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ABSTRACT

The Clinton-Colden gabbro-anorthosite intrusion occurs in the
eastern Slave Province near the boundary with the Churchill Province.
It is approximately 20 km® in area and consists of meta-gabbro to
meta-anorthosite, varying in an extremely irregular manner dJepending
upon the clpseness of packing of plagioclase. It differs from typical
Archean anorthositic intrusions in that it is not layered and has a low
Mg/Mg+Fe~* ratio of 0.348.

The gabbro-anorthosite body intrudes meta-volcanic rocks consisting
of tholeiitic mafic flows and sills .and a calc-alkaline series of
intermediate and felsic flows and sills. The volcanic package includes
mafic sills containing coarse—grainedr plagioclase phenocrysts. ‘U-Pb
zircon ége of 2686+/-3 Ma has been obtained for the gabbro—anorthosite
intrusion, while a rhyoiite in the‘volcanic seguence has: an age of
2671+2/~4 Ma, clearly indicating that the gabbro-anorthosite intrusion
crystallized before volcanism had ceased. |

The gabbro-anorthosite consists = predominantly of unzoned
coarse-grained sub-equidimensional calcic (Anes-ss) plagioclase grains.
These grains retain nearlf priétine igneous compositions and
morphology; except near veins where extensive alteration of plagioclase:'

to fine epidote has oécurred, Plégioclasé‘grains are ehclésed in very
coarse 6iﬁ8crysts ;onsisting.of calcic amphibole with'actinolitic COfes
and hornblendic rims.. Grain boﬁndaries between .amphiboie oikocrysts
and _enclﬁséd; plagioclase ' grains are chatacterized by growth of'fine
amphibibole (hofnbiende to tschermakite) grains exﬁending ,intd and

replacing the plagioclase grains.



The non-magmatic chemistry of the amphibole oikocrysts (low Ti,
Al-poor cores) and the rare occurrence of uralite cores; having augilte
bulk 'composifions and partially overgrown by actinolite oikocrysts,-
indicate that the oikocrystic amphibole pseudomorphically replaced
oikocrystic clznopyroxene. During the hydration of clinopyroxene to
produce actlnolite, A_ was supplied from sites of replacement of calcic
plagioclase by tschermakite and hornblende. Diffusion of Al into the
actinolite pseudomorphs resulted in a compositional gradient £from
aluminous hornblende rims to 1less aluminous, typically actinclite,

cores.

The magmatic mineral assemblage included an oikocrystic Fe-Ti

oxide, perhaps titanomagnetite, which has been partially oxidized to

skeletal trellis networks of ilmenite ahd rutile. [Evidence of other
magmatic phases (apart £rom rare zircon), for instance cummingtonite

after orthopyroxene or serpentine after olivine, is not observed. This

could be a result of homogenization of ferromagnesian material during

the alteration process. - Flne-arained secondary calcic amphibole
obscures the nature of the alteratlon processes in- some rocks.

The hydrating phase could have been of deuteric or non-marine-

external origin. It circulated in a pervasive set of ‘sub-rectilinear ’

fractures which could be of cooling-shrinkage or tectonic origin. The

mineralogy of the intrusion indicates postmagmatic re-equilibration at

the greenschzst—amphzbollte facles transition, at between 5 and 9 kb..

The plagloclase of the intrusion crystallized from a body of magma

larger than the gabbro-anorthoszte as. presently exposed. In the -

absence of geologlcal or geophysical evzdence of a larger body in: the

subsurface, it is presumed that ‘the plagioclase-rich magma separated

ii
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from its parental system. REE evidence is compatible with, but not
demonstrative of, a genetic relationship between the gabbro-anorthosite

intrusion and volcanic rocks of the Clinton-Colden greenstone belt.



SOMMAIRE

L'intrusion Clinton-Colden, qui se trouve dans la partie est de la
province de 1'Bsclave, tout pzés de la frontiére avec la province de
Chuazrchill est conposée de métagabbro et de néta-anorthosité qul
affleurent sur prés de 20 km® et qui varient compositionellement de
facon tres irreguliere selon la degre d'entassement du plagioclase.
Cette intrusion se distingue clairement des autres - complexes
ano:thositiques archeens par son absence de litage et soﬁ pauvrete
relatif en magnesium (Mg/MgtFe™® = 0.348). |

L'intrusion est encaissée par et recoupe une séquence de roches
metavolcaniques composee surtout de laves et filons mafiques let
tholéiitiques mais aussi de laves et filons intérmediaires et
calco-alcalins. Certains des filons mafiques de cette séquence
possédeptige gros phénocristaux de plagioclase. <L'3ge absolu de
1'intrusioﬁ; obtenu par radiométzie U-Pb pratiques sui zircon, est de
2586+/-3 Ma alors qu'une rhyollte deé roches encaissantes et ﬁéée de
2671+2/-4 Ma. Ceci demontre clairement que 1'intrusion fut solidifiée
avant la fin du volcanisme dans la reg1on. |
| . Les roches de 1'intrusion sont dominées par des.gros phenoc:istaux
quasi—equldimensionels de plagioclase:avec une composition homogene et
calclqne (Anes—-ss). Ces phénocristaax retiennent bien leur composition
et morphologie primitive saef en bordu:e de veines_tatdives ou le
plagioclase est transforme a l'epidote. Les phénocristaux de
| plagioclase sont renfermes par des trés gros oikocristaux d'anphibole
calcique qui ont des coeurs actinolitques et des bordures
_hotnblendiques. ‘L'interface entre ces amphiboles et les plagioclases

et souvent ornée par .de fines aiguilles ‘d'émphibolé (hornblende a

v



tschermakite) qui croisseat vers le plagioclase par remplacement de ce
dernier-ci. | |

Le chimisme des oikocristaux d'amphibole, plus particuliérement
leur €£aible teneur en Ti et leurs coeurs actinolitigues ainsi que la
présence occasionelle dg vestiges d'uralite ayant des compositions
d'angite au coeurs de certains oikocristaux, laisse croire que ces
oikocristaux d'amphibole proviennent d'un remplacement pseudom~phique

‘d'oikocristaux de clinopyroxene. L'approvisionnemert en aluminiom
necessaire a 1'hyratation du clinopyroxene &  1'actinolite fut assure
par le remplacement simaltan€ du plagioclase calcique par 1la
tschermakite et la hornblende. La diffusion de 1l'aluminium vers les
oikocristaux explique 1la <zonation compositioneile de ceux-cis; des
bordures hornblendiques enrichies en aluminiom, aux coeurs
actinolitiques appauvries en celul-ci.

Parmidles minéraux primitifs de 1'intrusion on compte des oxydes de
fer-titane, eux aussi oiKGEristiques, qui ont maintenant étés oxydes 3
des treillis squelettiques d'iimenite et de-:utile. On ne retroave -
aucune autre evidence de phases primitives “(sauE peut-étre quelques
rares zircons} comme par exemple la cummingtonite (suite‘.ﬁ .an
drthopyroxene) oua la se;pentiné (suite & 1l'olivine). Ceci est
peut-étre une consequence de 1l'effet homogénéisant du processus
d'alteration. La préseﬁce de fines amphiboles caiciques‘lsecondaires
obscurcit la nature de l'alteratlon dans plusiers roches.'w |

La phase volatile hydratante responsable de cette altération peu“
; aussi bien &tre d'or;gine‘deuterlque ou non-marine. EIIE‘fut circulee

- par un réseau penétrant de fractures d'brigihe tectonique ou encore de

contraction. La mineralogie de 1'intrusion nous indique - que 16



ré-équilib:e postmagmatique correspond aux coaditions du facies
transitionel schistes vert-amphibolites, a des pression de 5 a 9 kb.
Laes roches enrichies en plagioclase de cette intrusiom proviennent
certainement de la cristallisation d'un volume de magma supérieur 3
celei présentement exposé. En l'absence de toute évidence geologique
ou géophysique pour attester la presence, en profondeur, d'une salle
wagmatique plus volumineuse, on doit suppo#er que cette intrusion
enrichie en feldspath fut 3 un moment ﬁonné,-séparée de sa salle
magmatique originale. Le chimisme des alements terré—rares ‘suggere,
mais ne démontre pas de facon non-équivoque, un lien génetique entre
1'intrusi§n de gabbro-anorthosite et 1les <roches volcaniques

encaissantes de la ceinture métavolcanique de Clinton-Colden.

vi
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CHAPTER 1

INTRODUCTICON

1.1 Introduction and purpose of study

The Clinton-Colden gabbro-anorthosite intrusion occurs near
Clinton-Colden Lake iﬂ the Slave strechtural province, N.W.T. It is an
Archean mafic intrusion, with less than 50 wt.% SiO: and consisting
essentially of calcic plagioclase (An>68) and amphibole. It displays
spectacular, coarse, poikilitic textures and an extremely heterogeneous
distribution of rock types. The predominant ferromagnesian phase is
coarse amphibole which encloses plagiocclase grains in a poikilitic
manner. Macroscopically this aﬁphibole appears to be primary, and the
intrusion was first named the Clinton-Colden hornblende
gabbro-anorthosite intfusion (Macfie, 1987). However, detalled
investigation of the amphibole indicates that it replaces pfroxene.
Theréfore the intrusion is now referred to simply as
gabbro-anorthosite. |

The ini:rusion' contains abundant anorthos.!.te. Archean anorthosite ls
knﬁwn Eram a nuﬁber of areas, 1nc1ud1ng.Greepland {e.g. the |
Fiskénaesset intrusion‘(ﬁbévez ef al., 1981)), India, Africa, Labrador
(e.g. the Tessiuyakh‘intrusion‘(Wiener, 1981)), and Ontario (e.g. the
Bad Vermilion Lakes compiex (Ashwal et al., 1983) and the Shawmere>
_ comg}ex (Simmons et al.; 19801); In general Archean andrthosife occurs
as éiagioclase-tich units in'layered-complexes of more mafic overall
composition. The-Clinton-Céldén gabbroraﬁqithpsitq.intrusion shares a
1' nuﬁbe: of,cﬁaiacteristics with "typical" Archean anorthosite“

intrusions, but it differs in some important respects. The most



striking dissimilarity is that it is not layered, and is not associated
with large amounts of more mafic rock.

The principal objective of this study was to investigate the origin
of the 'hornblende gabbro' which, were it of magmatic origin, would
represent a petrological anomaly. The second objective was to study
the mineralogy of the amphibole in the intrusion. The intrusion's age,
and its relationship with fhe greenstone belt which it intrudes, were

also opjects of study.

1.2 Location and access

The Clinton-Colden gabbro-anérthosite intrusion lies approximately
380 km north-east of Yellowknife, in the Slave structural province of
the Canadian shield (Fig. 1.1). The intrusion is located approximately
one km inland Erom‘the south-east shore of Clinton-Colden Lake in the
Artillery Lake map area (NTS 75 0), about 20 km west of the Thelon
‘tectonic zone, the boundary between the glave and Churchill structural
provinces (Fig. 1.1). Small aircraft pro;idé the only practiCaI means
of access to‘the area, although: an arduous:passage is possible by canoe
from the Ea#t Arm of Great Slave Lake, through the Lockhart River and

Artillery and Ptarmigan Lakes, fo Clinton-Colden Lake.

1.3 Previous work

The Clinton-Colden greensfone belt was recognized by Wright (1957,
1967) during reconnaissance mapping bfipérfs of the distri¢t§ o£
Mackenzie and Keewatin. The ﬂorthern segﬁent of the belt ﬁas;inCItded
in 1:256,000 ﬁcale mappinglbf'the Healey Lake map area (Hénderson et

al.,-1982i and the 5outhern part was covered in 1984 during mapping of



Fig. 1.1: Geology of the Slave structural province and the location of
Clinton-Colden Lake. Proterozoic sedimentary rocks of the Kilohigok
basin in vertical dashed lines; Archean mafic and undivided volcanic
belts in black, 'intermediate to felsic volcanic belts in light
stipple, metagreywacke-mudstone in heavy stipple, undifferentiated

. granitoid bodies and granitoid gneisses in horizontal dashed lines.
WO=Vopmay orogen, CP=Churchill province, TTZ=Thelon tectonic Zone,
C-CL=Clinton-Colden Lake, GSL=Great Slave Lake, YK=Yellowknife. Area
in box around southeastern Clinton-Colden Lake=location map in Fig.
2.1 Simplified after Henderson (1385). :



the Artillery Lake map area (Herderson and Macfie, 1985). The
Clinton-Colden gabbro-anorthosite intrusion was first recognized during
tbe course of the latter project. A detailed study of volcanic rocks
adjacent to the Clinton-Colden gabbro-anorthosite intrusion was
undertaken by Wodicka (1987). Volcanic rocks of the northern part of

the greenstone belt were studied by Lougheed (1986).



CHAPTER 2

GEOLOGY OF THE SLAVE PROVINCE AND THE CLINTON-COLDEN LAKE
GREENSTONE BELT

2.1 The Slave structural province

The Slave province of the Canadian shield is a block of Archean
(3.5-2.5 Ga) (Kusky, 1983%) crust bounded by the Churchill province 1in
the east and by the Wopmaxgq;ogeh in the west (Hoffman, 1980). The
geclogy of the province, brie;i; summarized below, is described in
greater detail by Henderson (1981), Padgham (1985), and by others
referred to in those works.

The province is underlain by Archean supracrustal rocks of the
Yellowknife Supergroup, . including predominantly mafic
(!eilovknife-type) volcanic belts, predominantly felsic and
intermediate volcanic belts (Hackett River-type), and turbidites
(Padgham, 1385). Tholeiitic to calc-alkaline mafic volcanic rocks are
more abundant in the west, while felsic and 1nte:mediate dominated
belts are more common-in the east. The formex comsist of 70-80% basalt
and andesite (Padgham, 1985)' These supracrhstal rocks were intruded
by gran1t01d plutons which have created thermal metamorphic auzeoles,
ranging up to’ sxllimanite grade in places, upon surrounding rocks.
.S1a11c basement to the‘supracrustal rocks is probably present in places
(Henderson, 1981; Easton, 1985).

At least two models exxst for the origln of the- volcanic
’belfs.;‘The more widely held view is that they were deposited. at
the"'mergiﬁs of rift—ﬁasins in a p:e-existing sialic bleck'

,(Henderson, 1981). By coniraSt, it has been ‘Suggested {Folinsbee



et al., 1968; Hoffman, 1986; Kusky, 1989) that the velcanic rocks
are oceanic in crigin, and that the Slave province grew by
tectonic accretion of oceanic material. An implication of this
hypothesis is that 1ittie or no pre-Yellowknife Supergroup sialic
crust existed. Rationalizing oceanic volcanism and the presence
of pre-Yellowknife sialic basement, Fyson and Helmstaedt (1988)
have suggested that the volcanic belts represent oceanic cruet,
but that the oceanic basins formed following rifting ef sialic
basement.’

Geochronological work suggests that the volcanic sequences were
deposited mainly between 2.69 Ga and 2.66 Ga, and that for the eastern
and central Slave province two episodes of volcanic activity occurred,
one during the period of 2698-2687 Ma and one during 2675-2663 Ma

(Mortensen et al., 1988).

2.2 General geology of the Clinton-Colden Lake area |

The study area of this project islin the eastern'part of the Slave
provinee, yithin the westernmost part of an a:ea'shewing the effeete of
the Proterozoic cqllisiOn (ca. 1.9 Ga) ot the Slave province with the
_Churehill province., As a result, rocks of the area have £foliation
trajectories = transitional £rom the curvilinear Slave province pattetn
to the Thelon-parallel trend ef the eaaternmost part ef the province.
The tocks in this area were weakly altered following the emplacement of |
‘a crustal sheet thrust over the area from the east.(Henderson et al.,
1982). This thrustxng event is associated with the major P:oter0201c .
'event to have affected the eastern margln of the Slave province- the

,c0111sxon between the Slave and Churchill prov1nces between 1970 Ma and



1950 Ma (van Breemen et al., 1987a). Farther to the east, closer to
the boundary between the two structural provinces, the cverthrusting
resulted in the crystallization of  kyanite in the underlying
Yellowknife metapelites (Henderson and Macfie, 1985; James, 1985}. In

the Clinton-Colden area it resulted only in minor amphibolitization of

Proterozoic diabase dykes.

2;3 The southeastern Clinton-Colden Lake area
2.3.1 Introduction and geochronology

The area around eastern Clinton-Colden Lake is underlain by a
variety of Archean rocks and by two sets of Proterozoic mafic dykes
(Henderson et al., 1987; Macfie, 1987; Henderson et al., 1982). ‘The
oldest rocks are volcanic and associated hypabyssal rocks of the
Clinton-Colden greenstone belt, which covers an aréa of approximately'
400 km? and extends roughly 75 km in a north-westerly direction (Fig.
1.1). |

Zircons from ‘rhyolite in the central pazt of the greenstone belt
have yiélded a U-Ps-agé of 2671+2/-4 Ma i(van " Breemen - and Henderson,
.1988).  This may be compared with a date of 2692+/-2 Ma obtained from
‘rhyolite of the Back River compléi'about 100 km to the north (van
Breemen et al.,. 1987b). Volcanic rocks of thé southefn part of the
greenstone belt"are cut by the ciinton-Colden gabb;o-anortho;ite
' intrusion, £or vhich a U-Pb (zircom) age of 2686+/-3 Ma has been -
obtalned for a sample from Statxon G-92 (Fig. 2.2) (Macfie et al., ‘1n
press) ~The gabbzo-anorthos1te was therefore emplaced before the
. 'cessation of vol;anism in the area. This date is of interest with

regard tolthe‘general geqchtonology of the eastern Slave p:ovince,‘andi



is discussed in Chapter 6.

Both the greenstone belt ard the gabbro-anorthosite are bounded to
the south, and are intruded successively by, a diorite to quartz
diorite body and a suite of granitoid rocks ranging in composition from
granodliorite to tonalite. Similar nearby granitoid rocks have been
dated at 2617+/-7 Ma (Charloit granodiorxite) and 2616+7/-6 Ma (plutons
of the Tarantula suite) (van Breemen and Henderson, 1988). The oldest
Proterozoic rocks comprise several 20-60 m thick vertical dykes with
trends parallel to the 2.4 Ga Mackay swarm (Fahrig and West, 1986).
- Theiyoungest rocks in the area are two 20 m thick Mackenzie dykes
having an age of approximately 1.27-1.28 Ga (Heamen and LeCheminant,

1988).

2.3.2 Vblcaniﬁ rocks of the region

The volcanic rocks are predominantly mafic aﬁd intermediate in
composition, with minor amounts of felsic material ({PFig. 2.1).
~They conEain no ﬁ:imazy miﬁerals, but for ease of presentation fhé
prefix meta- is not used in the foilowing discussion.' 'Their
ét:atigraphy has been obscured by deformation ‘and metamorphism.
Petrography of the volcanic rocks has beén dealt with ih some detail by
ﬁbdicka‘(1987), and the descriptions which follow derive in pait from
that work which contains full descriptions. and illﬁstrations.

lVblcanic—derived _sedimenfary units, mostly debzis flows, are
locally'zecpgnizable. A;sb common are Si;ls and‘ dykés 6f material
presumed to represent ‘hypabyssal ‘eqnivaients of the v&lcanic units.
The oriéinal 'reiationship ‘betueen the- volcan;c'. rocks and

meta-greywackes found lappzoximately B km to the northwest is not



apparent. Basement to the supracrustal rocks is not observed.

Mafic volcanic rocks consist of pilloﬁed and massive flows. They
occur throughout the area, and, while difficult to distinguish in the
field from volcanic rocks of more intermediate composition, appear to
gnderlie approximately 7¢% of the area based upon obsérvations made by
the author. Included here are mafic sills, which are difficult to
distinguish from massive flows, in part because of metamorphism.
Massive sills or flows containing plagioclase phenocrysts ﬁp to two
centimetres in size, along with occasional glomerocrysts, are common
but are volumetrically minor. Mafic rocks are included with
intermediate rocks in Figure 2.1.

Intermediate volcanic rocks, identified in the field by their
colour index and later confirmed by chemical analysis, make up
approximately 25% of the Clinton-Colden greenstone belt. Like the
mafic volcanic rocks, they cccur throuéhout the area, interspersed with l
their mafic cdunterparts.‘ They are predominantly of pyroclastic
origin; | | |

félsic volcanic rocks méke up approximately 5% of the_
Clinton-Colden greenstone belt. They consist of crystal tuf##, aloné‘
with probable massive dome oi flow units. They occur at three
locations within the area mapped By Wodicka (1987) and this author.
such felsic centres have been identified elseihéfe in the volcanic belt

(Henderson and Macfie, 1985; Henderson et al., 1982).

2.3.3 Clinton-Colden gabbro-anorthosite intrusion |
The Clinton-Colden gabbro-anérthosité intrusion cuts the.voicanic

rbcks of the southernmost part of the-greenstone belt (Pig. 2.1). It



is described in detail in Chapter 4. Dykes of rock identical to rocks
of the gabbro-anorthosite intrusion lccally cuot the volcanic xocks.
Many 9.5 toe 5 m tkick mafic “ykes, some of which are
plagioclase-phyric, cut the gabbro-anorthosite. These dykes are cut by
the Mackay-trend and Mackenzie dykes, and in general resemble the sills
or dykes which cut the volcanic rocks, although they are less common in
the gabbro-anorthosite. Such dykes are rare in the granitoid rocks of

the area, and their distribution suggests that most were syn-volcanic.

2.3.4 Diorite to quartz diorite intrusion

A composite body ranging in composition from. diorite to quartz
diorite ‘partially bounds the volcanic belt and the gabbro-anorthosite
intrusion in the south (Fig. 2.1). It consists of small (100 m scale)
plugs or sheets (three dimensional geometry unknown) consisting of
plagiociase, green hornblende and quartz. Hornblende varies from 30 to
80%; quartz from 1 to 15%. ’Optical detezminatioﬁs indicate that
plagioclase compositions range from Anss to Ansa. Zircon is present in
some phases of the body. The rock is fine to coaise grained, wmedium
being typical. Alteration is slight, being: restricted to minor
replacement of plagioclase by fine epidote in soﬁe rocks.

‘Shérp contacts between phases of the body are exposed in several
places. Distribution of phases isvirregula;, and their distinction 15
based upon'.grain size and' quartz content. Rocks of this body are

distinguished from the granitoid suite described below on the basis of

' colour of hornblende {(green versus brown), absence of biotite and -

micrpcline, more calcic plagioclase and more mafic composition. Dykes

related to the granitoid suite cut the diorite body.



Rocks of the dioritic body are easily distinguished from
those of the gabbro-anorthesite intrusion on the basis of texture
(granular versus poikilitic, medium grained versus very coarse),
absence of hydrothermal alteration, ~ presence of homogeneous,
unaltered hornblende rather than the complex amphiboles of the
gabbro-anorthosite, and different mineralogy, particularly anorthite
and gquartz content. Dykes of the dioritic rock cut both the
gabbro-anorthosite intrasion and the volcanic rocks. Angular xenoliths
derived from the gabbro-anorthosite ©body are common in the
diorite-quartz diorite body. )

Mafic dykes cutting the dioritic body are much less common than

those cutting the volcanic rocks and the gabbro-anorthosite intrusion.

Xenoliths of amphibolite and schistose rocks which may be metasediment

—_

are common within both the diorxitic body and the graniébld suite

described below.

2.3.5 Granitoid rocks ’

An exteﬁsivé area underiaiﬁ by granitoid :ockS‘lies to the east and
south of the Clinton-Colden area (Henderson and Macfie, 1986), bounding
and intruding the above units.(Fig;'Z.lj. They comprise tonalite with
minor granodiorite, consisting of :varying amoﬁnts of plagioclase,
quartz,'biotite, hornblende, muscovite, microcline énd opaque minerals.

