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Assrr,Acrt
The metarnorphosed volcanics, sediments and

basic intrusives of the Archean Greenstone Belt are
composed of secondary minerals amphibole, mica,
chlorite, serpentine, acce$sory epidote, apatite,
sphene, calcite and sulphides, and variable quantities
of interstitial quartz and feldspar. The greenschists
aro locally sheared, brecciated and affected by me-
tasomatic and hydrothermal alGrations which pro-
duce local recrystallizatiotr and diverse chemical and
mineralogical chauges. Chomical atralyses of min-
erals from selected relatively fresh and altered rock
and m,assive sulphides were made in an attempt to
study chemical changes during progressive alteration
of silicates. The analytical results infer the following
chemical changes:

With progressive cbloritization, the biotite loses
more Si, Alvt, Ti, K Na, F, and Cl and gains
Al-, Mg and OII.
With progressive bleaching and recrystallization,
the amphibole cbanges from hornblende to acti'
nolite and tremolite whereby Fe, Al, K and Ti
decrease and Si, Mg and Ca increase.

*Unedited authot's abstract. The paper is condensed
from a larger version available from the author
upon request. All analyses in the original paper
are included here.
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Colour and texture of seqpntrne are correlative
witl chemical composition. Serpentine gf,anules
which retain the original olivine textures contaio
more iron than the white fibres from late ser-
pentine veins, and coloured granules contain more
Fe and Ni than colourless grauules.
Fractured serpentinites are affected by subsequent
low-grado metamorphism whereby fine-grained
serpentine alters to coarse-grained talc ancUor
chlorite, and recrystallizes to long fibres which
grow perpendicular to fracture walls or fill the
fractures with fel$ aggregates. Secondary ser-
peatine veinlets contain thin seams of calcite and
magnesite.

INrnopucrror.l

Minerals in six assemblages tepresenting rela-
tively fresh and altered tocks have been studied
in material from the Marbridge nickel deposits,
Malartic -La Motte area, Quebec (Fig. 1). The
ore deposits sonsisted of massive and dissemin-
ated sulphides of which a high proportion at
the No. 2 mine was primary millerite. Cross-
sections of the ore zones and the location of the
specimens studied (mainly drill cores) are shown
in Figure 2.
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Frc. 1. Location of the Marbridge deposits in the Malartic - VaI d'Or area, Quebec.
(Geological map from Dawson 1966).
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Frc. 2. vertical cross-sections of the Marbridge I and 2 deposits showing the loca-
tions of the ore lenses and the samples studied; (a) Marbridge 2 mine (afier Buchan
& Blowes 1968), (b) Marbridge I mine (after Clark 1965).

The geological history of the Malartic - Val
d'Or district is summarized in Table 1, which is
based on data from Tremblay (1950), Snelling
{1962), Fairbairn et aI. (1.965), Reesman (1968t
Steiger & Wasserburg (L969), Douglas (1970),
and Gates & Hurley (1973). It is evident that
the four lithological units that were sampled
may have been affected by one or more periods
of alteration. The occurrence of ,'bleashed"
hornblende (fremblay 1950), and the presence
of the lithian amphibole, holmquistite (Nickel er
al. 1960) have been attributed to metasomatism
related to intrusive rocks; Clark (1965) and

Buchan & Blowes (1968) found marked chem-
ical differences between the relatively fresh rocks
and their altered equivalents. Thus, in order to
further study the chemical and mineralogical
differences, fresh and altered specimens were
collected from the same rock unit. The speci-
mens are numbered to correspond with the rock
units shown in Figure L, and special characteri:-
tics, such as massive sul.phide ore and specific
rninerals, are designated by letters (Iable 2).
Thus "2Ob" is biotite 'ob" from massive sul-
phide ore 'O" in mineralized meta-greywacke
from rock unit 2. Specimens from late granitic
rocks and transecting pegmatites (units 8 and
8P in Fig. 1) have been described previously
(Rimsaite 1968).

