 2.5 4.5 6.5
Yb 1.9 2.2 2.0 3.50 0.79 3.0 -2.0 2.5 2.5
Lu 0.31 0.38\¢.29 0.48 0.07 0.3 0.3 0.5 0.4
Y 20 30 20 34 9 30 20 23 .30
Ti/1r 106 66 114 114 58 90 83 : 60 66
ir/Y 2.1 4.5 2.3 2.4 ‘4.6 3.3 3.0 4.3 6.7
Ti/V 22 24 26 19 18 30 18 40 44
(La/Sm)n 0.99 1.8 0.83 0.82 2.68 0.49 0.97 1.3 1.8
Eu/Eu*  0.96 1.0 0.92 1.2 1.0 0.85
(Yb/Gd )n 0.91 0.73 0.60 1.0 0.69 0.48
1 average Archean tholeiite (Condie, 1981, Table 3-7, type Thl)
2 average Archean tholeifte (Condie, 1981, Table 3-7, type TH2)
3 First-Cycle pillowed plagioclase-phyric basalt (83-216?’
4 First-Cycle pillowed basalt (83-158)
5 Second-Cycle basalt (83-285c) -
6 average MORB (Condie, 1981, Table 3-7) -
7 average arc tholeiité (Condie, 1981, Table 3-7) .
8 average calc-alkaline tholetite (Condie, 1981, Tabple 3-7)
9 average continental rift tholeitte (Condie, 1981, Table 3-7
* (total iron recalculated as FeQ) *~ (Mg# = MgO / Mg0 + FeO¥

La/Sm and La/Yb are normalized to Leedy chondrite (Hanson, 1980)
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‘5.3 Second-Cycle Yolcanics and the Lac Coutaceau Dykes

and MORB are: lower Ti02, Ca0 in the former and lower (La/Sm)n,
Tf/Zr and higher ZIr/Y, V and REE abundances in the latter

(Table 3). - !

The Second-Cycle Volcanics are composed of basalt, basaltic
andesite.l andesite and an intrusive plug of norite. Five
s;lples were collected for chemical analysi;f.; three from the
top, middle and near the base of one flow (Appendix B), one

from an adjJacent flow and one from anoritic plug in the eastern

‘part of the map area (Appendix B). The three samples from one

f1ow range in composition from basaltic andesite at the top and

"center to basalt at the base of the flow."

©

Sil1icon, Ti, A1, Mg, Fe and Ca in the extrusive rocks of

the Second-Cycle Volcanics define well developed 1inear

varfations with Zr, whereas, Na and K display more scatter (Fig
19). These compositional variations suggest again that, with the
éxception of Na and K, these elements have not been

signiffcantly remobilized by secondary processes. Silicon, Al

and Na increase, whereas Mg, Fe and Ca decrease and Ti and K

show little change 1in abundance with increasing Zr' in the
Second-Cycle Volcanics (Fig. 19). The First- and Second-Cycle
Volcanics have distinctly different chemical compositions. The
Second-Cycle Volcanics have higher Si, Mg and Na and lower Ti,

Al, Fe and Ca abundances than the First-Cycle Volcanics (compare

‘Figures 19, 14 and Table 3).
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Flgure 19 (a) S1, (b) T4, (c) A1, (4) Fe, (e) Mg, (1) Ca, |
. (g) Na and (h) K (211 in cation%) versus Ir (ppm) for ‘the '

- , e .
Secgnd-Cycle Volcanics am Lac Coutaceau dykes. Black e
diamonds are basaltic andesites and andesites and the cross R

— . . -
is a norite plug that intrudes the Second-Cycle Volcanics. . Jy -

7 The open triangles are Lac Coutaceau dykes.
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The n&ritic plug in the eastern part of the map area does
not lie on the main trend of chemical variation of the extrusive
rocks o%\the Second-Cycle Volcanics (Fig. 19). This rock has
higher Zr, Ti, Fé and lower Ca abundances than the extrusive
rocks. The abundance of titanomagnetite in this rock (3.4.2),
and the high Ti and Fe concentrations relative to the extrusive
rocks, suggest that titanomagnetite is a cumulate phasg.b

The Lac Coutaceau diorite dykes are chemically very similar
to ‘the extrusive rocks of the Second-Cycle VOlcanicsh(Fig.
19). The dykes may have been feeders to Second-Cycle lava flows,
especfally since both suites were emplaced relatively late in
the history of the greenstone belt (although the Lac Coutaceau
dykes crosscut the supracrustal succession, whereas the Sgcond-
Cycle Yolcanics comprise the top of the supracrustal pile).

The Lac Coutaceau diorite dykes are charagterired by
tncreasing Sf, Al and Na, decreasing Mg and Ca and little change
in Ti, Fe and K with ‘increasing Zr.abundance (Fig. 19). The
compositional trends of the Lac Coutaceau dykes overlap the
trends in the Second-Cycle Volcanics and extend to higher Zr
abundances. +

‘ " .

In Mg-Fe space, the Second-Cycle Volcanics define an iron-
depletion trend with decreasing Mg. The Lac Coutaceau dykes
overlap this trend at high Mg contents and evolve to lower

decreasing Mg at cantant Fe'abundance (Fig. 20a). Both suites
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are characterized by 1ncreasihg Si and Al, decreasing Ca and a
relatively I;w. constant abundances of T1 with decreasing Mg
(Fig. 20, 21). The 1nc;eas; ftn Al with decreasipg Mg suggests
that these rocks were saturatéd with a uagnesihn;bearing phase
(or phases) (Fig. 21b). ‘

In A1-S{i space (Fig. 20c), the Second-Cycle Volcanics and
Lac Coutaceau dykes correlate positively. The continous positive

slope in A1-Si space and lack of Fe-énrichment suggests that

vthese rocks did not fractionate an appreciable amount of

.

plagfoclase, since this phase would have decreased the Al
abundance with increasing Si (Fig. 20c). Thus, the decrease in
Ca abundance with decreasing Mg abundance (Fig. 2la) must be due
in a large part to some other Ca-be{r1ng phase, suq§ as

clinopyroxene.

It s unlikely that clinobyroxene alone could account for
the major element variations of these rocks, especially in light
of the large range in Mg over which these rocks have evolved. In
principle the fractionation of olfvine and/or orthopyroxene
could account for the variationof Fe, Ti, Al and Sirélative‘to

Mg (Fig. 20 and 21) and indeed on the basis of these eleménts

//aione it is not possible to choose a unique fractionation

scheme. However, A1-Si varfatfons (Fig. 20c) are more consistent
with an olivine control line, since this phase plots at 33.3% Si

.
which is very close to the Si intercept (29% Si, at 0% Al)

o
calculated by linear extrapolation. The nature of the phases
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Figure 20 (a) Mg versus Fe, (b) T versus Mg and (e M

)
.
N
N

versus Si i‘a!l {fn cationy) fo;- the Second-'C}cle Vo\lcanics and , . :
tac Coutdceau dykes. Symboli are as in Fig. 19, 0itvine D
{OLIV) and Al-free‘or'th(')pyroxene (OPX) are shown for 1
: reference in Fig.’ 20c. ‘ e . ;
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‘which controlled the evolution of this suite will be examined in

more detail in chapter 6.

~ There is 1little change in Y with increasing Zr in the
"Secopd-fycle Qolcanics and Laé Coutaceau dykes (Fig. 22;).
Phosphorus, and to a8 lesser extent Ti, increase with increasing
Zr abundance (Appendix B and Fig. 19b). Chromium, Ni and Sc all
o . ;decrease with fincreasing Zr with three- and two- orders,of

magnitude change in Cr and Ni respectively, and a three-fold

decrease in Sc accompahying a four-fold increase in Ir (Fig. 22

b, c and d).

—
’

The chondrite-normalized patterns of both the Second-Cycle
Yolcanfics and Lac Coutaceau Dykes are characterized by high
1 PN “ abundances of LREE (up to 100x chondrite) and low abundances of
HREE (as low as 2x chondrite, Fig. 23). The chondrite-normaiiéed
* -iddle'and heavy REE have stightly flatter slopes relative to

23

;i | - ~the 1ight REE. The (La/Sm)n and (La/Yb)n ratios of both suites

fncrease with increasing La abundance (Fig.

-

24c and b). The scatter in the (La/Yb)n versus (La)n diagram
(Fig. 24b), is probably due in part to analytical uncertainties
at these low levels of HREE (see Appendix A). The Zr/Y ratio

£

fncreases in both suites with increasing Zr abundance (Fig.
24a). In general the REE correlate positively with increasing Zr

and Si (Appendix 8).

The Seéond-Cycle.Volcanics and Lac Coutaceau dykes have few

(_ ) Archean or Modern analogues in terms of their chemical
& . y‘
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composition (Table 4). When compared with Typel * Archean
andesites (Condie, 1981), the Second-Cycle and Coutaceau rocks
at simi%tar Si02 Qbundapces ( Table 4, #2 and #3) have: lower
Ti02, A1203, FeO*, Y, HREEIand Ir abundances and higher Mg0,
Ca0, K20, Cr, Ni, }REE.; Zr/Y, (La/Sm)ﬁ aéd (La/Yb)ﬁ.
Similarly,~_the 1 differentiated mgmbers of the Second-
Cyc{e-Coutaceau suite (eg. Table 4, #1) are different from type’
BK]l average basaltic komatiites *;‘(Tagle 4, #5) at similar SiQ2
abundances. In parficular. the basaltic komatiites have higher
T102, A1203, Fe0*, Ca0 and Ti/Zr and lower MgO, Mg#, Cr, Ni,
(La/Sm)n, (La/Yb)n and Zr/Y. The only modern volcanic rocks
which have chemfcal compositions simila} to those of the
Secomd-Cycle Volcanics and Ltac Coutaceau Dykes are boninites
fjable 4, #8). When compared at similar Si02 abundances (eg.
ﬁTable 4, 13 and.#8) the boninites have: lower Ti02, A1203, CaO,
K20, Ca0/A1203, Zr, Y, Sr, REE, '(La/Sm)n and (La/Yb)n and
higher MgO0, Cr. Ni and Zr/Y than the Lac Coutaceau Dykes and

Second-Cycle Volcanics,

-
-5

! " «“ ® J'

* Type ]l andesites:high FeO, Mg0, Ni, Cr, Zn and low K20, Rb
and- Ba relative-to other Archean andesites and which have LREE
enrichement in the order of 50 x chondrite. Type 2 andesites:
notably enriched in LREE (ca. 200X chondrites) negligible
europium anomalies. Type 3 andesites: flat REE patterns (ca. 20-
30x chondrites), negative europfum anomalies, low Y and Sr
relative to types l-and 2. (Condie, 1981, Table 3-9).

** BK exhibits flat to very slightly enriched LREE, BK2
exhibits slightly depleted LREE and BK3 strongly depleted LREE

(Condie, 1981). .
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Table 4 Comparison of Analyses (Second-Cycle Volcanics).
Archean Modern
L 1 2 3 4 5 6 7 8 9
S#02 49.79 54.02 55.43 58.98 50.5 56.7 56.20 54.52 53.80 °
Ti02 0.40 0.40 0.55 0.75 0.60 0.92 0.13 0.23 0.31
A1203 9.39 13.6912.7016.75 11.0 14.0 10.57 9.36 11.40 ¢
Feog') 8.81 6.94 8.62 7.36 10.60 9.07 8.05 6.99 7.47
Mn0 0.18 0.13 0.17 0.10 o0.20 0.16 0.27 0.16
Mgl 15.43 9.42 8.88 3.0310.2 5.4 11.19 14.62 12.54
Cal 10.34 7.20 8.42 4.97 11.8 6.6 7.44 3.55 8.73
Na20 1.49 3.78 2.28 4.11 1.87 3.4 1.54 1.93 1.30
Keo 0.54 0.48 1.14 1.44 0.17 0.67 0.40 0.41 '0.15
P205 0.09 0.21 0.30 0.34 0.06 0.02 0.03 0.02
H20(total) 2.4 3.0 3.95 7.62 3.79
LOI 4.16 4.34 1.56 1.69 W,
Ca0/A1203 1.10 0.53 0.66 0.30 1.10 0.47 0.70 0.38 0.77
Mgf (* *) 0.64 0.58 0.51 0.29 0.49 0.37 0.58 0.68 0.63
| Cr 1558 935 870 334 920 125 695 1100 960 ~
: Ni 430 217 122 <1 360 70 194 400 268
: v 138 120 250 . 181 105 204
i Ir 42 93 97 132 33 150 20 63 18
Ba 180 166 20 230 30 54 12
L Sr 157 572 337 669 100 278 61 325 62
. La 15.0 30.4 26.57 32.6 3.0 13 0.82 4.40 0.88
{ Ce 315.6+ 64.2 55.1370.6 7.9 31 1.7910.39 2.22
5 Nd 17.5 28.0 23.90 29.7 5.2 17 1.20 5.37 1.91
i Sm 3.41 4.98 4.60 5.75 1.6 3.6 0.35 1.27 0.73
H Eu 0.76 '1.11 1.09 1.# 0.55 1.1 0.11 0.39 0.27
5 Gd 3.83 2.0 3.6 0.40 1.28 0.96
% Yb 0.79 0.68 1.38 1.12 1.5 1.8 0.52 0.75 1.04
o Lu- 0.07 0.10 0.19 0.14 0.23 0.3
% Y 9 10 14 13 17 25 5 7 9
\ Ti/lr 58 66 34 34 109 37 39 22 103
ﬁ Ir/Y 4.6 4.5 7.1 11, 1.9 6.0 4.0 9.0 2.0
Ti/V 18 20 14 4.3 13 9.1
1 La/Sm)n 2.6 3.7 3.5 3.5 1.1 2.2 1.4 2.1 0.73
1 La/¥b)n 12.5 29.5 12.7 19.2 1.3 4.8 1.0 3.5 0.56
1 1 Second-Cycle basalt 83-285¢
| 2 Second-Cycle basaltic andesite 83-285a
3 Lac Coutaceau diorite dyke 82-493
4 Lac Coutaceau diorite dyke 82-496
S average basaltic komatiite (Condie, 1981 Table 3-4 type BK1)
6 average Archean andesite (Condie, 1981 Table 3-9 type I)
7 boninite Bonin islands (Cameron et al., 1983 Table 2 #1)
8 boninite New Caledonia (Cameron et al., 1983 Table 2 #5)

‘JD boninite New Zealand (Cameron et al., 1983 Table 2 #8)
-4« (total iron recalculated as FeO) ** (Mgf = MJ0 / Mg0 + Fe0*)
Lta/Sm and La/Yb are normalized to Leedy chondrite (Hanson, 1980)

=
i
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Chapter 6 Petrogenesis of the Volcanic and Synvelcanic
Intrusives - .

6.1 ’‘Introduction

In Chapter 5 it was seen that there are fundamental
chemical differences between the two volcanic units in the LG-3
area. In this chapter, the petrogenetic significance of these
differences 1s examined. The chemistry of the volcanic rocks in
the LG-3 area i1s compared with that of other suites in the La~
Grande greenstone belt and petrogenetic models for the magmatic

processes -are developed and evaluated.

