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ABSTRACT

The Proterozoic MacLellan gold deposit, in the Lynn Lake greenstone belt, Manitoba, developed through a complex sequence
of pre-, syn- and postmetamorphic fluid-infiltration events within a series of amphibolite-grade biotite-, chlorite- and amphibole-
bearing schists. Amphibole within the deposit is manifested as a wide variety of textural types, including metamorphic
porphyroblasts, randomly oriented postmetamorphic porphyroblasts and aggregates, amphiboles related to quartz — chlorite —
biotite vugs, and aggregates of massive amphibole in alteration haloes around veins. The amphiboles are all calcic, but represent
a wide compositional range, and includes the varieties ferrotschermakite, tschermakite, magnesiohornblende and actinolite. Dis-
tribution of Fe and Mg among amphibole, biotite and chlorite indicate three amphibole-forming events, which represent 1)
metamorphism, 2) the main quartz—amphibole vein-forming and alteration event, and 3) an event that formed the vugs. The
randomly oriented porphyroblasts and aggregates appear to be associated with both the main alteration event and the vug-forming
event, which is consistent with their formation after the main episode of metamorphism and deformation. The chemical compo-
sition of the protolith strongly influenced the composition of alteration amphiboles. Alteration occurred under low water:rock
ratios. Biotite, the other main mafic mineral, is generally Mg-rich. The composition of biotite in and around metamorphosed
quartz — biotite — sulfide (QBS) veins is more restricted than that of the host-rock biotite, which suggests that these compositions
represent a fluid-buffered protolith composition. Titanium contents of the biotite correlate with the nature of the associated Ti-
oxide phase, increasing from rutile to ilmenite + rutile to titanite — ilmenite + rutile. The QBS-associated biotite typically has a
high Ti content and is associated with titanite. This assocation may well result from premetamorphic metasomatism related to the
QBS vein-forming event.

Keywords: amphibole, biotite, mineral composition, gold, MacLellan deposit, paragenesis, hydrothermal, Lynn Lake greenstone
belt, Manitoba.

SOMMAIRE

Le gisement d’or MacLellan, d’age protérozoique, situé dans la ceiture de roches vertes du lac Lynn, au Manitoba, s’est
développé suite & une séquence complexe d’événements pré-, syn- et postmétamorphiques impliquant une infiltration de fluide
dans une série de schistes a biotite, chlorite et amphibole équilibrés aux conditions du faciés amphibolite. L’ amphibole du gisement
se présente sous une grande variété de textures, y inclus porphyroblastes synmétamorphiques, d’autres dont 1’orientation est
alcatoire et qui seraient postmétamorphiques, en partie en aggrégats, de I’amphibole liée aux cavités tapissées de quartz — chlorite
— biotite, et des aggrégats d’amphibole massive dans les auréoles d’altération longeant les veines. Les amphiboles sont toutes
calciques, mais elle représentent une grande étendue de compositions et donc de variétés, dont ferrotschermakite, tschermakite,
magnésiohornblende et actinolite. La distribution de Fe et de Mg parmi amphibole, biotite et chlorite coexistantes indique trois
épisodes de formation: 1) métamorphisme, 2) événement principal de formation des veines d’amphibole et de quartz, et
d’altération, et 3) formation des cavités. Les porphyroblastes a orientation aléatoire et les aggrégats semblent &tre associés a la
fois a I’épisode principal d’altération et la formation des cavités, ce qui concorde avec leur déroulement aprés la recristallisation
métamorphique principale et la recristallisation. La composition chimique du protolithe a fortement influencé la composition des
amphiboles des assemblages d’altération. L’ altération se caractérise donc par un faible rapport de roche 4 H,O. La biotite, I’ autre
phase mafique importante, est en général magnésienne. Sa composition dans et prés des veines métamorphisées A quartz — biotite
— sulfures est plus restreinte que celle des roches-hdtes, ce qui fait penser qu’elles résultent d’un protolithe dont la composition
était régie par la composition du fluide. La teneur en titane de la biotite montre une corrélation avec la nature de 1’ oxyde coexistant
porteur de Ti, augmentant 2 partir de rutile & ilménite + rutile 2 titanite ~ ilménite * rutile. La biotite des veines a sulfures posséde
en général une teneur €levée en Ti et coexiste avec la titanite. Cette assocation pourrait bien résulter d’une métasomatose pré-
métamorphique liée 4 la formation des veines sulfurées.