Minor epidote and chlorite are present, particularly near contacts with
the more mafic units described above. While rocks of the suite vary in
colour (pink to white), niheiéloq& (biptitefonly to hornbiende-only)
-and‘grain‘size,-variation‘is gradational and - intrusive. relationships

between phases were not observed.
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2.3.6 Metamorphism

Metamorphism of the volcanic and sedimentary rocks in the eastern
Clinton-Colden Lake area, as in most parts of the Slave province
(Henderson, 1981; Padgham, 1985}, took place largely during intrusion
of graniteid plutonic bodies. The volcanic rocks of the area vary from
greenschist facies in the northeast to amphibolite facies in the west
and south, i.e. towards the large area of grani;old rocks (Henderson
and Macfie, 1985; Wodicka, 1987) (Fig. 2.1). The.mineralogy of the
meta-volcanic rocks has been documented by Wodicka (1987). | At
grgenschist facies mafic volcanic rocks consist of albite, quartz,
epidote, chlorite, calcite and, locally, actinolite. At highez grade
they also contain hormblende and cummingtonite. Highest grade occurs
adjacent to the granitoid intrusioné. Variable silicification 'égd
carbonatization of the volcanic rocks has occarred, and, in genezal‘the
vdlcanic rocks have been tho;oughly recrystallized.

Evidence of minﬁr contact mefamorphism by the Clinton-Colden

intrusion is also present in adjacent volcanic rocks. A 200 m-wide

aureole of massivé, garnet-bearing amphibolite occurs along the matgin‘

of the Clinton-Colden intrusion (Fig. 2.1). The garnmet is red
.almandine-spessartine having the composition S

Sle.oeAls.22Tio.01Mgo.0zFe 23 seMNi.2sCac.s

(analyses given in Appendix 3). It occurs in mafic to intermediate

flows and fragmental rocks. At onre location, where a screen of gabbro

- derived from the 'Clinton-Colden intrusion is enclosed in 'youngei

granitoid 'rocks, a volcanic xenolfth in ‘the gabbro sczeen 'is,‘

12



gaxnet-bearing; Probably the highest metamorphic grade, represented by
the presence of garnet, was caused by the emplacement of the
Clinton-Colden intrusion. Wodicka (1987} suggests that the growth of
cunmingtonite rims on blue-green hornblende in an area within the
garnet-bearing aureole reflects an increase in temperature. Like

garnet, cummingtonite is not observed adjacent to the granitoid rocks,

nor within the Clinton-Colden intrusion. This may reinforce the

suggestion that a thermal peak was achieved following the intrusion of
the Clinton-Colden intrusion, producing both garnet and cumningtonite
in adjacent rocks which had alrxeady been metamorphosed at amphibolite
{hornblende-producing) -facies during an undetermined metamorphic eveant,
perhaps resulting from early plutonism in the area. The presence of a
significant amount of Mn in the almandine provides additional evidence
that it was produced during contact metamorphiém (Deer et al., 196?)»

. Later ‘minor mefamorphic effects are evident in the focks cf the
area. Shear zones, trending approximately parallel to the Thelon
tectonic zone, axe characterized ;n-the vdlcqnic and granitoid rocks of

the area by a biotite-chlorite assemblage, and a blotite £follation Is

present in ‘the granitoid rocks. Garnets in the aureole around the

gabbro-anorthosite intrusion are deformed where they are found in minor .

shear zones. The .orientation of these structural features indicates

that they formed during Proterozoic movement along the Thelon tectonic

zone (Henderson et al., 1387). _
ﬂhilen grqufh of biotite in Thelon-parallel shears is common,
evidence of high pressure metamorphism following .fhrusting along tﬁe
_Thelon tectonic ‘zome is not found in the area. To.the nor?heast; in

the Healéy Lake map area (Henderson et al., 1982) and the Moraine Lake



map area (James, 1985), kyanite occurs in meta-pelites, and it occurs
approximately 40 km to the east at Sifton Lake in the western margin of
the Thelon tectonic zone (Henderson and Macfie, 1385). However, it is
not found in the area of Clintorn-Colden Lake. The Clinton-Colden area
probably lies to the west of the area most strongly affected by the
west-directed Thelon thrust sheet. However, it does lie to the east of
the isograd, mapped in the Hesley Lake Area to the north (van Breemen
et al., 1987b), marking the limit of amphibole growth in Proterozoic
diabase dykes. Similar amphibole growth is seen in the Mackay-trend
dykes in the southeastezn Clinton-Colden Lake area. If these are
indeed Mackay dykes, this metamorphic event may be related to early
movement on the Thelon tectonic zone, suggested by Henderson et al.
'(1987) to have occurred betwscn-2.2 and 2.4 Ga.

" There has been no ﬁetamorphism after 1.27 Ga as the Mackenzie

dykes are not altered.

2L3l7 Régional teﬁtonics |

Two major deformation gvents havé affected <rocks in the
Clinton-Colden area. Ear1y¥deformation‘of the voléanic pile was’latér
followed by deformation resulting from activity along the Thelon
tettonic zone. However, discriminating between effects of these events
is difficult, in part due to poor development of foliation in. the
volcanic rocks. | | |

Thg dips of volcanic 1and‘ sedimentary strata and foliations are
steep (Fig. 2.1i, indicating that a major folding event ‘hgs affectéd
these rocks, and én absence of fold closures shggests that fhe'folds

have subho:izontal axes. Foliations in the volcanic rocks are parallel

14



to the contact with the adjacent granitoid rocks, and rare top
indicators {pillowed flows) indicate fhat the volcanic units face away
from the granitoid rocks. This pattern is common in Archean greenstone
belts {e.g. Ayre et al., 1987), and is commonly attributed to  diapiric
intrusion of granitoid masses. Such a process has been suggested for
Slave province greenstone belts as well (Drury, 1977}, and may account
for early folding in the Clinton-Colden greenstone belt. The data are
insufficient to evaluate other mechanisms, such as imbricate thruéting
during emplacement of the greenstone belt as accreted oceanic material
at the margin of a growing Slave province (Hoffman, 1986; Kusky, 1989).

‘Hany late shear zones and foliations striking approximately 015°,
land occurring ‘in all rocks except Mackenzie dykes, are attributed to
movement along the Thelon tectonic =zone. Shear zones range in
thickness from a few centimetres to ﬁore than ten metres. Shear zones
" and foliations in the volcanic rocks, diqrite ‘and granitoids contain
chlorite, biotite and - hornblende. Thé Cllnton-célden
gabb:o-énorthosite intruéion cohtains a network of anastomosiné sheér

zones, also attributed to activity along the Thelon tectonic zone. The

coarse-grained intrusion acted as a relatively rigid body deforming

along discrete anastomosing shear zones, while granitozd ‘and other
bodies in the aréa-deformed-both pervasively (becomxng foliated) and

along shear zones. A Haékayhtrend'metadiabase dyke which is unfoliated

‘whe‘re‘ it passes through the Clinton-Colden intrusion pbssesses' a.

Thelon-trend foliation where it passes throﬁgh adjacent rocks of the
'-granitoid suite. This dyke cleanly cuts major‘sheat zones with Thelon
trends v.uthm  the Clinton-Colden intrusion. . Although = the

Thelon-parallel or1entat10n of the shear zones cut by the dyke might be

15



fortuitous, if, for instance, the shears are Archean syn-volcanic
feature, they nonetheless provide strong evidence of a protracted
history of ceformation along the Thelon tectonic Zone since the Mackay
swarm (2.4 Ga) predates the period of major activity along that zone.
They also indicate that the major deformation of the gabbro-anorthosite
body occurred before 2.4 Ga, since shear zones in that body are not
observed to cut the dyke. The true extent of later deformation is
difficult to assess since exposure of the dyke is limited. Many minor
mafic dykes of probable syn-volcanic origin within the intrusion are
cut by Thelon-trend shear zones of unknown age.

Granitoid rocks are invariably foliated, as are Mackay-trend dykes
vhere they are found in foliated rocks. The foliation in the graniteid
rocks ls usually parallel to th; contact with rocks of the greenstone
belt, a result of diapiric intrusion and/dr rheological control during
later regional deformation. Mackenzie diabase dykes are undeformed,

indicating that tectonic activity had ceased by 1.27 Ga. .
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CHAPTER 3

PETROGRAPHY AND MINERALOGY OF THE CLINTON~COLDEN GABBRO-
ANCRTHOSITE INTRUSION

3.1 Intreduction

The Clinton-Colden gabbro-anorthosite intrusion consists
predominantly of amphibole and plagioclase. The intru;lon is
texturally wunusual, andé shows sigﬁs of having been emplaced as a
crystal mush consisting of >50% plagiéclase crystals suspended in mafic
magma. As a result, it is not layered and its composition varies

irreqularly, depending . upon the distribution of plagloclase

 phenocrysts.

3.2 Rock types and compositional variation

The intrusion originally ranged in composition f£rom leucocratic

anorthosite 'to - gabbro. Although coarse | pbikilitic amphibole
constitutes‘ the main ferromagnesain phase préSent in the intrusien,
there is éonvincipg‘evidence that it in fact pseudomorphically xeplaced

clinopyroxene (see Chapter 4). Thus the body was orlginaliy gabbro,

follovwing Streckeisen (1976). It was previously mis-identified as.

hornblende gabbro, based upon the assumption that abundant coarse
oikocrystic amphibole was primary (Macfie, 1987).
The intrusion consists of approximately 65% leucogabbro (Fig. 3.1},

20% gabbro (Flg. 3.2), and 15% anorthosite. (Pig. 3.3). Grain size in

.anorthosite and gabbro ranges from <1 mm to >40 cn, with coarse grained |

rocks (5 to 10 mm) making up approximately T70% of the intrusion.
1,01a551£1cat10n according to grain size is complxcated by the occurrence

of coarse amphzbole grains enclosxng plag;oclase. Rocks dominated by
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Fig. 3.1: Leucogabbro consisting of aggleomerations of plagioclase
_grains in coarse oikocrystic and fine secondary calcic amphibole.
Station G-72. , . S

Fig; 3.2: Gabbro consiSting of plagioclase laths in coarse amphibole
‘oikocrysts. Station G-84.



.

1

~ . . <

Fig. 3;3: Typica1 anoithosite, composed of close-packed coarse
plagioclase (in this case altered to fine epidote) with minor

interstitial material consisting of coarse actinolitic to aluminous

calcic amphibole and fine aluminous amphibole. Station G-28.
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plagioclase have average grain sizes defined by that wmireral, while
rocks containing abundant amphibole are usually coarser. In general all
rocks contain large amphibole grains, while plagioclase tends to be
smaller. The size of plagioclase grains appears to vary ;ndependently
of that of hornbiende oikocrysts, which are almost always very large.
Unlike most Archean anorthosites, the intrusion is unlayered, and
the distribution of rock types is remarkably irregular (Fig. 3.4, 3.5).
Rock‘tjpes are defined on the basis of plagioclase abundance ét the
scale being considered. Outcrops tens of metres in size may have
overall anozthositic compositions, but may display areas metres or
centimetres across where gabbro or amphibole-rich rock predouinéte. In
detail (metres to centimetres) the intrusion consists of gabbro to
- anorthosite, depending upon the ‘closeness of packing of plagioclase
‘grains. Bécause 1aygrin§ is not p:eseﬁt and compositional variation is
. irreqular, the assignment of rock naﬁes is rather arbitrary. In the
southern third of the‘intrusion, leucogabbro makes up approximately 75\
‘oﬁ the~rock, the remainder béing anorthosite. Towérdsfthe north,.gahbro
predominates, with‘ nuﬁerous ten-metre-wide =zones of helanpgabbro.
Variation between zqck fypes iélgeherﬁlly gradual in detail, but it is
not unﬁ#ual to findlgabbro and anorthosite-occnzfiag withiﬁ 50 cm of

one another. Even the most leucocratic anorthoélte‘contains pockets of

very mafic rock (Fig. 3.5). In most cases zones of one rock type are

small, usually not more than two to_three‘neties wide.

3.3 Mineralogy of the intrusion =
~ 3.3.1  Introduction

1Chemica1 ‘analyses of minerals of the intrusion were obtained with

-
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Fig. 3.4: Example of variation in the intrusion, here variation in
size of plagioclase grains, which are enclosed in coarse calcic
amphibole. Pen is 14 cm long. Station T-5. -

Fig. 3.5: Variation from anorthosite to leucogabbro, showing.pockets
of mafic material (now calecic amphibole) within predominantly
plagioclase-rich rock. Station G-92. '



the CAMEBAX electron micfoprobe of the McGill University microprobe
laboratoiy. Operating conditions are described in Appendix 1.
Assignment of elements to sites in the amphibele structure was
accomplished following the method of Deer et al. {1966), assisted by
fhe computer program MINFILE by A.M. Afifi and B.J. Essene
(University of Michigan). MINFILE was also used to calculate the

chemical formula for epidote and to assign elements to sites in the

plagioclase structure, using the number of oxygen atoms srﬁﬁi“cd:TE}h

(1-.\--._‘.

Deexr et al. (1966).
Bssential and accessory minerals were identifigg_where possibile.

Almost all minerals have been affected by alteration processes. As a

zesult, determination of the original assemblage is based partly on .

indirect evidence.

Modal analysis is difficult due to the coarseness of most rocks.
Therefore; percentages of nminerals presented below are visual
estimates.

Minerals which. occur in the iptrusion in large amounts are
plagioclase, calcic amphlbo;e ranging in composition Erom actinolité to
tschermakite, opaque oxides (iimenité, rutile, hematite .and

;titanomagnetitel {2-5%), and epidote species (2-5%). Other minerals

" present in trace amounts are. chiorite,' titanlfe; calcite, quartz,

apatite, zirqon and a 'very fine-grained fibrous material resembling
: uﬁélite. Very minor, fine-grained apatité, qaléite_and sulphides aré
dlisseminated ‘in some rocks of the'lntzusioh, and-genegg};y occur in
assﬁciation vith £ine secondary amphibole. A single ceﬁgimetré-wide

aggregate of fine molybdenite was observed.
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3.3.2 Plagioclase

Plagioclase, the best preserved primary phase, constitutes more
than 50% of the Clinton-Colder intrusion. It generally occurs as
abundant- euhedral to subhedral phenocrysts distributed in an irregular
manner, with a variable amount of interstitial mafic material. Pine
epidote alteration is sometimes present, but in many rocks the
plagioclase is nearly pristine. Anorthite contents range from Anss to
An aa, except where adjacent to epidote (Table 3.1, sample J-445).

Plagioclase grain size typically exceeds 0.5 cm, {Fig. 3.5, 3.7).
Isolated phenocrysts are commonly euhedral to subhedral. Most grains.
are subequidimensional, but in some rocks tabular‘grains occur (Fig:_
3.2). In hand samples plagioclase ranges in colour from dark grey to
white. Colour in hand samples is a function of the degree of epidote

alteration, darker plagioclase being relatively unaltered.

Individval plagioclase grains show bnly slight and subtle

non-oscillatory marginal zoning, rims being slightly mozre sodic (<ans '

difference) than cores (Table 3.1, sample J-445). AWithin individual
samples, plagioclase compositions of neariy homogeneous plagiociase
grains'cah differ by Anio or more. . Albite twinning‘ is present in
almdst all grains, and Cérlsbad twinning is common, being shown by
Qpproximately 10 percent of the grains (Fig. 3.7). ko systematic
variatidn was observed in the composition and textures of plagioclase

from one rock sample to another.

In the Clinton-Colden intrusion plagioclase retains it primary

"morphology and composition. Features indicative of metamorphic

equilibratioﬁ'or recrystallization of ﬁlagioclase, such as sub-domain

' development, granulation, growth'of plagiociase over other minerals, or
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Table 3.1: Microprobe analyses of plagioclase, classified according to

sample number, grain number in each sample, and relative location in
Points analysed in sample J-445 lie
successively closer to an epidote grain (analysis given in Appendix
3}: c=core, a=approaching epidote, e=adjacent to epidote.
Recalculated on basis of 32 oxygens.
Symbol "-" means <0.005, rounds to zero.

grain {c=core, m=margin).

All Fe expressed as FeO.

G-87 692
le im 2m 1c 2c 2m 3c Im

5io2 48.78 48.75 S1.41 ) 4B.18 47.59 47.31 43.11 47.92

Tio2 0.04 0.04 0.03| 0.02 o0.03 0.03 0.03 0.07

Al1203 32,01 32.23 30.71| 31.99 32.11 32.32 31.715 32.39

FeQ 9.05 0.08 0.63} ©.11 9.01 0.22 0.30 0.38

KnQ - - - - 0.01 - - -

Hq0 0.26 0.38 - .01 0.10 - 0.19 -

€ao 14.92 13.95 13,23} 15.52 15.80 15.50 15.42 15.37

Ha2o 2.81 2.66 4.05| 2.81 2.57 2.66 2.50  2.59

K20 0.11 ©0.43 0.03§ 0.03 0.02 0.93 ©¢.02 0.02

Tokal 98.98 98.52 99.49 | 98.47 98.04 98.08 98.32 98.66

A 0.2 .2 0.36| U0.15 0.23 0.2 0.23 0.23

Or 0.06 0.03 - - - - - -

An 0.74 0.72  0.64} 0.85 0.7T 0.76 0.77 0.17

ISt+4 9.00 9.02 9.38}f 8.95 8.89 8.84 8.96 8.89

FTIHA 0.01 0.0t ¢.00| 0.0 0.00 0.06 D0.00 0.01

IAL4] £.96 7.03 6.61)] 7.00 7.07 7.12 6.31 1.08

IFe+2 0.01 o0.01 o0.60| ©.02 0.00 0.03 0.05 0.05

IHn+2 - - - - 0.00 - - -

IHg+2 0.07 0.10 - g0.00 0.03 - 0.05 -

1C3+2 2.95 2.77 2.59 3.09 3.12 31 3.08 1.086

IHa+l 1.01 0.95 1.43 0.94 0.93 0.3 0.9¢ 0.93

X .03 0.10 0.01) ©.01 ©0.00 0.1 0.00 0.00

ITOTAL  20.03 19.99 20.03| 20.02 20.04 20.08 120.01 20.02

10-2 32.00 32.00 32.00132.00 32.00 32.00 32.00 32.00

G-92 G-95 J-445
ic 4m Sc Sm 1m c Jc ic la

5102 46.08 49.18 48.62 40.S4| S3.9F 48.77 48.26{ 50.15 49.80
Ti02 - ¢.09 - g.07| 0.0) - - 0.05 -
Al203 32.45 32.28 31.79 ) 31.76| 28.90 32.23 32.23| 31.19 31.37
FeQ 0.15 0.27 '0.25 0.07| 0.29 0.09 0.08] 0.07T 0.09
MnoO - 0.01 - 0.0} 0.05 ©0.01 - 0.02 0.03
Mgo - - 0.8} - - - .- - 0.02
CaQ 14.52 15.02 15.15 14.52} 10.97 °15.01 15.17} 13.76 13.85
‘a0 2.64 2.96 3.00 3.19| 4.85 2.99 2.66| 3.61 3.4¢
K20 ¢.05 0.02 0.02 0.05} 0.03  0.02 0.0z o0.04 0.02
Tokal 97.89 99.83 98.84 98.121) 99.03. 99.12 98.42] 9B8.8% 98.%64
Ab 0.24 0.26 0.26 -0.28{ O0.44 ©0.26 0.24] 0.32 0.3l
Or - - - - - - - - -
An 0.76  0.74 - 0.74 0.72§ 0.55 0.74 0.76] 0.68 0.69
1Si+d .96 93.00 9.00 9.63] 9.82 8.99 @8.96f 9.2 9.19
ITI4H4 - 0,01 - ‘0.01! o0.00 - - 0.01 -
TAL143 7.12 6.37  6.94 6.96| 6.20 1.00 7.05] 6.77 6.82
IFe+2 0.0z 0.04 0.04 o0.0y| o0.04 0.01 0.01] .01 0.0l
1Hn+2 - 0.00 . - g.00| 0.01 0.00 - g.0¢ 0.00
IMg 2 - - . 0.00 - - - - - 0.01
1Ca+2 2.90  2.95 3.0t - 2.89| 2.14 z.%6  3.02f 2.71 2.74
"ANat+l  :0.95 1.0 1.08 1.12| 1.71 1.07 0.98] 1.29 1.24
w 6.0 0.00 -90,00 .0.0:] ©.01 0.00. 0.00f 0.0! 0.00
fTOTAL  19.97 .20.03 20.07 20.04| 19.94 20.05 20.00f 20.03 20.02
10-2 32.00 32.00 - 32.00 32.00 32.00 32.000, 32.00

32.09

32.00



Table 3.1 (cont'd.)}

J&45

1la le le Mean
sio2 4B.35 45.25 5S0.26| 49.09
Tioz - 0.10 0.02( 0.03
Al203 34.53 28.72 31.11| 31.69
F20 0.32 0.13 0.08 0.16
Mno 0.02 - - 0.01
Mgo 0.10 0.11 - 6.23
Cao 8.37 12.71 13.77| 14.25
Naz20 4.08 B.65 3.73 3.01
K20 1.25 2.74 . 0.04 0.11
Total 3$7.02 98.41 99.01| 98.58
Ab 0.43 0.50 0.33 0.27
0r 0.09 0.10 - g.01
aAn 0.45 Q.40 0.67 0.72
1Si+d 9.00 8.75 9.24 9.08
ITi+4 - 0.01 0.00 0.00
FAl+3 7.58 6.55 6.74 6.91
iFe+2 0.05 0.02 0.01| 0.03
Mn+2 0.00 - - 0.00
IHg+2 0.03 g.03 - 0.06
FCa+? 1.67 2.63 2.71 2.82
FNa+l 1.47 3.24 1.33 1.08
1.4 0.3¢C 0.68 0.01! 0.03
ETOTAL 20.10 21.92 20.05] 20.01
$0-2 32.00 32.00 3z2.00% 32.00
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'Fig. 3.6: .Well preserved igneous plagioclase showing abundant
Carlsbad twinning, and-a well preserved portion of an amphibole .
oikocryst (a) (nearly at extinction). Note lack of zoning in
plagioclase. Crossed polars; field of view=2 mm.



Fig. 3.7: Portion of oikocrystic amphibole grain with enclosed
plagioclase altered to pseudomorphs of fine epidote and clusters of
opague grains. Note extensive overgrowth of margins of plagioclase
_pseudomorphs by fine amphibole prisms. Note also slight colour
variation in ocarxse amphibole grain, from very light green
actinolitic core to slightly darker hornblendic margin. Plane
polarized light; field of view=4.5 mm. ‘
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compositional homogeneity of plagioclase throughout individual samples,
were not observed. Secondary plagioclase replacing other minerals is
not present. Where primary textures are deformed in shear zones
plagioclase is completely replaced by epidote.

Two types of replacement of plagioclase by secondary minerals have
occurred. One consists of replacement of plagioclase by finé epidote.
This is minor in most rdcks, but in some rocks the original presence of
plagioclase is indicated only by pseudomorphs consisting of £ine

epidote (Pig. 3.7). The second type of replacement consists of

marginal overgrowths of tschermakitic amphibole (Fig. 3.7, 3.8),

chlorite and = titanite. Bvidence of secondary effects on the

composition of unreplaced plagioclase adjacent to secondary minerals

was not observed.

3.3.3 Amphibele
3.3.3.1 Coarse oikocrystic amphibole .
Coarse interstitial oikocrystic amphibole (Pig. 3.7, 3.8), as
' opposed to the flne amphlbole which replaces it in many placeé, is the

most important amphibole type. It constitutes approxlmately 50% of all

mafic minerals of the intrusion, and approxxmately 25% of the intrusion

as a whole. It ranges in composition from actinolite to tschermaklte
~and occurs as grains which are commonly 10 cm in‘sizg but which range
in size Erﬁm a. 5‘ té 40 cm.. The‘oikocrystic-anphibole occasionally
nvergrous trellis netwo:ks of ilmenite and rutlle.