6.2.1 Petrogenesis of the First-Cycle Volcanics

The basalts and synvolcanic intrusives in the First-Cycle
Voléanics compriseda chemical continuum and thus were probably
related to a common parenEaI mégma by a similar petrological
process(es). The best estimate of magmatic liquid compositions
ifn the First-Cycle Yolcanics is that of the pillow basalts. The
most ﬁignesium-rich basalts in this suite have 10.94% Mg and
8.74% Fe (Fig. 15a).These high-Mg basalts do not lie in the
possible field of coﬁpositions that could have been in
equilibrium with an upper mantle of pyrolite composition (c.f,
Hans%l et al,, 1978), Thus, it would appear that the basalts in

the First-Cycle Volcanics are not primary.

. The lack of fractionétion between the 1ight and heavy REE °
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and the relatively large change in the abundance of compatible
elements (such as Ni, Cr and Sr) compared with that of

incompatiblie elements (such as Zr) with increasing

,differentiation suggests that the basalts in the First—chle

\Véfcanics have evolved by fractional crystallization from more

primitive parents (c.f. Arth, 1976). The decrease in Ca, Mg and

lack of increase in Sc with increasing differentiation could

‘reflect fractionation of clinopyroxene. Similarly, the decrease

in Ca, Al, Sr and Eu and 1ncr§ase in Fe are consistent with the
presence of plagioclase in the fractionating assemblage. Thé
decfease in Cr abundance with increasing fractionation may
reflect the fractionation of small quantities of a Cr-bearing
spinel. Plagioclase is found in both the ‘extrusive and intrusive
rocks, whereas clinopyroxene can only be identified with
reasonab]e'ﬁ{rtainty in the dintrusive rocks, although
phenocrysts may have occured in the basalts (3.2.2). Chromite
has been found in’synvolcanic‘peridotite sills in the western

part of the La Grande belt (Rivard et al., 1984).

N

The decrease in Ni with increasing differentiatién

suggests that olivine or orthopyroxene may have formed part of

"the fractionating assemblage. AIthéygh magmatic sulphides have

very hiéh partition coefficients for Ni, this phase is not

invoked to explain thé varfations in the Firsf-Cycle Volcanics,

since magmatic sulphides have not been reported from the La.

Grande belt. Olivine is favoured over orthopyroxene since it has

been reported as a phenocryst phase ‘in komatiites and as a
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cunulate phase in synvo]canic high-leve] peridotitic sills in

otﬁer parts of the La Grande belt, whereas orthopyroxene has not

‘(Stanetolopoulou-Seymour, 1982; Rivard et al., 1984).

A least-squares mixing program (Wright et a}., 1970) using"

the major element abundances of an Mg-rich basalt (sample 216-
83, Appendix B) as parent and an fe-rich basalt as daughter

(sample 158-83, Appendix B) was used to test the viability of

fractional <crystallization to reproduce the trend of Fe-

enrichment in the basalts (Table §). Various phase assemblages
were tested {including orthopyroxene - piagioclase -
clinopyroxene, olivine - plagioclase,and clinopyroxene -

plagioclase. The most satisfactory model (Table 3) has

‘acceptably low residuals and indicates that 49% fractionation of

plagioclase, olfivine and clinopyroxene, in the proportions

"62:20:18, could reproduce the Fe-enrichment trend -in the

basalts. The olivine composition required (Fo 71) s
intermediate between those olivines which would coexist with the

parent (Fo 81) and the daughter (Fo 68), using a distribution

coefficient (Kd=(Mg/Fe olivine / Mg/Fe 1iquid) of 0.30 with

total iron calculated as FeO (c,f. Roeder et al., Eﬁ70). The

pyroxene employed in the calculation is an average of high-Ca

clinopyroxene phenocrysts taken from a tholeiitic basalt fyom;

Hawafi (Fodor et al., 1975) of similar chemical -composition to
qﬁe Mg-rich basalt parent (216-83). /

‘\!
* PR

It is possfble to test whether the fractiornation of

olivine, plagioclase and clinopyroxene from an ﬁg-rich basalt to

2
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Table 5 Fractional Crystallization Calculation, Fe-Enrichment in

the First-Cycle Yolcanics
HIGH-Mg BASALT = Fe- RICH BASALT + PLAG + OLIV + CPX

LA R T R R RSN EEEELE L EEEEER AR ->-m-me LI I N B A A N N S I I W I A Y

ELEMENT DAUGHTER OLIV CPX PLAG PROPOSED CALCULATED- RESIDUALS

(wtx) : PARENT PARENT

$102 52.77 37. 45 52.90 48.98 50.41 50.14 0.2
A1203 13.66 2.67 32.75 17.17 17.08 0.09 °
Fe0 15.38 28.01 6.24 11.28 11.22 0.06
Mg0 5.75 34,55 17.34 7.91 7.87 0.04 .
Ca0 - 6.37 . 18.92 15.59 9.77 9.60 0.17
Na20 4.08 2.68 2.32 2.91 0.59
,Ti02' 1.54 . 0.72° 0.86 0.86 T
HT PROP 51.53 9.81 8.73 29 95 :E(RESIDUALS) = 0.46

¥ CRYSTALLIZATION = 48.47% PLAG:OLIV:CPX = 62:20:18
‘ Fo= 70.6 En= 50.3 An= 82 ‘ |
Fs= 10,2
Wo= 39.5

P L L I A I I N N L L L L N - -

These: calculatidﬂs were performed with the mineral distribution
program of Wright and Doherty (1970). Si02, A1203, FeO, and Mg0
were wefghted 5, Ca0 and Na20 were weighted 1 and Ti02 was

" weighted 30. Olivine and plagioclase were entered as end-members

and their compositions were determined by the calculation. The
clinopyroxene 1is a high Ca clinopyroxene phenocryst from a

tholefitic basalt from Hawaii (average from Fodor and Keil,

1975). The daughter rock is an Fe-enriched pillow basalt from
the First-Cycle Volcanics (7S-158-83). The proposed parent is an
Mg-rich pillow basalt from the First-Cycle Volcanics-(T7S-216-

. 83). The calculation uses a least-squares mixing algorithm that

adds in this case the mineral phases back into the daughter

. Viquid composition to produce the parent composition. The

difference between the proposed paréent and calculated parent is
shown as a residual. An arbitrary sum of the squares of the
residuals = 1 was chosen as an upper cut-off limit in the first
step toward determining the atceptability of a particular model.
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produce -the Fe-rich basalt can reproduce the variation in

‘?

fncompatible tracé“element concentrations, such as the REE, Zr, 1

T1 and P. Two approaches are taken here. In model 1, Tbulk~ 2t

- - . s

mineral-liquid partition coefficients for the trace elements are .
calculated (Table 6a, Fig. 25) using publlshed mineral;liquid
‘pirtltjon coefficients weighted for the proportions of'mineral -

phases calculated from the least-squares calculation (Table 5). :

In model 2, bulk partition coefficients are calculated from the ~

‘ stope of log (trace element) versus log (hygromagmatophile *

element (La)) variations (c.f. Allegre et al., (1977) (Table
6b). Both models succesfully reproduce the abundance of

incompatible trace elements observe& in the differentiated Fe-

N LY

v

{rlch composition for 49% crysihllization when calculated using
the Rayleigh fractional crystallization equation (Table 6, Fig.
253.Thus.1t would appear that fractional crystallization of

olivine, plagioclase and clinopyroxene from Mg:rich parént

:basqlts can reproduce the major and trace element compositibns

4.

of the Fe-rich basalts. r , X | "

14

-
s I e B ORI ser 3

‘v
vu “Wen

v

The proportfons of plagioclase. olivine and clinopyroxene )

o wta

(62 20:18 respectively, Table 5) used in the mode 1, are within

PRESAT 3

the linits (50 15:30 to 60:20:20) that can crystallize from a
basalt to produce tholelitic differentiates as determined by
Blggar (1983). Experimental studles on natural and basaltic
»rnalogue systemd of low-K tholeiites indicate that basaltic
1iquids are multiply saturated with plagiocclase, olivine and
cllnopyroxene at pressures of l.ess than 10 Kb, sinceé the phase

volumes of clinoﬁyroxene increase and olivine and plagioclase

PO
.
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- . Table 6a (Model 1) Rayletigh Fractfonal Crystrallization
Calculation (Trace Elements) Fe-Enrichment in the
the First-Cycle Yolcanics _
HlGn-lg BASALT = Fe-RICH BASALT + PLAG + bt.lv + CPX
4 L WA AR A e RS A @ i e D B E W W TR TSR e RO T G - mbs s e e o
{ ‘ ELEMENT Co e Kplag ~ Kollv  Kepx ~ (1-F)100
Ni 148 47 0.04 19.73 2.0 40%
Cr 272 90 0.01 0.20 10 71¢%
= T4 5171 9260 0.01 0.024 0.47 49%
Y 20 34 0.03 0.01 0.5 45%
ir 45 g1 0.01 0.01 0.10 49%
Sc 39 47 0.017 0.265 4.05 59%
Ce 6.41 11.85 0.10 0.001 0.10 49%
Sm 1.90 3.13 0.07 0.002 0.26 43%
] Eu 0.593 0.960 0.30 0.002 0.20 47%
- Yb 2.01 3.50 0.03 0.002 0.28 45%
- L L L T R R R R Y R R L R R TR R T P
~ Fractionation was model led using the Rayleigh expression
y /”
C1 / Co = (F) exp (D-1) . , {

where-

Cl=. concentration (ppm) in the daughter (TS 158-83)

" Co= concentration (ppm) in the parent (T7S-216-83)

D= bulk distribution coefficient, where D =ZwK and w = weight

proportion of individual minerals and K is the mineral-1iquid
artitton coefficient

F =' proportion of original liquid remaining ) :
Mineral-11quid partition coefficients were taken from, 1, Cox et
al., 1979; 2, Pearce et al., 1979; 3, Irving, 1978, Mineral
proportions are taken from the mineral distribution calculation
in Table 6 where plagioclase:olivine:clinopyroxene = 62 20: 18

=
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Fractional Crystallization

:mm h

Table 6b (Model 2) Rayleigh
- Calculation (Trace Elements) Fe-Enrichment in the
" First-Cycle Volcanics .
- HIGH-Mg BASALT = Fe-RICH BASALT + PLAG +0LIV+ CPX
ELEMENT 1 Co B r (D = B-1) (1-F)100
Nd 8.58 4.62 0.92 0.97 0.081 49%
Sm 3.13 1.90 0.84 0.9%0 0.165 45%
Eu 0.96 0.593 0.64 0.74 0.362 53%
Yb 1,50 2.01 0.67 0.85 0.327 56%
Y kI'} 20 0.62 0.77 0.376 57%
ir 81 45 0.88 0.93 0.120 49%
P 440 270 0.86 0.94 0.140 43%
Sc 47 39 0.07 0.30 0.93 93%
Cr 272 . 90 -1.40 -0.87 2.40 55%
N 47 148 -1.08 -0.85 2.08 65%
T 9260 5171 0.88 0.87 0.125 49%
Y 482 195 0.82 0.83 0.177 67%

P T I Y TR N RN PR RN RN PR R YR R R ERER L] -w e

Fractionation was node11?p using the same equation as in Table
6a. However the bulk partition coefficient is calculated
graphically (c.f. Allegre et al., 1977) by using the slope (8)
from a2 log hygromagmatophile (La) versus log trace element plot
and the relation D = (B-1). The correlation coefficient (r) is

.-given for the 109 hygromagmatophile versus log trace element
plots. A1l other symbols as well as the parent and daughter
1iquid compositions are as in Table 6a. IS
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4 Figure 25 Results of Rayleigh fractional crystallization . ] :
) ' " ' 3 L'E
model calculations for Fe-enrichment in the basalts of the !
X
First-Cycle Volcanics. High-Mg basalt = Fe-rich basalt + plag ¢
f
’ + ®x +o0liv (Model1 1, Table 6a, Model 2, Table 6b). .
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decrease withincreasing’pressuré(@rove et al.;1983:Biggar.
1983; Benﬁer. 1978; Grove et al., 1984). That the basalts in the
First-Cycle -Volcanics were multiply saturatgd in olivine,
plagioclase and clinopyroxene at pressures less than 10Kb can be
seen by plétting the basalts in isomolar (Elthon et al., L983)

projections in the olivine, clinopxroxedé. plagioclase and

14

-~ silica tetrahedron (Fig. 26).

Even though it 1sﬁpos§1ble to reproduce numerically the Fe-
enrichment within the First-Cycle Volcanics it is important to
note that the fractionation scheme proposed'here is not
necessarily a unique solu}ion. Francis (Nature, 1985 ms.) has
pointed out that picritic magmas can reproduce thé speearum of
ltthd_compositions observed in the Tertiary Baffin island

‘baaalpic lavas by a combination of fractiénal and equilibr%gy
crystallization of olivine. Thus the spectrum of liquid

" compositions observed in a region need not represent a liquid
~Yine of descent since each individual 1liquid composition could

- - 'have evolved‘directly from picritic liquids without becoming
o sathratgd 15 olivine, plagioclase and clinopyroxenel(Francis.

\

- 'op. ¢it.). Furthermore, the model 1ing done hére does not

. 1
.preclude open-system processes. o /
B 6.2,2 The First-Cycle Vo1cani§s and Mafic Magmatise in the La
) ‘ Grande Greenstone Belt /
. / ) \
) There is a broad consensgq that most Archean tholeiitic
: (;. ; basalts have undergone some degree of'loy-pressure fractionation
R P ) ; o . % '
. 141 : oL c
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L olivine,
‘ 14
Volcanics. Symbols are as in Fig.

are .taken from Elthon et al.

from the Tortuga Ophiolite.
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silica and clinopyroxene

16‘

in the fsomolar, haplobasﬂtic quaternary system plagiocla;e.
for the First-Cycle
Pseudo-cotectic fiel;ls
(1983) and are based on high -

‘ pressure phase equilibria studies of a high- magnésfa basalt

- B / o < . ‘ ~ > "
: - - \
S o b . : - - h
N ' '.v‘! »'i
{ - 73 - :
) _' Figure 26 (a) cHnOpyroxene and (b). plagioclase proje.:tions . i
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A.‘.‘..l AL, /jl
et al., 1977; Jol1ly, 1978,

1983;

(Hawkesworth et al., 1977; Nisbet

1980; Jahn et al., 1980; Thurston et al:,

1983, 5mdden et al., 1984).

Stamatelopoulou-Seymour et al.,
However, there is less agreement on the chemical composition of
the parental magmas. Komatiftes are the least-differentiated
g%sic wagmas found in Archean greenstone belts and are often

intercalated yith tholeiitic basalts (Pyke et al., 1973 ; Arndt

et al., 1977; Nisbet et al., 1977; Hawkesworth et al., 1977;

Arndt et al., 1979; Jahn et al., 1980;

Project, 1981; Condie, 1981; Stamtelopoulou-Seymour, 1982;

Stamatelopoulou- Seymour et al., 1983). Despite the close spatia]
association of komatiites and tholeiitic basa]ts, it is

whether the basalts low pressure

uncertain represent the

fractionated products of komatiites (Stamatelopoulou-Seymour,

1982; Nisbet et al., 1977; Nisbet, 1982; Hawkesworth et al.,

1977) or alternatively, whefher the parental .magma to the

basalts- is distinct from the komatfites (Arndt et al., 1977,

Arth et al., 1977; Jahn et al., 1980; Basd tic Volcanism Study

1981; Condie, Key arguments for the second

Project, 1981).

viewpoint are that there is commonly a distinct compositional

- gap between komatiites and basaltic komatiites at 18% Mg0 (Arndt

et al., 1982) and that there are distinct differences in the
trace element variations (in particular; LREE) between the

komatiites and tholeiites in some volcanic provinces (Arth et

al., 1977;>Jahn et al., 1980; Nesbitt et al., 1980). The

relationship &etween komatiftes and basalts is further

coqpkicaté& by recent evidence suggesfing that komatiitic magmas

may have been abTe to assimilete continental crust (Huppert et

v *
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al,, 1984, Huppert et al., 1985). Their trace el ement contents
may then reflect less . their source than the crustal conduit

through which ‘they have passed.