As the metamorphic history of the area is
complex, the emphasis in the present paper is

I documentation rather than interpretation; de-
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tailed analyses are given for specific minerals
and mineral groups, such as serpentines and
amphiboles, in order to show their variability
and, in some cases, the compositional trends dur-
ing retrograde and contact metamorphism.

ANALYSES

Electron microprobe analyses of 49 fresh and
altered minerals Clable 2) were obtained using
an energy dispersive spectrometer and proce-
dures described by Lachance & Plant (1973).
Element distributions in altered and zoned min-
erals were studied in r-ray geanning images.
Fout minerals were concentrated for partial
chemical analyses.

The identification of all analyzed altered
grains was confirmed by x-ray powder diffrac-
tion patterns.
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Assem-
blage
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TABLE 2. ELECTRON MICROPROBE ANALYSES OF Fe-Mg MINERALS

Rock um t or Mlnera I Mloeral descrl ptlOn
association nunber

Meta-
greywacke

Meta-
pyroxeni te

2 a Gahbro
brecc:ia-
fragments

Gabbro
breaaia-

veins

3 a M tered
bio ti te-
hornbLende
schists

4 a

Fractured and
hydrated $ er-
pen tini te

Ca1'bonatized
8 erpen ti ni te

Contaot meta-
morphic meta-
greywaake

Fresh sili-
cates in
massive
suLphides

Meta-perido-
tite frag-
ments in
massive
sulphides

6 a

Alt. biotite,
recry8t. talc
& trem. in
massive 8uZph

2M
2Msg

3Gh

BlOt' te 1n quartz
in ore
in muscovi te

Muscovi te
Serpentine granule in muscovite

Hornblende dark green
pal e green

IN SIX MINERAL ASSEMBLAGES, MALARTIC AREA, QUEBEC
welght %

Si02 A1203 Ti02 FeO M90 CaO MoO Crz03

37.3 18.3 1.1 22.8 11.1 0.0 0.1 0.0
35.6 17.3 1.2 24.1 9.5 0.0 0.2 0.0
34.3 17.1 1.0 29.6 8.6 0.0 0.2 0.0
45.4 32.2 0.5 4.5 1.2 0.0 0.0 0.0
38.4 11.2 0.0 20.7 25.5 0.0 0.1 0.0

37.8 11.6 0.5 19.3 8.7.,.JJ:9 0.3 0.0
41.1 11.6 0.4 16.7 10.3 11.3 0.0 0.0
33.5 14.3 1.8 29.1 7.2 0.2 0.1 0.0
36.8 7.2 0.0 26.1 15.5 0.6 0.1 1.1
41.9 9.4 0.0 20.2 21.2 0.5 0.0 0.0
34.0 7.6 0.0 22.3 16.4 0.5 0.1 0.1
33.5 7.8 0.0 35.9 9.1 1.0 0.1 0.1

50.5 7.2 0.5 13.9 14.3 12.2 0.4 0.1
36.9 15.4 1.9 16.6 13.7 0.1 0.1 0.2
18.5 6.1 31 6.8 1.4 31

47.0 8.3 0.4 14.4 13.2 11.7 0.3 0.4
37.8 16.8 1.0 17.3 16.2 0.2 0.0 0.0
26.4 20.6 0.0 19.7 20.6 0.0 0.3 0.0
46.4 39.8 0.2 0.3 0.2 0.1 0.0 0.0

45 8.5 0.7 15.8 11.8 11.7 0.3 0.1
51 4.4 0.2 12.1 16.3 12.0 0.3 0.1
35 14.4 2.3 16.7 11.6 0.0 0.1 0.4
35.2 18.2 1.1 17.9 18.0 0.0 0.1 0.0
26.6 21.4 0.1 15.3 23.9 0.0 0.2 0.0
30 24.6 0.0 10.1 0.4 12.0 0.4 1.3
38.8 21.5 0.0 15.6 0.2 23.3 0.1 0.0

40.6 0.0 0.0 6.4 36 0.1 0.2 0.0
39.8 0.0 0.0 2.6 38.8 0.0 0.0 0.0
42.5 0.3 0.0 2.4 41.2 0.3 0.0 0.0