Oikocrystic amphxbole is dark green in hand sample and. light green

homogeneous, apart from variable recrystallization to finer amphibole.

in ° thin section ‘(Fig.- 3.7, 3.8). Most grains - are optlcally
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Fig. 3.8: Coarse amphibole oikocryst (light green) overgrowing margins
of relatively well-preserved plagioclase. Fine amphibole grains
"(fa) and discrete grains of epidote (e) also overgrow margins of
plagioclase grains. Crossed polars; field of view=4.5 mm.
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Cores of grains tend to be lighter in colour. Twinning and inteznal
grain boundaries are not present. The oikocrystic ahphlbole has the
following plecchroic scheme: X=yellow green, Y=olive green, Z=dark
green. Interference colours range to middle second ordez, and BaX 1wl
extinction angles range up to 21° (Z C). In rare cases, margins with
neighbouring oikocrystic-appearing grains are complexely sutured. 1In
hand specimen, reflection f£rom cleavage planes reveais the extent of
the crystals. |

The chemistry of oikocrfstic amphiboles and the amphiboles

described below is discussed in detail in Chaptex 5.

3.3.3.2 Fine amphihole
Fine amphibole, up to 2 mm in maximum diameter and f£ibrous to
equidimensional, overgroﬁs earlier amphibole, plagioclase grainms, and
minor = secondary minerals.‘ it accounts for approximately 25% of the
amphibole of the intrusion. It dlsplays‘a range of textures and occurs

.as: grains overgrowrng or replacing oikocrystic amphibole and/or other

primary minerals; prismatic grains extending from the margins of

oikoérystic grains ' into neighbouring plagioclase grains; and fine
" amphiboie evergrowing chlorite. |

Grains uhich overgrow coarse oikocrystic amphibole may occur singly
{Fiq. '3;9), or grade to massive fine amphibole which completely

replaces the earlier mineral. Agphibole grains overgrowing coarse

'amphibole- oikocrysts showl no preferred orientation, except in cases

'uhere the c-axes of fine amph1b01e grains occur parallel tc that of the
host . oikocryst. Secondary grains replacing oikocrystic anphibole

usually consist of magnesio-hornblende. In many cases masses of fine
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Fig. 3.9: Fine hornblendic amphibole grains (h) replacing coarse
oikocrystic amphibole. Minor fine epidote (fe) replacing
plagioclase is also present. Crossed polars; field of view=3 mm.
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amphibole contain optically parallel remnants of coarse oikocrystic
amphibole, while in other cases no direct evidence 6£. the precursoz
phase remains. Where remnants of olkocrystic amphibole grains are
preserved, it is not clear whether the fine amphibole entirely replaces
an oikocrystie grain, or whether it in part represents coeval

topotactic and multiple non-topotactic nucleation of amphibole on

pyroxene. It is not clear whether all masses of fine amphibole ars of

the same generation. One variant whiéh does not appear to replace
oikeocrystic amphibole fills space between lamellae in opaque trellis
netwezks. This amphibole commonly occurs with chlorite. However,
coarse oikocrysticr grains also overgrow some trellls networks, and
relations between these amphibole types are not clear. |

Fine prismatic amphibole oyergrowing andk replacing plagioclase

occurs in all rocks. These grains extend from the margins of

oikocrystic grains into neighbauring plagioclase (Fig. 3.8} or epidotg

" pseudomorphs of plagicclase (Fig. 3.7), generally maintaining optical

" continuity with the oikocrystic parent. The secondary mérglnal grains

are present around virtually all oikocrystic grains, and true origlnal-

olkocryst/plagioclase boundaries are only rarely preserved. Usually -

there are no other mineral phases present between the secondary
‘amphibole and the plagioclase. The plagioclase unreplaced by the
amphibole shows no noticeable .compositional gradient towards it.

clustersﬁof the sécondary amphibole grains extend well into some

- plagioclase giains,‘ replacing large amounts of plagioclase in this

manner. Strikingly similar textures are described by Kamineni (1986)
from a deuterically alteréd.anorthosite-gabbro intrusion in Ontario.

" Fine prismatic amphibole  also overgrows plagioclase along

L3 ]
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fractures. This amphibole is optically and compositionally identical
to the grains occurring along oikocryst/plagioclase interfaces.
Amphibole replacing chlorite is minor, but occurs throughout the
intrusion. This amphibole consists of fine, typically radiating,
fibres. it is actinclitic hornblende, and overgrows clusters of f;ne,
pale, weakly plecchroic green chlorite showing grey birefringence {Fig.

3.10).

3.3.4 Bvidence of altered pyroxene

Ragged cores of fibrous material are present in some coarse
oikocrystic amphibole grains in sample J-445 (Fig. 3.11). The
mineralogy of the material could not be identified cptically, and it
occurs in zdnes which are téo fine to separate for x—rﬁy diffraction.
It has the fibrous texture of uralite as described by Buseck et al.
‘(1980), énd its composition, as revealed by ‘electron microprobe, is
~ clese to that -of clinopyioxéne (Table 3.2).. It is cleafly replaced
topotactically by opticallf identifiable amphibole identical‘ta that of
the abundant oikocrystic amphibole found throughout the 1ntrﬁsion. The

uralitic pyroxene remnants are up to 0.5 cm in diameter and are

scattered thrﬁughout the central parts of the oikocrystic amphibole ’

grains. Within a single amphibole oikocryst all of the uralitic

pyroxene remnants exhibit optical parallelism. In thin section this

uralite is darker than the host amphibole, is nbn—pleochroic, and under .

crossed nicols has lower birefringence.

hpproximately 15% of the uralite remnants consist of fine lamellae,

about 20 microns wide, visible by their -higher birefzingende (Pig.

3.11).. These lamellae mimic exsolution ' lamellae in pyroxene. The -
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Fig. 3.10: Fine hornblendic-amphibole prisms (h) overgrowing chlorite
{c) which is itself partially altered to amphibole. Some chlorite
shows Berlin blue birefringence. Chlorite overgrows fine epidote
which replaces plagioclase. Crossed pelars; field of view=1l.2 mm.
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Fig. 3.11: Uralite coxes (u) in oikocrystic calcic amphibole {a) grain
in sample J445. Amphibole replaces uralite along uneven fronts and
along fractures. Note exsolution-like lamellae in uralite. Also
note-abundant discrete epidote grains (e), showing yellow and
blue-green birefringence, around margins of coarse amphibole grain.
Plagioclase is mostly altered to fine epidote (fe). Crossed polars;

field of view=3 mm.



Table 3.2:

resembling exsclution in pyroxene.

pyroxene yields augite, Ca:Mg:Fe=0.9: 0 78:0.28

basis of 6 oxygens.

!&J

Hicroprobe analyses of uralite from sample J-445.
to d correspond to points shown in Figure 4.8b.

L=1lamella

Peints a

Normalization of analyses as

Recalculated on

a c d L L L Hean
sioz 49.75 47.74 49.15 51.09 50.29 51.49 51,63 650.16
Ti0?2 0.48 0.40 0.26 0.1¢ .48 0.27 0.37 0.35
Al203 2.01 2.70 1.54 2.48 2.00 1.84 2.00 2.08
FeQ §.70 B.04 9.14 11.35 8.87 8.79 8.56 9.04
Mno 0.23 0.29 .28 0.29 0.32 0.28 0.27 0.28
Mg0 13.99 14.42 13,95 14,37 13.20 13.45 13.59 13.71
Ccz0 21.64 21.96 24.01 18.18 23.4%1 22.54 21.%31 21.95
Naz0 0.23 0.15 0.22 G6.29 0.25 0.22 0.19 0.22
Total 96.23 95.70 97.65 98.21 98.62 9B8.88 988.52 97.79
51 1Iv 1.92 1.87 1.91 1.94 1.92 1.95 1,95 1.92
Al 1V 0.08 0.12 0.07 0.06 0.08 0.05 0.05 0.08
T site 2.4Q0 2.00 1.98 2.00 2.00 2.90 2.00 2.00
$Al VI 0.01 - - 0.05 0.01 8.63 0.04 0.02
ITi 0.01 g.01 2.01 0.60 0.01 g.01 0.01 0.01
§Fe +2 0.28 0.26 G.30 0.36 0.28 0.28 ¢.27 0.29
EHMn +2 0.01 0.0%1 0.01 0.01 0.01 0.01 0.01 0.01
FMg 0.80 0.84 0.75 0.81 0.75 0.7¢& 0.77 0.78
#Ca £.90 0.92 1.00 0.74 0.96 0.91 0.89 g.90
INa 0.02 9.01 6.02 0.02 0.02 0.02 0.01 0.02
M1l,M2 z.03 2.06 2.08 2.01 2.0 2.01 2.00 2.03
 10] -6.00 6.00 6.00 6.00 6.00 6,00 6.00 6.00
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microprobe analyses reveal no sigrificant compositional differences
between lamellae and matrix, suggesting that the uralitization process
resulted in compositional homogenization of the original pyxoxenes
without completely eradicating the czystallegraphic angular discordance
which existed (Robinson et al., 1971). Such compositional
hemogenization during uralitization is common (Mongkoltip and Ashworth,
1986).

The uralitic remnahts are replaced by coarse, clear amphibole along
ragged alteration fronts, along some of the exsolution lamellae, and
along fractures. Progreséive replacement along fractures results in
the subdivision of the pyroxene corz into smaller domains. The final
prodact is a coarse oikocrystic amphibole grain with a mosaic of ragged
uralitic inclusions. The division between matrix and uralite is not
always sharp. 'be example, marginal paréé of uralite domains, as seen
under plane polarized light, appeaf under crosSed nichols to be part of
the advancing coarse amphibole grains. It is clear that the optical,

and hence crystallographic, pszerties are gradatiomal.  This is

typical of uralitic alteration in general ({Buseck et al., 1980).

Y

N
-

3.3.5 Opaque oxide minerals
-3.3.5. 1 Introduction
Approximately 8.25% of the: Clinton-Colden intrusion consists of

opaque oxxde nxnerals. The -abundance of ilmeniéé treliis networks

' 1ndxcates that oxide m1nerals accounted for approximately 1% of the

.‘o:iginal mineralogy of the atrusion, but- have since been largely

~———

T;eplaced by chlorite and amphibole. - The: opaque o;ide— minerals ;re;

ilmenite, rutile, “hematite and minor magnetite or titangmagnetite.-:'
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Some oxide minerals occurred as oikocrysts, and although they have been
degraded to skeletal outlines (Fig. 3.12) during subsequent altezation,

they were originally a primary interstitial phase.

3.3.5.2 Ilmenite

Ilmenite oécurs in 21l rocks and is the mcst common opague oxide
mineral in the intrusion. It is fine grained anﬁ arhedrai. Ore
textural type, common throughout the intrusion, consists of discrete
rounded to irregqular gr&ins gp to 3 ma in size. They typically cqntain
10 to 20% fine rounded to lamellar parallel exsolved blebs of rutile
similar to those des::ibed by Haggerty (1976}.‘ Rectilinear twin
networks also ﬂescriﬁed by Haggerty (1976) occur locally. Margins of
ilmenite gzains ' show variable amounts 6£l alteration to fine rﬁtilé.
Rutile and silicate minerals fill fractuzes in some ilmenite grains.

A second textuzal type consists of ozxented trellis networks of
ilmenite whxch-ioccur in all parts of the intrusion, often in
association with-the coarser di§créte grains. These netvorksiconslst of
discontinuous lamellae.éﬁé_i:rééular fine ilmenite grains. The maximum
intersection angle obseived betﬁeeﬁ lameliae is 85=. HetwotFS“ ektend
for uwp to 10 mm, 'and often define: skeletal textures cleazly
interstitial to'piagioclase. Individual grains and lanellae which nake
up fhe .network shoﬁ?variable alteration to rutile. Netvotks*are also.
:outlined in part by titanite, which surrounds all ilmenite. 1In sore:
cases ilmen1te is almostﬁbr completely replaced by rutile and tltanite.
" Identical trellis netwnrks are described by Haggerty (1975),_'andT are

‘*attxibnted to oxy-exsolutxon of titanomagnetite (see below). Treliis :

lnterstlces are usually £111ed by fxnely matted to granulaz anphibole,

g



Flg. 3.1Z: ' Skeletal remains of olkocrystic magmatic opaque oxide, now
coasisting of trellis network of ilmenite “and rutile laths.with
lesser anhedral ilmenite-rutile masses, which.in reflected light.are
seen to be partially replaced by rutile. Space between iaths filled
-with coarse calcic amphibole (a) and chlorite {c). Plagiclase
grains enclosed in -original oxide oikocryst are now extensively
altered to fine epldote. Plane polarized light; field of

~view=1.2 mm.” . .
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aithough in some cases individual amphibole grains £ill interstices. In
rare cases coarse oikocrvstic amphibole overgrows and infills toe
trellis networks. Amphibole within and near trellis retworks contain

greater amounts of TiOz2. Chlorite also commonly occurs in the trellis

networks.

3.3.5.3 Rutile

=solved rutile in discrete ilmenite grains is very common. It is
distributed avenly throughout ilmenite grains, and shows evidence of
having formed in two generations, one of which is coarser. It also
forms as‘an aiteration rather than an exsolution product of ilmenite.
"This rutile is irregqular in distribution and oﬁcurs both along the
margins of disczete and trellis-texture ilmeﬁite grains, and aleng
_ fractures within those grains. _In both cases it‘is as;ociated"with‘
. titanite, silicafe minerals, and occasiohally hematité; The rutile is'
usually fine and pblycrysﬁalline, and theiﬁegrgerof alteratién of the

;

ilmenite varies £rom slight to complete.

3.3.5.4 Hematite and magnetite-

- Hematite; a minor mineral in the Ciinton-Colden intrusion, occurs
in égso:iation with ilmenite. In some‘rocks it f£ills space within the
- ilmenite laméliag described above. in most caséé it occurs asr a very
hiﬁoih phase ‘in fractures within ilmenite,La}ong with rutile. Hematite
3156 occufs as discrete grains in ‘the neighbourhood of trellisrtexturedf
ilpenite. | | | 7
- .Anh;dra1 grains ' of magnetite vithtminor‘hématite:inciusions occur

in some samples. ‘JHagnetite“ confaining llmenite lamellae . were ot



observed, which suggests that the magnetite observed is of a different
generation than the titanomagnetite whose oxidation gave rise to the

ilmenite trellis networks, as is discussed below.

3.3.5.5 The erlution of the opaque oxide minerals

Textures observed in the oxide minerals of the intresion are
identical to textures described by Haggerty (1976} and attributed to
oxidation of primary oxide minerals. The original magmatic opaque
oxide assemblage has been entirely replaced, but it must have been
Cominated by ilmenite or titanomagnetite.

The skeletal ilmenite trellis netwofks present in all rocks studied
aré most easily explained in terms of oxy-exsolution of ilmenite from
titanomagnetite, as described by Haggerty (1976), followed by continued
dissolution of the magnetite. The presence of rutile and combined
ilmenite-rutile lapellae in trellié networks, as well as rutile rims on
ilmenite g;ains, points to oxidatioﬁ of ilmenite to rutile .(Haggeﬂ:y,

1976). - The presence of hematite in similar relationships, along with

rims -of titanite on rotile and ilmenite giains, likewise peints to

continued oxidation, as does minor titanite occurring as rims and
- pseudomorphs of rutile and ilmenite laths. An almost complete absence
of magnetite -in the observed assemblage indicates that the

: oxldgtidn/dissolution process wes considerabiy advanced. The advanced

nature of the oxidizing reactions agrees with the observation that the

fine amphibole which overgrew oikocrystic amphibole was somewhat more

oxidized than its predecessor (see chapter'4),'sugge§tin§ that the £02

B buffezing capacity of_ the titanomagnetite to“ilmentité to rotile

_ reaction diminished as reactants were consuned, resﬁitiné-in prodqction
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of more oxidized late-stage amphibole. In the absence of knowledge of
the composition of the parental Ti-magnetite detailed reactions cannot

be written, bet it is clear that postmagmatic oxidation was involved in

the alteration of the intrusion.

3.3.6 Epidote

Bpidote group minerais are. abundant as products of plagioclase
alteration. Epidote species occur as very fine material replacing
plagioclase, and as discrete {ine to medium grained crystals within
plagioclase and between plagloclaoe and other phases.

Alteration of plagioclase tc¢ very £ine, often optically

non-resolvable, epidote is common in the 1otruslon (Fig. 3.7;‘3.10}.
This type of alteration of plagioclase is irregular in distributioen and
 intensity. In scme samples plagloclase is pseudomorphloally replacad by

fine epidote. On' a macroscopic scale distribution' of epidote

alteratxon of plagioclase is centrolled by an ubiqultous fracture

‘network. Auay from the £ractures. this alteratxon declines, and is

controlled by grain boundarles and 1ntra-gra1n fractures. Epidotized

plagloclase is Hhite in ‘hand sample, and is easily d1st1nguished from
“the dark grey pristine plagioclase.

Coarser grains of epidote are minor but common in rocks of the
intrusion. They occur as clear honogeneous grains with sharp margins,

with ﬁigh birefringence and lacking pleochrolsm. They range in size

from <0.01 to 0.5 mm, are anhedral to suhhedral and occur as single;

-grains -and as granular clusters. “The averagr com9051tion of a grain

from sample J-445 (Flg. '3.11) is

Slz.soL: :aFE‘ao.cJHDu o:.ca:..-‘JO:.z(OH]- ‘

]
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Discrete grains of epidote replace plagioclase, mostly where that
mineral 1lies against coarse hornblende. Some samples contain
abundant epidote along plagioclase-cocarse amphibole contacts, with a
relative absence of very £fine altezration of plagioclase. In many
samples both fine epidote and coarser epidote are common, and the
coarser epidote appears to overgrow the fine, amorphous, saussuritic

material. The reverse ls never obssrved.

3.3.7 Chlorite
Chlorite is 3 minor but widespread mineral in the intrusion,
usually occurring in intergrowths with fine amphibole. It is pale
green and weakly pleochroic, and shows grey birefringence. It occurs
in fine clusters <0.1 mm in size. In some cases it is interstitial te

rutile/ilmenite trellis networks, along with coarse or fine amphibole.

In some cases, fine amphibole has overgrown chlorite (Fig. 3.10),

suggesting minor prograde metamorphism. ‘In general, chlorite
constitutés less than 1% of the intrusion, but is present in trace

‘ amounts-in virtually all rocks.

3.3.6 Quartz
Quartz is a very minor mineral in the c1inton-Colden iﬁtruSion. It
is found as tiny blebs resolvable at 400X magnification in some
amphibole‘péeudomorphs of clinopyroxene fFig, 3.13).'It\adeé not oécui
: as a late-stage grandphytic ptoduct such as might be expected dﬁriﬁg

glosed—system fractionation of a mafic magma.

3}3.9‘ Zl:con
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Fig. 3.13:
oikocryst.

Quartz rods and blebs (q) visible in coarse amphibole
Plane polarized 11ght field of view=0. Smm.
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Zircon is a minor constituent of the Clinton-Colden intrusion. It
occurs as very iine interstitial anhedral grains, as expected in a
mafic intrusion {van Breemen, pers. com. 1988), and as rare subhedral
to euhedral grains, the latter clearly indicating a magmatic origin.
Many grains are metamict, showing brownish colouration, but others are

clear and colourless.

3.4 ZXlteration veinms in the intrusion

The distribution of much of the alteration in the intrusion has
been controlled by an extensive sub-rectilinear network of £fractures
which shown no apparent relation to regional structure, and along which
alteration of plagioclase to fine epidote is most strongly developed.
These fractures are hierarchical in that sets of minor fractures often
terminate at major fractures, and may have developed as a result of
‘ shrlnkage of the body during cooling kcf. Spry, 1966). However,
evidence presented in Chapter 5. 1ndicates that cooling of the body may
‘have .oocurred at depths greater than the 1ou~pressure near-surface
environment required for development of open ‘shrinkage-fractures
(helson, 1979). The Eractures may therefore be due to brittle Eaiiure
of the body during an early compressional event. ‘

The fractures are ‘usuaily less then' 1 mm in width, and are

highlighted by selvages of white saussuritized plagioclase and bleached

amphibole (Fig. 3.14). These selvages qrade guickly to less altered

material. The';fractureS' dissect the intrusxon, on a 10 comtolm

scale, ihto zones . of rock‘ having 'relatively -priotine plagioclase,

uherein overgrowth of plagloclase by amphibole is the‘ Bominant

alteration effect.
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Fig. 3.14: Network of fractures outlined by plagioclase altered to
fine epidote, which dissects the intrusion. Alteration of
plagioclase decreases away from fractures, resulting in zones of
rock containing dark relatively well-preserved plagioclase.

Station G-98.



The fractures appear to have conducted the H*-bearing phase
responsible for much of the hydration and alteration of the magmatic
mineralogy of the body, =ince the effects of the the hydration aze‘mosf
evident along them. The gradation from rock coataining highly
saussuritized (i.e. epidote-altered) to relatively unsaussuritized
plagioclase is striking, and points to ease of transport of fluid
through open fractures, with greatly reduced mobility of £luid aloeng
grain boundaries into adjacent rock. Fractures themselves are filled
with epidote, calcite, chlorite (with Berlin blue and brown anomalous
birefringence) and minor quartz.' Minor amoﬁnts of these minerals aré
present between plagioclase grains immediately adjacent to the

fractures.

i
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CHAPTER 4

THE MINEBRAL CHEMISTRY AND SIGNIFICANCE OF THE AMPHIBOLRBS OF
THE CLINTON-COLDEN GABBRO-ANORTHOSITE INTRUSION

4.1 Intioduction

Coarse amphibole enclesing plagioclase in a poikilitic manner is
the most common type of amphibole in the intrusion. Together with
clearly secondary amphibole overgrowing coarse amphibole and
plagioclase and growing along coarse amphibole-plagioclase 'prain
boundaries, it makes up essentially all of the ferromagnesian phases
present. The only exceptions are_ minor chlorite end uralite. A
pertinant question regards the timing of development of the coarse
oikoczystic amphibole, ihich at first glance appears to be ﬁagmatic and
thus the only 51gn1£1cant primary m1nera1 apart from pl agioclaee.‘

In mafic systems hornblende can appear on the liquidus but it

i
-

generally Jdoes so after the appearance of olivine and- pyroxene (Yoder

and’ Tilley, '1962;"He1z,.-e973 Allen and Boettcher, 1978) (e.qg. Fxg

4 -\\
Tt

4.1).- ﬁigh water pressure '1ncreases the 1mportance of hoznblende

Clinton-Colden intrusion of abundant plagieclase 'phenocrysts, which

predate any other phase for which evidence is preserved, precludes high

R during crystallization of mafic magmas, but the presence in:the_

water pressure during the early stages of Crystallfzatlpn. Pigure 4.1

indicates that in high-Al basalt, often considered as a potential -

~ parental ﬁagma to anorthosite (e.g. Emslie, 1978}, plagloclase is the

first phase to crystallize only.at low water'ptessufe.‘ Even at high'p,

vater pressure hornblerde is never the only ferromagnesian phase to

crystellize (e.g. Yoder and Tllieg,. 1962;~‘Helz; 1973). Thus the
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development of horablende-enriched gabbro by crystal fractionation,
without other mafic phases present, is unlikeiy. In the casc of the
Clinton-Colden gabbro-anorthosite intrusion, either a reaction
relationship betweenlpyroxene and the melt, or subsolidus modification,

must be responsible for the extreme enrichment in amphibole.

4.2 Analysis, calculation of formulae, and nomenclature of the
amphiboles

A knowledge of the . relative abundances of Fe*® and ‘Fe*? is

essential in the classification of amphiboles * {Hawthorne, 1983).

However, microprobe analyses do not report Fe*?, so some workers (e.g.