-

*

Although earlier work on the La Grande lavas referred to a
conposiiional gap at 18% Mg0 between the komatiites and basalts
(Stamatelopoulou-Seymour, 1983), recent work (Stamatelopoulou-

’ Seymour, unpublished) has revea}ed that there-are lavas that

fsvan this compositional gap (Fig.{27a). The basalts in the First
Cycle Volcanics and in the Lac Guyer area (Stamatelopoulou-
Seymour, 1982§ Liu, 1985) have near-chondritic Zr/Y {pd Ti/lr
ratios {ca. 2.5, 107 respectively, Nesbitt et. al., 1980) that
fncrease slightly with fncreasing Ir (Fig 296, a). The Zr/Y |
veréus Zr variations in the\komatiitic rocks from Lac Guyer are
very similar to those in the basalts, but there is considerable
scatter in the Ti/Zr variations (Fig. 29). Similarly (La/Sm)n
versus La variations in the komatfites (albeit for the few
sanple§ hvailab]e) are similar to those in the basalts, whereas
(La/Yb)n versus La variations display more scatter (Fig. 18).
The scatter in (La/Yb)n versus La may be the result of
analytical uncertainty at low abundances of Yb such as in the
komatiites, or alternatively, as s&ggested by Stamatelopoulou-
Seymour et. al. (1983) may reflect different residual phases in

the source region of the pyroxenitic and perfdotitic komatiites.

The similar_trace element characteristics (Fig.18, 29) of

the basalts and komatiites indicate that these rocks may be

»~
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Figure 27 (a) Mg versus Fe, (b) Ti versus Mg and (c) 51 - :
versus Mg (all in cation%) for lavas of the FirstTEyqle 7) ;
Voltanics and from other parts of the La Grande greenstone g
belt Individual samples have symbols as in Fig. 16. Solid l v %
line field and dash-dot field include lavas from the Lac %

Yasinski area and gabbros from the Lac Menarik intrusive
respectivehy (B. Rivard, pergonal communication, 1985),
dashed pattern includes peridotitic, pyroxenitic and basaltic )

komatiites as well as basalts from the Lac Guyer area

AL, s st <0 T .

H (Stamatelopoulou-Seymour, 1982) and dash-bar and dotted
E patterns are komatiites and basalts respectively {yomfsohth 5 -
\ of Lac Guyer (Liu, 1985). - . . . . :
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Figure 58 (a) Ca versus Mg, (b) Al versus Mg and {c) A}

;ersus’Si (all fn cation%) for lavas of the First-Cycle

Yolcanics and from other parts.of the La Grande greenstone

orthopyroxene are shown fin Fig. 28¢ for reference.
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genetically related (c.f. Stamateloboulou-Seymour. 1982,
Stamatelopoulou-Seymour 'et. al., 1983). Stamatelopoulou-Seymour
i . (op. c}t.) has suggested that the primary control on
compositional variations in the komatiites may be different
degrees of partial melting, whereas the basalts in the Lac
Guyér area may have evolved from basaltic komatiite parents by
fractional crystallization of olivine, clinopyroxene and

" orthopyroxene (Stamatelopoulou-Seymour et al., 1983, 1985

(m.s.)).

[
4

Early saturation of high Mg-basalts and bésaltic komatiites
in orthopyroxene and olivine is evidenced in their compositional
variations in A1-Si space(Fig.28c). It is unlikely that

equilibration with olivine alone could account for the steep

positive slope of the basaltic komatiites and thus it seems

: 1ikely that these liquids were on an orthopyroxene-olivine

e L

control line. The coexistence of orthopyroxene and olivine in
the basaltic komatiites requires that these liquids 1last
: equilibrated at pressures in the vicinity of 10-20 kb (0'Hara,
1968; Yoder, 1976; Elthon et, al., 1984). Stamatelopoulou-
Seymour (1983) has pointed out that the large decrease in the
concentration of compatible trace elements (Ni, Cr) as opposed

to fncompatible elements (Zr) suggests that the: basaltic

komatiites evolved by fractional crystallization to produce
basaltic daughter liquids. Thus, if basaltic komatiites were the
parental magmas to basalts within the La Grande belt such as the
F1rst-f}c1e Voléﬁn?c;:’then it follows from the previous'

( ‘ discussion that these magmas must have undergone a polybaric
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fractionation history. In shor§;"the\petrogenesis of»éhese lavas
was characterized by early high-pr;ssdre fractional
crystallization followed by su equent accumulation of the
derivative magmas in shallow subcrus magma chambers in which

the magmas equilibrated with a low pres§yre assemblage.

L4

~ The First-Cycle basalts and basalts collected south of Lac

Guyer (Liu, 1985) have a tendency to increase in Fe, Ti and Si -

‘and decrease‘in Ca and Al with increasing differentiation (Fig.
27a-c, 28a and b). These compositional variatidns are consistent
with the fractional crystallization at low pressures of olivine,
,clinopyroxene,and plagfoclase witﬂ or without Cr-spinel (this
Isfudy), or as suggested by Liu (op.c}t), by a combination of
equilibrium and fractional crystallization of the same

assemblage. On the other hand the Lac Guyer basalts

'(ﬁtanatelopoulou-Seywour et al., 1983, Fig. 27a). and Lac.

Yasinski basalts (Rivard et al., 1984, 1985) appear to have
constant Fe abundances with iﬂcreqsing differentiation. The
compositional varfations of these lavas appears to have been
controlled by the fractional crystallization of assemblages that
- lack p{agioclaséas evidenced by the small changes in Ti and Al
and decrease in Fe relative to Mg (Fig. 27 and 28, c.f.
Stamatelopoulou-Seymour et al., 1983; Rivard et al., 1984). It
would thus appear that although the basalts of the La Grande
. greenstone belt may have evolved from a similar komatiitic
pafent. there are significant differences in the nature of the
high-level magmatic processes that account for the spectrum of
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\: ‘co-positions amongst these rocks.
The gabbroic high level intrusives in the La Grqnae belt
(including First-Cycle Volcanic gabbro sills and gabbroic dykes
iassociated Qith the Lac Menarik intrusive, Rivard et. al., 1984,
1985) 1ie along Fe-enrichﬁ:nt trends similar to those in the
First-Cycle basalts and basalts south of Lac Guyer (Fig. 27a).
The compositional variations as well as the cumulate textures in

sosme of these rocks (3.2.1)_suggest that these intrusives may

‘-4 : represent the high-level magma chambers in which Fe-enriched '
b " basalts evolved. The formation of basaltic magmas w*ith
relatively constant Fe abundances may be a result of problems of

nucleation kinetics (Rivard et. al., 1985). However, if the

MR v b e e, B

constant-Fe lavas evolved from gabbroic 1iquids which were

.

saturated in plagioclase as wel)l as olivine and clinapyroxene,.

iy
@

- then' the control on Fe-depletion is more likely related to the

ability of plagiocliase to separite from the melt.

A number of workers have pointed out that plagioclase may be

- > -
1,
.
- .

A ——y
v D dnin
-

: . bouyant in some tholeiitic liquids (Campbell et. al., 1978;
Bedard et al., 1983). Indeed the‘presence of large megacrysts.

and glomeroporphyritic clusters of plagioclase in sills (3.2.1)

" in proportions greater than those required to produce the Fe-
enrichment 1in the gabbros and basalts suggests that this phase
may be accumulating or floating in these rocks. Phinney'%ﬁ. al.

(1984) have found that large plagioclase megacrysts in yo\can¥c

flows and basaltic dykes and or sills have a unique shape

(i,‘ ' (equidimensional) and composition (An 80-85) in.many Archean

N
F ¥
, .
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"greenstone belts and 'are out of equilibriuym with the host

basaltic. T1iquids whose trends indicate fractionation dominated

by augite and plagioclase (An 50-65 lath-shaped). They-have

-suggested that these megacrysts were crystallized from more
"primitiye 1iquids and were subsequently incorporated by more
fractionated liquids and transported to the surface or-near-

-surface. The lack of complementary mafic megacrysts in flows has

been interpreted as a result of ponding of high density melts ir

- the lower c¢rust or at the crust-mantle boundary, follawed by
: Cg

stnking of mafics and floating of plagioclase that &g@ld be
later entrained in upward surges of less dense maéma (Pﬁinney
efﬂal.. op.cit.). Although compositional d?ta are lacking for
megacrystic 'and phenocryst plagioclase in GMP sills and pillqh

lavas in the First-Cycle Volcanics, Phinney's explanation of

these relationships may apply in the case of the La Grande belt,

sjnce the p]agidclase megacrysts are found in both flows and
fntrusives in this terrane and the megacrysts commonly occuﬁain

gabbroic matrices which contain lath-shaped crystals enclosed in

augite.

The differences Between the constan;-{e and Fe-enriched

"lTavas in the La Grande belt may be related to the buoyancy-of

biagioclase'in basaltic melts. Fe-enriched lavas may have

" fractionated plagioclase either by éttaining a densfity contrast

sufficient for the plagioclase to sink or alternatively, by

>

‘sgparating crystal from melt by some form of flowage

differentfation in narrow sills (éhattacharji et al., 1964;

155 ' .
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Komar, 1972, 1976; Barriere, 1976). Lavas of constant-Fe may

have had difficulty nucleating plagioclase or alternative1y

crystals of plagioclase may have been buoyant in the melt and

carried to the surface,

P

. 6.3.1 Petrogenesis of the ﬁecoﬁd-Cycle Yolcanicts and Lac

Coutaceau Dykes ¢

in Chapter 5 it was demonstrated ghat.the Second- and

First-Cycle Volcanics could not- have been comagmatic.

Furthermore, the Lac Coutaceau dykes were shown to be probable

chemical analogues of Second-Cycle magmas. In this sectiJn the
question of their ultimate origin and their role fin the
petrogenetic history of the La Grande belt is addressed. |

" The systematic variation in mQJor and trace elgmént
compositions witm;p one flow of the Sécon&-Cyé?e vOlcaniés can
be attributed tJ'differential crystal accumulatiéﬁ within the
flow (5.3). Similarly, the large varfation in compatible trace
elements (Ni, Cr) versus incompatible elements (IZr) in the
Second-Cycle Volcanics and Lac Coutaceau dykes can be.attributed
to the fractional crystallization of Ni- and Cr-bearing phases
(Fig.22b andc) However, fractional crystallization of Ni- and
Cr-bearing phases such as olivine and c¢linopyroxene and or Cr-
bearing spinel alone cannot account for the increase in
fncompatible trace element ratios (Zr/Y, La/Sm, -La/Yb) with

fncreasing differentiation i#n the Lac Coutaceau and. Second-Cycle

.suites (Fig. 24). Several petrological processes could account
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X

’ }Be this type of variation in trace element ratios including:

X

differen€ degrees of partiel melting, open system fractional
crystallization. megue mixing and contamination. Different

degrees of partial melting cannot be invoked since this process

’,could not atcount for the'compatible element variations. There

E

S

-

is no field evidence in suppoef of magma mixing, although there
is auple evidence of at least physical contamination of the
nagna as evidenced by the presence of xenoliths in both the

Second-Cyc]e and Lac Coutaceau suites (3.4.1, 3.5.1). The

possibility of contamination of the Second-Cycle and Lac

,C&%taceau parental nagua(f) fs therefore worth considering

further. -,
2 o " N ‘ b v ~ | v (
T R s . vioe T
The high Mg# of some of the Lac Coutaceau.dykes (0.76) and
\ o . . ‘; ¥,
the high ﬁiand Cr abundances suggest that some of these high-Mg

magmas may have been in equilibriuh with the upper mantle

(Hanson et al,, 1978). Similar magma composftions are attained,

Fby some of the komatiftes in the La Grande belt. The Second-

Cycle and Lac Coutaceau suites, however, extend to higher Si and

Al, maintain constant Ti with decreasing Mg and are

3
‘qharacterized by decreasing Ca and Fe with increasing

differentiation (Fig. 20 and 21). At similar Mg abundances this

“sufte is characterized by much higher LREE and Zr abundances

than the komatiites (5.3).

4
E

The major element and compatible element (Ni and.Cr)

variations of the Second-Cycle and Lac Coutaceau suite are
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consistent with these rocks having fractionallycrystallized
\ olivine and clinopyroxene, Furthermore, at least on the basis of

(3 ' these elements this suite could have been derived from

komatiite-1ike melts. The decrease in Fe with increasing
« differentiation (decreasing Mg) could be explained by the
equilibrium crﬁ!iallization @f olivine, since this process leads
to lower Fe abundances after larger degrees of fractionation
(E;f.'Hanson et al,, 1978). However, the fractionation of
olivine and clinopyroxene cannot expliain the ;racé—element

- . abundances in the Second-Cycle and Lac Coutaceau suite,
! ' ' Y " »

-

It is possibile that‘a komatiitic magma 1n£eracted with a

sfalic crust to produce the Second-Cycle and Lac Coutaceau
suites. Evidence far this process is only indirect, komatiites

are found near the‘tnp of the supracrustal succession

Stamatelaoapoulou-Seymour, 1982; Liu, 1985) whereas the Second-

i Cycle v@!gaadgs and Lac Coutaceau dykes are late-stagé magmas

! tﬁaé conté%n crustal xenoliths and are the highest-Mg magma}
reported from the central and western parts of the belt. In

order to see if this hypothesis is consistent with the chemical

A

vari;tions in the Second-Cycle and Lac Coutaceau suite it is

> .
necessary to estimate tpe composition of the proposed

y

gc’?n,t;lir}ant.

«
:

. - . , :
N K LN .
s x

’; : Althodgh there may have been considerable heterogenejty‘iﬁ

« 4 .
\ 1

3§Qe Eo-position of the sialic crust a reasonable estimate of the

( } ' -Sylk\conposition of the crust underlying -the La Grande

1
.

N
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exclusively in the eastern part of the La Grande belt (2.1, °
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greenstone belt is that of a tonalite.’This estimate is bas;d on
the composition of xenoliths in the volcanic and intrusive
rocks, the provenance of sediuentary‘?ogks in the supracrustal
succession and the composition ﬁf the granitoid basement
intruded by -the Lac Menarik intrusive (Rivard et. al., 1984,
1985). Stamatelopoulou-Seymour (1982) has suggested that the

extrusive equivalents of granodioriéic-tonalitic'intrusives in
il 'this area. Therefore, the rhyolites provide us with a.crude
estiyate of the composition of 3 partial melt of the crust that

may have reacted with the komatiitic melt.