(Traduit par 1a Rédaction)

Keywords: amphibole, biotite, composition des minéraux, or, gisement MacLellan, paragengse, hydrothermal, ceinture de roches
vertes du lac Lynn, Manitoba.
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INTRODUCTION

The MacLellan gold deposit occurs within a
sequence of mineralogically diverse amphibolite-grade
schists in a predominantly metavolcanic portion of the
Lynn Lake greenstone belt in Manitoba. The deposit
contains at least four distinct sets of veins, the timing of
which ranges from premetamorphic to postmetamorphic
(Samson & Gagnon 1995). Biotite and amphibole are
abundant both in the host rocks and in vein and
alteration assemblages. In this paper, we focus on
the paragenesis of the various types of biotite and
amphibole, and use data on the composition of these
mafic minerals to examine the genetic relationships
among biotite, amphibole and chlorite in this complex
deposit, particularly with respect to metamorphism and
fluid infiltration.

GEOLOGY

The MacLellan gold deposit is located approxi-
mately 8 km northeast of Lynn Lake, Manitoba (Fig. 1),
and is hosted by amphibolite-grade schists that form part
of the Wasekwan Group of the Paleoproterozoic Lynn
Lake greenstone belt (Gilbert ez al. 1980, Fedikow 1986,
Samson & Gagnon 1995). The deposit is one of three
mineralized bodies that form a zone of mineralization
crudely stratiform and subconcordant to the enclosing
stratigraphy (Fedikow er al. 1991, Samson & Gagnon
1995). In the vicinity of the mine, chlorite- and
amphibole-rich schists that have been interpreted as
metamorphosed aluminous and picritic metabasalts
dominate the Wasekwan Group (Gagnon 1991, Fedikow
1992). Subordinate biotite- and quartz-rich schist units
have been variously interpreted as pyroclastic and
epiclastic units (Fedikow 1992).

Most of the samples used in this study came from
the main conveyor drift on the 370 m level of the
MacLellan mine; the drift was mapped at a scale of
1:100 (Gagnon 1991, Samson & Gagnon 1995) and pro-
vided a complete cross-section through the deposit. A
few additional samples came from an active stope, spoil
heaps and surface exposures.

HosTt Rocks

In order of decreasing abundance, the rocks hosting
the mineralization are chlorite — hornblende (CH) schist,
biotite — plagioclase (BP) schist, and chlorite — quartz
(CQ) schist (Gagnon 1991, Samson & Gagnon 1995).
Few primary structures or textures are recognizable.
These assemblages and individual samples can be very
heterogeneous, with millimeter- to centimeter-scale
banding of mineralogically diverse rock-types. CH
schists consist of amphibole, chiorite and plagioclase
with accessory magnetite, ilmenite and epidote. CQ
schists principally consist of quartz, chlorite, plagioclase
and biotite with minor amphibole, garnet, magnetite and
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ilmenite. BP schisis are the most heterogeneous host-
rocks. In addition to the dominant plagioclase, biotite
and chlorite, these rocks may contain minor ilmenite,
magnetite, rutile, titanite, alkali feldspar, epidote, kyan-
ite, amphibole, quartz, staurolite, garnet, tourmaline,
pyrite and pyrrhotite. Biotite within the host BP schists
is light brown and, in general, fine-grained. Staurolite
typically occurs as porphyroblasts that grew at the
expense of biotite. Titanite occurs as rims around
ilmenite and rutile crystals. Quartz—muscovite schist is
a rare rock-type in the sequence. The grade of meta-
morphism in the vicinity of the deposit ranges from
lower to middle amphibolite facies (Gilbert et al. 1980),
which is consistent with the presence of garnet, stauro-
lite and rare kyanite in the biotite schists (Samson &
Gagnon 1995). Most samples of the schists have a
single, penetrative foliation. Rare crenulation cleavage
is related to narrow, late-kinematic shear zones (Gagnon
1991, Samson and Gagnon 1995).

Amphibole within the schists is optically and textur-
ally variable (Table 1, Figs. 2, 3, and 4). In some schists,
fine- to medium-grained, subidioblastic to idioblastic
crystals of amphibole show a preferred orientation that
is conformable with the penetrative foliation defined by
matrix chlorite and biotite (referred to as “metamorphic”
in Table 1). In most samples, however, many or all of
the amphibole crystals are randomly oriented and may
be coarse to very coarse grained. The amphibole may
occur as disseminated crystals, in small aggregates of
several crystals (“random” in Table 1), or in larger