‘Ujike, 1982) have considered all Fe as Fe*?, some have calculated Fe*?

values midway between possible maximum and minimum Fe*® and Fe*® values

based on crystal-chemical constraints (Stout, 1972), and ethers have:

calculatéd Fe*> on the basis of " charge balance. To evaluate the
oxidation state of iron in the amphiboles of ' the Clinton-Colden

intrusion, $eparates of the two textural end-members were analysed.

_Material was extractsd from a coarse amphibole olkocryst amd a

monomiheralic‘clot of fine sgcohdary amphibole, and Feolwasj determined

by titration methods. Total Fe as Fea0s was determined by XRF analysis
{Table 4.1). Although the sebérates .contain app:oximately 0.25%

ilmenite, Fe contamination from this source is minor and the Fev?/Fe*

--ratios obtained for thie amphiboles are ;onsi&ered'pseful. The ratios °

for ‘the améhibole oikoc:ist (Fe*3/Fe*2=0.15) ‘and fine secondary

 ;amphibo1e clot (Fe*>/Fev2=0.21) vere tﬁén ,abplied to® all microﬁ;obe

analyses of oikocrystic - amphibole and fine secondary amphibole

-_respeétively.

" Representative amphibole analyses are given in Table 4.2, and 'all
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Table 4.1: Chemical compositiens of a clot of fine secondary amphibole
(G-25) and & coarse amrphibcle oikocryst (G-Z8), and Fe*’/?é”+?e’=
ratios. Fine amphibole clot yields compostion of tschermakite.
Coarse amphibole cikocryst is hoznblende. Fe0 determined hy titration

method. Other oxides determined by X-ray flucrescence. Recalculated
on bacis of 22 oxygens.

G-25 G-28
Si#d i9.50 23.31
Ti+d 0.65 0.62
Al+3 7.76  3.55
Fe+3 2.02  1.30
Pe+2 9.62 8.86
Mn+2 0.14 0.14
Kg+2 .59 8.20
Ca+2 7.34 8.9¢
Na+l 0.52 0.38
K+l 0.18 0.12
H+l 0.23 0.23
Total 55.35 55.417
FPe3/Pe2+Fel
0.17 0.13
. #SI IV 6.21 7.2
= #Al IV 1.7% | 0.79.
g T site 8§.00 8.00
Al VI 0.73 0.36
iFe *3 0.32  0.20
iTi - 0.12 - 311
Mg - 2.57  2.93
§Pe #2  1.19 1.35
iKn 0 0.02 s
. Ica -0 0.03
TOML2,3 $.00 - 5.00
~ ¥Fe +2 0.3%5 0 -
in - 0.02 0
. S~ 1.63 1.94
R §Na 0 0.0%
M4 site 2.00 2.00
a -  0.01 0
INa 9.36 0.08
‘ s K 0.04 0.03
- . % 7 A site 0.41 0.08.:
: 30 - T22.60 22.00
T FOR 2.00 -2.00

)



Table 4.2: <Compositions of selected amphiboles. Numbered analyses
correspond to analysed points in Fig. 5.8. Act=zactinolite;
ActHbl=actinolitic hormblende; Hbl=magnesio-hornblende;

Ts=tschermakite; TsHbl=tschermakitic hornblende.

a) olkocrystic

amphibole; analyses 1-5 are of a =ingle grain ir sample J-445;
snalyses 6-11 are of single grain in sample T-7; b) amphibole grains
overgrowing plagioclase; analysis 12 is of fine grain overgrowing

plagioclase in sample T-7; other analyses are of sirngle grai?s from
samples a2s indicated; c) single fine amphibole grains replacing

oikocrystic amphibole, from samples as indicated.
basis of 22 oxygens, OH + F + Cl=2.

Fig. 5.1:

Recalculated on a

Distribution of major
elements and 2Zr versus Si0x for rocks of the Clintca-Colden

0.01

2.01

gabbro-anorthosite intrusion. Fillea square=gabbrc; open
sguare=leucogabbzo; circle=anorthosite. {cont'd. naxt page)

1 4 3 4 g 6 7 8 9 10 13
Act  Act ActHbl ActHbl ActEbl  HbLl  Hbl  HEl . Hbl - Hbl Hbl
si02 53.95 52.34 51.39 S51.14 49.97 49.50 48.68 48.74 47.31 47.50 46.l4
Tio2 0.08 ©0.08 ©£.12 0.14 0.20 0.28 -0.3 0.35 - 9.27 0.39 0.52
nl203 2.74  2.87 4.40  4.57 5.82 T.24 .6.86 7.88 7.82 8.BF 10.13
Fe203 1.7¢ 1.83 ° 1.92 1.89 2.03 2.06 _2.04 2.% .12 2.22  2.26
Fe0 10.92 11.35 11.92 11.73 12.54 12.74 12.62 13.11 13.11 13.73 13.93
Hno 0.2y 0.29 0.23 0.21 ©.20 0.13 0.2¢ 0.15 0.12 0.19 0.23
Hg0 16.08 15.74 14.57 15.01 13.89 13.26 13.41 12.52 122.79 11.79 11.29
Cs0 12.6%1 12.75 12.52 12.32 12.64 11.83 11.80 12.02 11.97 12.15 -12.16
Na2o0 0.27 0.23 0.51 0.47 ©.55 ©0.82 0.76 0.8 0.8 1.09 0.98
K20 ¢.e2 0.02 0.03 0.03 0.05 90.13 0.10 0.1z 0.12 0.13 0.2%
H20 2.10 -1.98 2.06 2.06 1.87 z2.06 2.03 2.3 1.87 Z.03 2.02

F - 0.17 - - .17 - - €.06 0.31 - -
c 0.03 ©0.04 0.04 ©0.04 0.02 0.05 0.03 .0.04 0.02 0.06° 0.07

O=F o= 0.07 - - 0.07 . - - 3-03  0.13 - -
0=C1 .01 ©0.01 ©0.01 ©0.01 0.00 ©0.00 0.01 0.01° 0.00 9.01 0.02
Total 100.86 99.77 99.72 6§5.62. 99.93 100.11 98.54 100.43 98.64°100.31% 100.06
§Si IV _ 7.66 7.57 1.45 : 7.41 17.28 7.18 1.15 7.07 7.03 6.35 6.79
$Al 1V 0.3 0.43 0.55 0.59 0.72 0.82 0.85 0.93 0.37 1.05 .21
T site _.8.00 8,00 8.00 B8.00 8.00 9.00 - §.00 8.00 -8.00 8.00 8,00
1Al vl 0.1z 0,06 .0.20 0.19 - 0.24 - 0.41 0.34 _0.42 0.35 0.48 0.54

‘§Fe +#3 . 0.19 0.20 0.212 0.21 0.22 9.2z 0.23 0.23 0.24 0.24 0.25 -

1Tl 0.01 90.01 0.01 90.02 .02 0.03 -0.04 0.04 0.03C 0.04 0.05
i¥g 3.40° 3.39  3.15 3.2 3,02 2,87 2.34 2.80 2.83 2.57 2.48
IFe 42 1.28 1.34 . 1.43 .1.35 1.50 1.46 1.46 1.51 1.53 1.66 1.68
M1,2,3 5.00 5.20 5.00 5.06 S5.00 S.00 .5.00 5.00 5.00 5.00 5.00
IFe +2 9.0¢ 0.03 0.01 o0.07 ©0.03 0.08 0.09 0.08 0.03- 3.02  g.05
fun 0.03 0.4 0.03 0.03 0.02 0.02 0.03 0.92 0.02 .0:02 6.03
Ica L0192 1/93  1.94 1.90 1.95 1.84 1.86 1.87 1.82 -1.90 . 1.92
I¥a -~ “g.03 - - 0.01 - - -5.07 0.02 0.03 - 0.¢5 - o0.01
M4 site 2,00 2.00 2.00 2.00 2.00 2,00 2.00 2.00 2.00 2.00- 2.00
i1Ca - 0.34. - 0.01 0.03 - - - . 0.62 = -
Na 0.04 ©0.06 ©0.13 .C.13 0.16. - 0.16 .0.20 0.21 0.25 0.26  0.27
W --§.00 0.00 o©0.01 ©0.01 0.01 0.02 '0.02 .9.02 0.02 0.02 0.05
A slte 0.05 ©0.11 06:13 0.15 0.1 = 0.19 - 0.2 0.23  0.29 "0.26  0.32
2.00 2.00 B 2.00
10H 1.99  1.3i 1.9% 1.99 1.92 1.99 1.%9 l.96 - 1.85 1.99 1.98

¥F - 0.08 - - 0.08 - . - 6.03 9.15 - - 2 -
ECl 0.01 0.0 o©.0L. 0.0l 0.05° g.er 0.0 .0.01 0.0



Table 4.2 {cont’d.) {cont'd. next page]

b)

12 G-95 6-92 6-92 T-7 G-713
Hbl TsHbI TS Ts Hbl TsHbl
siQ2 45.45 42.60 40.67 41.92 44.10 45.38
Tio2 n.38 ©.42 0.11 06.12 G.67 0.38
Al203 11.39 14.45 16.07 16.04 12.63 12.26
Fe203 3.15 3.41 2.98 3.08 3.23 2.70
FeO 13.57 14.67 12.83 13.22 13.98 11.62
¥no 0.17 0.19 0.22 0.29 .19 0.20
" HgOD 10.84. S.61 10.04 - 9.€3 10.04 10.98
Ca¢ 11.82 11.34 11.43 11.49 l1l.e8 11.12
Naz0 1.11  1.47 1.61 1.59 1.38 1.158

Ka¢ 9.2  0.22 0.20 0.21 0.27 0.16
HZ0 2.03  1.9¢ 1.96 . 1.93 1.94 2.03
F - n.09 - - 0.15 -
Cl 0.05 0.1  0.14 0.14 0.10 -
0=F - 0.04 - - ‘0.06 -

" 0=Cl .01 0.02 0.03 0.03 0.02 -
Total 9$9.96 100.60 98.29 $59.66 100.44 97.98
35t Iv  6.69 6.29 6.11 6.20 6.50 6.71
Ipl Iv 131 1,71 1.89  1.80C 1.50: 1.29
T site 8.0C ° B8.00 B8.00 B.00 B8.00 8.00
fAl Vi 0.63 0.81 ©.96 .00 0.70  0.85
fFe +¢3 -0.35 0.38 0.34 0.34° 0.36 0.30

0.

Tt - 0,04, 0.05 0.01 .01 0.07 0.04
Mg 2,38 2,12 2025 2,12 2.21  z.42
PFe +2 1.6 1:65 1.45 1.52 1.67 1.38

H1,2,3 5.00 5.00 5.00 5.00 5.00 5.00

e +2 0,07 0.16 -0.17 0.1z 0.06 O©.06

PHn 0.02 0.02 0.93 0.03 ¢C.02 0.03

) Ica 1.86  1.79 1.1 1.82 1.84 1.75

Ne 2.05 0.02 - 0.04 0.07 ©.16 -

M4 site 2.00 2.00 2.0C 2.00  2.00 2.0

T - = 0.03 - - -

fha - 0.27 0.40 0.47. 0.42 0.32 0.1

K 0.04 0.94 0.04 0.04 0.05 9.0

Asite 0.30 0.44 0.54 - 0.46_ 0.37 0.2

10 37.00 22.00 22.00 22.00 22.00 22.900

- IOH 1.95 1.93 1.9 1.8 1.91 2.00

IF - 9.04 - - .07 @ -

0

27 ael 0.01 0.93 0.04- 0.04 0.02 -

)



Table 4.2 (cont'd.}

c)
G495 G-95 G-87 G-87 G6-87 G-92
TsHbl TsHbl TsHb] Hbl Hbl Yol
sio2 42.60 43.49 49.53 42.86 51.00 44.34
" Tio2 0.42 0.19 0.66 0.38 6.34 0.36
Al203 14.4% 13.37 6.62 14.13 5.45 12.34
Fe203 3.38 3.33 2.57 J.o8 2.45 3.05
Fed 14,56 14.36 11.10 13.28 1:0.55 13.12
MnO 0.19% 0.19 0.22 0.16 0.19 0.1%9
HgO 9.61 10.23 14.94 10.45 15.31 10.90
Cad 11.34 10.97 11.63 11.38 11.10 11.54
Na20 1.47 1.48 0.68 1.41 0.66 1.25
K20 0.22 0.20 0.1 0.22 0.06 0.23
H20 1.%6 i.91 2,02 1.89 2.04 2.02
F 0.09 0.19 - 0.25 0.03 -
cl 0.11 0.09 0.24 0.06 0.08 0.04
0=F 0.04 0.08 - 0.11 ¢©.01 -
0=Cl §9.02 0.02 0.05 ¢.c1 0.02 0.01
Total 100.46 100.10 100.44 $9.67 99.29 99.39
151 IV 6.30 6.44 7.14 6.35 T.36 6.55
Al Iv 1.70 1.%6 0.86 1.65 0.64 1.45
T site 8.00 8.00 8.00 8.00 8.00 a.00
Al VI 0.82 0.77 0.2T7 0.82 0.2% .p.70
I =#Fe +3° 0.2 0.37 0.28 0.34 0.27 0.34
ITi 0.05 0.02 0.07 0.04 0.04 .04
IMg 2.12 2,26 . 3.21 2.31 3.30 . 2,40
RFe +2 1.64 1.58 1.18 1.49 1.1} 1.51
ML, 2,3 5.00 5.00 5.00 5.00 5.00 5.00
IFe 2 0.16 6.20 0.16 g.15 0.16 0.11
Hn 0.02 0.02 5.03 B.02 0.02 0.02
ICa 1.80 1.14 1.79 ">1.81 1.72 1.83
Na 0.02 0.04 0.02 .02 0.10 0.04
Me site 2.00 2.00 2.00 2.00 2.00 2.00
fca - = - - - -
INa 0.40 0.38 .17 0.3% 0.09 0.32
K 0.04 0.04 0.02 o0.04 0.01 .04
A site 0.44 0.42 0.13 0.43 0.0 0,36
10 -22.00 22.00 22.00 22.00 22.00 27.00
. 10H 1.93 1.89 .94 1.87 1.97 1.93
= iF . 0.04 0.09 - 0.12. 0.0% =
' ICl 0.03 8.02 06.06 0.02 0.01
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available ampkibole analyses are given in Appendix 1.

Microprobe analyses of amphiboles were normalized on the basis of
22 oxygens, OH + F + €l = 1, and assignment of cations to
crystallographic sites was carried out following the recommendations of
Leake (1978). All formulae so calculated met the criteria for
acceptable amphibole formulae summarizad by Robinson et al. (1982).

Nomenclatere is also according to Leake (1978). All amphiboles aie
calczc, magnesian with Mg/Mg+Fe*3>0. 5 and have (Na+K)A<0 5. They lie
within the Eields ranozng from actinol1te to tschermakite in Figure

4.2.

4.3 Coupled substitutibns in the amphibolesr
Amphiboles of the intrusion range in composition from actinolite to
ho;nblende and essentially reflect a trend of decreas:ng 8i+® 1n

tetrahedral coordination (with concom.ttant increase in Al”) (Fig.

4.2). This is true whether they fcrm oikocrysts or fine-grained

_secondary érodacts, or whether oﬁergrowing uralite, énphibole oxr

’ plagioclase.  The majoél coupled substitutions- responsible for lhis

treﬂd, as in the:actinolite—hornblende so0lid solution seriés in géneral

{Grapes, 1975; Robinson et al., 1§32; Kamineni, 198%} Arai and Hirai,

1385) are the edeﬁitiﬁ and tschecmakitic ones, as bzesented g:aphicdily
in Figures 4.3 to 4.5. These plot abdndances’of-hl” in tefrahedral

 sites (Al*V) of tne amphibole against.; abundances . of elements

substltutxug into octahedral sites and Arsites in order to comnensate-

for resulting charge lpbalances.‘ Figeze 4.3 is a plot of Al-v against

combined A-site océupqncy, octahedral Al’(Al”‘, Fe*’, and T1 in the‘

half-unit-cell. The coﬁﬁonents on the x-axis;éccouﬁt_for the combined

55



56

‘ ratoqiydue o13sf1doyio
bugmorbiaao atoqjydwe aufj=x faserooyberd buimoibiaao atoqiydue=satbueiiy
!atoqiydue 5138K100%410=83[21[D '01133=4 fapuatquiot] 273 yewIaYIsI=1qH
s], !aj1yrwiayosi=sl fapuaiquioy-oysaubew={qH {apuarquioy afjfrouriae=1aH
19¢ fe3jijoufior=3oy !epuafquioy 2713 [owaI3=TqH 1L fagrrowarl=1L ‘(8L6T) 3yedl
HuimoT{0j ‘u0jsnijuf Usplod-uoUTI Y3 30 gatoqiydue jJo sinjeyouswoy T°'f ‘btd

. . 1S "
69 59 YA -G
1
sg-4 ] 19H sL-d .\ 1qH-4 | 194 1Iv-3 19V -4
° *| .
k 4 "
M oxcolaoxogq N i
¢’ e oo | .
x e o % * ﬂ
[
LISREY ] 1y
51 19H sl 195 lay 11 1}

2.9d+BN BN




57

2.688
1.8 | e

1.68 F A -

1.48 i x 3
1.28 - ,n/‘ﬁ’l' .

-2
AlTv 1.08 |- Bu,ca'u -
8.80 | r® -
&
0.68 |- n,ugu/ -
.40 |- ap
. g .
8.20 / | J
I I (N S S T N T
8.49 - @

0.08 L
- 888 .88 1.28 1.68 2.60

=~
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Fig.-4.3:. Plot illustrating effect of combined edenite (Na + K)a,
tschermakite (AlY® + Fe>*) and Ti-tschermakite (27i) substitutions on
Al*V occupancy for all amphiboles analysed. Line of complete

- substitution, having a slope of 1, is shown for comparison.

. Rectangle=oikocrystic amphiboie; x=amphibole overgrowiug plagioclase;
+=fine amphibole replacing coarse amphibole. '
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- Filg. 4.4: Plot illustrating effect of tschermakite plus
.Fe-tschermakite substitutions on Alzv occupancy for all amphiboles
analysed. Line of complete substitution shown for comparison.
Symbols as in Fig. 4.3. o
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(0zamanske et al., 1981}. Line of complete substitution shown for
comparison. : Symbols as in Fig. 4.3.
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Fig. 4.6:  Plot illustrating effect of Pi-tschermakite substitution on
= AlT™ occupancy for all amphibloles analysed. Line of complete
substitution shown for comparison. Symbols as in Fig. 4.3.



effects of the edenitic (with a minor amount of richteritic},
tschermakitic and Ti-tschermakitic substitutions (Pe-Piper, 1988;
Ujike, 1982; Grapes et al., 1977). The well-defined trend has a slope
of nearly one, with a correlation coefficient (r2) of €.997, indicating
that these substitutions account for virtually all of the Al*Y in the
amphiboles.

Figure 4.4 depicts the effect of the edenitic coupled substitution,
(Na,K)a + ALZTV A t Si*Y, fThe aaphiholeé define a trend having a
slope considerably greater than that .uf the linre of complete
Substitution, indicating that although significant, the edeaitic
'substitution alone does not account for the bulk of the Al*v ia the
amphiboles. Figure 4.5 depicts the effects of the tschermgkitic
substitution, (AL,Fe*)ua-w> . (Hg,Fe*’)u;_g; + 81TV, The sloue of

the trend defined by thé amghiboles;approaches that of the line of

complete substxtutlon, 1nd1cat11g that the tschermak1t1c substxtutxon"

is of greater 1mportance than the edenitic one. Note that (Na +

K}a/AlTY = (.26, somewhat less than the value of 0 3 generally observed

in calcic amphliboles (Hongkoltip and Ashworth, 1986), indicating the

importhnce of the tschermakitic substitution relative to. the edenitic

one.
A minor substltution which is of xnterest is the “1-tschermak1te
‘one, ti + Alz‘" ' ‘ﬁg + Sz:,_xllustrated in Fiqure’ 4.6. A.tnough only

accounting for upproximately 1/25 of Al*¥ present as actinolite grades

" ‘to hornblende, this substitution agrees well with the ~increase in Ti

seen uith.inéreasiué Ali“ {i.e. as émphibole’becomes more hornb;endic}f

in Pigure 4.7. The correspondence may be atuiibuted to increasing Ti

and Al as grain boundaries are approauhed; a possible couSequenqe,oi '
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- Fig. 4.7: toms per unit fozmula versus tetrahedral Al~? for points

analysed in amphibole oikocrysts. - Open square=amphibole oikocryst;
triangle=average of uralite aralyses (Table 3.2) frem sample J-445,
recast as amphibole; filled square-p01nts<analysed in-amphibole
oikocryst in sample J-445; circle=average of 6 amphibole grains which
ove*grow plagioclasen(Table 4, 2), Act=actinolite; Hbl=hornblende.
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cxidation of Fe~-Ti oxides during the alteration process.

The crossite substitution, alsc of potential importance in calcic
amphlboles_(e.g. Brown, 1977), is not significant in the Clinton-Colden
intrusion, as reflected in the pauncity of Nawxe (Table 4.2). Other
possible substitutions, such as the  rerri-tschermakitic and the
riebeckitic ones which Offler (1984) observed in Fe-rich subcalcic

actznolite-hornblende series amphiboles from a metadlabase, and the

cumm1ngton1te substitution whlch Arai and leal (1985) postulated as |

having occurred in calcic actinolite-hornblende series amphiboles in
Japanese metabasites, are similarly inoperative in the Clinton-Colden

amphiboles.

4.4 The origin of the coarse amphiboles -
4.4.1 The origin of the actinolite-hornblende s0lid solution

Single crystal microprobe traverses indicate'that oikocrysts vary

within the actinolite and magnesio-hornblende fields (Fig. 4.8a). The

more hprnbieﬁdid mate;ial occurs adjacent to enclosed plagiociese.
Similar g:adations within ‘aephibole adjaceﬁt' to plagloelaee are
described by Pe-Piper {1988}, Chivas- (1981), and Honékcitip and
Ashiorth'(lSSS). In contrast‘with this, graine overgrowing plagicclase
in the Clihton—Colden‘ iﬁtrusion a:e: optically .homogeneous and are
consistently aluminous {Table 4.2). . I

The concentration of Al ulthin the oikocrystic grains 1ncreases ~as

plagiocclase is. approached {Fig. 4. 8a,b) and adjacent-to plagioclase f-'

achieves values similax to those of the homogeneous, fine 2luminous

amphibole whlch‘overgrous the plagioclase. This suggests that the rate

~of diffusion of Al £rom plagioclaee, throngh'the amphibole structure,
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Fig. 4.8b: Sketches of two microprobe traverses. One crosses uralite
(2-d) and amphibole oikocryst {1-5) in sample J-445. The second.