Y In order to test the viability of assimil?iion fractional
- «: cry;tal]ization.a least-squares mixing program was used to test
coibinations of fractionﬁting phases that would have to be added
to a derivative 1iquid to produce a mixture of the parental
1iquid and the contaminant (adapted after Wright et al., 1970).
This technique is at best an approximate one in that it does not
account for the expected continous compositional variation of
some of the fractionating phases. The following crystallizing
assemblages were tested: * KOM + RHY = QLI + DAU, = OLI + CPX
+ DAU, = OLI+ CPX + PLAG + DAU, = OPX + OLI + CPX + PLAG + DAU,
OPX + CPX% + PLAG + DAU. Amongst these mo&qls the best res;duals
were calculated for the assemblage containing OPX + CPX + PLAG +
DAU (Table 7) The OLI + CPX + DAUassé%blagetwd relatively low
* where komatiite = KOM, rhyoiite = RHY, olivine ='0LI,

clinopyroxene = (PX, plagioclase = PLAG.‘orthopyrng@ne = 0PX and
~.daughter = DAU. &

L

" \ 159

_rhyolites and rhyodacites found in the Lac Guyer area are the

- o lantaly
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Table 7  Assimilatfon Fractional Crystallization Model Using A
Least Squares Mixing Calculation for theSecond- Cycle
Yolcanics

’ KOHAT!ITE + RHYOLITE (CONTAMINANT) = ANDESITE + OPX + CPX + PLAG

PR T X X R R I R e I I Y I T kT 7 It Py

ELEﬂENT ENSTA FERRS “6PX PLAG ANDES CONTAM PROP.CALC. RESIDUE
KOMAT KOMAT

G P EB G RN Rw B LE N S GG, G G EE®E ®® P EEE RN LG e ST ER W @M EE e w e DD

$102 59.84 45.35 52.83 43.20 63.29 76.46 49.11 49.17 -0.06

A1203 2.55 36.65 14.90 14.20 7.38 7.39 0.00
Fel 54.45 5.95 5.14 0.66 10.40 10.41 0.00
Mg0 40.16 18.53 5.19 0.18 23.95 23.96 -0.01
Cal 19.83 20.17 5.41 2.16 8.36 8.41 -0.04
Na20 0.12 5.09 5.47 0.38 0.44 -0.05
K20 0.50 0.85 0.10 -0.09 0.20
T102. 0.21 . 0.61 0.06 0.35 ©6.36 0.00

WT.PR0.44.21 12.494 18. 55 13. 39 54.77 -43.33 E(RESIDUALS)aO 05

] CRYSTALLIZATION,- 45% % ASSIHILATION 43%

(ENSTA 78 cPX PLAG (AN=100)) = 64 : 21 : 15

ENSTA = ENSTATITE FERRS = FERROSILITE CPX = CLINOPYROXENE,
PLAG = PLAGIOCLASG—/ANDES = ANDESle CONTAM = CONTAMINANT,
PROP. XOMAT = PROPOSED PARENT, CALC, KOHAT = CALCULATED PARENT
These calculations were performed with the mineral distribution
program of Wright and Doherty (1970). S102, Ca0, Na20 and K20

“were weighted 1, A1203 and Mg0 were weighted 3, Fe0 was weighted

10 and T102 was weighted 50. The parent magma is a peridotitic
komatiite (LG-315) and the contaminant is a rhyolite (LG-306C)

both analysis are of volcanic rocks from the Lac Guyer area,
- (Stamatelopoulou-Seymour, 1982). The derivative lava composition

is* an andesite from the Second-Cycle Volcanics (75-283-85).
Orthopyroxene and plagioc lase compositions were determined by
the program by mixing end memebers, whereas the clinopyroxene
analysis is -taken from StamateIOpoulou Seymour (1982). The
calculation uses-a least-squares mixing algorithm that combines
the mineral affd daughter composftions to produce a mixture of
contaminant and komatiite. An arbftrary sum of the squares of
the residuals = 1 was chosen as an upper cut-off limit in
the first step toward determining whether a particular model was

accepata%e.
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residuals with the exception-of Na, but the solution of this

model did not use the contaminant, The 0PX + CPX +PLAG+ DAV
model requires slightly greater degrees of crystallization than

contamination (Téble?).

‘The abundance of plagioclase in the fractionatiig
assemblage (Table 7) is very low and thus consistent with the

fncrease in Si and Al with fncreasing differentiation in the

: Second-Cycle Volcanics and Lac Coutaceau suite (Fig. 20c). If

assimilation of tonalitic material was involved in the

- fractiondtion history of these magmas than the modelling

predicts orthopyroxene and not olivine would be on the 1iquidus.
- An OPXcontrol 1inemay be masked in Al-Si space by the presence
-0f a rhyolitic coniaminant which tauses the liquid 1ine of
1 descent tbd tend towar-d higher Si contents (Fig. 2Rc). This is

consisrient‘ with the fact that increases in the silica activity

of a melt saturated with olivine should force. the

Tcr“ystallization of orthopyroxene. Evidencé for the presence of

orthopyroxene ¥s found in the high level jnoritic plug that
intrudes the Se'cond-CyClé \Mlg\anics (3.4.2).

( !

It is necess‘ary to test whether the favoured assimilation
fractional crystailizatiom (AFC) model favoured above (0PX + CPX
+ PLAG, Table 7) can"account for the trace element composition
of the daughter liquid. This can be done with the Depaulo (1981)
AFC equation (Table 8) using the parent and contaminant trace
element abundances (Cm , Ca), and calculating the bulk partition

coefficient (D) by using wefghted proportions of minerals (from

\

’
BT ST

-

s




’
*

X
vy,

‘ﬁsﬁs,

"factdr F are taken from Table 7. The mineral

al.
uag;a). contaminant (wallrock) and derivative magma (magma) are
"the same as in Table 7. The equation used here is taken from

L [ - ‘
'

Taﬁlc 8 Assililatlon Fractional Crystallization Calculation

Using the DePaulo Equation.
KOMATIITE + RHYOLITE (CQITAHIIAIT) = ANDESXTE + CPX + PLAG + OPX
ELEHENTHa Mc Cm (mo Ca F KplagKoprcpx D Cm*
Ce 43.3 88.6 28.5 §.02 39.7 0.55 0.10 0.003 0.10 0.038 39.1
Sm 43.388.6 3.1 0.81 2.74 0.55 0.07 0.0100.260.165 3.15
: Eu _43.3 88.6 0.86 0.21 0.48 0.55 0.30 0.013 0.20 0.095 0.69
Yb 43.3 88.6 0.731.07 0.40 0.55 0.03 0.05 0.28 0.095 2.03
T 43.3 88.6 3635 2360 299 0.55 '0.04 0.1 0.30 0.133 3887

0.10 0.042 81
0.50 0.238 23

65 0.55 0.01 0.03
16 0.55 0.03 0.2

Ir 43.3 88.6 103 18
Y 43.3 88.6 10 9

\ Fractionation was modelled using the equation:

Cm/Cmo *» FZ +({r)/(r-1))Ca/(zCmo)(1- F“)

where 2 = (r + D - 1)/(r-1) and r = Ma/Mc 1

Ma =rate at which wallrfock is assimilated (% assimilation
Table 7)

Mc = rate at which fractionating phases are effectively being
removed (% crystallization Table 7)

Cm = concentration (ppm) of trace element 'in magma

Cmo= concentration ppm; of trace element in original magma

Ca = concentration (ppm) of trace element in wallrock

F = mass of the magma as a fraction of the original mass

D = bulk solid/liquid partition coefficient for the element
between the fractionating mineral phases and the magma

Cm*= calculated concentration (ppm) of trace element in magma

The proportion of minerals used in calculating D as well as the
1iqujd partition
‘coefficients are taken from the following references (1) Cox et
1979; (2) Pearce et al., 1979. Parent magma (original

Depaulo (1981). The results of this calculation are , shown

graphically in Fig. 30. . .
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the least-squares calculation) and published mineral-liquid
partition coefficients. The results of this analysis show that
this model could explain the abundances of Ce, Sm, Eu, ZIr and

T{, buf overestimates the abundances Y and Yb (Fig. 30).

The overestimate of Y and Yb may be due a humber of
factors, including a poor choice of ;:ohntaﬂr1‘ﬁant or parental
magma, selective exclusion of these elements by retention ip a
refractoryresidue during melting, crystallizationof a minor
phase that preferentfally partitions these elements, or
alternatively, the contamination process may have been one of
selective diffusion of cations (c.f. Watson, 1982; Natson et.
al., 1984). The first possibility is thought to be the most
Iik;!ly since there 1is no evidence to warrant the latter.
Despite the success of a contamination model, open system
fractional crystaltlization cannot be excluded as a possible
process to account for these rocks, Since there are few data
avatlable to constrain modelling of open system fractional

crystall ization it 1s not, ﬁowever, treated further.

It would seemthen that the bulkof field and chemical data
on the Second-Cycle Volcanics and Lac Coutaceau dykes are
cénsistent with a model in which these rocks were derived by the
contamination of a komafiitic magma by a tonalitic crust. It is
,interest)i‘ng to note that a number of recent workers have
pre.dicted that komatiitic magmas inthe Archean may have had a
great capacity for the assimilationof wallrocks by virtueof

their high liquidus temperatures and probable turbulent state in.
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the ﬁear surface environment, which could have provided a

constant heat flux at the zone of melting and "assimilation

(Huppert et al., 1984, Huppert et al., 1985).

The two-yolunic cycles studied in the centrjal part of the
La Grande belt are believed to record the progressive effects of
interaction between a komati{itic magma and the continental
crust, The kom:tiitic magmas are believed to have undergone a
polybaric fractionatior‘: history. Initially, rising komatiitic
magmas were forced to fractionite olivine and orthopyroxene "at
relatively deep crustal levels. The residual basaltic komatiites
than rose to shallower depths where they are believed to have
fractionated.at low'—,pressures to produce basaltic daughter
1iquids. With time, and perhaps continued rifting (see 7.2),
komatiitic maé;ua_s were erupted in the eastern part of the La
Grande belt whereas toward the west these magmas may have been

forced to interact with the continental crust to produce

éontaninated si11ceous differentfates.
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Chapter 7 The Tectonic Evolution of the La Grande Greenstone

Belt ‘ .o
~

7.1 "Archean Tectonics ;

¢

A1l models of Archean crustal evolution are closely allied
to, and depend upon, the earth's thermal history. Heat flow in
the Archean is generally thought to have been higher than at
present, as a result of the greater abundance of long-1ived
radioactive nuclefdes and whole-earth post-accretionary cooling.
Most estimates for radiogenic hea} production in the Archean

(2.6 Ga) are between 2 and 3 times the present (Wasserburg et

Ql?t 1964; O0O'Nions et at., 1978). However,. the range of

estimates of Archean global heat loss, which is a function of

the relative proportions of whole-earth cooling and heat

production, 1s large. T

Prior to the recognition of plate tectonics most
investigators assumed that heat transport by conduction was the
pr}ncipal means by which heat was transported through the earth
(Lubimova, 1958). However, it is now clear that convective heat
transport through the creation of oceanic 1lithosphere at
spreading centers and 1f§ recirculation through subduction is a
very effective means of dissipating heat (Bickle, 1978; Sclater
e; al.,, 1980). Consequently, many workers have considered
convective heat transport mechanisms when model ling the earth's

thermal history (eg. McKenzie et al., 1975; Bickle, 1978;

Campbell et al,, 1984).
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A number of investigators have argued that since calculated
geotherms in Archean high-grade terranes are not significantly
higher than modern. continental geotherms, the heat transport in
the Archean must have been accomodated through greater heat loss

from oceanic basins (Bfickle, 1978; Burke et al.nk1978). A

greater heat loss from the Archean ocean basins could have -been

effected by higher rates of spreading and/or greater lengths of
mid-oceanic ridge (Bickle, 1978). Hoffman et al, (1984) have
extended these arguments to the early Proterozoic, and have
suggested that the Wilson cycle operated faster during the
Proterozoic, as evidenced in the formation and destruction of
the short-1ived 1.9 Ga continentaly margin of the Wopmay Orogen,

Canada.

The principal objections to plate tectonics in the Archean

(Baer, 1981) are that the higher mean temperatures of the
Archéan mantle would hsve inhibited the develépment of density
contrasts between the cool oceanic 1ithosphere and the
under1ying asthenosphere sufficiently large for the spontaneous
subduction of oceanic plates. Baer (op cit.) has also argued
that the higher mean temperature of the Archean mantle would
have decreased the stability field of eclogite. Thus, even if
subduction could be initiated, 1t would be difficult to

maintain, due to the decrease in the slab-pull force, which is

. 8ided by the density increase accompanying the basalt-eclogite

transformation, However, assuming the earth did not qxpand it
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seems unlikely that there was no subduction during the
‘ " Precambrian in light of the probable higher rates of sea-floor
o spreading at that time (Bickle et al., 1978; Burke et al.,
1979). Hynes (1982) has argued that during the Proterozoic all
.~V. oceanic tectosphere was‘subducte& young, because of its inherent
dnstability at the earth's surface. Nisbet et al. (1983) and
' ‘ -Arndt (1983) have argued that Archean oceanic crust was probably
komatiitic in coupb§1fion and thus by virtue of its high density
wmay have subducted spontaneousfy with coplingg
o In this chapter the tectonic spttindvof the La Grande g
"g}eenstone belt is discussed in lighi of contemporary ideas on
Archean crustal evolution. Model calculations show that the La
.Grinde belt may have Jéveloped in a passive-continental rifting
" environment. The amount of stretching fequired for the
.lithogphere, to produce the observed subsidence, is similar in

magnitude to extension factors calculated in similar Modern

RS SN

tectonic environments.

7.2 | The Tectonic Setting of the La Grande Greenstone\selt~'

U

et~

In Chapter 4, various evidence was presented which favors
formation of the La Grande belt on sialfc crust., It is not
-possible from the available data to determine whether this

" underlying continental crust was in the interior or on the -

margin of a large stable cratonic land mass or, alternatively, a (

small continental nucleus (analogous to a mature arc complex).
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A number of lines of evidence favor.a mode] 1-n,_wh1'c‘h 't»hg La

-

Grande greenstone belt developed in an extensional tectonic’

environment. Sfalic crust acts as a density barrier to primitive

basic magmas such as komatiites (Francis et al., 1983). In order

-to overcome this density barrier, basic magmas must either cool

and consequently fractionate to less dense compositions or,

a]termatively..the sialie crustal barrier. must be thinned to a

level permitting the buoyant upwelling of hot unfractmnated

basic magmas (c.f. LePichon et al. 1982§. The extrusion of Iarge«

volumes of compositionally uniform, relatively eval ved.irb'asaltic

magmas requires large-volume subcrustal magma chambers in which

4

dense, primitive magmas can collect an& fractionate to less

dense comppsitions before eruption. The development of large

subcrustal magma chambers and the ultimate failure of the sialic

density barrier is most 1likely to occur in an extensipna] L

tectonic environment in which the c’ontinental lithosphere is
thinned. The extension of continental 1ithosphere is accompanied‘
by the passive upwelling of the asthenosphere, thus permitting
the generation by adiabatic melting of a large vxo'lume of
basaltic magma, and ultimately leading to the eruption ‘at

surface of these unfractionated magmas when the density barrier

is breached.