.58.2 0.1 0.0 1.9 23.6 13.6 0.2 0.0
27.7 15.8 0.0 6.2 30.4 0.2 0.3 0.0

56.2 1.0 0.0 2.6 22.4 13.2 0.2 0.0
58.2 1.2 0.0 0.8 24.2 13.7 0.2 0.1
39.2 15.7 1.0 6.9 20.1 0.1 0.1 0.1

49 8.7 0.6 15.3 12.3 12.1 0.0 0.0
52 4.9 0.3 12.5 13.6 11.9 0.0 0.0
36 13.6 2.3 17.4 13.6 0.0 0.1 0.3
32 4.6 0.0 17 26.3 0.1 0.0 0.0

42.5 0.4 0.0 4.9 39.4 0.0 0.0 0.0
62.6 0.0 0.0 1.6 31.8 0.0 0.0 0.0
45.1 0.2 0.0 4.9 41.3 0.0 0.0 0.0
41.1 0.1 0.0 9.6 32.6 0.0 0.1 0.0
31.0 4.1 0.1 10.0 32.5 0.0 0.2 0.0

0.0 5.8 0.0 52.4 0.0 0.0 37.0
3.7 1.6 1.0 40.8 3.0 0.0 44.7

27 17 0.0 8.5 35.0 0.3
34 15.8 0.8 13.2 21.4 0.4
58 0.1 0.0 7.4 29.1 0.0 0.0 0.0
55 0.9 0.0 13 23.9 0.2 0.0 0.0

NazO
O.J
0.2
0.0
0.7
0.0
1.3
1.4
0.0
0.2
0.4
0.1
0.1
1.1
0.1

Ni

3Gb BiotHe
3Gl Serp granu1 e in hornblende
3Gbr Brown serp granul e in hblde
3GS-2 Serp pseudo after olivine Llislands"
3GS_l Serp vein1et in serp granule

4Bh Green hornblende
48b* Biotite
4BSp Spi ne1 in bioti te

4BFh Hornblende in feldspar
4BFb Bioti te in hornb1 ende
4BFc Chlorite in feldspar
4BFm Muscovite in fe1 dspar

lAh** Hornbl endet dark center
lAa Actinolite rim
1Bb Fresh bioti te
2Cl Sageni tic bioti te

2C2*** Ch10ri tized biotite
lBalt Allanite in biotite
lBep Epidote rims on allani te

35-2 Green serp pseudo of 01 "islands"
35-1 White serp in fractures in serp 01
3S-10 tt Serpent; ne fi bres
3SCtr Treroolite after serp uislandsu
3SCcl Chlorite after serp veinlets

2Aa Trernoli te-acti no1ite
2Atr Porphyrob 1as ti c tremo 1i te
2P Phlogopite

lAOh Hornblende in sulphides
lAOa Actinolite rims on hornblende
1BOb Biotite in sulphides
lSO Orange-brown serpenti ne granul e

30Sc Chlorite in peridotite fragment
30St Talc in peridotite fragment
30Gp Pale green serp granule in sulphide
30Gbr Orange-brown serp gran in sulphide
30S-4 Serp rim on spi ne1
30Sp Spinel in sulphide ore
30Spv Cross-cutting secondary spinel

lAch Chlorite
lBO Biotite in ore
HOp Pale green talc in ore
HOb Brown talc in ore

KzO
9.8
9.6
7.7

10.0
0.0
0.3
0.3
8.5
0.0
0.0
0.0
0.0
0.3
9.6

1.4
0.2
0.2
1.3
1.5

0.3
8.3
0.0

10.6
0.4
0.1
9.7
5.7
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
9.6
0.5
0.2
9.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
9.8
0.0
o .G

0.7

0.1
0.1
0.0
0.2
0.0
0.0
0.1
0.1
0.0
0.3
0.4
0.2
o

0.5

0.7

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0

Electron microprobe analyses by G.R. Lachance. Total Fe as FeO. Chemical analyses below are by J.-L. Bouvier and J.G. Sen Gupta.