' crosses amphibole cikocryst, ending with amphibole prism overgrowing
. ' plagioclase which is largely altered to fine epidote, in sample T-7.
- Analyses of points given in Table: 3.2 (uralite) and Table 4.z
(amphibole). Amphibole compositions plotted in Figure 4.8a.
O=oikocryst; H=fine hornblende and more aluminous calcic amphibole;
e=fine epidote; eP=extensively epidotized plagioclase grain showing
traces of albite twinning. Dotted line in fine amphibole=approximate
original grain boundary. Scale bar=0.12 mm. - N



contzelied the aluminum concentration in oikocrystic amphibole from
alurinous rims to actinolitic cores. A similar process apparently took
place during the deuteric alteration of the East Bull Lake
ancrthosite-gabbro intrusion of Ontario (Kamineni, 1986). Austreheim
and Robins (1981) also studied diffusion of elempents, including Ai,
which controlled amphibole composition during hyﬁ:afion of pyroxene in
anorthosite-gabbroe in Norway. In these studies, as in the
Clinton-Ceolden intrusion, the most Al-rich amphibolés occurred adjacent
to plagioclase. In the Clinton-Colden intrusion some amphibolés have
>16% Al20s (Table 4.2), which approaches the 3Al:0» contehts cf the most
alumiﬁous {17%) ones gi#gn in Leake's (1971) compilation of calcic
amphibole analyses. |

Fine amphibole prisms and extensions ofucoarge:amphibole oikecrysts
overgrowing plagiociase occur aﬁ most ﬁikoc:yst—plagioclase grain
boundaries (e.g. Figs. 3.7, 3.8). _Although these amphibole g:ainé are
aluminous, they ‘have less Al tﬁan ases lthe host plagicclase'tsee

reaction 4.3 below). The suiplus Al represents a source. for the

lnmdlflcqﬁion of the oikocrysts. 1In a similar context, Hohgkoltip and .1

Ashworth (1586) observed ho:nblende rims on actinclite gseudomorphg- of

clinopyzoxene in metagabbros only where the pseudomoxrphs abutted N

against plagioclase.’
:&Thg compositional trend in Ehe amphiboles of the intrusion svggests
a seéondary origin for the amphibole oikcczysts, since the cores of

these havé Al,contents well beiow"those normalily seén in' magmatic

émphiboles, while the most aluminous émphiboles, which have Al contents’

within the range of igneous amphibole (Leake, 1971); are ciearly

o 5sgcondaryf grains - overgrowing plagibclase;v A similar distribution of



Ti, with concentrations well below those seen in igneous amphiboles
(e.q. Helz, 1973), likewise puints to 3 secondary origin for the coarse
amphibole. In the light of this evidence in favour of a postmagmatic
origir for the coarse amphibole, a clarification of the origin of its

oikocrystic texture is required.

4.4.2 Bvidence of oikocrystic pyroxene and of the pyroxene to
actinolite to hornblende transformation

The fine grained uralitiéed remnants of pyroxene within amphibole
oikocrysts have compositions very similar to augite (Table 3.2). They
are in optical continuity with each other, ahd the c-axes of the
enclosing amphibole are oriented parallel tc the elongation directioms
of the fine fibres in the uralite. Presﬁﬁably the elongation direction

“in Fhe-uralite is parallel to the c-axis'in the precursor pyroxenme {cf.
Buseck.et al., 1980). It thus appears that coarse pyroxene olkocrysts
have beén replaced yy optically parallel amphibole (cf. Mongkoltip and

Ashworth, 1986), an intermediate state being represented by the

uralitized pyroxene remmnants. This intermediate state may represent an '

iﬁcipiently Hydratéd and distorted pyroxere chain structure (Velbel,
1984), interleaved amphibole and pyroxene domains (ﬁuseck et al.,
1380), or defect—fiddled métezial resulting from the multiple
nucleation of amphibole domains (Buseck et al., 1980). According to
Thompson (1981), detaileﬂ énalyﬁis of uralite indicates the presence of
disorderg&l-matezial :apbroximating amphiboie. 1In any éase, thé coarse
‘actinolite which replaces wuralite ia ‘the Clinton-Colden 1intrusion
_clearly represents the end product of a hydration and alteration

process, by which abundant coarse’ pyroxene - ,oikocrysts' vere

pséudomo:phically 'replaged by coarse actinolite; Such production of

60



A

A

coarse actinolitic amphibole in metaplutonic rocks is described by
Rodgers (1973). Similarly, Grapes et al. (1977) document replacement of
fibrous actinolitic uralite psecdomorphs {(after clinopyroxene) by
single actinolite crystals during progressive regional metamorphism of
gabbro in Japan. In most cases, some clinopyroxene remains in evidence
{e.g. Kamineni, 1986). In the case of the Clinton-Colden intrusion the
process advanced sufficiently that virtually all pyroxzne was replaced
by actinolite, and no fresh pyroxene is preserved.

Quartz blebs occurring within many'of the amphibole oikocrysts (see
Chapter 3) provide further evidence that the coarse amphiboie replaces
pyroxene. Since calcic awphiboles are generally less SiOz-rich than
clinopyxoxenes, these . quaztz blebs probably  zepresent excess SiOz
during rthe pyroxene. .to _amphibol.e transformation (see reaction 4.1,
below). Austreheim and hobins (1981) and Mongkoltip and Ashworth
(1986) observed such quartz blebs‘withln amphlbole of 1ess~complete1y
altered gabbro1c zocks, and attrxbuted to them a similar crigin.

Chemical conpoSthons of the uralitized pyroxene remnants of sample
J445 are given in Tabhle 3.2, and comp051t1ons of the overgrowing
actinolite adjacentlto the uralite are given in Table 4.2 (a;alyseé
l,é). “Phe uralite is relatively hoaogeneous, but this compositzonal
homogeneity cannot be attributed tc a homogeneous precnrsor since - the
pyroxene remnants show textural . evidence of exsolution (Fig. 3. 11)

homogeneity of uralite in similar rocks has been -attriputed to the

" alteration process (Hongkoltlp and AShworth, 1986), ‘80 ‘t is likely

-that the urali e in the clinton—Colden intrusion does not represent;

truly the ,orxglnal pyroxene composztlan. In the absence of prlst1ne

. original pyroxene an exact pyroxene to actinolite reaction cannot be
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written. However, a simplified reaction can be written based upon the
average uralite composition and the compositien of the immediately
adjacent actinclite which overgrows it. Because the concentration of
Al in the uralite is qreater than that expected for magmatic pyroxene,
and its original concentration is undeterminable, it is considered to
be entirely derived from alteration of adjacent plagioclase. Minor
components accourting for less than 0.02 atoms per unit formula are
ignored.
4.2(Feo.sMdo. sCao.55120s) + 0.25A1205 + 0.34Fe0 + 0.05Maz0 + H2°

Nao.:CazMgy.«F2*2:1 JFe*30.2Alo.2Al0.48i2.¢022(0i)2 + 0.85i02 + 1.78Ca0

(4.1)

This reaction assumes Hgo to be constant since its concentration is-

sxmllar in ura11te and actlnollte and no_ external source of MgC is;

apparent in the rock. 8i0: is not considered coastant since an 1nE1ux

of A1+ into the tetrahedral sites of the amphibole has occurred,a'

resultxng in excess sillca and quartz precipltation in many cases.

| The above reactions, as vell as those below, are approxxmate, but
they cgnform with the observed mineralogy. Reactinn 4.1 generates a
minor excess in Si0: and consumes the 5&0 produced during the
.dissolution of Fe-Ti oxides. The excess Ca0 probably contributgs to
the" épidote\_ found throughout the intrusion. rThe source of the Alz0s

: consumed is accounted for in reaction 4.3 below.

A second reaction can be w:itten, using the composition of

,actino-zte lying immediately adjacent to utalite (point 1 in Flgure
4.8b) as the major reactant, and the COMposition of . mag1esioho:nb1ende

'Lyxng ‘adjacent to plagioclase (point 11 in Figure 4.8b) as the major‘

.p:oduct, 111ustrat1ng tua transition from actinolite to hoznblende as
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Al increases towards the margin of the coarse amphibole grain. In this
case Ca is assumed to be constant, based upon its similarity in
concentration (a function of its approximately complete occupancy of
the M4 site) across the grain:
Nao. CasMgs.Fe*?:,  aFe*3g . 2A)u.2A1,. 488 ¢022(0H)z + 0.05Naz0
+ (.2Fe0 + 0.65A1:0x
Nao.zCazMgz.sFe*22 oFe 30 .28l0.7A12.2516.3022{0H)z + 0.9Mg0 + 0.7Si0z
' (4.2)
A further reaction can be written thch illuétzates the nafure of
the Al?zeleasing process. The mean of all plégioclase gzeins analysed
"is used as the major reactant, and the mean of all ‘analyséd amphibole
grains overgrowing plagioclaée is the majoi producf.
2.85({Nu0.27Ca0.72Ak1.75812.240) + 2.3Mg0 + 2.05Fe0 + H20 =
Hao..Ca;..ng.afe’zl.vFe”o.:sAlo.sAl;.sSiu.usozz(03): + o.iSSNazo +
: }.27A1205 + 9.22Ca0 . (4.3) |

This reaction alsc supplies the Na :equifed-during reactions 4.1 and

4.2. Plagioclase thuslcontributes Al and Na during its replacement by.

“amphibole without requiring modification of surviving plagiéclase{

4.4.3 Diffusion of elements during the production and modification A
of coarse amphibole

The transformation of pyroxehé to actinolite involved consumption

of Al, Fe and H* and the release of Ca. A flux of these elements must

- have- _taken plaée in oide; to alter to actinolite the interiors of what .

wefe‘veé} coarse pyroxene oikocrysts. Indirect evidence of - this flux

‘remains  in _the: form "of element. concentration gradients within

péeudomorphic amphibole oikoéryﬁts. -Figure 4.7 illustrates _the

concentration of major cations versus number of Al*Y per unit formula
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for all points analysed in amphibole oikocrysts. The amounts of toRal
Fe, Na and K present in the amphibole all increase as Al*V increases
{i.e. as more actinolitic compositions are approached). Cenversely, Mg
decreases in this direction. The mean of all uralite analyses from
sample J-445, recast as an amphibole for comparison, lies at the
. actinolite end of the compositional trends, suggesting that these
trends developed as a resuit of diffusion of Al, Fe,_Na and K. towards
the site of aralite replacement by amphibole, and of Mg away from it.

This suggestion is supported by an =xamination of compositional
trens in the\amphibole oikocrysts as neighbouring plagioclase, rather
than uralite, is approached. Figure 4.8a shows that amphibole
overgrowing plagioclase lies at one\end of the compositional gradient
observed in the oikocrystic amphibole analysed'in sample T-7.

Reaction 4.3 (the replacement vof pladioclase by aluminocus
. amphibole} requires a scurce of Mg.  WYhereas Fe was available from
sites of alteration of Fe-Ti oxides, Hg is abundant only in actinolitic
amphiblole (Figure 4.7). Por example, actinolite zeplacing uralite in
sample J&!S_l(reaction 4.1) nas 3.4 atoms Mg Per unit formula, quite
high for calcic amphibole (ct. Robinson et al., 1982, p. 17). The
seurce of Mg may have been the pyroxene, which could have been more
Mg-rich than is iudicated by the compos:tion~o£ its uralitic alteration
'product.' Hg may have been 11berated durlng the amphibolitizatien of
calcic pyroxene, since that mix cral has greater Hg/Hg+Fe" than does
coexisting calcic amphibole (Kretz anleen, 1978). Hg saturaticen of
adjacent actinolite may have resulted. As di Efusion of Fe and Al ftoto;
the cores of toe.coerse amph1bole graxns occurred, displacement: of Hg

may have produced the observed decline in the concentration of that.



element, and in the Mg/Mg+Fe** ratio in the coexisting amphibole
{Ramberg, 1952, p. 345) at the margins of the grains. A flux of Mg
outwards from the uralite-actinolite transition 2zone could have
supplied the Mg consumed during the growth of tschermakite over
plagicclase. These amphibole grains have low Mg/Mg+Fe™? ratios (Fig.
4.%2), in part a function of the availability at grain margins of Fe
from altered Fe-Ti oxides.

Consideratiﬁn of the above trends suggests that diffusion of Al and
Fe, from plagioclase and Fe-oxides respectively, into the .actinolitic
proguct of hydration of 'clinopyroxene, with concomitant outward
diffusion of Ca and Mg, resulted in fhe observed patfern of actinolitic

cores of amphibole oikocrysts being rimmed by progressively more

hornolendic and less magnesian amphibole. The least diffesive:

component, Al, exerted the greatest control during the modification of
the coirse amphibeles. : |

The sharp drop in the Ca ?contenf frbm' the average uralite
“ composition to that 6£ the actinolite Hhich'replaées”(Fig. 4.7) it is

mineralogically predicgable,‘amphibole‘being-limited in its capacity'to

accept Ca (Robinson et al., 1982). Within the oikocrystic amphibolel

grain, however, the Ca gzadientfis slight, indicating that Ca diifused_

with relative ease away from the uralitic source. Hﬁ} on the other

hand, actually increases slightly from.average uralite in sample J445

to the amphibole-which overqgrows it, before decllninqishérply in
\'. .

B concentration as Si declines towards the margins of the oikocrystic

amphibole. The calcium ion,- being larger, might be expected to diffuse;

less readily than Mg throﬁgh the amphibdle st:ucture,fprpducing a steep

Ca gradient. However, in amphiboles Ca occers in the lazge Hé‘siﬁef
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between the octahedral strip and the tetrzhedral chain (Hawthozne,
1981), which may promote its diffusion through the amphibole structure.
The influx of Al into the amphibole structure rescited in 2 decline in
the Mg/Mg+Fe~* ratio relative to more actinolitic amphibole (Fig. 4.8a)
(Ramberg, 1952), aqd produced a decrease in the Mg concentration £from
core to rim. Fer increases as Mg declines, probably bescause Al from=

plagioclase and Fe and Ti from opaque oxides probably competed for M2

sites (angkbltip and Ashworth, 1986). Therefore the Mg distribution:

in the oikocrystic amphibele is probably constrained by the slow
diffusivity of Al.

The clinopyzoxene-actinolite- reaction is not a closed System one.
The component required in the case. of the Clinton-Colden intrusion,
apart from- &7, is Al. - Therefore the.. Al-releasing
plagioclase-hornblende overgrowth reaction, which consumed Mg, ua§
probably 'coeﬁal with the alteraticn of clinopyroxene to actinoiite.
The epidotization of plagioclase probably éonsuned excess Ca produced

by both of the amphibole-producing reactions.

4.4.4 Precursors of coarse amphibole

A‘ clinopyroxene progenitor would accduht for the calcic nature of
all amphibole oikpcrysts.' ﬂone of these oikocrysts represent primary
amphibole since all have actinolitic cores. Furthermore, all
amphiboles analysed, ‘ihcldding margins of _oikocrysts, have l Ti
conceﬂtzafions wellf below tﬁat ekpeéted for magmatic héinbiendes

| coexisting with Fe-Ti oxides (Otten, 1984). No minerals suggestive of

alteration of ‘6thez -mafiq_ phases, for - instance Sezpentine' afte: “

olivine, ;ummingtonlte after: orthopyzoxene‘_(Austreheim and Robins,
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1981), or ferzro-actinolite after hedenbergitic pyroxene (Ike, 1985),
were oﬁsezved in the Clinton-Colden intrusion. Mongkoltip and Ashworth
{1986) cbserved complex relationships between discrete cummingtonite
and hornblende grains in cllinopyroxene + orthopyroxene-bearing
metagabbzos in Scotlend. :They found hornblende rims op commingtonite
grains where they were in contact with plagioclase. This is not the
case in the Clinton-Colden intrusion, where the cores of the oikocrysts
grains are always ectinolitic. Rodgers (1973) describes actirolitic
amphibole produced during alteration of bronzite, but in that study a
nearby source of Ca, in the form of a magnesiq—hornblende rich rock,
vas invoked to explain the production of- calcic amphibole during
alteration of orthopyroxene. In the Clinton-Cblden intrusion the
presence of small amounts of orthopyroxene may have been masked in
secondary amphibole by the presence of excess Ca from the more abundant
clinopfroxene.rl Abundant - epidote in rocks ofuthe intrusion indicates
availabilily of Ca during at least part of the alteration p:oceSs.:: It
is possible that pervasxve Ca  metasomatism has obscured original

variations in the ferromagnesian minerals.  |

4.4.5 The nature of the hydration process
Postmagmatic hyﬂrothermal and regional metamorphic origins are

possibie for the coarse interctitial amphibole of the intrusion. A

1postmegmatic hydrothermal rather than ieglonai‘.metamorphic origin -is-

supported by the lack of penetrative defornation and foliation and by
the ubiquity of i1neous plagioclase textures and compos!tlons vhere
‘that mineral ﬁas not been epldotxzed. The zeplacement of coarse

'.clinopyroxene oikocrysts by amphibcle pseudomorphs squests a pervasive
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static hydration zrather than the regional metamorphism which caused
extensive recrystallization and deformation of the enclosing volcanié
rocks. Furthermorc, the rectilinear £racture networe (Fig. 3.14),
which could be of a cooling-shrinkage origin and which controls epidote
alteration of plagioclase, could have provided a ubiguitous system for
circulation of a H’—beazing- phase. From these major  fractures
diffusion of hydrogen, probably in a hydrous fluid, occurred along
grain boundaries and through minor fractures, resulting in pervasive

hydration of pyroxene.

On the other Land, the gabbro-anorthosite intrusion must have -

undergonz ~ some metamorphism during the emplacement of granitoid

iptidsions, which are thought to have recrystallized adji it volecanic

" rocks to the amphibolife facies (Hendétson:et al., 1957).-kThe ignebus"

plagioclase of the intrusion was zelativgiy stable during‘thls event

because of its calcic Eomposition and the absence of a phase like

alkali -feldspar suitable for Ka-Ca exchange .duzing métamorphic

re-equxlibratlon. Some of the hornblﬂnde rimming coacse oikocrystlc

amphibole may have grown during this event, and may have been. involveo*
in lxmited Ca~-for-Na exchanae uith plagxoclase,‘ but the surv;ving )

plagloclase was 11tt1e-af£ected and the effects of the amph:brltte

facies metamorphism appear to have been relativgly sllght,
Nonetheleéé, the magnitude of its effect is difficult to evaluatg._ A
~ relatively static éontact metamorphic event might have signlfic;ntly
‘éltered the mineralogf» of the gébbro-anorthosite intrusion without
'deforming 1t. Houeve:, a dlscrepancy remains betueen the deformed

finely recrystalllzed and follated volcanic rocks and the relatxvely

" well preserved intrusion. The Eormer may have been deformed and
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metamorphosed before intﬁusion of the gabbro—anortbcsite occurred, but
direct evidence of an early tectonic event is not observed.

A completely deuteric origin is unlikely, since the parental mafic
magma is unlikely to have been water-rich, and there is no evidence of
high-temperatvre hydrous phases. Evidence of igneous hornbiende is not
observed, nor are myrmekitic textures attributed by Dymek and
Schiffries (1987) to reacéion of plagioclase phenocrysts with a hydrous
magmatic fluid in the St-Urbain anorthosite complex. If the alteration
was deuteric the parental liguid must have been anomalously water-rich,
and early high-temperature hornblende phenocrysts or reaction rims must
have been destroyed or strongly modified by subsequent
lower-temperature reactions.

If, on the other hand, the hydrating phase was a country fock
-fluid, it was of non-marine origin, despitetthe fact that the infruslon
has been emplaced in volcanic rocks which include pil}owed flows. Thé
fluid was low in ¥a, as indicated by the Qery d¥a-poor mineral
: assemblage, and was bqor in COQ, since carﬁonate 'is rare in thg
Intrusion. The fact that plagioclase is calcic,'with nearly pristiﬁe
igneous cohpositions even .where éfains are paftially ové:groiﬁ by
amphibole, inﬁicates ‘that Cé-Na exchange was limited in extent,
presumably because ’fhe fluid was Ca-rich. Lagache (1954, p. 272)
indicates that, for example, at 500°C and"Slkb calcic plagiqclase is
stable with £1luids containing high Cafﬁa zétiqs, and that An confents
_Sucﬁxas are observed in the Clinton-Colden _infzusion are compatible
with fluid Ca/Na -values . greater ;than .one; -Much of the Ca.in the
hydrating phase may have been iibg:ated‘ ' during 'hﬁdration of

clindpyroxene to amphibple. However, the origin of the hydratinguphasé



{£luid or otherwise} remains enigmatic.

4.5 Fine amphibole overgrowing coarse amphidole

About 10% of the rinterstitial rerronagnesian minerals of the
intrusion censist of fine (<0.5 mm) grains which overgrow the
oikocrystic amphibole grains. These grains are optically similar to
the actinolite-hornblende amphiboles discussed above, end consist of
calcic amphibole. In some cases they almost completely replace the
host grains, although it is difficult to distinguish laxge-scale
replacement of oikocrystic anphiboie Erom- partial topotadtic and
partial fine-grained replacement of uralite by ampnibole}

Six. mxcroprobe analyses of fine secondary amphlbole Erom crots of
such materxal in three samples are given .in Table 4.2 and are plotted

in Flgure 4.2. These data fall into two groups, in the Eields of

actlnolltlc hornblende and tschermakitlc hornblende. The former may

represent non-topotactlc replacement of uralite distal to the Al
source, while the latter represent either non-topotact1c uralite
replacement adjacent to' the Al source, or 1ater recrystalllzation of
margins of coarse amphxbole oxkocrysts. This gap could also zreflect
the controversial Canamphibolef;miscibility “gap, sluggisnness of
pregrade reactions in the amphibeles, or simply reflect a paucity of

data.

4.6 Amphiboles of the 1ntru51on and the Ca-amphibole mxsclbility ‘
gsp : : e

Compilations~'o£ large nunbers of 'ampnibole analyses from'the

geologzcal literatnre reveal a significant compesit*onal gap betueen |

-

actinolite and .hornblende (e.g.‘ ‘Grapes and Graham, 1978;.. This
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compositional gap could represent a miscibility gap (e.g. Miyashiro,
1973), but exsolution textvres indicative of immiscibility are
extremely rare (Mongkoltip and Ashworth, 1986). Although many workers
postulate a miscibility gap does exist in calcic amphiboles under
certzin conditions (e.q. Oba, 1980: arai and Hirai, 1985*, a more
generally accepted explanation of the observed compositional gap is
that it represents kinetic .“sluggishness" of amphibole-producing
rreactiqns at the greenschisf-amphibolite facies boundary, resulting ia
the sudden appearance ol aluminous amphiboles rather than the
pzoéressive development of succesively more Al-rich ones (Grapes and
Graham, 1978). |
The amphiboles of _Tthe Ciinton-Co;den intrusion shpw no
‘compositional. qap (Figq. 4.2i. Compositions of points analysed even

within singig grains range from actinolite to hornblende (Fig. 4.8a).

No internal grain ?boundaries,,or sharp_cgmpositional discqntinujties-

suggnstlve of exsolution in the amphiboles were observed.

Although exsolutlon may have occurreéd on a scale too fine to

observe by optical or microprobe methods (Hawtho:ne, 1981), the regular |

compositi&ﬂal gradients observed iii amphiboles of the intrusion are

.incompatible with the presence of discrete Al-rich and Al-podz domains.

Al was';pparently free to move. through the amphibole structure frem |

one. unit ceil tq-_another. Otherwise,‘optically discrete hornbiende

‘.fims might more reasona2bly héve_ developed on actinolite cores, the

ho:nblende; rims expanding as the reaction p;ogzessed, preserving the-

tqprphase condition. While it is- clear that the amphibole-modifying

process was aziesteq befo:e‘tﬁe coarse amphibole grains equilibrated,

the presence of the;regﬁlar:cbmpositibnal gradients and the absence - of
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exsolution lamellae within the amphibole graims indicate that amphibole
compositions ranging from actinolite to tschermakitic hornblende were

stable during the cooling of the Clinton-Colden intrusion.
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CHAPTER 5

GEOCHEMISTRY

5.1 Introduction

Twenty four whole-rock samples of the Clinton-Colden
gabbro-anorthosite intrusion and tuenty-fhree samples of volcanic rocks
(this stody and Wodicka, 1987) of the area were analysed for major
elements and trace elements. Eight gabbro-anorthosite and eight
volcanic rocks were analysed for the rare-earth elements (REB) and
additional trace elements (Table 5.1).

Meta-volcanic rocks were sampled and analjsed in order to test the

hypothesis that the gabbro-anorthosite intrusion was consanguinous with

the contemporaneous volcanic pile which it intrudes (see Chapter 2).

Due to aiteration of the rocks, paucity of data on the veolcanic rocks,
and the lack of layering, chilled mazgins or other spatlo—femporal
prganization in the intrusion, modelling of czystal fractionation did
not yield useful :esults.‘ Nonetheless, the chemical data for the
volcanic rocks of the southern Clintoh—cblden greenstone belt are

presented below, with a brief discussion.