A

The occurrence of primitive komatiitic lavas overlying a
large volume of basaltic lavas in the eastern part of the La
Grande greenstone belt, as well as the fact that the
volcanosedimentary succession appears to have accumulated in a

*
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y‘ subsiding basin which became progressively deeper with time, is

consistent with its derivation in an extensional tectonic

environment. Initially, the komatiitic magmas were forced to
,pool in 1large subcrustal magma chambers and cool.to form
basaltic daughter 1liquids that periodically erupted.
Stamatelopoulou-Seymour (1982) has suggested that Fhe felsic

volcanics found near the base of the Lac Guyer succession in the

eastern part of the La Grande belt, may have fromed by partial

melting of sialfc crust at a time when komatiitic were forced to

pool and fractionate 19 subcrustal magma chambers. Ultimately,
lfthospheric extensionresulted inthe failureof the crﬁsgal
density barrier and the consequent eruption of komatfitic lavas.
Y

Liu (1985) suggested that the La Grande greenstone belt
developed as a result of a westwardly propagating rift. This
suggestiqp was based on the restriction of komatiites to the
eastern "part of the belt (suggesting greater rifting in the
east) apd on an apparent eastward increase in pressure at which

basalt; from the La Grande belt equilibrated on the three-phase

-

cotectic (plaZ
inftially thi.

clase-olfvine-clinopyroxene) indicating an
er crust in the east where rifting woul& have

commenced. The apparent increase 1n)basin-3epth from west to

" east {n the LG-3 area is consistent with this westwardly

propagating rift model. However, a larger, more complete data-
set of the basalts in the La Grande belt reveals considerable
scatter on the projections used by Liu (1985) (isomolar ploat),
so that an-eastward displacement toward higher pressure

cotectics must be considered uncertain at this stage.
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7.3 A Model of Passive Rifting tn the La Grande Greenstone Belt

The extent to which the continental Yithosphere may have
been stretched to produce the subsidence recorded by the
deposition and emplacement of the Lower Volcanoclastics and
Metasediments, First-Cycle Volcanics and Metasediments in the
central part of the La Grande belt can becalculated if a number
assumptions are made. McKenzie (1978) and Royden et. al. (1980)
describe the theory behind fnstantaneous thermal stretching of
continental lithosphere. Two stages of subsidence occur as a
result of isostatic compensation of continental l1ithosphere that
has been rapidly extended. In the first stage, termed initial
subsidence, immediate elevation changes occur to return the
stretched lithosphere to isostatic equilibrium. The second stage
of subsidence, termed thermal subsidence, occurs as a result of
conductive cooling of the lithosphere; and its effects are
delayed due to the relatively low thermal diffusivity of the
continental 1lithosphere. The inftial subsidence stage
corresponds to a periodof high heat flow and may be accompanied
by magmatic activity, whereas the thermal subsidence stage is
characterized by a diminishing heat flow and may be
characterized by the development of a sedimentary basin. It is
the initial subsidence phase that is believed to have been
responsiblie for the deposition and emplacement of the lower

three units in the central part of the La Grande belt.
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In order to determine the extent to which the 1ithosphere
must have been deformed to account for the formation of the
basin into which the units 1 to 3 accumulated, it is necessary
to -rié a number of assumptions. The maximum (not corrected for
ainor folding) thickness of units 1 to 3 is 4.35 km (unit 1 =
0.75 km, unit 2 = 3.1 km, unit 3 = 0.5 km) and the weighted mean
density of this pile not corrected for compactign is 2.8 gm cm
(assuming that the mean density of unit 1 = 2.5 gm cm, unit 2 =
2.9 gl-ci‘and unit 3 = 2.7 gm-cﬁ).'ln the simplest case the
initial subsidence corrected for loading fs given by (after

Nisbet 1984):

Si = 4.35((pm -ps)/om -ow) = 0.93 km 71
This estimate is consistent with the amount of water that is
believed to have existed in the basin during the eruption of the
First-Cycle Volcanics and deposition of the Metasediments (4.2,

4.3.1).

K

The choice of parameters is not straightforward when
modelling lithospheric deformation during the Archean. Certain
paramBters such as the thermal diffusivity, thermal expansion
coefficient, average crustal and mantle densities were probably
similar to modern values, since a large proportion of the
earth's present continental land mass had segregated by 2.5
billion years ago and thus the crust and upper mantle were
probably of broadly similar composition to the present.

2
Similarly, Nisbet (1984), based on several 1ines of evidence,
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has suggested that crustal thicknesses during the Archean in
southern Africa may have been in the order of 35 km. For the
sake of simplicity the same estimate is used here. A
considerable amount of uncertainty lies in estimates of the
thickness and temperature at the base of the slab. McKenzie et
al. (1975, 1980) have estimated that the continental lithosphere
at 2.5 Ga was approximately 80 km thick and its base was defined
by the 1394°C isotherm. Nisbet (1984), on the other hand, has
suggested that the temperature at the base of the slab may have
been as high as 1700°C. since this estimate must account for the
minimum temperature of eruption of komatiftic melts at 1650°C or
more which rose adiasbatically from a convecting region in the
upper mantle, It will he shown here that the choices of
thickness of lithosphere and temperature at the base of the
liihosphere produce only second-order changes to estimates of
the 1ithospheric extension factor. The approach taken here is to
solve for the initial elevation change for a variety of uniform
extension factors using both McKenzie's and Nisbet's estimates

of the temperature at the base of the siab (Fig. 31).

To calculate the 1ithospheric extension factor which can
account for the initial subsidence of the lower three units in
the central part of the belt (given by 7.1) it is necessary to
coibfne expressions for thermal expansion (El, 7.3) with those
for elevation changes due to crustal thinning or replacement
(E2, 7.4) (equations are from Royden et al. 1980, parameters

defined in Table 9). Elevation changes associated with thermal
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Figure 31 The results of instantaneous lithospheric thinning

o S s e i

calculations. (a) temperature (T) at the base of the slab,
(b) 11thospheric thickness (A), (c) crustal thickness (tc),
and (d) uniform extension factors versus initial elevation

change (El1 +E2). The curves were calculated using the

Q.mMMu‘wu._m",

equations in chapter 7.
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expansion are proportional to the amount of heat added to the
11thosphere (7.2). Where AH=1 is ,total oceanization', or non-
equilibrium hgat sinput at a mid ocean ridge. AH=0 represents a
stable thernal\}qhilibrium in the lithosphere (cold continent)

and is givenp b}

MM = (1-(1/7g))+((y¥/a)-(2y/a) ((1/5-1/g)) (1-Y )+¥ 7.2

’

and thus

El = (T-caaH)/(2(1-a7, ) | 7.3

L}

The result of (7‘3) {s added to that of (7.4) the elevation

change due to crustal thinning or replacement (E2)

E2 = -((pm-pc)/(pm(1-aT, )))tc(1-1/6+Y/68)
X(1-(T,atc)/2a) where y>tc 7.4.1

E2 = -{(pm-wc)/om (1-aT, )) y(1-1/8+Y/68)(1-( aT, y/2a))+(tc-y)
X(1-1/8+y/B)(1-(af, /2a)(y+tc) where y < tc 7.4.2

Posfitive values of EIl + E2 indicate uplift, negative values

subsiderce. For the sake of simplicity the lithosphere s

. assumed to deform uniformally (&§=8). By replacing E1 + E2 by the

amount of subsidence calculated from (7.1) and using parameters
specified in Table 9 it is possible to calculate the

lithospheric extension factor {Fig. 31).
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Table 9 Parameters Used in the Calaculations

. pm density of the mantle 3.3 gm. cm

pc mean density of the crust 2 89 gm. cm

pw density of water 1.00 gm.cm>

ps density of the sedimentary pile 2.8 gm.. cm

a thermal expansion coefficient 3.2x10 C~

a thickness of the lithosphere 80 km .

T, temperature at the bottom of the plate model a) 1394 C,

b) 1700°¢ .
K thermal diffusivity 0.0575 (m /s
§ extension factor from surface to depth y
8 extension factor from depth y to base of slab
y equal to the crustal thickness (tc) 36 km
Y fraction of lithosphere occupied by dykes O
tc original thickness of the crust 36 km

Both models of the initifal sgbsidence (1394°C and 1700 ¢
isotherms defining the base of the slab) :equire very similar
extension factors kapproximately 1.5) to produce the 0.93 km of
subsidence {(corrected for loading) recorded by the protorift
succession in the central part of the La Grande bhelt (Fig. 31).
Because the thermal expansion coefficient is very small, changes
in the tempe}ature at the base of the slabdo not greatliyaffect
the estimate of E1 + E2 (Fig. 31). Similarly, E1 + E£2 is not
greatly affected by varying the estimated 1ithosphere thickness,
On the bther hand , F1 + E2 is quite sensitive to the estimated

crustal thickness (Fig. 31).

The extension factor calculated for fhe central part of the
La Grande belt (1.5) is very similar to that calculated by
Royden et al. (1980) for the crustal extension in a number of
)ocations on ‘Fe eastern margin of Canada, (1.3-2.0) and the

extension factors estimated for the Aegean Sea from seismic

refraction studies (2); see Makris et al. (1977) and in the

-
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North Sea (1.5 see McKenzie, 1978). Perhaps more significant is
the fact that two Archean protorift successions are believed to
have underqgone similar degrees of extension (Witwatersrand = 1.3

and Belingwe Upper Greenstones = 1.6 Nisbet, 1984),

The deformation of the lithosphere during rifting need not
have been purely plastic. Indeed it is possible that the
presence of coarse clastic sediments of toaliytic provenance in
the higher levels of the supracrustal succssion (Metasediments)
may be due to rapid uplift and unroofing of the basement 1in
geanticlines on both sides of the greenstone belt (M. Liu,
personal communication, 1985)., The geanticlines may have formed
in réﬁponse to flexural deflection of the lithosphere as a
r;sult of loading of the lithosphere by volcanic and sedimentary

rocks.
-

A consequence of invoking instantaneous lithospheric
extension models to explain continental‘rdfts throughout the
edrth's history is that one may expect the volume of magmatic
activity in protorift regions to have diminished with time for
simtlar degrees of extension. This 1s due to the decrease in
temperature at the base of the continental lithosphere with
time, as suggested by models of the earth's thermal history
(McKenzie et al., 1975, 1980; Campbell et al., 1984). Higher
temperatures at the base of the slab place the geothermal
gradient closer to the peridotite solidus so that with

lithospheric thinning and asthenospheric rise, greater degrees

oy
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g of adiabatic melting may have been expected in the past (c.f.

compare Archean, Proterozofc and Phanerozoic rift margins for
evidence of early magmatic activity prior to crustal faflure and

the develo/puent of aceanic crust.

St
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Chapter 8 Conclusions

8.1 Summary and Conclusions

The La Grande greenstone belt is believed to have been the
sfte of an Archean continental rift, There are four lYines of
evidence that suggest that continental crust floored the rift

basin in the central and western parts of the greenstone belt:

"8) the granitic provenance of clastic sediments in the

succession, b) the occurrence of granitic and metasedimentary,
xénoliths in both the early and late eruptive products, c)
indfrect evidence in the western part of the La Grande belt for
a tonalitic basement underlying the supracrustal pile (Rivard et
al., 1985), and d) The bimodal character of v61can1c rocks 1in
the eastern part of the La Grande belt which attest to early
gilicic magmatism that may have been produced by partial melting
of stalic crust followed by subsequent mafic volcanism including
primative komatiites and their fractionated products which may
have erupted when the <crustal barrier was breached.
Sedimentological data indicate that ia the central part of the
belt the basin deepened toward the east. Furthermore, the
restriction of komatiites to the eastern part of the belt may
reflect a more protracted rifting history there, which
ultimately led to the eruption of dense primitive magmas through
a thinner lithosphere. The results of the present work are
consistent with an earlier suggestion that the rifting was

westward propagating (Liu, 1985).
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Inh the La Grande greenstone belt volcanic activit} was

"episodic, and individual episodes were probably extensive and

prolonged. farly volcanic activity may have occurred in a
shallow water environment as evidenced by the accumulation in
the central part of the belt of mafic pyroclastic and epiclastic
rocks finterbedded with immature terrigenous clastic sediments.
Continued subsidence resulted in the eruption and accumulation

+

of tholefitic basalts. This volcanic activity {s believed to

have been characterized by high effusion rates and the eruption

of lavas from fissures on submarine lava plains. The restricted
chemical variation of these basalts and evidence of their having
last equilibrated at relatively low pressures are compatible
with their derivation from ltarge, shallow,’subcrustal magma
chambers. The parental magmas to the basalts may have been
komatiiitic as suggested by some earlier workers
(Stamatelopoulou-Seymour, 1982). The continental crust may have
acted as a density barrier to these komatiitic magmas and forced '

them to fractionate in subcrustal magma chambers.

foward the end of the main period éf basaltic volcanism a
blanket of resedimented coarse clastic sediments of to&alitic.
provenance was deposited within the basin. These clastic
sediments were transported eastward, parallel to the tectonic
strike nf the basin. The presence of similar clastic sediments
high in the succession throughout the La Grande belt may reflect

the uplift and unroofing of a tonalitic basement on marginal

geanticlines of the greenstone belt. These geanticlines may have
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formed as a result of the flexural rigididty of the deforming

lithosphere. ) \ !

¢ ‘

Komatiitic lavas occur high in the succession in the
o eastérn part of the belt whereas in the central part of the
greengtone beft, komatiitic magmas may have assimilated a sfalic
contaminant to produce basaltic andesites and andesites
characterized by high magnesium and compatible-trace-element
compositions and LREE-enriched trace element compositions. These
features indicate that crustal failure may have occurred as a
result of protracted lithospheric thinhing in the east, whereas
in the central and western parts of the belt, in front of the
propagating rift, the lithosphere did not thin to comparable

extents.

F - Lithospheric extension factors in the order of 1.5 have

been calcultated for the central, initial subsidence phase,
\ ‘assuming uniform instantaneous extension of the continental
lithosphere. Extension factors of this magnitude have been
calculated for the Archean Belingwe and Witwatersrand

v R
’ successsions as well as a number of sedimentary basins on the

east coast of North America and the North Sea.

8.2 Recommendations for Future ¥Work

[3

|
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The following are recommendations for future work,

' ' 1) A palinspastic reconstruction of a shallow water clastic
. s (b; facies at the base of the succession could serve to elucidate
& 183 -
§
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the geometry of the rifit basin, There are several indications
that the rift basin was shallower toward the west and an
unconformity between the greenstone belt and its basement may be
found there. '

2) It is necessary to examine sedimentary units throughout the
La Grande belt Qith an emphasis on determining paleocurrent
directions and the provenance of the sediments,

3) A more thorough examination of the La Grande belt 1s required

to determine the disposition of shalliow- and deep-water clastic

“and volcanic facies. This could serve to test the suggestion

made here that the basin underwent a prolonged period of

subsidence.

4) More detailed mapping and geochemical analyses of volcanic

rocks are required in the central and western parts of the La

.

Grande belt in order to ddetermine the extent of the Second-

Cycle Volcanics.
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Appendix A Analytical Methods, Sampling Criteria and

Preparation .

The whole rock samples - collected from extrusive and
intrusive rocks in the study area were chosen carefully to avoid
analyzing samples which may have undergone appreciable secondary
alteration. Pillow lavas collected from the First-Cycle
Volcanics were sampled at their margins so that 50-100 grams of

microcrystalline lava could be analyzed approximately 5-10 cm

from the margin of the pillow. This ensured a uniformed sampling
procedure and also it is belfeved that these portions of pillows
are least likely to have undergone redistribution of
phenocrysts. A petrographic description and location of all
sambles analyzed and used in this thesis 1s given in A2.4. Total
volatile contents were determined by using the loss on ignition
technique. Analysis which summed to less than 99.0% and more

than 101.0% were rejected (dry total + LOI).