TABLE 1. SUMMARY OF PETROGRAPHIC TYPES OF AMPHIBOLE,
MAacLELLAN GOLD DEPOSIT, MANITOBA

Type Designation Typical festures Fig.
Host-rock metamorphic Optically 2 fine- to medi -
tisseminated ined. subidioblastic 1o idicblasti
crystals with 3 preferred orieatation
random Optically ! arse-grained 2b
single porphyroblasts or agaregates
zoned Optically zoned, subidioblastic to 2c,
idicblastic porphyroblasts 3b
Relict refict Isolated dark green crystals in massive 3b,
alteration amphibole 3c
Patchy patchy Small aggregates of randomly oriented, 2a
typically poikiloblastic crystals
Hydrothermal  vein Aggregates of acicular crystals within 4b
quartz veins
diterstion Massive zones of fibrous to prismatic 3b
crystals; may or may not be vein-related
vug Coarse, subidioblastic to idioblastic 4c
prismatic crystals interstitial to idioblagtic
crystals of quartz
vug-related  Coarse, poikiloblastic crystals -
surrounding chiorite—carbonate in vug
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FiG. 1. Location of the MacLellan deposit, northern Manitoba. The local geology is based on maps GP80-1-1
and GP80-1-2, Manitoba Department of Energy and Mines (Gilbert ef al. 1980). Symbols: BL: Burge Lake,
EL: Eldon Lake, CL: Cockeram Lake.




/f'/_/-/’//'/,/;f/_--

Pl-Qtz-Bt}

Fig. 2.

aggregates or patches of crystals (typically <1 cm
across; “patchy” in Table 1; Fig. 2a). In a few samples,
some grains of amphibole are conformable with the pen-
etrative foliation and others cut across it, making tex-
tural discrimination difficult. In these cases, we have
classified the amphibole as random on the basis of the
cross-cutting varieties.

The randomly oriented crystals of amphibole vary
considerably in texture, in part as a function of the
matrix mineralogy. In quartz-rich lithologies, they are
generally poikiloblastic, with inclusions of one or more
of the following minerals: quartz, plagioclase, biotite,
ilmenite, carbonate or, rarely, rutile (Fig. 2b), whereas
in quartz-poor, biotite- or chlorite-rich lithologies, they
are typically non-poikiloblastic. The randomly oriented
amphibole crystals vary from idioblastic to xenoblastic,
and include prismatic and acicular forms. In some
samples, pale green prismatic and acicular varieties form
radial aggregates. Typically, idioblastic crystals in
biotite- and chlorite-rich units are zoned (‘“zoned” in
Table 1), Zoned crystals generally comprise a dark green
core and a light green to colorless rim (Fig. 3a). The
cores are xenoblastic or mimic the idioblastic shape of
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(a) Patchy amphibole overprinting the fabric and replacing plagioclase — quartz — biotite schist; the titanite — ilmenite —
rutile aggregates indicate the foliation. (b) Several coarse-grained, homogeneous poikiloblastic porphyroblasts (random grains
of amphibole) have overprinted a plagioclase — biotite — quartz schist; inclusions are sphalerite and pyrite (black) and quartz
and carbonate (white). Each pattern represents an individual crystal of amphibole, Symbols: Qtz: quartz, Bt: biotite, Pl
plagioclase, Ttn: titanite, [lm: ilmenite, and Rt: rutile.

the outer zone (Fig. 3a). Typically, only two zones are
visible, but in some crystals, oscillatory zoning is devel-
oped toward the margin (Fig. 3a). Samples in which
zoned crystals were observed also contain either coarse-
grained, patchy aggregates of amphibole or pervasive
alteration to massive amphibole (Fig. 3b). The amphi-
bole in the aggregates is optically identical to that in the
outer zone of the zoned porphyroblasts.

MINERALIZATION

The schists contain six mineralogically and textur-
ally distinct types of veins and alteration: 1) quartz —
biotite — sulfide (QBS) veins with biotite-rich alteration
haloes, 2) quartz — arsenopyrite veins, 3) quartz —
amphibole veins and patches with amphibole-rich alter-
ation haloes, 4) vein and disseminated sulfides, 5) car-
bonate * quartz veins and carbonate alteration, and
6) quartz + sulfide veins (Samson & Gagnon 1995). In
addition, rare sulfides of sedimentary origin are present
in samples from the Nisku spoil heaps (Samson &
Gagnon 1995). The QBS and quartz — arsenopyrite veins
are the primary hosts to the gold mineralization, al-
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FiG. 3.