5.2 Geochemistry of the Clinton-Colden gabbro-ahorthosite
intrusion

Chemical compositions of samples of the intrusion are presented in
Appendix 2, major  element dJata are p:esented_in_Flguze_S.l; and REE

data are presented in Figure 5.2. Because rocks of the intrusion are

dominated by plagioclase, variation' in -whoie-:ock'_chenlstry is

79

essentially a function of variation in plagibclasescontent.. Because of . -

' the absence'oﬁ laferinq'o: othezr regqularity it has-not-beén possible to .
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Fig. 5.2: REE spectra for rocks of the Clinton-Colden

gabbro-anorthosite intrusion and volcanic rocks of the area. a) all.
spectra, volcanic rocks clustered between 10 and 100X chondrite,
gabbro-anorthosite samples clustered at approximately 3X chondrite.
b) spectra for gabbro-anorthosite samples. Note well-developed

‘positive Eu anomaly and flat.overall trends. Analyses given in

Appendix 2, 1=G-73; 2=G-87; 3=6-72; 4=G-92; 5=G-85; 6=G-T1; 7=G-25;

- 8=6-95, (cont'd. next page)
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8 in Figures 5.2b and 5
LREE-enriched trends.

€

I3 spectra for mafic volcanic rocks.
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Numbers 1 to
.2c correlate with increasing Si0z. Note

Analyses given in Appendix 2, 1= N-38; 2=N-27;

3=N-22; 4=N-25.
rocks.

d) Spectra for intermediate and felsic volicanic

‘Note evolution:of negative Eu anomaly with. decreasz1g Si0=

Analyses glven in Appendlx 2, 5-N 57 6 N~43; T=N-47; 8=N-26.
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study the crystallization history of the intrusion. Instead, it is
treated as a single petrogemetic unit.

Variation in the concentratisa of elements relative to Si0z is
irreqgular, depending upon the relative abundance of plagioclase grains
ih samples, a function of the physical processes occurring duzing
emplacement of the magma. Fot.most elements samples of anorthosite
tend to cluster at the high or low end of thé-distiibution, reflecting
the conéentratiou of each element 'in plagioclase. Samples of gabbro
lie at the opposite ext;eﬁe, while leucogabbroic samples occur between
the two. This spatial distinction is most apparent in the case of
Al=0s, the concentration of which is greatestfiﬁ plagloclase. Mixing
of plagioclase and {(predominantly) amphibole has resulted in the

variation in alumina content observed in Figure 5.1. Other elements

vary in like manner. In the cases of FeaOacry, MnO, and Ti0z, elements

.essentially absent from plagioclase, the whole-rock concentrations can

be directly attributed to varying proportions of 1nterst1t1a1 magma

The concentration of §i0z in anorthosite is approximately that of the.

mean plaqioclase of the intrusion (cf. Table. 3.1), with little‘

variation. The ~ Si0:z ‘content_ of more mafic samples varies widely,
essentiallg‘reﬁlecting the much greater variation in $10z content 1n
the amphiboles of the intrusion (cf. Table 4.2). |
COmpaiéd to most other Archean anorthositic intrusive 5odies, vhich
have Mg/Mg +_Fe*z'> 0.6, rocks of the Clinton-Colden lintrusion have

very low Mg/Mg + Fe*2, averaging 0.348 (assuming Pe*2/Fe** + Fe*? =

0.9, cf. Simmons et al., 1980). Thé concentration of Tioz in gabbroic‘
-phases ranges from 0. 36 to 3 23 weight percent, and in general. is-

‘ considerably g:eatez th;n in similar rocks in the, Tessluyakh,
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Fiskenaesset, Shawmere and Bad Vermilion Lake complexes. The 7i0:
content of the rocks falls within the range reported by Simmons and
Hanson (1978) for a number of Proterozoic anorthosite massifs of the
Grenviile proﬁince, and is zeflected in the zbundance of iimenite and
rutile in the rocks.

The intrausion has low total RER with positive Bu anomalies, as do

Proterozoic massif anorthosites (Simwons and Hanson, 1978) and other .

Archean anorthosite occurrences (e.g. Simmons et al., 1986). This is a

result of the accﬁmnlation of plagioclase, with low partition

coefficients for REE other than 'Bu, during fractiomation of a

voluminous parental magma. The flat trends of the REE spectra of the
intrusion probably resulted from a combination of LREB-enriched
plagioclase trends and HREE-enziched clinopyroxene trends, the jlatter
being preserved during subsequent recrystallization of clinopyroxene to
form amphibole. |

Like the Archeen Shawmere anorthosite complex (Simmons et al.,
1986), the Clinton-Colden intrusion could xepresent a plagioclase
;cumulate produced during fractionation of ‘a magma pa:ental to

tholeiitic wvolcanic rocks. Indirect evidence is found in the low REE

content of the tholeiitic volcanic rocks whlch it intrudes, and with

which it is appzoxinately coeval, being oldex than a rhyolite in the

same greenstone belt. The chemical-evidence of dexivation of the mafic

to felsic voicanic sequence by E:actionation’(see beiow), in particular
‘the progressive development of a negative Bu anomaly, are cempatible
with the evolution of the gabbro-anorthosite durinq the fractionation
process, as is the presence of abundant coarsely plagioclase-phyric

i sills. within the volcanic sequence.
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5.3 Geochemistry of the meta-volcanic rocks

Homogeneous, relatively non-carbonatized, non-silicified and
non-mineralized rocks were selected for chemical =analysis. However,
compositional changes  have inevitably occurred during pe:vésive
xecrystalliéation. it is possible to infer something about these
changes from the chemical data. Relatively immobile elements such as
Ti and Al show sﬁooth trends in variation diagraﬁs, while more mobile
elemgnts such as Na and K have highlyrirregular distributions. FPor
exapple, samples N-4C and K-23B, which have nearly identical immobile
major and tracé element contents have very different Kz0 contents,
suggéstlve of mobilization of XK (Fig. 5.3). Immobllé elements are
therefore used for the purpose of discussion of the geochemistry of the
volcanic rocks. Lack of stratigraphic control made it impossible ‘to
_deternine whether the variation in volcanic rock types was cycllcal.

The volcanic rocks of the study area are therefore treated as a single

petrogenetic package. . Alteration and the relatively Small sample

population rendered an investigation of tectonic setting . using-

empirical dlagrams_impossible._

Wodicka  (1987) demonstrated that the volcanic rocks ofi'the

area are subalkaline ard are  tholeiitic = (mafic flows) to cale-
" alkaline . (intermediate and felsic flows), following the classifi-
cation of Irvine and Baragar (1971). Her "major element data are

included in Figure 5.3 and in Appendix 2.

:‘Hbdiéka (1987) concluded that the volcanic rocks of the area were

compositionally bimodal, with a‘ re1at1ve‘ absence of intermediate

compositions. Howevei,‘the author'sffield'obsgrvations-and laboratory
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data indicate that the volcanmic rocks consist predominantly of mafic
volcanic rock, smaller gquantities of intermediate volcanic rock, and
still less felsic rock. Therefore the volcanic rocks do not seem to
have a volumetric bimodal distribution. Geochemical indicators of
bimodality are also inconelusive.. Wodicka (1987) suggeste& bimodality
for the volcanic recks of the southern part of the greemstone belt as*e
result of 13 analyses of rocks whose composition ranged from basalt to
rhyolite. She found no samples containing between 64 and 73% Si0z, and
similar gaps between mafic and felsic populations for some trace
elements. Ten additional samples spanning the same compositional'range
(based on colour index) yielded a less pronourced gap. Nonetheless,
8i0z variation diagrams do indicate a stetistical minimum within the
- range of the silica gap of Wodicka (1487). The gap corresponds to a
paucity of samples in the range of Qdacite to rhyolite rather than
andesitic (the usual Daly gap (Thurston and Pryer, 1983)). This may
simply reflect the small nunber‘OE'samples available for analysie. In
" any case, éiOz concentrations provide little‘evidence for or egainst
bimodality of the volcanic eeonence. |

The question of bimodality way be examxned from a petrogenetlc,
rather than purely compositional, point of view, Thel tectonic
1mp1ications of bimodality in a volcanic sequence der;ve from the

suggestion that felsic magmas of-a bimodal suite come from a siallc

source {e.g. Thurston and Fryer; .1983) rather than from fractionation

of a mafic parent to produce a, complete sequence.‘ Geochemical evidence

compatible with fractionatron of a Darental 1iquid resembling the mafic.

A

‘ volcunic rocks to yield succeus1ve1y more . silica—rlch liquidslﬁ

represented by intermediate and felsic volcanxc Tocks nay be observed-.'
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in variation diagrams and in REE trends (Fig. 5.2). 1In general, trends
from mafic to felsic members of the volcanic series are smooth and ne
significant sharp breaks are present which could be attributed to
derivation from different parental magmas. Scattex in the distribution
of Rb most likely refiects the mobility of that element. Ancmalously
‘ high concentrations of Y and Zr in the samples having 66 and 70% SiO2
may be due .to olteratlon {they have very low concentrations of K:0 and
‘ﬁttggor accumnlation of a minezral such as zircon (Deer et al., 1966).

e

Such anomalies are expected given. the phyric nature of the E£elsic

'volcani:: rocks, and effects of metamorphism. The observed pattern of

trace element distribution supports the concept of derivation by

fractionation from a single parental magma perhaps resembling the mafic

volcanic rocks sampled.

Bvidence from REE trends is more compelling. As $i0: increases

total REE increase, LREE lncreaoe more rapidly tham HREE, and a
negative Eu anomaly appears. The similarity of total HREE contents and
their slopes in rocks ranging in composition from 48 to 75% S102 is
‘.striking, es‘isuthe progressive and consistent development o£‘ the Bu
| anomnly and the smooth increase in LREE content. This'pattern is
consrstent with the derivation of the' felsic volcanic magma by

. fractionation of a mafic parent similar to the mafic volcanic rocks.

Fractionation of plagioclase (accounting for the developnent of the Eu

' anomalyl‘and a ferromagnesian phase such as clinopyrorene or hornbiende
. (accountrng for the increase in LREE relative ‘to HREE) could account
for this ‘as uell {Green and Pearson, 1985; Lemarchand et ai., 1987).

Such a process could have yielded a body having a magmatic conpositlon

like that.o£~the Clinton-Colden gabbro-anorthosite 1ntruslon. However,’
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attempts to model fractionation processes vwhich could link the
intrusion to the volcanic pile it intrudes have proven futile, due to
the altered state of the rocks, lack of data or the volcanic rocks, and
lack of layering in the intrusion.

The total REE content of the volcanic rocks is low, lower for
instance than the concentrations expected from partial melting of
sialic sources (e.g. Cuilers and Graf, 1984a,b). REE distributioas in
the volcanic rocks suggest that the rangé of volcanic compositions in
the area developed by fractionation of mafic magmas from a common
source.

Some other aspects of the geochemistry of meta;volcanic rocks from
the area, including normative composition, are discussed by Hbdicka

(1987).

2
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CHAPTER 6

DISCUSSION

§.1 "The nature of the intrusion ané its mode of emplacement
The Clinton-Coldea gabbro-anorthosite istrusion is an. altered
plagiociase-rich mafic body which consists la:gelf of magmatic

plagioclase grains enclosed in coarse apphiboie grains which have

pseudomorphically‘replaced clinopyroxene oikocrysts. " The intrusion was

altered by hydration of clxnopyroxene to produce amphibole, accompanied
by some alteratlon of plagioclase to £ine epidote. Unaltered

niagioclase retains magmatic features, including abundant Carlsbad

twinning. All grains are calcic. Their composition varies between

grains, and there is no indication of metamorphic composltlonaL
equilibration even at hand sample scale. There is no polygonizatioen,
subgrain developmert, granulatioh, growth of plagioclase cvef? other
minerals, or other evidence of recrystallization of plagioc;ase. In
other words, unaltered plagieclase retaxns its otiginal morphology,
and, insofa: ‘as can be detected, its original composition. The major
'alteration was restricted to areas and mlnerals ‘susceptible. to
‘hydration by volatiles which cxrculated pzedominantly in the ubiquitous
f:acture system descr;bed.

The- reason for the c:ystallizat;pn of very coarse pyroxene
oxkocrysts is not clear; uathlson (1957) documehts.the occurrence of

_coarse c11nopyroxene oxkocrysts enclosing plagxoclase in coarse grained

layered gabbroic 1ntrusions 1n Anstralia, but in those cases enclosed_:
R plagloclase crystals are elongate and skeletal, provxding additional'

evidence - of-,supercooling. In those cases chamher replenishment is
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believed to have resulted in supercooling of injected magma. The
Clinton-Colden intrusion is not layered, shows no sign of
rzeplenishment, and contains coarse poikilitic amphibole pseudomorphs of
clinopyroxene throughout. Supercooling mechanisms which might apply in
this case, such as a lack of seed crystals (unlikely since plagioclase,
along with possible olivine or other phases, was already on the
ligeidus) or zeduction of temperature due to exsolution of a wvapour
phase, are difficult teo -prove. The last might have promcted coarse
grain growth by promoting diffusion in the melt. It might also have
been expected, however, to result in the appearance of magmatic
hornblende, which is lacking. ‘

Interstitial material included a magmatic Fe-Ti oxide phase. Othex
phases may have preceded plagioclase on the liguidas, but they have
been obscured by .reaction with the magma or Dby pﬁstmagmatié
alteration.

The ‘ihtzusion as presently exposed is a portion of a laxger mafic
syStem.- No parental magma could have fractionated >50% plagibciase
,;phenoérysts, even if it were Al-rich.  Furthérmo:e,'thg plagioclase of
the ‘intruSion is virtually unzoned, indicating that':it vés ~at
equilibrium with” a large volume of wmagma . during most ﬁf ‘its

crystallization history."

There is no evidence that the body is extensive in the subsurface

or that related bodies, including a lafger parental magma chamber, lie
theréﬁ No gravity anohaly (Barth Physics Branch, 1969) 15 centred on

'thé’ intrusion, and the magnetic anomaly {Geological Survey‘di:Cahada,

1568) éésociated with it is minox. The available evidencé inﬁicates‘

that the = intrusion rgpresenté »la- single = intrusive pulse 6£ :

N
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plagioclase-rich crystal mush, detached from the bulk of the parental
fractionation chamber.

The remarkably heterogeneous distribution of rock types and the
complete lack of layering seen in the body are unusual for such a mafic
intrusion. This is particalarly true of one which contains abundant
coazse sub-equidimensional plagioclase phenocrysts suggestive of slow
growth (cf. Lofgren, 1971}, slow enoﬁgh to have permitted settling or
flotation of phenocrysts in the non-viscous mafic wmagma, or to have
zesulted in in-situ develobment of cyclical or other layering (e.q.
Huppert and Sparks, 1984). The intrusion may therefore be a remnant of
a dyke or plug-like body of disrupted crystal-rich magma consisting
lergely of plagioclase phenocrysts originally é:ouﬁ in adcumalate
fashion in a larger parental magma chamber. Minor interstitial
late-stage'fzactionation products are represented only by rare zircon.
Rapid diffusion of residval liquid, perhaps toAan unexposed part of the
system, is indicated by the abundaﬁce of oikocrystic textures, and may
account for the lack of late-stage interstitial material such as
gtanophyre (Wager et al., 1960).

Dlsruptive emplacement - is indicated both by heteroqeneous and

nebulous texture and by variation in plagioclase composition suggestive'

of irregular mixing of the mash. For instance, although individual
plagioclase grains are homogeneous ahﬂ nearly unzoned (Table 3.1),
grains withirn samples can vary somewhat in composition, in some cases

by more than Anze. ‘This is suggestive of nixing of prevlously qrown

' phenocrysts du:ing transport and .emplacement. : It may indicate

'disruptxon of earlier conpositional layering developed in a parentals

© magna.
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The magma cas transported from its parental magma chambez, and
empiaced into the rocks of the volcanic belt. Experimental work by
Campbell et al. (1978) indicates that plagioclase of composition An.a
may be expected to fleoat in liquids parental to mafic intrusions such
as Skaergaard. The Clinton-Colden magma may have separated from its
parental magma chamber as a buoyant plagioclase-rich upper cummnlate
phase, and been emplaced into the overlying crust. Lack of internal
layering may have been caused by flow turbulence due to the relatively
high viscosity of the crystal-rich mush (Marsh. 1988). The complete
absence of flow-di4.‘4‘Eereni:ial:i.on,r flowbsorting or textures indicative of
multiple pulses of magma {Platten and Watterson, 1987) indicates that
the body was emplaced in a single event. The mush might conceivably
have developed during transport of Al—rich‘ basaltic magma from the
crust—oantle interface as envisioned by Emslie {1978) in the case of
Proterozoic massif anorthositc. However, the intrusicn has a number of
_characteristics, including its small size, more calcic placioclase, and

its Archean age, vhich- clearly distinguish it from Protero201c massit

banorthosltes. ‘Given 1ts small size and high phenocryst cootent (with
attendant elcvated viscosity), it is unlikely that it has been
transported a’great distance from the site of fractionacion.

" Archean anorthosites usually consist of coarse equidimensional

calcic (Ansc-ss) plagioclase phenocrysts in a fine-grained matrix

(ashwal et al., 1983). They generally have Mg/Mg + Fe*z‘}_o.s,‘and are

usually older than 3.0 Ga {Simmon5~ et al.,:'1980}. They ~ are often‘a

associated with mafic volcanic flous containing plagloclase phenocrysts'

sinllar to those in the anorthosite (Ashwal et al., 1983). Several

ideas have been advanced concern;og their mode‘of oziqin.' It has been



suggested that they represent segments of Archean oceanic crust,
cumnlate complements to enclosing gneisses, and cumulates genetically
related to the volcanic rocks of the areenstone belts they often
intrude (see references in Weaver et al., 1981). The Clinton-Colden
intrusion is like other Archean anorthositic complexes in containing
coarse calcic plagiocase, and in its relatlively small size. It is also
associated with plagioclase phenocryst-bearing mafic lavas with which
it could be cogenetic. Unlike other Archean occurrences, however, it
is unlayered, has no associated ultramafic rocks, and has a very low

Mg/Mg + Fe*2 rxatio.

6.2 Physical conditions during emplacement and cooling of the
intrusion

Mineral assemblages in the Clinton-Colden intrusion bear a striking
resemblance to:those of the East Buil Lake anorthosite-gabbro intrusion
(Kaminehi, 1986). | Czlcic plagioclase+actinolite;epidote assemblages,

found elsewhere to indicate a temperature of about 600°C -(Hietaoen,
11974), and hydrothermal ‘actinolite, formed at temperatures above 300°C

(Hottl and Holland, 1378), indicate for both the East Bull Lake and the

Cllnton-Colden intrusions a postmagmatic re-equilibration temperature

range of 400° to 600=C, if in fact the\miheralo@y of Ehe intrusion is :

largely a product of coolxng—related alteration. Although aluminous

amphibole was stable at least in high Al parts of the system (e.q.

: overgrowing plagioclase}, it co—existed with chiorite aod epidote.

Furthermore, the low Ti content of the. amphiboles, averaginq about 0.05
per un1t formula even in most T1-r1ch hornblende, indicates that they

Eormed within the greenschist—amphibolite transition facies of Raase

(1974). Therefore the hydrothermal alteratron assemblage stabilized.
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under conditions transitional between greenschist ard amphibolite
facies, providing an upper 1limit on the temperature in the country
rocks.

The pressure during intxusien and subsequent alteration must have
been compatible with the greenschist-amphibolite transition described
above. The very low Nawas values (Appendix 1) in the amphiboles is
suggestive of low pressure (Brown, 1977}, although this may be due in
part to a general deficiency in Na. Other evidence suggests somewhat
higher pressure. Some amphiboles in the Clinton-Colden intrusion are
very aluminous, containihg more than 16% Al20,, with high AlY*/A1*V
ratios. Leake (1971) found that maximum A1V® occurs in amphiboles from
high pressure environments. The amphiboles of the intrusion fall alorg
the boundary between high and low piessure fields in Fleet and
Barnett's (1978) Al‘V/AIV‘- diagram (Fig. 6.1), equivalent to
approximately 5 kb pressure (Raase, 1974). The low Ti content of the
amphiboles also indicafes a medium or high pressure origin, based"upon

the werk of Hynes (1982). There have been‘suggeStions that high

pressure reduces the miscibility gap in calcic amphiboles (Arai and °

Hiral, 1985; Pe-Piper, 1988), and mo 'gap whatsoever occurs. in the

amph1boles of the c11nton-Colden 1ntrusion, although this may be due to

the arrested ‘diffuslon-controlled nature of the amphibole—modifying-

process, rather than an,extetnal phenomenon suqh as piessu;e. Im ‘any
_ case, amphibole chemistry indicates that pressure‘during the deuteric

" alteration of the intrusion uas‘sdmeuhat elevateﬂ.'-However, since the

pressure cannot have exceeded values compatible with transitional_ .

greenschist—amph1b011te facies mineral assemblages, it is snggested

that the magma 1nt*uded rocks lying in the upper pressure range of the
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. Unaltered igneous field defined by AL*V/A1vY3>3.3; line of slope 2

approximates 5 kb boundary; low pressure metamorphic field defined by

AlTV/A1VE<2.0. 'Rectanglefamphibqle oikocyrst; +=fine amphibole
overgrovwing plagioclase; x=fine amphibole overgrowing amphibole
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facies trapsition, perhaps between 5 and 9 kb, at a depth of 12 to 25

km.

6.4 Geochronological sigrnificance of the Clinton-Colden
gabbro-anorthosite intrusion

The U-Pb =zircon date of 2686+/-3 Ma obtained for the intrusion

demonstrates that volcanism in the area had bequn at least 11 million

years before the rhyolite from the central part of the belt
crystallized at 2671+2/-4 Ma. The former date falls between the older
(2698-2687) and younger (2675-2663) of the two periods of voléanic
activity in the east-central Slave province (Mortensen et al., 1988},
while the latter falls within ihe younger episode. ' The date obtained
for the intrusion provides a minimum age fd: the onset of volcanism in
the Clinton-Colden belt which falls very near to the older of ﬁortenseu
ét al.'s (1988) group of ages. It is thus possible that volcanism in

the Clinton-Colden volcanic belt spanned both peripds of volcanic

activity, or was reactivated during the latter.  Whereas the date

obtained from the rhyolite suggested that the c1intbn-cOlﬁen belt was

‘anoﬁalously young relative to other belts in the eastern Slave ptovince.

(Hbrtensén et al., 1988), the early date obtained from the intrusion
demonstrates that volcanism was ocburring in the ‘Clinton-Colden
‘volcanic belt at approximately the same time as in other belts in the

darea.

6.5 Summary

At approximately 2.68 Ga the Clintcn-Colden gabbro-anorthosité'
intrusion "was emplaced at moderate depths into volcanic rocks of ‘the

Clinton4cblden‘greensténe belt, hefo:é vdldaniém had 'ceaSgd in the
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area. The crystal-rich magma which formed the intrusion was detached

from a laxge body of Al-rich basaltic parental magma capable of
crystallizing and concentzating a considerable volume of plagioclase.
Following emplacement, very coarse clinopyroxene, with or without other
ferromagnesian phases, . crystallized, poikilitically enclosing
previously formed plagioclase grains. Plagioclase appears to have left
the ligquidus £for reasons which .are not clear, although they might
include an increase in Puzo. |

During cooling of the body, circulafion of non-marine £1uids
resulted in pervasive replacement of clinopyroxene by actinolite.