. The major elements (as well ag Ni, Cr, Sr, Ba and V) and
trace elements {Zr and Y) were analyzed by x-ray fluorescence
using glass beads and pressed powder discs respectively, at the
Department of Geological Sciences, McGill University.

t

A1l samples analyzed by x-ray fluorescence at McGil]

University were obtained using a Phillips PW 1400 spectrometer

with a 100 KV generator *, Major element standardization was
achieved by comparing net peak counts-per-second corrected for

mass absorption with a galibration 7line derived from 18

Al
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fnternational reference materials. The precision is 0.2%

(absolute).

Trace elements obtained at McGill University were
determined from peak- and five background-counts per second. The
baéﬁround data were used to calculate a best-fit background
curveof the form i

C = a +bexp(t) + c exp(2t) + d exp{3t) + e exp(4t)
where C is the background and t is the value of 2. Since some
of thebackground positiaons are subject to 1nterference,
empirical corrections (based on diluted "spike tests"™) were
applied to the bacgrounds, using the net peaks for elements at
lower 2cpositions. Several successive bacground curves‘xere
calculated, 1incorporating net peaks of elements N}UH}
progressively lower Zepositions. fmpirical interferenc;
corrections were also applied to the peaks. Net peaks were
corrected for mass absorption using mass absorption coefficients
from the major element analyses. Standardization of the trace
element was achieved by comparing with calibration lines from a
set of diluted spikes. This calibration was pref ered over that
based on international standards, because there is considerable
inhomogeneity in many of the international standards at the
levels of concern in this study. Nevertheless, variations
betwgen the spike-derived calibrations and those using an
international standard data-set are less than 5% in all cases.

* The analytical procedure for analysis by x-ray fluorescence
obtained at McGill University is adapted after Liu, 1986,

~ Further details of the analytical procedure can be found in
. Ahmedali (1983).
. S,

-
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Chromium analysis from the Lac Coutaceau dykes was obtained

at the Université de Montreal, GINNA laboratory by x-ray

fluorescence using pressed powder discs. Calibration techniques
and mass-absorption corrections and precisfons of analysis are

described in Schroeder et. al., (1980).

The REE , Sc, Th, Ta, U, and Hf were analyzed by
instrumental neutron activation analysis at the GINNA
laboratory. The sampled were irradiated in a SLOWEPOKE 11
reactor for 2 hours ina neutron flux of 10 n/cm/sec and counted
over a period of 1 month using Ge detectors of 0.57 Kev.
resolution at 122 Kev. and 1.8 Kev. resolution at 1.33 Kev.
D;tails of the analytical technique can be found in Bergerioux
et al. (1979) and Gariepy (1980). The precision of La, Sm, Eu,
Yb, and Sc are estimated at less than 5% and 5-10% for Ce, Nd,

Ho, Tb, Lu, U and Ta.
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Appendix

$102
T102
A1203
fFe203
MgO
FeO
MnO
Cao0
Na20
K20
p205
LOI
Total

Sc o

Lu

PLBAS= PILLOW BASALT,

[ N e R e T

B R, YT G T R P S K

8 FIRST-CYCLE VOLCANICS
PLBAS PLBAS PLBAS PLBAS PLBAS BSAND BSAND BSAND
338 158 330C 152 554 451 229 452
§0.19 51.57 50.29 47.90 54.04 52.79 57.20 56.11
0.96 1.51 0.81 1.35 0.62 1.24 0.79 1.25
14.95 13.35 14.90 12.56 14.12 16.40 18.83 16.53
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.97 5.62 5.54 6.05 7.83 5.97 5.05 3.63
10.75 15.04 10.75 14.70 9.20 10.72 6.20 7.38
0.25 0.24 0.25 0.24 0.17 0.25 0.13 0.17
12.51 6.23 12.16 8.29 11.13 3.74 4.05 4.66
1.85 3.99 2.08 2.01 1.76 3.73 3.87 5.63
0.24 0.10 0.44 0.83 0.11 0.02 0.31 0.10
0.06 0.09 0.05 0.09 0.04 0.07 0.04 0.07
1.02 2.06 2.78 6.61 0.58 5.93 j.81 4.89
99.75 99.80 100.06 100.63 99.60 100.86 100.28 100.42
CATION PROPORTIONS BASED ON 100 CATIONS
47.59 49.49 48.55 48.31 50.90 51.53 54.43 53.77
0.68 1.09 0.59 1.02 0.44 0.91 0.57 0.90
16.71 15.10 16.95 14,93 15.67 18.87 21.12 18.67
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9.85 8.04 7.97 9.10 10.99 8.69 7.16 5.18
8.52 12.07 8.68 12.40 7.25 8.75 4.93 5.91
0.20 0.20 0.20 0.21 0.14 0.21 0.10 0.14
12.71 6.41 12.58 8.96 11.23 3.91 4.13 4.78
3.40 1.82 3.89 3.93 3.21 7.06 7.14 10.46
0.29 0.12 0.54 1.07 0.13 0.02 0.38 0.12
0.05 0.07 0.04 0.08 0.03 0.06 0.03 0.06
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
5815 9232 4975 8632 3776 7853 4915 7853
48. 82. 41. 76. 36. 60. 35. 64.
19. 34. 18. 24, 15. 26, 13. 21.
45.00 48.00 44.00 43.00 39.00 46.00 46.00 41.00
243. 482. 212. 332. 200. 340 264. 317.
237. 90. 265. 115. 431. 286. 475 263.
112, 47, 144, 69. 123. 108. 174, 94.
296. 440. 231. 453. 213. 340. 218, 278.
98. 80. 150. 56. 115. 52. 110. 59.
0. 88. 157. 204, 12. 49, 83. 149.
2.50 4.22 2.03 5.03 2.40 1.90 1.39 1.96
7.41 11.85 4.19 12.50 5.20 5.08 3.27 5.03
4.83 8.58 3.77 7.64 3.58 4.89 3.97 4.25
2.04 3.13 1.73 3.16 1.40 2.52 1.50 2.15
0.69 0.96 0.62 0.86 0.42 1.25 0.60 0.53
0.60 0.97 0.40 0.52 0.33 0.57 0.27 0.35
0.53 1.15 0.74 1.09 0.63 1.51 0.61 0.81
0.48 0.54 0.16 0.47 0.32 0.43 0.31 0.30
1.95 3.50 1.86 2.68 1.65 2.42 1.47 2.19
0.25 0.48 0.32 0.43 0.27 0.37 0.20 0.40

B1

BSAND= BASALTIC ANDESITE
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PLBASP PLBAS
3368

4
1
1

7
0
6
0
1
9
0.
10
3
0
0
0

10

5755
50.
21,

227 .
365.
163.
244,
82.
72.

.

.93
.21
.00
.B5S
.64
.21
.37
.14
.29
.05
.86
.74

19

.33
.67
12
.00
.26
.37

17

.69
.99
.36
.04
.00

Appendix B FIRST-CYCLE VOLCANICS
PLBASP PLBASPPLBASPPLBAS PLBAS PLBAS
216  447A 18A 928 426 3308
$102 48.47 48.58 51.83 49.88 50.66 50.09
T102 0.83 1.27 1.05 0.95 0.87 0.83%
A1203 16.51 15.20 15.02 14.38 15.66 15.40
Fe203 0.00 0.00 0.00 0.00 0.00 0.00
NgO 7.61 6.91 6.83 7.02 5.63 4.18
FeO 10.85 12.75 11.10 10.96 10.35 11.11
MnO 0.20 0.22 0.23 0.27 0.30 0.25
cad 9.40 10.25 9.46 11.87 11.39 11.48
Na20 2.23 1.86 1.81 1.42 1.83 2.50
K20 0.02 0.62 0.16 0.15 0.03 0.39
P205 0.06 0.08 0.06 0.06 0.05 0.04
Lol 4.52 1.84 2.91 3.86 3.75 4.06
Total 100.70 99.58 100.46 100.82 100.52 100.34
CATION PROPORTIONS BASED ON 100 CATIQONS
S§ 46.78 46.69 49.89 48.37 49.23 48.97
T4 0.60 0.92 0.76 0.69 0.64 0.62
Al 18.78 17.22 17.04 16.44 17.94 17.74
Fe3 0.00 0.00 0.00 0.00 0.00 0.00
Mg 10.95 9.90 9.80 10.15 8.15 6.09
Fe? 8.76 10.25 8.94 8.89 8.41 9.08
Mn 0.16 0.18 0.19 0.22 0.2% 0.21
Ca 9,72 10.56 9.76 12.33 11.86 12.03
Na 4.17 3.47 3.38 2.67  3.45 4.74
K 0.02 0.76 0.20 0.19 0.04 0.49
P 0.05 0.07 0.05 0.05 0.04 0.03
Tota) 100.00 100.00 100.00 100.00 100.00 100.00
TH 5155 7793 6450 5875 5396 5215
Ir 45. 66. 54, 48. 42. 43.
Y 20. 24. 22. 20. 18. 18.
Sc 39.00 43.00 45.00
v 195. 313, 279. 237. 243. 219.
Cr 272. 183. 233. 226. 276. 283.
Ni 148. 103. 122. 114. 166. 142 .
P 270. 392. 301. 270. 244 . 196.
Sr 246. 99, 133. 134. 180. 221.
Ba 41. 177. 86. 23. 0. 169.
La 2.60 3.49 2.75
Ce 6.41 8.02 6.28
Nd 4.62 7.22 5.61
Sm 1.90 2.64 2.32 )
Eu 0.59 0.86 0.72 .
Tb 0.25 0.58 0.50 “*
Ho 0.63 1.21 0.85 .
Tm 0.00 0.39 0.31 -
Yb "2.01 2.67 2.31 t-
Lu 0.29 0.37 0.36 .

PLBAS= ?ILLOH BASALT‘ PLBASP= PLAGIOCLASE-PHYRIC BASALT

B2
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336C

51.11
1.06
14.58
0.00
6.13
11.09
0.25
8.37
3.49
0.28
0.07
3.64
100.07

49.21
0.77
16.54
0.00
8.80
8.93
0.20
8.63
6.51
0.34
0.06
100.00

6594
58.
25.

294.
196,
63.
288,
64.
186.
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Appendix B
MASBA
461
Sio2 50.52
Ti02 1.06
A1203 15.16
Fe203 0.00
#g0 5.63
FeO 12.24
Mn0 0.23
< Cal 9.52
Na20 1.27
K20 0.04..
pP205 0.06
Lot 5.01
Total 100.74
Si 50.13
TH 0.79
A 17.73
Fel 0.00
Mg 8.33
Fe?2 10.16
Mn 0.19
Ca 10.12
Na 2.44
14 0.05
P 0.05
Total 100.00
Ti 7900
ir 56.
Y 24.
Cr 261.
N1 85.
P , 296,
103.

Sr

- MASBA= MASSIVE BASALT, PYGAB= PYROXENE CUMULATE

o p——————

FIRST-CYCLE VYOLCANICS

PYGAB
427

49.87
0.82
14.58
0.00
8.43
11.21
0.20
10.86
1.57
0.03
0.05
2.82
100.44

PYGAB PYGAB
428¢C 139
48.16 50.61
0.89 0.91
14.96 13.55
0.00 0.00
9.30 8.03
12.04 11.84
0.23 0.21
9.57 8.76
2.02 2.64
0.04 0.06
0.05 0.06
3.69 3.78
100.95 100.45

CATION PROPORTIONS BASED ON 100 CATIONS

MASBA MASBA PYGAB
" 186 201 424A
50.58 52.03 50.60
2.02 1.03 0.84
12.00 14.07 14.52
0.00 0.00 0.00
6.00 6.95 8.19
16.11 12.02 10.90
0.26 0.18 0.22
7.61 9.33 10.41
2.18 2.18 1.33
_0.07 0.23 0.46
~0.09 0.07 0.05
3.06 1.99 2.65
99.98 100.08 100.17
49.87 49.78 48.55
1.50 0.74 0.61
13.94 15.86 16.42
0.00 0.00 0.00
8.82 9.91 11.71
13.28 9.62 B.75
0.22 0.15 0.18
8.04 9.56 10.70
4.17 4.04 2.%7
0.09 0.28 0.56
0.08 0.06 0.04
100.00 100.00 100.00
10500 7400 6100
75. 54, 42.
3. 23. 18.
68. 199. 261.
19. 75. 152.
418. 309. 231.
6S. 123, 122.
™~

b -

83

t

47.70
0.59
16.44
0.00
12.02
8.97
0.16
11.13
2.91
0.04
0.04
0.00

5900

41.

20.
235.
131.
235.
138.

45.91
0.64 0.
16.82 15.
0.00 0
13.22 11
.60 9
.19 0
.78 9.
.74 4
.05 0
.04 0

0

DO WWOoOWw

10

6400
43. 47.
17. 20.
201. 272.
120. 8s .
222. 1266.
138. f123.

GABBRO

.69

66
36

.00
.51
.53
17

03

.92
.07
.05
.00

6600

- i

o
CODWNODVLEOND ™
ot
(5%}

—
o

8300
24.

261.
98.

274,
108,
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Appendix B FIRST-CYCLE YOLCANICS
PYGAB PYGAB PYGAB PYGAB PYGAB DIGAB DIGAB
217 445A 542A 5428 379 341 55
. 5102 50.42 48.58 49.41 43.70 46.18 50.19 49.68
' ) T Ti02 0.96 1.65 0.83 0.93 0.41 0.78 0.82
A1203 13.91 13.58 15.86 16.38 13.86 14.24 14.74
Fe203 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 7.44 4.67 7.48 9.08 15.59 6.81 8.52
. ~ Fe0 12.02 15.75 11.37 14.72 10.20 12.53 11.50
Mn0 0.21 0.23 0.18 0.25 0.18 0.24 0.18
Ca0 9.38 11.08 8.65 10.04 9.17 11.28 10.27
Ka20 2.17 1.98 3.72 , 1.44 1.52 2.29 2.23
A X20 0.06 0.66 ©0.11 ~0.13 0.13 0.25 0.03
P20S 0.07 0.12 0.05 0.06 0.02 0.04 0.0%
LoI 3.56 0.80 2.59 3.53 3.34 0.91 2.56
Total 100.20 99.10 100.25 100.26 100.60 99.56 100.58
CATION PROPORTIONS BASED ON 100 CATIONS
Si 48.83 47.25 46.53 42.21 42.88 47.68 47.07
T 0.70 1.21 0.59 0.68 0.29 0.56 0.58
Al 15.88 15.57 17.60 18.65 15.17 15.94 16.46
Fel 0.00 0.00 0.00 0.00 0.00 0,00 0.00
Mg 10.74 6.77 10.50 13.07 21.58 9.64 12.03
Fe2 9.74 12.81 8.95 11.89 7.92 9.95 9.11
5 © Mn 0.17 0.19 0.14 0.20 0.14 0.19 0.14
3 Ca 9.73 11.55 8.73 10.39 9.12 11.48 10.43
‘ Na 4.07 3.73 6.79 2.70 2.74 4.22 4.10
K 0.07 0.82 0.13 ©0.16 0.15 0.30 0.04
, P 0.06 0.10 0.08 0.05 0.02 0.03 0.04
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
TH 7000 10210 5900 6800 2900 5600 5800
Ir 56. 97. 34. -38. 16. 31. 42.
| Y 24. 32. 18. 21. 10. 16. 18.
t Cr 198. 73. 489. 149, 899. 31. 235.
= - N1 76. 28. 89. 166. 391. 41. 129.
P 305. 266. 227. 283. 104. 196. 244.
Sr 163 143, 142. 140. 100. 109 93.
4G
i E *
¥
b . .
f,\ . ¢ PYGAB= PYROXENE CUMULATE GABBRO, DIGAB= DIABASIC GABBRO
?
- B‘

DIGAS
4478

47.97
1.23
13.81
0.00
8.96
14.61
0.28
7.49
2.16
0.58

0.08,

2.83
100.00

46.12
0.89
15.65
0.00
12.84
11.75
0.23
7.72
4.03
0.71
0.07
100.00

8900

27.
204,
205,
397.
100.