*H20 2.9, F 0.39, Cl 0.18, Li20 0.04, FeO 13.65, Fe203 3.23 **H20
2.1, F 0.14, Cl 0.18, Li20 0.01, FeO 14.43, Fe203 3.93

***H20
10.9, F 0.11, C1 0.13, Li20 0.02, FeO 13.53, Fe203 0.45 wt %. tAlso contains about 10% ceO and rare earths.

ttH20 12.82, F 0.11, Cl 0.16, Li20 0.00, FeO 0.45, Fe203 1.89 wt %.

DISCUSSION OF P ARAGENESES IN SIX

ASSEMBLAGES

From a microscopic study, the minerals stu-
died were grouped into the six "assemblages"
listed in Table 2. The term assemblage in this
paper does not denote mineral associations
characteristic of a rock; rather, the term indi-
cates the presence of a characteristic feature,
such of the preservation of original peridotitic
textures, the presence of "bleached" amphibole,
or the occurrence of alteration such as hydra-
tion or recrystallization. iIn the treatment be-
low, assemblages 1 and 2 are considered as
"primary" in that the first contains relict perido-

titic textures, and the second has not suffered
retrograde alteration. These are used for com-
parison with the other four assemblages which
have been subjected to various alterations such
as hydration and carbonatization. Most impor-
tant is that, regardless of the type of alteration,
"peridotite relics" have been traced through all
the altered assemblages to show the various
chemical changes that have occurred.

Assemblage 1

Original peridotitic textures are preserved in
fragments in two different rock units - meta-
greywacke and "meta-pyroxenite". The meta-
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FIG. 3. Photomicrograph showing altered olivine granules in carbonatized serpentinite of assemblage 4.
Serpentine veinlets are replaced by chlorite (C), and carbonate and oxides; olivine "islands" are re-
placed by tremolite (T) and sulphides (opaque).

FIG. 4. Enlargement of Figure 3 showing secondary oxides (opaque) and carbonate (Ca) in serpentine
veinlet.

FIG. 5. Deformed olivine pseudomorphs, replaced by chlorite (C) and opaque sulphides, in massive ser-
pentine recrystallized to antigorite and tremolite (T).

FIG. 6. Porphyroblastic hornblende of assemblage 1 with enclosed patch of mineralized serpentinite (S).
Olivine granules are replaced by epidote (E) and sulphides.

FIG. 7. Same thin section as Figure 6, showing recrystallized serpentine granules enclosed in sulphides.

FIG. 8. A porphyroblast of "bleached" amphibole consisting of hornblende (H), and patches of actinolite
(A) that grade into tremolite 01. Assemblage 3a.
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greywacke is a schist composed of quar,tz-oligo-
clase and biotite bands, the latter containing
sulphide fragments with adhering recrystallized
serpentine granules. The biotite bands, which
contain accessory epidote, allanite, sphene, and
apatite, are partly replaced by coarse-grained
muscovite porphyroblasts that crystallized along
the serpentine-sulphide fragments. Microprobe
analyses (Table 2) indicate that all biotite in the
meta-greywacke is relatively high in AI, that the
muscovite is phengitic, and that biotite asso-
ciated with muscovite is highest in iron. Green
serpentine granules partly enclosed in Fe-N i
sulphides and within mu,covite porphyroblasts
apparently recrystallized in situ: their relatively
high Al and Fe contents differ markedly from
the composition of colour less granules in the
periditote host (assemblage 3b, Table 2).

The "meta-pyroxenite" studied consists pre-
dominantly of hornblende and about 20% sul-
phides enclosing recrystallized serpentine gra-
nules (Figs. 6, 7). These and minor biotite, il-
menite, and spinel, alternate with lighter, nar-
rower bands composed of oligoclase-andesine,
epidote, and minor quartz.