(a) Porphyroblast of zoned amphibole in chlorite schist; dotted line marks a subtle change in color of core. (b) The top

half of this diagram shows randomly oriented idioblastic zoned porphyroblasts in a chlorite schist. The lower half shows light-
green massive alteration-related amphibole with darker green relict amphibole. The large crystal in the upper left is the zoned

example shown in Figure 3a.

though elevated concentrations of gold also are associ-
ated with both the quartz — amphibole and quartz + sul-
fide veins (Samson & Gagnon 1995). In the quartz—
amphibole veins, the gold is probably related to the later
sulfide veins and disseminated sulfides that overprint
this stage. Textural studies (Samson & Gagnon 1995)
indicate that the QBS veins predate metamorphism and
the main event of deformation that produced the penetra-
tive fabric; the quartz — arsenopyrite veins are broadly
synmetamorphic, and the others are postmetamorphic.
The quartz + sulfide veins are related to late-stage brittle
faults. Biotite and amphibole are by far the most abun-
dant alteration-induced minerals in the deposit and are
only associated with the QBS and quartz — amphibole
veins. The other types of veins have little or no associ-
ated alteration and shall not be discussed further.

QBS veins are generally narrow (0.1 to 5 cm), highly
deformed (folded and boudinaged) and consist of quartz
+ biotite * gahnite and sulfide minerals (pyrite, pyrrho-

tite, sphalerite, galena, arsenopyrite, chalcopyrite and
boulangerite). These veins are almost exclusively hosted
by the BP schists. In some samples, the veins have a
narrow (typically <1 cm) halo in which the biotite con-
tent is higher than in the surrounding schist (Fig. 4a). In
some cases, the halo is 100% biotite. These are particu-
larly obvious in biotite-poor lithologies and less so in
biotite-rich hosts. Where a halo is developed, the or-
ange-brown biotite may be either randomly oriented or
concordant with the penetrative foliation of the sur-
rounding schist. The light brown biotite from the host
rock will be referred to as “metamorphic”, that in the
haloes of the QBS veins as “vein-related”, and biotite
actually in the vein as “vein-hosted”.

Quartz — amphibole veins are generally wider
(10 cm) than QBS veins and continuous over greater
distances (<5 m). These veins are commonly boudinaged
and disconformable to the foliation. The associated
amphibole-rich halo overprints the foliation. The
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FI1G. 4. (a) QBS vein with biotite halo; note that the vein is folded and that the penetrative foliation runs NE-SW across the
figure. (b) Vein actinolite along the margin of a quartz vein. (¢) Vug amphibole in biotite — plagioclase schist; note that the
amphibole in this case encloses quartz crystals, some of which are idioblastic. Symbols: Ms: muscovite, Act: actinolite, and

Chl: chlorite.

quartz—amphibole veins are therefore interpreted as a
post-peak metamorphic, late-kinematic feature (Samson
& Gagnon 1995). This stage also is manifested as dis-
continuous pods and patches of quartz in irregular zones

of massive amphibole alteration and as zones of mas-
sive amphibole, both independent of obvious veins
(referred to as “alteration” amphibole, Table 1). The
veins are generally dominated by quartz with lesser
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amounts of amphibole, sulfide (pyrrhotite and sphaler-
ite) and carbonate, and rare biotite and chlorite. In most
veins, the sulfide and carbonate postdate the other min-
erals and represent a temporally distinct event. The
amphibole within veins and enclosed in quartz is gener-
ally a fibrous, pale green to colorless variety (“vein” in
Table 1; Fig. 4b). Alteration amphibole is typical of the
host rocks to these veins and shows considerable varia-
tion in its textural and optical characteristics. Some
veins have an amphibole-rich (80~-100% by vol.) alter-
ation halo that extend up to about 10 cm away from the
vein margins. The amphibole in such haloes is gener-
ally pale green to colorless and is xenoblastic, prismatic,
acicular or feathery. Such aggregates of massive
amphibole are typical of quartz-poor lithologies and are
best developed in CH schists, but they also occur in BP
schists. Some massive aggregates contain coarse-
grained, interstitial plagioclase enclosing fine-grained,
acicular crystals of amphibole. In quartz-rich lithologies,
the alteration is less pervasive and consists of coarse,
poikiloblastic crystals of the same type of amphibole.
The coarse alteration-related amphibole replaces and
overprints the margins of the quartz veins. In some
samples, crystals of massive, pale green alteration-
related amphibole contain crystals of dark green
xenoblastic, relict amphibole (“relict” in Table 1;
Fig. 3b).

The alteration-induced amphibole crystals have been
observed to overprint and replace all of the lithologies
and mineral assemblages seen in the deposit. Quartz
commonly occurs as inclusions, but is invariably
corroded and clearly replaced in most cases. Idioblastic
ilmenite is consistently preserved within the amphibole
grains and is generally coarser than in the protolith.
Coarse titanite is present in some amphibole assem-
blages and seems to be in equilibrium with both
amphibole and ilmenite.