-
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Appendix B FIRST-CYCLE VOLCANICS
GMPG
. 41 *
\y
x Si102 51.10
Ti02 0.93
A1203 17.52
Fe203 0.00 . ‘
Mg0 3.52 :
Fe0 8.95 \ B
MnO 0.25
.. Ca0 12.00
‘' Na 20 3.00
K20 . 0.47
P205 0.06
Lol 2.34
Total 100.14 ‘
" CATION PROPORTIONS BASED ON 100 CATIONS
Si 48 .80 s
TH 0.67
, ‘A‘ T 19.72
.~ Fed 0.00
Mg 5.01
Fe2 7.15
. “Mn 0.20
- Ca 12.28
+ Na 5.55
K 0.57
P 0.05 : L .
. Total 100.00 o
A €700
. , Ir 48.
: : Y 20.
F Cr - 261,
. Ni 137. ) . . ’
2 P 301. - S R
Sr 106. ' , co
X
< ’ . :
{ GMPGA= GLOMEROPORPHYRITIC PLAGIOCLASE GABBRO
- ’ 85

~t
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Appendix B SECOND-CYCLE VOLCANICS
ANDES BSAND BSAND BASLT NORIT ‘
283 285C 2858 285A 537C .

§102 60.28 49.79 54.85 54.02 52.04
T102 0.58 0.40 0.38 0.40 3.07
A1203 14,21 9.39 12.52 13.69 12.70
Fe203 0.00 0.00 0.00 0.00 0.00
MgO0 4.95 15.43 10.46 9.42 4.75
" FeO 4.90 8.81  6.85 6.94 13.81
Mn0O 0.09 0.18 0.13 0.13 0.20 e
Cal 5.16 10.34 7.68 7.20 3.55 : ‘
Na20 4.85 1.49 3.34 3.78 3.89 .
K20 0.47 0.54 0.72 0.48 2.08
- P205 0.14 0.09 0.20 0.21 0.79
Lot 5.03 4.16 3.32 4.34 3.15
Total! 100.66 100.62 100.45 100.61 100.03

CATION PROPORTIONS BASED .ON 100 CATIONS

Si §7.59 46.79 51.21 50.85 50.63

T 0.42 0.28 0.27 0.28 2.25

Al 16.00 10.40 13.78 15.19 14.56

Fe3 0.00 0.00 0.00 0.00 0.00

Ng 7.05 21.61 14.56 13.22 6.89

Fe2 3.92 6.92 5.35 5.46 11.24

Mn '0.07 0.14 0.10 0.10 0.16

Ca 5.28 10.41 7.68 7.26 3.70

Na 8.98 2.71 6.05 6.90 7.34

K 0.57 0.65 0.86 0.58 2.58

P 0.11 0.07 0.16 0.17 0.65

Total 100.00 100.00 100.00 100.00 100.00 .
T4 3634 2457 2341 2457 22500 .
r 103. 42. 86. 93. 205,

Y 10. 9. 10. 10. 31. -
Sc 13. 40. 26. 25. o
Cr 305. 1558. 983, 935, 43

Ni 153. 430. 245. 217. 17.

P 638. 392. 916. 960. 3591.

Sr 282. 158. 494, 572. 341 .
Ba 82. 180. 290. 166. :
La 13.90 15.00 29.35 30.37

Ce 28.50 35.64 60.34 64.22

Nd 13.70 17.52 24.18 28.00

Sm 3.09 3.41 4.45 4.98

Eu 0.87 0.76 0.96 1.11

b 0.23 0.20 0.62 0.07

Ho 0.29 0.20 0.3¢ 0.29

Tm 0.09 0.19 0.21 0.19

Yb 0.73 0.79 0.70 0.68

Lu 0.12 0.07 0.09 0.10

ANDES= ANDESITE, BSAND= BASALTIC ANDESITE, BASLT= BASALT
NORIT= NORLTE \ )




\ g

ay Famn e LI e

L)

'.Appendiu

$102
ti02
A1203
Fe203
Mg0
Fe0
MnO
- Cal

Na20
K20
P205
LO!
Total

St
Ti

Fel

Mg

Fe2

Mn

Ca L4
Na

Total

TH
ir

Sc
Cr
N1

Sr
La
Ce
Nd
Sm
Eu
Tb
Ho
Tm
Yb
Lu

DIDYK=

B LAC COUTACEAU DYKES -
DIDYK OIDYK DIDYK DIDYK DIDYK DIDYK DIDYK DIDYK
493 496 452 489 509 485 492 444
55.43 58.98 54.71 57.19 52.68 656.79 60.69 58.17
0.55 0.75 ° 0.58 0.46 0.69 0.68 0.64 0.72
12.70 16.75 10.03 11.54 11.37 11.70 15.38 14.43
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.88 3.03 13.27 9.54 9.14 7.61 4.23 6.17
8.62 7.36 7.60 7.24 8.40 7.88 6.26 7.44
0.17 0.10 0.16 0.14 0.15 0.12 0.09 0.12
8.42 4.97 6.76 10.33 9.66 6.65 6.02 7.21
2.28 4.11 2.81 2.69 3.36 1.76 3.47 4.04
1.14 1.44 1.87 0.40 1.15 3.51 1.52 0.94
0.30 0.34 0.23 0.21 0.50 1.29 0.27 0.36
1.56 1.69 2.36 0.91 2.49 1.67 0.96 0.94
100.05 99.57 100.38 100.77 99.59 99.66 ‘?9.53 100.54
CATION PROPORTIONS BASED ON 100 CATIONS
52.02 55.93 50.42 52.71 49.64 53.97 57.12 53.71
0.39 0.53 0.40 0.32 0.49 0.49 0.45 0.50
14.05 18.72 10.89 12.53 12.63 13.10 17.06 15.70
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.42 4,28 18.23 13.11 12.84 10.78 5.93 8.49
6.77 5.84 5.86 5.58 6.62 6.26 4.93 5.75
0.14 0.08 0.12 0.11 0.12 0.10 0.07 0.09
8.%7 5.05 6.67 10.20 9.75 6.77 6.07 7.13
4.15 1.56 5.02 4.81 6.14 3.24 6.133 7.23
1.36 1.74 2.20 0.47 1.38 4.25 1.82 1.11
0.24 0.27 0.18 0.16 0.40 1.04 0.22 0.28
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
3297 4496 3477 27517 4136 4076 3836 4316
129. 132. 69. 80. 129, 241. a6. 146.
14. 13. 14. 7. 14. 22. 12. 15,
23. 14, 23.
870. 334. 1694, 1089. 885 596. 417. 551.
122. kl. 462. 169. 65 127. 44, 417
1309. 7376. 1003. 916. 2182 5630. 1178. 1571.
337. 669. 24. 319. 710 177. 139. 755,
26.57 32.58 8.37
55.13 70.60 20.46
23.90 29.71 10.76
4.60 5.75 2.96
1.09 1.41 0.76 ‘
0.35 0.26 0.36
0.50 0.44 0.70
0.33 0.29 0.29 )
1.38 1.12 1.56 Co
0.19 0.14 0.21 »
DIORITE DYKE
B 7
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_Appendix B

$102
T102
A1203
fFe203
mgo
fFe0
Mn0
Ca0
Na20
K20
p20S
LOI
Total

82445
DIDYK

59.37
0.61
13.77
o'oo
.8.36
6.54
0.09
4.63
3.g82°
0.50
0.21
2.59
100.58

LAC COUTACEAU DYKES

CATION PROPORTIONS BASED ON 100 CATIONS

St
Ti
Al
Fe3
Mg
Fe?2
Mn
Ca
Na
K
P
Total

Ti
ir
Y
Cr
Ni
P
- Sr

55.32
0.43
15.12
0.00
11.61
5.10
0.07
4.62
6.90
0.59
0.17
100.00

3600
121,
11.
890.
293.
916.
460.

" DIDYK« DIORITE DYKE

4
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Appendix B

Modal Composition of Granitic Intrusives

LY X X X T W W W AN R R R I R N e ettt ettt R e

SAMPLE ROCK

NO. NAME PLAGIOCLASE QUARTZ

TS-x-83

444 1 24
423 2 35
422 1 31
330A 2 27
140 2 36
243 2 30
602F 2 36
4458 2 30
4248 1 17
920 1 21
301 3 23
443A 4 28

ROCK NAMES AND INTRUSIVE TYPES
1 = LATE SYNTECTONIC PORPHYRITIC TRONDHJEMITE DYKE

COMPOSITION (%)
BIOTITEHORNBLENDE

11
TR

W O W W

TR

TR

2 = LATE SYNTECTONIC PORPHYRITIC TONALITE DYKE

3 = LATE SYNTECTONIC NORTHERN PORPHYRITIC TONALITE

4 = MIDDLE TONALITE PLUTON

GROUNDMASS

Modal composition was determined by point counting. At leist

2000 points were counted from each section.
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Appendix B Petrography of Analyzed Samples

TS-338-83 Pillow basalt,

-fine grained, hornblende, oligoclase, epidote, quartz, apatite
and leucoxene, gquartz + calcite + sericite pseudomorphs of
plagioclase microphenocrysts, hornblende sheafs after glass?
-thin veins of calcite and epidote

76-426-83 Pillow basalt,

-fine grained, hornblende, epidote, oligoclase, quartz and
leucoxene, quartz + calcite pseudomorphs of plagioclase
microphenocrysts, hornblende sheafs after glass?

-quartz and quartz + epidote veins

T5-158-83 Pillow basalt,
-medium grained, hornblende, oligoclase, chlorite and opaque,
leucoxene after cruciform ilmenite

TS-216-83 Pillow basalt,

-medium grained, epidote, hornblende, quartz, ¢hlorite,
actinolite, albite, sericite and opaque

-quartz + calcite veins

T$-330C-83 Pillow basalt, -

-fine grained, epidote, albite, actinolite, chlorite, quartz,
opaque and leucoxene, swallow tail plagioclase microlites,
microphenocrysts of plagioclase replaced by quartz and calcite,
plumose actinolite after glass, calcite + quartz + chlorite
after clinopyroxene

-thin epidote veins

75-152-83 Pillow basatlt,

~-fine to medium grained, hornblende, quartz, chlorite,
actinolite, epidote, albite and leucoxene after cruciform
opaque.

-thin veinlets of calcite and quartz

T5-554-83 Pillow basalt,
-fine grained schist, hornblende, quartz, albite, epidote and

leucoxene
-thin veins of quartz and quartz + epidote

TS-3308-83 Pillow basalt,

-fine grained, actinolite, chloriyte, epidote, albite, leucoxene
and opaques, swallow tail plagioclase microlites, chlorite +
quartz after clinopyroxene?

-thin veinlets of calcite and chlorite

TS-447A-83 Plagioclase-phyric pillow basalt,

-medium grained groundmass, sparsely porphyritic, epidote,
quartz, hornblende, chlorite, albite, lTeucoxene after cruciform
{1menite, plagioclase ﬂhenocrysts replaced by saussurite

-thin calcite veins \

/éu

L and e g .
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Appendix B Petrography of Analyzed Samples (continued)

TS-18A-83 Plagiocalse-phyric pillow basalt,
-fine to medium grained schist, hornblende, epidote, chlorite,

leucoxene and opaques
-thin veins of calcite.

TS-336C-83 Plagioclase-phyric pillow basalt,

-fine grained groundmass, sparsely porphyritic, epidote, quartz,
hornblende, actinolite, albite, chlorite and lecoxene,
microphenocrysts of plagioclase and plumose actinolite after
primary glass

«thin epidote veinlets

75-336B-83 Glomeroporphyritic plagioclase pillow basalt,
-medfium grained groundmass, glomeroporphyritic and megacrysts of
plagioclase, chlorite, epidote, calcite, hornblende, actinolite,
quartz, albite and leucoxene, plagioclase megacrysts are
replaced by calcite, chlorite and epidote

75-451-83 Massive basaltic andesite,’

-fine to medium grained, pilotaxitic and microphenocrysts of
plagioclase, albite, chlorite, quartz, calcite and leucoxene
-thin veinlets of calcite

15-229-83 Massive basaltic andesite,

~-fine to medium grained, pilotaxitic, microphenocrysts of
plagioclase, chlorite, albite, epidote, opaques and leucoxene
-thin veinlets of chlorite and calcite

TS-452-83 Massive basaltic andesite,

-fine grained groundmass, pilotaxitic and microphenocrysts of
plagioclase, albite, chlorite, quartz, calcite, epidote,
lecoxene and opaques

-thin veinlets of calcite

TS-283-83 Massive andesite, :
~-medium grained, chlorite, albite, epidote and Teucoxene
-thin veinlets of calcite

TS-285A-83 Massive basaltic~andesite,

-medium grained, chlorite, albite, quartz, epidote, hornblende,
opaque and leucoxene (actinolite rims around hornblende)

~thin veinlets of calcite, quartz and chlorite

TS-285B-83 Massive basaltic andesite,

-medium grained, hornblende, albite, epidote, quartez, apatite,
chlorite, actinolite, Teucoxene and opaques

-thin veinlets of quartz and calcite

TS-285C-83 Massive basaltic andesite, ‘

-medium grained, hornblende (with rims of actinolite), calcite,
chlorite, albite, quartz and leucoxene
-thin veinlets of calcite and quartz

-
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Appendix B Petrography of Analyzed Samples

TS-424A-83 Pyroxene cumulate gabbro si11,

~hornblende replaces clinopyroxene, medium grained, pyroxenes
subophitically enclose plagioclase, hornblende, plagioclase,
opaques, leucoxene,chlorite

T75-427-83 Pyroxene cumulate gabbro sil11,

-hofnblende replaces clinopyroXene, pyroxene subophitically
encloses pilagioclase, medium to fine grained, hornblende,
plagioclase, epidote, leucoxene, chlorite, quartz, hematite,
pyrite, opaques

~albite + quartz veins and chlorite veins

75-428C-83 Pyroxene cumulate gabbro siil,

-medium grained hornblende replacement after clinopyroxene,
pyroxene subophitically encloses plagioclase, hornblende,
chlorite, plagioclase, quartz, hematite, epidote and calcite
-opaque veinlets

T$-139-83 Equigranular gabbro si11,

-hornblende replaces pyroxene, pyroxene subophitically encloses
plagfoclase, medium grained, hornblende, chlorite, epidote,
plagioclase, quartz, opaques, leucoxene, calcite

-thin calcite veinlets

TS-445A-83 Glomeroporphyritic plagioclase gabbro,

-medium to coarse grained groundmass, glomerocrysts and
megacrysts of plagioclase replaced by saussurite, hornblende,
epidote, quartz, leucoxene, plagioclase, chlorite after
hornblende