The hornblende varies from dark blue-green
to pale green, with the lighter, "bleached"
grains being actinolitic (Table 2). Most of the
serpentine granules have recrystallized to brown
and dark reddish brown acicular and felty aggre-
gates, but relict textures are represented by
pseudomorphs formed from residual "olivine
islands", and by veinlets characteristic of initial
serpentinization along olivine fractures. Analyses
of these are given in Table 2, and a more de-
tailed description of the relationships between
parent olivine and the various serpentine types
is given by Rimsaite (1973).

Assemblage 2

Assemblage 2 is an example of brecciation
without accompanying hydration. The gabbro
breccia studied (Fig. 2) consists of dark frag-
ments of "meta-pyroxenite" (mainly horn-
blende) in white "veins" of patchy, porphyro-
blastic oligoclase. Biotite and Fe-Cu sulphides
occur along the vein margins. The feldspathic
portions of the rock also contain small quantities
of ferromagnesian minerals and vice versa.

Colour variation in the green hornblende in
the breccia fragments is not prominent. The few
grains of biotite that occur along hornblende
cleavage planes and fractures contain inclusions
of spinel and allanite crystals rimmed with epi-
dote and prominent pleochroic haloes.

The oligoclase veins in the gabbro breccia also
contain hornblende, biotite, and traces of chorite

and muscovite. The ferromagnesian minerals
contain more Al than their counterparts in the
breccia fragments (Table 2).

The "gabbro breccia" may be an example of
mineral segregation formed from an originally
homogeneous mafic rock.

Assemblage 3

Assemblage 3a, an altered schist, is an examp-
pIe of chemical and mineralogical changes that
occur in fractured meta-sediments and meta-
volcanics of rock units 1 and 2 (Fig. 1). Amphi-
bole in the altered schist occurs as porphyro-
blasts with actinolitic patches and rims (Fig. 8).
Biotite has altered to sagenitic biotite-chlmite,
and to chlorite free of rutile. Relatively fresh
residual biotite contains abundant inclusions of
Ce-rich allanite with epidote rims (Table 2).

In biotite-hornblende schists at the contaot with
massive sulphides, x-ray scanning images show
relics of the original minerals in newly-formed
overgrowths. Biotite has been partly replaced by
chlorite and small prismatic crystals of tremolite.

As a second example showing the changes,
effected by fracturing and hydration, serpen-
tinite assemblage 3b (Table 2) was chosen. In
fractured serpentinite breccia, serpentinized oli-
vine granules and associated magnetite veinlets
are deformed, stretched, and locally replaced by
coarse-grained chlorite. Some fine-grained ser-
pentine aggregates recrystallized to coarse-
grained chlorite- antigorite flakes which are com-
positionally similar to the original serpentine,
and some fractures and veins ar'e filled with
serpentine fibres (Table 2), with iron oxides, cal-
cite, dolomite, magnesite, stichtite, and sjogre-
nite along the fracture walls.

Notable is the low AbO. content of ;these ser-
pentines compared to that of recrystallized ma-
terial within hornblende in assemblage 1.

Assemblage 4

Some brecciated rocks are locally replaced by
patches of coarse-grained carbonates. The car-
bonate-rich rocks, which have a pitted, crumbly
appearance, have been observed in drill-core
samples a few feet from their contact with mas-
sive sulphides. Buchan & Blowes (1968) reported
that meta-peridotites locally contain 30% car-
bonates. The carbonatization is apparently
related spatially and temporally with late frac-
turing and brecciation. The carbonate patches
and veins transect and replace earlier minerals.

Carbonatized serpentine and contact meta-
morphic meta-greywacke were examined in the
present study. The serpentinite consists of vari-



able proportions of serpeutine" eHorite, tremo-
lite, calcite and other carbonates, epidote, oxides,
and sulphides. Serpentinized olivhe granules
havo retained their original textures despite par-
tial to complete replacement by calcium-bearing
minerals (Fig. 3). Serpentine formed from oli-
vino "islands" is usually replaced by tremolite,
magnetite, or remobilized sulphides; "rim" and
veinlet serpentines are replaced by calcite and
'chloqite t magnetite. Analyses for these types
,of tremolite and chlorite are given in Ta,ble 2.