Actinolite was variably altered to more hornbiendic compositions, an

effect primarily controlled by the QJiffusivity of Al from sites of

plégioclase overgrowth by tschermakitic amphibole. |
After crystallization and cooling of the body, minox pzojrade
metamorphism occurred, -~ probably associated with late granitoid

intrusion. One or more metamorphic events, probably resulting du;ing

intrusion of granitoid bodies to the east and west, pzdduced_hiotite in

' Thelonftrend"Sheér zones cutting volcanic rocks, 'and: within the
infrusion, led to minor‘replacement of Eﬁiorite'by hornblende. .

| Defﬁrmatioh - of the lintrusion, rgst:lcted to thln, discrete
‘anastomosing shear zones, is felated‘ to activity aleng the Thélop
tectonic zone. Evidence gxists' that movement aioné the .zone was
ﬁ:otracted, pfoducing shear zones _and‘ fabrics which both pfe-¢ and

'post—date'possible-z.l Ga Mackay dykes.
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APPENDIX 1

MICROPROBE ANALYSES OF AMPHIBOLE OF THE CLINTON-COLDEX
INTRUSICN

Microprobe analyses were obtained with the CAMEBAX electron
microprobe of the McGill University microprobe laboratery. Typical
operating conditions were 15kV for beam accelerating potential with a
sample current automatically maintained at 8 nA. All data were
acquired in wavelength-dispersive mode and processed using the ONQUANT
resident software of CAMECA.

The analyses are presented on the basis of sample number and
type of gzain, and grain number within each sampie. The symbol "-T

means less than 0.005, rounds te 0.00.

a=amphibole oikocryst b=amphibole grain overgrowing plagioclase
c=amphibole grain replacing amphibole oikocryst



a=zamphibole oikocryst
c=amphibole grain replacing amphibole oikocryst

b=amphibole grair overgrowing plagiocclase
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)

Gida G713 bf{G87 a G87 a G87 a G87 a G87a G87 c G87 c GBT c
Grain i 2 1 i 1 1 1 2 3 4
5102 52.68 45,38 | 43.49 43.7¢ 43.36 43.05 49.26 49.59 4Z.86 51.00
Ti02 0.14 0.38 0.45 0.45 0.36 0.29 0.31 0.66 0.38 0.34
Al203 4.82 12.26|14.17 13.70 13.98 14.74 7.90 6.62 14.13 5.45
Fe203 2.11 2.70 2.83 2.92 2.97 3.05 2.83 2.57 3.08 2.45
FeQ 9,10 11.62]12.19 12.56 12.79 13.12 12.20 11.19 13.28 10.55
Mno 0.20 0.20 0.14 0.13 .26 0.21 0.28 0.22 9.16 - 0.19
MgG 16.66 10.98|16.15 1G.63 10.44 10.33 13.59 14.94 10.45 15.31
Cao 11.92 11.12|211.74 11.57 11.89 11.64 11.29 11.63 11.38 11.10
Ha20 0.51 1.15 1.57 1.49 1.37 1.52 0.93 0.68 1.41 0.66
K20 0.04 0.16 0.26 0.24 0.24 0.23 Q.87 0.11 0.22 0.06
H20 2.12 2.03 2.01 2.03 2.02 2.04 2.06 2.02 1.8% 2.04
F - - - - - - 8.03 - 0.25 ©.03
Cl - - 0.06 0.04 0.05 0.01 0.05 0.24 0.06 6.08
0=F - - - - - - 0.01 - 0.11 0.01
0=Cl - - 0.01 0.01 0.01 0.00 ¢.01 0.05 0.01 0.02
Total 100.30 97.98/99.12 59.52 99.74 100.23 i00.82 100.44 99.67 99.29
151 1Iv 7.46 6.71 6.43 6.44 6.39 6.32 T.09 T.14 5.35 7.36.
#AL IV 0.54 1.29 1.57 1.5% 1.61 1.68 0.91 086 1.65 0.64
T site 8.00 8.0Q0 8.00 8.00 §.60 5.00 8.00 glgg 8.60 8.00
RAL VI 0.27 ° 0.8% 0.89 0.82 0.82 0.87 0.43 B8.27 86.82 0.29
$Fe +3 0.22 0.30°] 0.31 0.32  0.33 0.34 0.31 0.28 0.34 0.27
#T1 0.01 0.04 0.05 0.05 0.04 0.03 0.93 -0.07 0.04 0.04
Mg 3.52 2.42 2.24 2.33 2.29 2.26 2.91 3.21 2.31 3.30
#Fe +2 0.58 1.38 1.50 1.47 1.52 1.507 1.32 1.18 1.49 1.11
1,2,3 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
tke +/ 0.10 0.0 0.00 0.08 0.06 0.11 G.15 0.16 0.15 0.16
IMn 0.02 0.03 0.02 0.02 0.03 0.63 0.03 ' 0.03 0.02 0.02
ECa 1.81 1.76 1.86 . 1.83 1.88 1.83 1.74 1.79 1.81 1.72
. MNa 0.07 0.16 0.12 0.08 0.03 0.93 0.08 0.02 0.02 0.10
M4 site 2.00 2.00 2.00 - 2.00 2.00 . 2.00 2.00 2.00 2.00 2.00
ICa - - - - - - - - - -
‘#Na 0.07 0.17 .33 0.34 0.36 06.40 =~ 0.18 0.17 0.39 0.09
E 1.4 - 0.01 0.03 0.95 ¢.05 9.05 0.04 6.01 0.02 0.64° 68.01
A site. c.08 0.20 0.28 0.39 0.41 0.44 0.19 0.19 0.43 9.10
10 22.00 22.0601} 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00
BOH 2.00 2.00 ] 1.98 1.99 1.9 | 2.00 1.97 -1.%4 1.87. 1,97
iF - - - - - - 0.01 - 0.12 0.01
ICl - - 0,02 0.01 0.01  0.00 0.01 0.06 0.02  §.02



a=amphibcle olkocryst

c=amphibole grain teplacing amphibcle oikocryst
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b=amphibole grain overgrowing plagloclase

G92 a G2 a 692 a G2 a G%2 a G2 a GY92a GY92a G%2 b GS2 b
Grain 1 1 1 2 3 3 3 3 4 S
5102 52.48 45.70 49.72 40.49 44.31 44.97 44.64 45.07 40.67 41.92
Ti02 0.10 0.41 1.35 0.87 .41 0.38 ¢.53 0.38 8.11 8.12
Al203 2.76 11.7¢0 5.25 16.31 11.75 11.40 11.70 11.85 16.07 16.04
Fe203 1.906 2.00 1.78 2.20 2.40 2.36 2.32 2.32 2.98  3.08
Fel 11.80 12.35 11.04 13.61 14.80 14.61 14.30 14.36 12.83 123.22
#no 0.32 0.17 0.25 0.22 6.26 0.25 0.17 0.319 0.22 ©.20
MgOD 17.93 11.%0 15.38 9.09 10.38 10.75 10.50 10.46 10.04 9.63
Cao 9.96¢ 11.63 11.75 11.24 11.67 11.55 11.46 11.50 11.43 11.4%
Na20 g.41 1.32 0.63 1.61 1.30 1.43 1.44 1.33 1.6l 1.5%
K20 0.01 .23 0.05 0.28 0.1% .16 0.17 0.22 0.20 0.21
H20 2.07 2.04 2.06 1.87 2.01 2.00 2.01 1.99 1.96 1.9%
F - - - - - 0.03 - 0.06 - -
Cl - 0.02 - .07 0.04 0.04 0.05 0.07 0.14 0.14
o=F - - - - - ¢.01 - o0.03 - -
0=Cl - 0.00 - 0.02 0.01 0.01 6.01  0.02 0.03 0.03
Total 95:35 99.48 99.26 97.77 99.53 99.96 959.30 100.24 98.29 9%.66
- BSY IV 7.59 6.69 7.22 6.12 6.59 6.65 §.63 6.64  6.11 6.20
iAl IV 0.41 1.31 0.78 1.88 1.41 1.35 1.37 1.36 1.89 1.80
T site 8.60 8.00 8.00 8.00 - 8.00 8.00 8.00 8.00 8.080 §.00
§Al VI 0.06 0.71 G.12 1.02 . 0.65 D.63 0.67 0.69 0.%¢ 1.00
§Fe +3 8.21 8.22 0.19 £.25. - 0.27 0.2¢ 0.26 - 0.2&6 0.34 0.34
#Ti 0.01 .05 ¢.15 0.08 0.G5 ¢.04 0.06 0.04 0.01 8.01
Mg 3.86 - 2.60 3.33 2.05 2.30 2.37 2.32 2.30 2.25 2.12
#Fe +2 0.86 1.42 1.21 1.60 1.74 1. 70 1.68 1.71  1.45 1.52
M,2,3 5.00 S.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
#Fe +2 0.56 0.09 .13 0.12 0.10  0.11 0.09 .05 0.17 0.12
§Mn . 0.04 0.02 0.03 0.03 .0.03 6.03 0.02 0.92 0.03 0.03
3Ca 1.49 1.82 1.83 1.82 1.86 1.83 1.82 l1.88 1.8, 1.82
#Na - 6.07 0.01 6.03 0.00 0.03 0.06 0.04 - -0.04
M4 site 2.00 2.00 2.00 2.00 . 2.00 2.00 2.00 2.00 2.00 2.00
#Ca 0.01 - - - - .- - - 0.03 -
“FNa 0.11 - 0.31 0.17 0.44 0.37 0.38 0.35 :0.34 0.47 0.42
K 0.00 0.904. 0.01 0.05 0.04 0.03 0.03  0.04 0.04 0.04
A slite 0.12 0.35 0.18 0.49° 0.41 0.41 5.38 0.38 0,54 0.46
§0 22.60 22.00 22.00 22.C00 22.00 22.09 22,006 22.00 22.00 22.00
" #0H - 2.00 2.00 2.00 1.98. 1.99% 1.98 1.99 1.95  1.9%6 1.96 7
iF - - - - - -0.01 - 0.03 - -
iCl - 6.00 -

0.2 0.01 0.01 0.01 9.02 O.QQ»' 0.04



a=amphibole oikocryst

b=amphibole grain overgrowing plagioclase
c=amphibole grain replacing amphibole oikocryst

G95 a 695 a G5 b G%5 ¢

0.03 0,03 0.03

i1l0

G92 a G392 a G32a G992 ¢ G95 c(J445 a
Grain 6 6 6 7 1 1 y] 3 4 1
5102 45.93 44,90 43,47 44.34] 41.85 44.78 42.50 42.60 43.49 51.14
Tioz2 0.31 0.16 0.23 0.36 0.28 0.13 0.42 0.42 0.19 0.14
Al203 11.43 13.55 14.14 '12.34| 15.40 11.81 14.45 14.45 13.37 4.57
Fe203 2.76 2.93 2.97 3.05 3.38 3.43 3.41 3.38 3.33 1.89
FeQ 11.86 12.60 12.80 13.12| 14.56 14.76 14.67 14.56 14.36 11.73
Mno 0.20 0.20 0.26 0.13 0.22 0.30 0.19 0.19 ¢.19 0.21
MgC 12.42 10.75 10.76 10.90 §.12 11.22 9.61 9.61 10.23] 15.01
cao 11.59 11.74 11.18 11.54{ 11.18 9.5% 11.34 11.34 10.97] 12.32
Naz20 1.30 1.5% 1.41 1.25 1.61 1.23 1.47 1.47 1.48 0.47
K20 0.17 0.22 .20 0.23 0.29 .16 0.22 0.22 0.20 ¢.03
H20 2.03 2.05 2.01 2.02 1.99 2.00 1.96 1.96 1.91 2.06
F 0.03 - - - - - - 0.09 8.99 0.19 -
Cl - 0.06 0.05 0.10 0.04 0.10 0.10 0.11 0.11 0©.09 0.04
o=F 0.01 - .o - - - . 0.04 0.04 0.08 -
0=Cl 0.01 o0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01
Total 100.12 190.75 99.55 99.39!100.01 99.49 100.60 100.46 100.10{ 99.62
#51 IV, 6.68 6.52 6.41 .55 8.22 6.63 6.2% 6.30 6.44 7.41
Al 1V 1.32 1.48 1.59 1.45 1.78 1.37 1.711 1.70 1.56 0.59
T slite 8.00 8.00 8.04 8.00 8.0G 8.480 8.00 8.00 8.00 8.00
Al VI -0.64 0.84 0.86 0.70 0.91 0.69 0.81 0.82 0.77 2.1%
iFe +3 0.30 0.32 0.33 0.34 0.38 0.38 g.38 - ©0.38 0.37] ¢.21
IT1 0.03 0.02 0.03 g.04 0.03 ¢.01 0.05 0.05 0.02 0.02
#Ng 2.69 2.33 2.36 2.40 2.02 2.48 2.12 2.12  2.261 3.24
§Fe +2 1.32 1.49 1.42 1.51 1.66 1.44 1.65 1.64 1.58] . 1.35
'M1,2,3 5.00 5.00 5.400 5.00f- 5.00 5.00 5.00 5.00 5.00| 5.00
#Fe +2 0.12 0.04 0.16 0.11] - 9.15 0.39 0.15 0.16 0.20 0.07
iMn 0.02 0.02 .03 0.02| 0.03 0.04 0.02 6.02 "'0.02 0.03
iCa 1.81 1.83 1.17 1.83| 1.78 1.51 1.719 1.80 1.74 1.90
iNa 0.05 0.11 0.04 g.04 0.04 0.06 0.02 0.02 §5.04 -
M4 site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
1Ca - - - - - - - - - 0.01
INa "0.32 - 0.34 0.36 0.32 0.42 0.30 0.40 0.40 - 0.38 0.13
£ 3.4 0.03  0.04 0.04 0.04 0.05 0.03 0.04 0.04 0.04; 9.01
A site _2.35 ©0.38° 0.40 0.36 0.47 0.33 0.44 0.44 _0.42 0.15
10 22.00 22.00 22.00 22.00f 22.00 22.00 22.00 22.99 22.80] 22.00 .
#0H 1.97 1.99 1.98 1.99 1.97 1.97 1.93 1.3 1.89{. 1.99
§F 0.01 - . - - - - 0.04 0.04 0.09 -
iICl 0.01 Q.01 0.02 0.01 0.03 0.02 0.01



a=amphibole oikocryst
c=amphibcle grain replacing amphibole oikocryst

b=amphibole grain overgrowing plagloclase

3445 a J445 3 J445 a J445 a J445 a J445 a J445 a

¥C

111

T? a T7 a T a

Grain 1 1 1 1 1l 1 1 1 1 1
sio2 51.39 53.95 52.34 51.12 51.07 49.97 49.76| 49.50 4B.74 46.14
Ti02 0.12 0.08 0.08 0.06 0.12 .20 0.09 0.28 0.35 0.52
Al203 4.40 2.74 2.87 3.44 4.15 5.62 4,29 7.24 7.88 10.12
Fe203 1.92 1.76 1.83 1.79 1.92 2.03 1.92 2.06 2.12 2.26
FeD 11.92 10.92 11.35 11.11 11.86 12.54 11.86} 12.74 13.11 13.99
MnO 8.23 0.29 0.29 0.22 0.31 0.20 0.25 0.13 0.15 0.23
Mg0 14,57 16.08 15.74 15.95 14.50 13.89 15.22| 13.26 12.%2 11.29
cao 12.52 12.6} 12.75 12.76 12.52 12.64 12.15| 11.83 12.02 12.16°
Na20 - 0.51 0.27 0.23 0.31 . 0.37 0.55 0.48 0.82 0.86 0.98
K20 0.03 0.02 0.02 0.04 0.04 0.05. 0.05 0.13 .12 0.25
H20 2.06 2.10 1.98 2.04 2.03 1.97 2.02 2.06 2.03 2.02
F - - 0.17 - 0.03 08.17 - - - 0.06 -
Cl 0.04 0.03 0.04 0.05 0.05 0.02 0.06 0.05 0.04 0.07
o=F - - 0.07 - 0.01 0.07 - - 06.03 -
0=Cl 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02
Total = 99.72 100.86 99.77 98:90 9B.99 99.93 98.16|100.11 100.43 100.06
#51 IV 7.45 7.66 7.57 7.46 1.4% 7.28 T.35 R . .
#Al IV 6.55 0.34 0.43 0.54 0.54 0.72 0.65 ¢.82 0.93 1.21
T site 8.00 §.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Al VI 0.20 0.12 0.06 0.05 0.18 0c.24 0.10 0.41 0.42 0.54
iFe 43 0.21 0.19- 0.20 0.20 0.21 0.22 0.21 0.22 0.23 0.25
Tl 0.01 0.01 0.0l 0.01 0.01 0.02 0.01 8.03 0.04 0.06
Mg 3.15 3.40 3.39 3.41 3.16 3.02 3.35 2.87 2.80 2.48
kFe +2 " 1.43 1.28 . 1.34 1.28 1.44 1.50 1.33 1.46 1.51 1l.68
M1,2,3 5.00 5.00 5.00 5.09 5.00 5.00 5.00 5.00 5.00 5.00
#Fe +2 0.01 0.02 0.03 0.07 0.01 6.03 0.13 0.08 0.08 0.05.
#Mn 0.03 0.03 0.04 0.03 0.04 0.02 0.03 0.02 . 0.02 0.03
‘#a 1.94 1.92 1.93 1.90 1.95 1.95 1.83 1.84 1.87 1.92
INa 0.01 0.03 L= - - - - ©0.07 0.03 0.01
M4 site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
iCa : - - 0.04 0.10 0.01 0.03 0.09 - - -
kNa 0.13 0.04 0.06 ' 0.09 0.10 - 0.16 0.14 0.16 0.21 0.27
K 0.01 0.00  0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.05.
A site = 0.13 0.05 0.11 0.19 0.12 0.19 '0.23 0.19 0.23 0.32.
0 22.00 22.00 22.00 22.00 22.00 22.00 22.00| 22.00 22.00 22.00.
£$0H 1.99 1.99 1.91 1.99 1.97 1.92 1.98( 1.99 1.9 1.98
iF - - 0.08 . - .01 0.08 - - 0.03 -

0.01 0.01 0.01 0.01 0.01 " 0.00 0.01 0.01 0.02



a=amphibole oikocryst
c=amphibole grain replacing amphibole olkocryst

P

b=amphibole grain overgrowing plagioclase
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OH MK O KW, oW D

B o
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T7 a T7 a T7 a T7a T7 a T7 a Ta T7b T7T bf T9 a
Grain 1 1 1 1 1 1 1 2 3 i
5102 47.50 47.31 48.68 48.10 46.88 48.05 47.22 44.1¢ 45.45| 51.10
TiQ2 0.39 0.27 0.36 0.39 6.41 0.25 0.39 0.67 0.38} 0.1¢C
Al203 8.89 7.62 6.86 8.33 9.43 8.56 9.24 12.83 11.19| 5.59

Fe03 2.22 2.12  2.04 2.14 2.18 2.09  2.17 3.23 3.15f 1.1
FeO 13.73 13.11 12.62 13.23 13.51 12.95 13.44 13.98 13.57! 10.58
Hno 0.19 0.12 0.24 0.19 0.22 0.26 0.30 0.19 0.17} 0.12
Mg0 11.79 12.79 13.41 12.80 11.96 12.76 12.30 10.04 10.84] 15.69
Cao 12,15 11.97 11.8¢ 11.90 11.91 11.98 11.78 11.68 11.82| 12.53
Na20 1.09 0.88 0.76 0,97 1.06 1.12 1.28 1.38 1.11( 0.85
K20 0.13 6.12 0.10 0.10 0.17 90.12 0.14 0.27 0.19| @¢.08
HZ0 2.03 1.87 2.03 2.04 2,01 1.98 2.01 1.94 2.03| 2.1¢
. T - 0.31 - .03 0.03 0.16 - 0.15 - -

- €l 0.06 0.02 0.03 0.04 0.06 0.03 0.17 0.10 0.05 -
0=F - 0.13 - 0.01 0.01 0.07 - G6.06 - -
0=Cl 0.01 ¢.00 ©.01 0.0 o0.01 0.01 0.04 0.02 0.01 -
Total 100.19 98.64 98.54 100.28 99.86 100.38 100.48 100.44 99.96}100.4
8si v 6.95 7.03 T7.15 7.00 H.88 6.99 6.89 6.5¢ 6.69} 7.3
AL IV 1.05 0.7 0.85 1,00 1,12 1.61 1.11 1.50 '1.31! 0.6
T site 8.00 8.00 8.00 §.00 g8.00 8.00 8.00 8.00 8.00;{ 8.¢C
ALl VI 0.48 0.36 0.34 0.43 0.51 0.46. 0.48 0.70 0.63] 0.2
#Fe +3 .24 0.24 8.23 0.23 0.24 0.23 0.24 0.36 0.35| 0.1
ITi 0.04 0.03 0.04 0.04 0.05 0.03 0.04 0.07 0.04| 0.0
‘INg .2.57 2.83 2.94 2.78 2.62 2.77 2.6B 2.21 2.38| 3.3
gFe +2 1.66 1.53 1.46 .1.51 1.59 1.51 1.56 1.67 1.60} 1.2
M1,2,3 5.00 5.00 5.00 ,5.00 5.00 5.00 5.00 5.00 5.00] 5.0
#fe +2 0.02 0.09 0.09 0.10 ¢.07 0.06 0.08 0.06 0.07{ 0.0
" #Mn 0.02 0.62 0.03 0.02 0.03 0.03 0.04 0.02 0.02| 0.0
1Ca 1.90 1,89 1.8 1.86 1.87 1.87 1.84 1.84 1.86| 1.9
MNa 0.05 - 0.02 . 0.02 -0.03 0.04 0.04 0.07 0.05| 0.0
M4 site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00| 2.0
#Ca - 0.02 - - - - - - - -
N2 0.26 0.25 0.20 ©0.25 0.27 -~ 0.28 . 0.32 0.32 0.27] 0.2
X 0.02 0.02  0.02 0.062 0.03 0.02 0.03. 6.05 0.04( 0.0
A site 0.28 0.29 0.22 0.27 0.31 0.30 0.35 0.37 0.30( 0.2
10 22.00 22,00 22.00 22.00 22.00 22.00 22.00 22.00  22.00| 22.0
§0H 1.99° 1.85 1,99 1.98 1.97 1.92 1.96 1.%1 1.9 2.0
iF - 7 0.15% - 0.01  0.01 90.07% - 0.07 - -
0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 -



a=amphibole oikocryst

b=amphibole grain overgrowing plagioclase

c=amphibole grain replacing amphibole olkeocryst

o~

T9 a ™ a
Grain 1l 1
8iQ2 53.36 53.25
Tio2 0.11 ¢.08
Al1203 3.06 3.29
Fe203 1.45 1.47
Fe0 8.95 9.09%
MnoQ 0.08 0.11
Mgo 17.73 17.17
Cao 12.74 12.82
N¥az20 0.41 0.4%
K20 0.04 0.03
K20 2.11  2.05
F - 0.09
Cl - 0.06
O=F - 0.04
0=Cl - 0.01
Total 100.04 . 100.05
51 1v 7.58 7.58
Al IV 0.42 0.42
T site 8.00 §.00
Al VI 0.09 0.13
iFe +3 0.15 0.16
RTi 0.01 0.0
iNg 3.75° 3.6
#Fe +2 0.%39 1.0
M1,2,3 5.00 5.0
~ ¥Fe +2 0.07 0.0
#Mn - 0.1 0.6
ICa 1.92 1.9
#Na ) - 0.0
M4 site 2.00 2.0
iCa 0.02 -
i#Na 0.1} 0.12
K 0.01 0.01
A site 0.14 .0.13
 {o] 22.00 22.00
$0H 2.00 1.95
IF - 0.04
IC1 - 0.01

O = N RO o i
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APPENDIX 2

WHOLE ROCK GEOCHEMISTRY

A2.1 Introduction

Most whole-rock samples were analysed for major elements and Ba,
Cr, %n, Ni and V at the Univérsity of Ottawa X-ray £fluorescence
laboratory. Samples N-4A, N-4B, N-4C, N-22, NO26,N-27, N-36, N-37,
u¥4oA, N-40B, N-42C, N-43, and N-46B were analysed and originally
repézted by Wodicka f1987). Samples N-12B, N-21C, N-23B, N-30, N-31D,

N-39A, and N-418 were analysed by the inductively coupled plasma

technique at the Geological Survey of Canada ICP emission specirometry .

laboratory. Nb, Zr, Y, Sr and Rb determinations were éa;ried cut by
X-xray fluorescence at the Geochemical Laboratoxies of McGill
University. REE and Co, Sc, Hf, Ta and U were analysed by instrumental
neutron activation INAA . at Ecole Polytechniqﬁe (Univeréité de

Montréal). -

A2.2 Procedures, precision and accuracy

Samples consisting of at least 5 kg of rock, with weathered surface

and alteration veins removed, were prepared. They were broken in a jaw

crusher to apprbximately 1 cm, and the fragments were homogenized and

systematically split to provide fractions suitable for powdering in a

tungsten carbide ringmill. Samples were crushed to <200 mesh.