-thin chlgrite veins

TS-542A-83 Gabbro sill,

-medium to coarse grained, pyroxene is replaced by hornblende,
pyroxene subophitically encloses plagioc)lase, hornblende,
chlorite (after hornblende), plagioclase, quartz, epidote,
leucoxene and opaques '
-thin veinlets of chlorite and quartz

TS-542B-83 Pyroxene cumulate gabbro, X
-pyroxene is replaced by hornblende, pyroxene subophitically
encloses plagioclase, hornblende (replaced in part by chlorite),
plagioclase, quartz, opaques, calcite, epidote and apatite

T5-341-83 Fine grained gabbro, -
-fine grained, hornblende, plagioclase, quartz, apatite and
opaques, granophyric texture, cruciform opaques, pyroxene
subophitically encloses plagiocliase, interstitial quartz and
magnetite

TS-447B-83 Pyroxene cumulate gabbro,
-fine grained groundmass, hornblende, -epidote, plagioclase,
opaques, quartz, chlorite, apatite and leucoxene

L
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Appendix B8 Petrography of Analyzed samples

T5-418-83 Glomeroporphyritic and megacryst plagioclase gabbro,
-plagioclase megacrysts and glomerocrysts are replaced by
epidote, calcite, quartz and chlorite, hornblende, epidote,

opaques and quartz
-thin veinlets of calcite, quartz and epidote

TS-537C-83 Norite,
-medium grained plagioclase is subophitically enclosed by

orthopyroxene which is replaced by chlorite + magnetite and in
places hornblende, biotite replaces hornblende, granophyric
patches, abundant opaques and plagioclase (repliced by
saussurite

-thin veinlets of chlorite and quartz

TS-55-83 Diabasic gabbro,
-fine grained, actinoli1te, epidote, quartz, albite, leucoxene

and opaques

TS-186-83 Massive basalt,
-fine grained, leucoxene after skeletal opaque, hornblende,
epidote, calcite, albite, quartz, chlorite and hematite

TS$-201-83 Massive basalt,
-hornblende replaces clinopyroxene which subophitically encloses

saussuritized plagioclase, fine grained, hornblende, epidote, -

chlorite, plagiocliase, quartz, calcite and leucoxene

T75-431-83 Pyroxene cumulate gabbro,

~-fine grained groundmass, plagioclase phenocrysts
(saussuritized), epidote, chlorite, actinolite, quartz, apaque,
albite and leucoxene

P
-

TS-217-83 Pyroxene cumulate gabbro,
-hornblende replaces pyroxene which subophitically encloses
saussuritized plagioclase, epidote, chlorite, hornblende,
albite, quartz, leucoxene and opaque.

T5-379-83 Pyroxene cumulate gabbro,

-hornblende porphyroblasts (after pyroxene?), medium grained,
hornblende, calcite, quartz, leucoxene, epidote, plagioclase and
chlorite -

T5-485-82 Diorite dyke, ,
-fine grained foliated dyke, calcite, epidote, hornblende,
biotite, chlorite, quartz, microcline, plagfioclase and opaque

TS-489-82 Diorite dyke,
-fine grained, hornblende, actinolite (rims around hornblende),

diopside, quartz, plagioclase, calcite, chlorite
T5-509-82 Diorite dyke,

-fine grained, epidote, plagioclase, pyrite, calcite,
hornblende and chlorite

B 14
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Appendix B Petrography of Analyzed Samples

TS-496-82 Diorite dyke,
-fine grained, hornblende, saussuritized plagioclase, quartz,
opaques, calcite, zircon and chlorite after hornblende

TS-452-82 Diorite dyke,
-fine grained, weakly foliated, actinolite, biotite, chlorite

(after biotite), saussuritized plagioclase, calcite and quartz

TS-445-82 Diorite dyke,
-fine grained, hornblende with actinolite rims, biotite with

chlorite rims, quartz, porphyroblastic plagioclase, opaques,

zircon and calcite

T$-492-82 Diorite dyke, -
-fine grained, foliated, hornblende with actinolite rims,
quartz, biotite, calcite, albite, zircon and magnetite

T5-444-82 Diorite dyke,

-fine grained, foliated, hornblende with actinolite rims,
epidote rims on pyrite, quartz, calcite, magnetite, plagioclase,
biotite and small xenoliths of granodiorite?

TS5-493-82 Diorite dyke,

-fine grained, moderately foliated, hornblende with actinglite
rims, chlorite, plagioclase and quartz
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Appendix C Plates

Plate 1 Deformed (D1) conglomerates in the Metasediments north
of the Chain Lakes Fault. This highly deformed conglomerate
contains clasts of tonalite that have been flattened into the
S1 schistocity plane. The exposure is located on the north
shore of Chain Lakes (Fig. 2) and is located within the hinge
zone of the Chain Lakes Syncline (Fl) (hammer is 90 cm. long).

Plate 2 Folded (Fl) siltstones in the Lower Volcanoclastics
and Metasediments. This sequence of 1isoclinally folded
(F1) siltstones and slates occur on the shores of the LG-3
reservoir in the north-central part of the map area (lens cap
is S ¢cm in diameter),

Plate 3 Minor faults (D2) in the Lower Volcanocclastics and
Metasediments. These minor strike-slip faults displace beds
of lappilistone in an exposure NE of Sakami village in the
north-central part of the map area.

Plate 4 F2 folds 1in the Lower Volcanoclastics and
Metasediments. In this photograph, early, relatively tight,
F1 folds, have been refolded by steeply plunging, relatively
open, NNW-trending F2 folds. These rocks are siltstones and
mafic epiclastic sandstones., They are exposed south of the
Chain Lakes fault, in the south central part of the map area.

Plate 5 F2 box folds in the Second-Cycle Volicanics. In this
photograph, late, F2, box folds refold earlier So and S1
fabrics developed in volcanoclastics. This exposure is found
in the east central part of the map area, on the shore of the
LG-3 reservoir.

Plate 6 Mafic crystal tuff in the Lower Volcanoclastics and
Metasediments. Thin beds of mafic crystal tuff occur in

the north-central part of the map area on the southern shore.

of the LG-3 reservoir, Original pyroclasts are replaced by
hornblende.

Plate 7 Bomb-sags {in the Lower Volcanoclastics and
Metasediments. The deformation of siltstones around these

"clasts of basalt are 1nterpreted as bomb sags. This exposure

is located on the southern shore of the LG-3 reservoir in the
north-central part of the map area.

Plate 8 Banded iron formation in the Lower Volcanodoclastics and
Metasediments. Thin beds of banded iron formation occur
fnterbedded with siltstones and mafic epiclastic sediments.
This example is of an exposure in the north central part of
the map area.
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Appendix C Plates

Volcanoclastics and
occur in

Plate 9 Conglomerates in the Lower
Metasediments. Polymict orthoconglomerates
lenses in the north-central part of the map area.
clasts are tonalitic in composition.

Plate 10 Pillowed basalts in the First-Cycle Volcanics. This
pillowed basaltic lava flow is located in the central part of
the map area, north of the Chain Lakes Fault., Note the absence
of vesicles in these rocks.

Plate 11 Plagfoclase megacrysts and glomerocrysts in pillow
basalts from the First-Cycle Volcanics. Individual pillows
of basalt commonly have sharp, dark-coloured, fine grained
chilled margins. This exposure is from the same location as
that in Plate 10. Note the presence of plagioclase megacrysts
and glomerocrysts. .

Plate 12 GMP gabbro sills
GMP gabbro 15 located in the central
north of the Chain Lakes Fault.

in the First-Cycle Volcanics. This
part of the map area,

Plate 13 Metasedimentary xenoliths in a gabbro sill in the
First-Cycle Volcanics. This gabbro sill contains large
metasedimentary crustal xenoliths. This exposure is in the
east-central part of the map area, north of the Chain Lakes L
Fault.

Plate 14 Xenoliths in gabbro sills from the Lac Guyer area.

Crustal xenoliths are also found in other parts of the La
Grande belt, such as in this example taken south of Lac Guyer
and north of the road to LG-4. Note the sharp boundaries
between the tonalite xenoliths and their gabbroic host.

Plate 15 Normally graded siltstone-sandstone facies rocks in
the Metasediments. Normally graded siltstone-sandstone facies
rocks are shown here in these overturned beds exposed near the
northern shore of the LG-3 reservoir, north of the Chain Lakes
Fault.

Plate 16 Rhythmically bedded siltstones and sandstones in the
Metasedimenpts. In this exposure of siltstone-sandstone
facies rocks in the northern fault block, siltstones grade up
from sandstones and are interbedded in rhythmic successions. -
This outcrop is located in the central part of the map area.
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Appendix C Plates .

Plate 17 Siltstone-Sandstone and Conglomerate facies rocks in
the Metasediments., In this gxposure of siltstone-
sandstone and conglomerate facies rocks in the SE part of the
map area (south shore of the LG-3 reservoir) massive
sandstones grade up from conglomerate lenses.

Plate 18 Parallel laminated and trough-type crosbedding in the
Metasediments. This exposure of siltstone-sandstone
facfes rocks shows interbedded parallel laminated sandstones
and trough-type crossbedded sands. This outcrop is located on
the south shore of the LG-3 reservoir in the SE part of the

map area.

Plate 19 Large-scale trough crossbeds in the Metasediments. On
the southern shoreof the LG-3 reservoir in the SE corner of
the map area, siltstone-sandstaone facies rocks are
characterized in places by large-scale trough to planar

crosbedding.

Plate 20 Tonalite boulders in conglomerates in the
Metasediments. letail of a larqgqe boulder of tonalite in a
paraconglomerate (same location as in Plate 1),

Plate 21 Channeling of conglomerates into underlying
sandstones, Metasediments. This photograph shows
inverted beds of conglomerate which have been deposited into
a channel that cuts into underlying siltstone-sandstone facies
rocks. This outcrop 1s located near the northern shore of the
LG-3 reservoir in the central part of the map area {(north of
the Chatn Lakes Fault).

Plate 22 BIF clasts in an orthoconglomerate in the
Metasediments. Most conglomerate factes rocks in the
Metasediments carry clasts of tonalitic composition, however
in this case in the western part of the map area, north of the
Chain Lakes Fault, the orthoconglomerate contains clasts of
BIF as well,.

Plate 23 Debris flow sub-facies conglomerates in the
Metasediments. Thig conglomerate belongs to the debris

flow sub-factes and is composed of large blocks of BIF in a

comminuted matrix of similar mineralogfcal composition. It is
exposed on the south shore of the LG-3 reservoir i1n the SE
corner of the map area.

Plate 24 Shale/siltstone rip-up clasts in the Metasediments.
This <conglomerate exposed on the southern shore of the LG-3
reservoir in the SE corner of the map area is composed of
angular shale/siltstone rip-up clasts.
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Appendix C Plates

Plate 25 Banded 1ron formation facies of the Metasediments.
The banded iron formation facies consist, as ip this
example from the central part of the map area north of the
Chain Lakes Fault, of wavy discontinous laminae and thin beds
of quartz and magnetite/hematite.

Plate 26 Xenoliths in gabbro sills in the Second-Cycle
Volcanics. Thin gabbroic sills, such as this one in the
northern fault block in the western part of the map area,
intrude the Second-Cycle Volcanics and carry xencliths of
granitic composition,

Plate 27 Sandstone dykes in the Second-Cycle Volcanics. The
argillites at the base of the Second-Cycle Volcanics, such as
this example found in the northern fault block, in the western
part of the map area, are crosscut by sandstone dykes.

Plate 28 Epiclastic sandstones in the Second-Cycle Volcanics,
The epiclastic sandstones are characterized by a
distinctive green and pale pink colour banding that
faccilitates their identification and correlation across large
distances. This example {s from the central part of the map
area, in the northern fault block.

Plate 29 intrusive contact of a syntectonic pluton., This
exposure of the late syntectonic Northern Porphyritic
Tonalite-Granodiorite intrudes the supracrustal succession and
contains xenoliths of basalt.

Plate 30 Lac Coutaceau dyke intrusive into a tonalite pluton.
The Lac Coutaceau dykes were intruded late in the history
of the greenstone belt as evidenced here by the presence of a
dyke intrusive into a tonalite pluton. In other places,

e tpalite-granodiorite dykes intrude the Lac Coutaceau dykes,

This exposure is on the southern shore of the LG-Z2 reservoir,
some 30 km west of the map area.

Plate 31 Lac Coutaceau dyke with basaltic xenolith. In those
areas in which the Lac Coutaceau dykes intrude the
greenstone belt, they carry unresorbed angular xenoliths of
basalt. This exposure is located close to that of Plate 3. -
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Plate 32 Photomicrograph of the chilled margin of a pillowed
basalt, First-Cycle Volcanics. This photomicrograph is of the
chilled margin of a pillow basaIt,(TS-330c-83?. found 1in the
east-central part of the map area, north of the Chain Lakes
Fault. Note the swallow-tafl terminations of plagioclase %\
microlites, and the replacement of primary glass by plumose
sactinolite. (plain 1ight, field of view = 0.9 mm).

Plate 33 Photomicrograph of plagioclase phenocrysts in fﬁe
chilled margin of a pillow basalt in the First-Cycle
Volcanics. The chilled margins of some basalt pillows
contain plagioclase phenocrysts (PL)such as in this example
(TS-338-83) from the north central part of the map area (plain .
1ight, field of view = 3.6 mm).
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Appendix C Plates

¢

Plate 34 Pyroxens phenpcrysts in the chill marginof pililow
basalts in the First-Cycle Volcantcs., The chilled margins of
some basalt p{llows contain equant pseudomorphs after pyroxene
(PY). These arw-Feplaced by calcite and quartz. This sample
(T5-330c-83) is from the same locality as that in Plate 15
(plain light, field of view = 3.6 mm).

Plate 35 Photomicrograph of a basaltic andesite in the First-
Cycle Volcanics., This photomicrograph of a basaltic
andesite (T75-452-83) shows plagioclase microlites and
microphenocrysts which have a pilotaxitic texture. This sample
s located north of the Chain Lakes Fault in the central part
of the map area. (plain light, field of view is 3.6 mm).
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Appendix C Plates

Plate 36 Photomicrograph of a diabasic gabbro from the First-
cycle Volcanics. The most differentiated gabbros in the
First-Cycle Volcanics are characterized by abundant modal
magnetite and the presence of interstitial granophyric patches
(6R) such as is shown in this photomicrograph of a sill (TS-
617-83) from the southerm part of the map area. Clinopyroxene
has been replaced by hornblende (HB) (crossed nicols, field of

view = 3.6 mm).
-5

Plate 37 Photomicrograph of a subarkose in the Metasediments.

Subarkoses are generally comprised of, as in the case of this

example from the central part of the map area, angular quartz
and 1ithic grains of tonalite (crossed nicols, field of view =

3.6 mm).
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Plate 38 Photomicrograph of a norite in the Second-Cycle
Yolcanics. The norfitic plug that intrudes the Second-Cycle
Volcanics in the eastern part of the map area on the shores of
the LG-3 reservoir, is characterized by orthopyroxene
pseudomorphed by idiotopic chlorite and magnetite (0PX). The
orthopyroxene is subophitically enclosed by plagioclase (PL)
taths (plain light, fleld of view = 3.6 mm). (sample TS-537-C-83)

Plate 39 Photomicrograph of a norite in the Second-Cycle
Volcanics. The same norite as in Plate 36 contains
primary hornblende (HB) with biotite (BI) reaction rims. Note
the large apatite crystals (AP). (crossed nicols, field of view is

0.9 mm).
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