The carbonatized meta-greywacke contains
,calcite patches, minor diopside, porphyroblastic
tremolite and epidote, and remnant phlogopite
partly replaced by pyrite, pyrrhotite, pentlandite,
.and tremolite. Fine-grained quartz in the ground-
mass is clouded by iron oxides and sphalerite.
The original .banded appearance of the meta-
greywacke has beon obliterated by patches of
.calcite and porphyroblastic tremolite, whioh re-
placed all minerals, including the older astino-
litic tremolite. Analyses of both types of tre-
molite are given in Table 2. Note also that the
porphyroblasts contain slightly more Al and Na,
and less Fe than the tremolite pseudomorphs
in the car onatized serpentinite described above,
thus indicating that the secondary tremolites re-
fleot their environment of crystallization and
the compositions of the minerals they replaced.

Assemblage 5

Assemblage 5 consists of about 90% massive
sulphides (pyrite-pyrrhotite-chalcopyrite) and
about 1,0Vo hornblende rimmed by actinolite,
biotite, and serpentine. Although both amphi-
boles are chemically similar to those in unmin-
eralized assemblage 3 (Iable 2), tbe actinolite
rims here are narrower and the contrast in Si
and Mg from cores to rims is less pronounced.
At the contaot between massive sulphides and
honlblende-biotite sshist, some of the rimmed
hornblende crystals also contain overgrowths of
a dark green alkali amphibole,

Biotites and serpentines from this assemblage
are chemisally similar to those in equivalent un-
mineralized host rocks. An exception is an ap-
pbrently recry$talliaed oranlge.rbrown serpen-
tine granule with 0.77o Ni (Iable 2).

Assemblage 6

The previous assemblage was considered to
be representative of fresh silicates in massive
sulphides; assemblage 6 consists of (a) recrystal-
lized meta-peridotite, and (b) altered minerals,
both of which are also enclosed in massive sul-
phides.
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Tho specimens of assemblage 6a consist of
aboui 90/o sulphides, with meta-peridotite in-
clusions ranging from a few mm to a few cm
in size. The sulphides also contain serpentine
granules, thin serpentine veinlets, and serpen-
tine rims on fractured spinel grains cut by sec-
ondary spinel. The meta-peridotite fragments
are recrystallized to coarse-gtained acicular
chlorite-antigorite and talc. Analyses for all these
minerals are given in Ta,ble 2. X-ray scanning
images confirmed that the spinel veinlet con-
tains more Cr and Fe than its host, and that in-
slusions account for the anomalous analysis.

In asse.mblage 6b, the massive sulphides
encloso long, intersecting actinolite-tremol.ite
prisrns, biotite partly replaced by chlorife, and
serpentine granules partly altered to pale green
and brown talc. Analyses of chlorite, biotite, and
talc are given in Table 2.

Survrvreny AND CoNcLUsroNs

Mineralogical and chemical changes have been
studied in specimens representing four lower
lithological units in the Archean greenstone belt
in the Malartic area, Quebec. The rocks have
been affected by regional and local retrograde
metamorphisms, and by local alkali metaso-
matism, hydration, and carbonatization.

Six mineral assemblages characterized in this
study consi:t largely of hydrous ferromagnesian
minerals, with variable quantities of altered oli-
goclase, quartz, and massive srtlFhides. Although
much of the original rock texture and mineralogy
has been obliterated by porphyroblasts, ser-
pentinized olivine granules have been traced
from meta-pyroxenites to serpentines embedded
in massive sulphides and metamorphic silicates.

Chemical changes in heterogeneous serpen-
tines, in zoned amphiboles and epidotes, and in
chloritized micas have been documented. In
some cases, such has been shown for the micas,
the type of host rock seems to have had a de-
monstrable effect on composition, The over-all
chemical and mineralogical trends established
rn the present study confirm and support the
petrological and chemical trends reported by
Buchan & Blowes (1968).
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