' X-ray fluorescence anaiyses carfied out at the University‘of Ottawva

114

XRF facility_ﬁére perfo:méd on 1.3 § of sample fused with 0.433'g'LiCO:‘

and 3.900 g LizBa0,. An international standard, DR-N (diorite), was

o used to determine the accuracy of the_analytical‘technique. Precision



of 8 analyses of DR-N is given below in terms of the first standard
deviation, and the accuracy relative to the standard DR-N'given in
Abbey (1983) is shown in terms of percent error, (B-A}/B. Alsc given
is an example of percent of error between two analyses of a sample of

the Clinton-Colden gabbro-anorthosite intrusion.
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A B % error
Element DR-N U.O. DR-M (Abbey, 1983) (B-A)/B X 100
wt. % wt. %
8i0=2 52.78+/-0.21{1s) 52.98 0.38
Ti0: 1.04+/-0.02 1.09 4.59
Al20> 17.58+/-0.11 17.56 0.11
Fez203r 9.69+/-0.043 9.72 g.31
Mno 0.22+/-0.0 0.22 0.0
Mg0 4.09+/-0.16 4.41 7.26
Ca0 6.96+/-0.046 7.07 1.56
Naz0 2.92+/-D.20 3.00 2.67
K20 1.71+/-0.011 1.70 0.58
Pz0s 0.19+/-0.018 0.25 24.00
ppm ppn
Ba 401+/-25 _ 350 2.74
Cr - 41+/-4.5 ‘ - 42 2.38
Zn 133+/-5.4 145 8.28
Ni 12+/-6.0 18 25.00
v 225+/-12 230 : 2.711
A B
G-149 - G-49 (B-A)/B X 100
| duplicate
wt. & . wt. %
8102 46.21 46.04 0.36
TiOz S 0.31 ©0.30 3.33
Al205 26.01 . 25.99 0.08
Fez0s~ ‘ 6.67 : 6.61 0.90
MnO ' 0.09 - 0.09 0.90
Mg0 - 4,48 - 4.9%0 1.22
Ca0 » 12.65 e - 12.72 0.01
Na20 2.02 - : 1.38 1.98
X20 0.12 ‘ 0.13 7.69
Pz20s 0.00 ' , 0.060 9.00
ppm. . 4 ppm
Ba ‘ - 13 89 . 17.98
Cr - 300 _ : 299 0.00
Zn . . 86 o ' 91 0.12 .
Ni : ; o117 o . 114 - 2.56

v . ' . 101 : . o 100 - 0.01
Samples submitted to the Geologital.Su;vey of Canada ICP emission

spectioﬁetry.laborétoty;wbre analysed by ICP. Data for majox elements

-
— ] L B

* were™ubtained on 0.5 g of sample fused with LiaB.0,, dissolved in 5%,



HNO3 and diluted

are as follows:

Element

8id=
Ti0=
Al203
Fez0xy
¥n0

HgO0

Cao
Naz0
K=C
Pz0s

Data for trace elements were obtained on 1.0 g of sample (acid +

fusion residue) dissolved in 10% HCL and diluted to 160 ml. Reported

/-

t/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

to 250 ml. Reported estimates of validity of results

Absolute

L] L] L [ ] * L] . [ ] »

oCcoO0Oo0O0O0O0
OHIEHMHPMEONN

*

[~

N P

'.-.l

n

4.

B A Ik A

Relative

2% of
2% of
2% of
2% of
2% of
2% of
2% of
2% of
2% of
2% of

conc.

conc.
conc.
conc.
conc.
cenc.
conc.

‘conc.

conc.
conc.

estimated validity of results are as follows:

Elemeht

Ba
Cr
Zn
Ni
V'

Nb, 2z, ¥, Sx and Rb detezminationsfwere carried out by pressed
pdvdef pellets by XRF analysis on the fully automated Philips PW1400 -

spectrometer—at McGill University, with a reported detection limit of 5

Epm.

+/-

/-
+/-
+/-

Y
+-

Absolute +

© 20 ppm +
10
5
10
5

Relative

5% of

5% of

5% of
5% of

5% of

conc.

conc.
conc.
conc.
conc.
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RER, Co, Sc, Hf, Ta and U determinations were carried out by INAA

at Bcole Polytschnique. The accuracy of the technique was detezrmined

by Lalonde (1986) as follows:

REE

La
Ce
Rd
sm
Eu
Tb
Ho
Yb
Ln

Trace
Elements

Co
Se
RE
Ta
]

In the following tabies;"na“ means not analysed.

error %

<1

18
21
28
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22.3 vwhole rock anzlyses cf meta-volcanic rocks of the south-
eastern Clinton-Colden greenstone belt

N-4A N-4B N-4C WN-12B N-21 NK-22 N-23B N-25 N-26 N-27

Si0z 63.79 47.80 75.28 60.50 66.00 49.79 75.90 47.95 74.84 51.74
Ti0= 0.67 0.61 0.04 0.70 0.96 1.26 0.04 1.60 0.22 0.89
Al20» 17.10 15.15 14.85 16.00 12.80 13.64 13.80 14.37 13.59 16.76
Fez0> 4.82 11.44 0.58 7.25 9.70 14.74 0.36 15.36 2.90 10.50
MnO 0.16 0.19 0.04 0.1¢ 6,08 ©.23 0.02 0.23 £.03 0.16
Mg0 2.17 10.43 0.20 4.36 3.12 6.02 ©.13 6.78 1.32 7.31

Ca0 4.19 11.32 0.33 4.50 3.05 8.96 1.0210.30 2.32 8.79
Na=0 4,54 1.42 4,75 5.84 4,34 3.40 6.92 2.31 1.34 3.50
K20 2.15 0.56 3.65 0.30 0.59 0.50 0.27 0.50 2.42 0.77
P20s . 0.12 0.0 0.04 0.14 0.28 0.0 0.03 0.0 0.0 .03
Total 99.65 98.92 99.76 99.69 100.9 $8.54 92.49 100.0 98.98 100.4

Nb 12 7 22 1l 21 11 22 12 15 9
ir 173 67 €9 150 352 111 67 126 268 121
Y 18 8 13 11 85 24 12 20 28 16
Sr 175 177 61 186 128 235 81 241 98 231
Rb 50 18 136 11 19 20 S 16 49 21
Ba 323 163 133 120 100 202 50 - 156 521 133

Cr 38 348 31 82 i3 85 3 181 16 212
2 2n 53 77 34 65 57 109 O 97 18 62
Ni 58 243 10 79 15 143 4 84 40 91
v 1 237 4 110 16 369 0 319 13 216
Co 43 na na 52 49 53 48 88 39 58
Sc 13 na na na na 52 na 43 7 34
La 16.1 na na na na 8.8 na 9.1 27.9 1.4
Ce 36 "na na na na 206.3 na 22 64 18.8
Nd 16.97 na na na na 12.5 na 15 27.8 11.6
Sm 3.9 na na - na na 3.4 na 3.9 5.8 2.8
- Eu 1.62 na ra na na 1.08 na  1.27 1.06 0.85
- Tb 0.58 na na na na 0.72 na 0.75 0.9 0.55
Fo™_ 0.68 na na na na 1.01 nma . 0.79 1.05 0.58 °
tb 1.8 ' na na na na 2.6 nma 2.1 3.1 1.77
C=xlu 0.29 na na na na 0.44 na 0.33 0.48 0.2
HE 4.5 nm na na na 2.1 na 2.4 8.1 .2.5
Ta 2.04 na na . na . na 0.63 na 1.84 2.68 1.34
Th ‘2.5 na na na na 1.21 na 0.85 7 0.73
i) 0.74 na na na - na ¢.33 0.22 1.74 0.24

na, -
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N-30 N-31D N-36 WN-37 N-38 N-39A N-40A N-40B N-41B ¥-42C

Si0=  76.00 45.10 55.97 56.60 47.58 48.30 55.74 73.89 74.40 73.52
Ti0z 6.61 0.89 01.01 0.84 1.16 1.42 1.07 0.25 0.25 0.35
Al20 12.60 15.30 16.43 16.77 18.06 16.60 16.00 13.29 13.40 13.66
Fez0s>  4.02 13.00 09.39 8.25 14.26 11.00 7.59 3.06 2.60 2.07
Mno 0.06 ©6.19 0.08 0.1z O0.46 0.18 0.17 06.03 0.05 @.03
MqgO 1.43 9.306 5.%7 5.09 5.70 6.90 3.70 0.67 1.88 1.54
Cao 1.96 10.80 5.59 5.10 8.98 10.80 8.50 1.24 1.76 1.80
Na=0 4.84 2.16 2.48 0.64 2.88 2.88 5.19 4.76 1.85 3.13
Kz0 0.51 9.4% 1.06 3.268 0.27 0.35 0.34 2.59 2.68 2.47
Pz0s 0.16 0.08 0.08 0.21 0.0 Q.17 ©.15 0.04 0.05 G.04
Total 96.19 97.31 98.02 96.88 99.35 38.67 98.45 95.82 398.72 98.41
Nb 29 8 10 12 7 ig i3 16 is i5

ir 475 79 i64 148 100 116 146 213 219 191
Y 194 10 23 17 15 19 23 35 335 25

Sr 99 - 185 118 229 229 193 165 80 80 88
Rb 10 10 75 25 8 12 14 73 76 61

Ba 50 50 227 289 114 40 76 406 126 233
Cr 10 14¢ 86 145 223 250 181 9 82 21
Zn i70 110 82 83 133 9% 63 26 65 34

Ni 8 2286 59 77 239 220 77 13 79 12

v 4 226 195 154 306 350 15 O 110 24
Co 89 84 na 38 82 81 na na 52 na
Sc na na na 22.6 39 na na na na na
La na na na 12.4 3.5 na na na na na
Ce na na na 30 19.6 na na na na na
Nd na na na 15.1 8.6 na na na na na
Sm- na na na 3.5 2.6 na na na na na
Eu na na  na 0.98 0.98 na na Ga na na
Tb na na .na 0.64 0.51 na na na na na
Ho na na na 0.73 0.64 na na na na  na
Yb na na na 1.7 1.65 na na na na:  nua
Lo na na na 6.29 0.27 na na na -.-na na
HE na na na 3.7 1.7C na na na  na na
Ta na na na 1.1 1.19 m:x na na na na
Th na na na 1.7 0.37 na na na na na
0.41 ©.1%

u . na na na na na na na na

Coen



Sioz
Ti0=z
21205
Fez0a
Mno
MgO
Ca0
Naz0
K20
Pz0s
Total
Nb

ir

Sr
Rb

Zn
Ni

Co
Sc
La
Ce
Nd
Sm
Eu
Tb
Ho

Lu
HE
Ta
Th

HMONQFROOKEW
’

N-43

62.68
0.68
15.12
6.54
0.12
3.98
5.68
2.72
1.48
0.12
95.10
12
154

b2
<o

187

U1 WD s = WD 4 W
HNO'\QI.DgI-‘

15.3

=
.« n(n
w

-

[ . L]
RT3 T, =
W O o

.
= 0w

L

N-46B

$4.44
6.84
16.73
7.95
0.15
4.78
8.01
2.87
1.55
6.17
97.4%
8
114
5
323
49
181
92
84
5
1173
na
nha
na
na
na

' na

na -
na
na
na
na
na
na

- na

na

G-458

49.90
1.19
16.30
9.60
6.18
6.57
.29
3.23
0.60
0.12
96.98
10
104
i3
267
8 .
110
300

200
240
82
na
na
na
na
na

‘na

na
na
na
na
na

- ha

na’
na

[
[ ]
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A2.4 Whole rock analyses of rocks of the Clinton-Colden
gabbro-anorthosite intrusion

gab=gabbro (<50% plagioclase); 1cgb=1eucogabbro {50-90%
plagioclase); anor=anorthosite (>30% plagioclase)

G-25 G-28 G&-33 G-39 G-49 6G6-51 G-59 G-71 G-72 G-713
gab gab 1lcgb gab lcgb anor gab anor gab gab

Si0z 47.84 46.7C 49.40 47.85 46.21 48.60 47.40 47.93 45.23 4£5.09
Tio= 0.69 0.80 .67 1.57 0.31 0.22 0.44 0.68 0.65 0.36
Al20s> 19.69 18.04 24.70 20.70 26.01 23.3C 20.79 28.92 20.06 17.56
Fez0> 9.77 8.84 5.83 10.97 6.67 2.30 7.85 3.87 11.72 11.72
MnO 0.12 0.10 0.96 0.13 0©.09 0.03 0€.13 0.04 0.16 0.17
Mgo 6.96 6.03 2.03 3.57 4.84 0.88 6.42 0.84 8.30 10.16
cao 11.17 12.6C 9.12 11.3% 12.65 13.40 11.32 13.98 10.87 11.14
Naz0 2.46 2.05 4.49 3.12 2.6z 3.40 2.57 3.22 1.77 1.1}
K=0 9.77 0.84 1.48 0.41 0.12 0.z4 2.32 0.19 0.20 0.41

P20s 0.0 .06 0.68 0.2 0.0 0.13 9.0 O0.C ¢.c o0.C
Total 99.47 98.10 97.86 99.72 98.92 98.27 99.25 99.67 99.46 98.72
Nb . 7 na na na na na na 7 6 S

YA S 50 34 60 26 0 na 15 60 50 49

Y 8 13 14 19 9.0 197 12 0.0 8.0 5

Sr 156 180 320 185 155 na i56 ° 209 132 148
Rb 26 na na na na na 112 10 7 13

Ba 138 90 130 = 34 73 . 20 426 104 136 97
Cr 333 310 22 17 300 7 . 313 151 294 408
Zn 44 61 66 64 86 17 - 62 16 70 78
Ni 116 92 25 44 117 24 @ 127 5 180 212

v © 229 340 120 489 101 30 147 134 209 119
Co 62 64 42 na na 57 na 45 73 74
Sc 29 na na na na  na na 7.3 12.3 27
La  1.39 na na na na na na 1.32 0.84 0.67
Ce 3.9 na na na na  na 0 3.4 1.6 1.8
Nd 2.4 na na na na na na 2.2 1l.19 1.8
Sm 1.05 na na ° na na na na 0.61 0.42 0.64
Eu . 0.47 na na na na  na na 0.55 0.42 0.44
Tb 0.24 na na na na na na - 0.13 0.09 0.13
Ho 0.29 na na na na. na na 6.15 0.18 0.15
Yb 1 na ' ha ‘DM@ na na na - 0.5 0.48 0.75
Lu 0.18 na na na na na na  0.09 0,08 0.11
HE 6.59 na na na  na na na 0.46 0.23 0.22
Ta 1.37 ma na na na na._ na 1.28 1.05 0.77
Th 0.2 na na na na na na 6.18 0.16 na

u 0.12 .15 0.09 0.08

'na Dna na na na na
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G-84 G-85 G-87 G6-92 6-95 G-37 G6-98 T-2B T-3 T-5
gab legb legb lcgd legb anor anor lcgd legb  1lcgb

8302 49.07 45.04 47.39 47.48 47.48 47.19 48.07 47.82 46.99 45.11
TiO= 1.19 0.50 0.44 ¢.77 .0.61 0.43 0.27 0.18 0.39 0.35
Al-0s 14.29 25.12 25.01 25.48 27.17 27.87 29.05 27.27 23.53 27.64
Fez05 13.06 6.00 7.45 7.76 6.29 4.34 3.34 4.51 8.44 4.72
Mno 0.18 0.08 0.09 0.10 0.67 0©0.06 ©.03 0©0.06 0.19 0.06
Mg0 7.99 3.51 4.46 4.39 2.45 2.42 1.34 2.51 17.3% 2.52
cao 12.73 13.27 12.79 13,77 13.60 12.28 10.35 10.98 13.42 13.52
Naz0 1.80 2.33 2.46 2.45 2.55 2.74 3.35 3.47 1.94 2.73
K=C 0.25 0.23 0.21 0.26 0.12 0.15 0.55 2.15 0.51 0,27
P20 0.0 0.0 6.0 0.6 0.0 0.0 9.0 0.0 0.0 0.9
Total 100.7 99.08 1060.3 101.7 100.2 $9.68 98.10 97.49 98.39 99.41
Mb na 7 6 6 5 na .ha na na na

ir 37 56 51 58 52 ] ] 8 10 o0
Y. 27 5 ] 6 na 19 0 7 0 0

T 101 180 165 181 170 170 187 254 182 176

Rb ¢ 8 8 8
Ba 71 115 68 120 59 87 369 80 94
Cr 295 272 361 307 120 143 30 54 415 157
In - 67 47 44 42 27 12 19 43 10
Ni 93 46 79 98 22 0 45 . 212 33
v 465 165 156 251 11 71 88 92 123

o =
[— 1
o
o
-3
o
o
o

P TR
O b LN B
ey \

Co na 57 45 52 - na na na na - na
Sc na 17.7 11.8 11.3 6 na - na na. na na
La ‘na 1.28 0.77 0.91 1.4 na na na na na
Ce na 3.3 1.9 2.1 3.6 na na  na na . na
Nd na 2.8 1.8 1.29 2.4 na na na na na
Sm na - 0.82 0.48 0.43 0.71 na na na na na
Eu na 0.57 0.43 6.45 C.6 na  na na na na
Tb na 0.2 0.13 0.1 - 0.14 na na Ra - 'nha _ na
Ho - na 0.25 0.11 0.14 0.2 na ra na na na -
¥Yb  na 0.76 0.37 0.4 0.54 na na - na na na
Lu ‘na '9.12 0.08 0.07 0.1 na. na na na na
HE 'na 0.31 0.29 0.2 0.53 ma na na  na na
Ta na 1.44 0.79 0.95 1.45 na- na na na - na
Th na 0.13 9 0 0.16 na na na na na
U na 0 0.05 0.08 0.12

na na . na na na



8i0=
TiOz
Al20s
Fez0>
Mn0O
MgO
ca0
Na=0
K20
P20s
Total
Nb

2z

Sr
Rb
Ba
Cr
Zn .
Ni

Co
Sc
La
Ce
Nd
- Sm
Eu
Tb
Ho
Yb
Lu -
HE
Ta
Th

T-6
lcghb

53.45
0.64
22.55
4.08
G.06
2.24
10.07
4.92
1.28
6.0
99.29
na
106

288
46
324
41
16
22
144
na
na
na
na
na
na
na
na
na
na
na
na
na
na
na

-7
gab

49.23
0.58
13.19
- 9.79
g.11
6.73
11.01
3.28
0.69
0.0
100.¢6
na
13
18
168
10
145
350
51
48
245
na
na
na
na
na
na
na
na

- &

na.
na
na.
na
na
na

T-8
gab

42.56
3.23

12.82

19.92
0.26
7.39

10.25
1.71
0.31
0.0

58.45

na

15

16

69

na

28
123
64
1027
na
na
na
na
na
na
na
na
na
na
na
na

. na

na
na
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MICROPROBE ANALYSES OFVEPIDOTE FROM THE CLINTON-COLDEN
INTRUSICON AND OF GARNET FROM HORNFELS ADJACENT TO THE INTRUSION

Epidote analyses are of two fine (0.1 mm) epidote grains from

sample J-445 {see Figqure 3.11}.

1 2 Mean
5i02 38.12 38.03 38.07
Ti02 0.09 0.04 0.06

Al203 25.71 26.41 26.06
Fe203 11.17 10.32 10.75

Fe0 0.04 0.04 0.04
¥no 0.13  0.10 0.1l
Ca0 23.36 23.53 23.45
Na20  0.01 ©0.01 0.0l
H20 - 1.91 . 1.91 1.91

TOTAL __100.55 100.40 100.47
kS 1V 2.98  2.37 2.98
$Al IV 0.02  0.03 0.02
Z site 3.00 3.00 3.00
$Al VI 2.36  2.41 2.38
$Fe +3 0.66 0.61 0.63

ETi g.01 0.00 0.00
¥ site 3.03  3.02  3.03 -
Ca 1.96 1.97 1l.97
X site  1.87 1.%8 1.97
10 12.00 12.00 12.00

I0H 1.00 1.00 - 1.00



Garnet analyses are of 3 garnet crystals in sample N-7, from the

metamorphic sureole around the Clinton-Colden ihtrusion. This garnet

has been deformed (fractured) in biotite—grade minor shear zones

attributed to movement along the Thelon tectonic zone.

Analyses 1 and 2 are single analyses of -separate grains.

3 to 5 are from a short microprobe traverse from the centre to the rim

ofla third grain.

T
0

~#0-2

24.00

1l 2 3 4 5 Hean

sio2 37.39 37.10 :37.34 37.24 36.98 37.21
Ti02 0.09 0.03 .10 0.02 0.04 0.06
21203 20.43 20.62 20.23 20.41 20.44 20.43
Fe0 26.49 26.26 26.22 26.86 25.64 126.29
Mno §.93 10.03 9.02 8.%6- .9.96  9.38
Mg0 6.87 0.78 0.84 0.84 0.74 0.81
Ca0 ‘5.03 4.99 5.37 5.20 5.27 5.17
Ha20 0.03 0.05 0.04 0.07 0.05 0.05
K20 8.02 90.02 @ - - 6.01 0.01
TOTAL 99.28 99.88 99.16 99.60 95.13 89.41
3Si+4 6.08 6.03 6.09 5,06 6.04 6.06
BTi+d 0.81 0.00 0.01 0.00 Q.00 0.01
 #Al+3 ©3.%2 3.95 3.89 3.91  3.94 3.82
#Fe+2 3.61 3.57 3.7 3.65 3.50 3.58
Mn+2 1.23 1.38 1.25 1.23 1.38 1.28

#Mg+2 0.21 0.19 .20 0.20. 0.18 0.20 -

Ca+2 0.88 0.87 0.94 0.91 0.%2 - 0.90
§Na+l 9.01 0.02 0.01 0.02 0.02. 90.02
K 0.00 §.00 . - -~ 0.00 0.00
$TOTAL 15.95 15.00 15.96 15.99 15.99 15.398
24.00 24.00 24.00 24.00 24.00.

Analyses
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LEGEND

PROTEROZCIC

Mockenzie  diabase; 1.2 G.a

ARCHEAN ‘

@ Mackay? dicbase; 2.65 Ga

Tonalite to granodiorite, minor diorite; c, tonalite;

b, gronodiorite; ¢, diorite; d,hornblende-bearing;.
e, coarse-grained. cg. 2.62 Ga.

Quar_tz diorite to diarite; g, quartz diorite; b, diorite.

Clinton-Colden gabbro-anorthosite intrusion;

¢, predominantly 80-100% plagioclase;

b, 50-100% plagiociase; c, 25-50° plagioclese;

s, inclusion in younger rock. 268623 Mg, .
Felsic meta- voleanic racks, mostly tuff, banded rhyolite. '
[] Matic and intermadiate meta-voicanic rocks; g, mafic; b, undivided
mafic to intermedicte; ¢, heterogeneous fine-grained amphibalite
3t possible velcanic origin.

Geology‘ of the volcanic rocks from Wédickc_: {1987,
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