Some samples also contain small patches or vugs
comprising coarse-grained idioblastic quartz surrounded
by either coarse, dark green, subidioblastic to idioblas-
tic amphibole (“vug” in Table 1; Fig. 4¢), with coarse
idioblastic biotite, pyrrhotite, pyrite, chalcopyrite,
ilmenite + titanite or, in one case, coarse biotite, chlo-
rite, carbonate, pyrite, and sphalerite. The chlorite-bear-
ing vug does not contain amphibole, but does occur
within a patch of poikiloblastic amphibole, and may
represent the patchy amphibole described above (“vug-
related” in Table 1). These patches and vugs are distin-
guished from the veins and alteration described above
by the fact that the quartz is commonly subidioblastic
to idioblastic, the amphibole is interstitial to the quartz
(rather than replacing it), they contain coarse, idioblas-
tic biotite (“vug-related” in text that follows), and the
sulfides and carbonate (in the case of the chlorite-bear-
ing vug) occur interstitially to the silicates. These tex-
tures all suggest open-space deposition, possibly later
than the other amphibole-bearing assemblages.
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Samples were selected to represent all of the optical
and textural variants of the amphibole and biotite. A
total of 100 amphibole, 65 biotite and 15 chlorite analy-
ses were made on a Cameca MBX electron microprobe
at the University of Michigan, operated at a beam cur-
rent of 20 nA at 15 kV. Reference standards included a
range of natural oxide and silicate minerals; ZAF pro-
cedures provided by Cameca (Pouchou & Pichoir 1984)
were used to correct compositions.

This paper focuses on the chemical composition of
amphibole, biotite and chlorite produced during a com-
plex history of deformation, metamorphism and meta-
somatism. Each of these minerals can contain a
significant amount of Fe3*, estimates of which are not
available from the electron-microprobe data. Wet-
chemical determinations of Fe;O5 are not useful in this
study because of the small-scale variability of the
minerals in question. Estimates of Fe3*# values, where
Fe**# = Fe*/(Fe** + Fe?*), based on the stoichiometry
of phyllosilicates are generally unsatisfactory (cf.
Dymek 1983, Guidotti 1984, Guidotti & Dyar 1991).
Stoichiometry-derived estimates of Fe**# values in am-
phibole are, however, commonly made. Cosca et al.
(1991) found that for calcic amphibole, a normalization
based on 13 cations, exclusive of Ca, Na and K, gives
reasonable estimates of ferric iron. The present Interna-
tional Mineralogical Association guidelines for amphib-
ole classification recommend a procedure that averages
normalizations, giving minimum and maximum Fe3* es-
timates (Schumacher 1997), a technique very similar to
that proposed by Spear & Kimball (1984). It remains,
however, that estimation of the Fe>* content of amphi-
bole by stoichiometry is unsatisfactory; the scatter dia-
gram comparing measured and calculated Fe** values
given by Hawthorne (1983) is illustrative.

The principal control on the Fe’*# values in the fer-
romagnesian minerals pertinent to this study, calcic
amphibole, biotite and chlorite, is the oxidation poten-
tial, represented by the f{O,), during mineral formation
(Spear 1981, Clowe et al. 1988, Guidotti & Dyar 1991,
Dyar et al. 1992, Rebbert et al. 1995). Further, reason-
able estimates of f{O,) can be made by considering the
oxide and sulfide minerals in equilibrium with the sili-
cate assemblage (Eugster & Skippen 1967, Holdaway
et al. 1988, Williams & Grambling 1990).

In the rocks of the MacLellan deposit, amphibole,
chlorite and biotite in unmineralized and unaltered host-
rocks are typically associated with ilmenite (* rutile).
Magnetite is locally observed in these rocks, but hema-
tite is not found. Biotite and amphibole were therefore
typically produced during metamorphism with ilmenite
as the stable iron oxide phase. Amphibole and chlorite
also were deposited by the fluids responsible for am-
phibole alteration in the presence of ilmenite  titanite.
Sulfide mineralization occurred during the history of the
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TABLE 2, SUMMARY OF MINERAL ASSEMBLAGES IN SAMPLES
FROM THE MACLELLAN DEPOSIT, MANITOBA

_Sample Main blage Mgt Rt Tm Tin Sul
ALS-3 PLQtz—Chl-Amp  amphibole X x
ALS-5 Chl-Bt-Pl-Amp amphibole X X

biofite X X
N7 Qtz—Pl-Amp— amphibole = X X
Bt-St biotite x X
RSL-1 Bt-Qtz-Amp amphibole X x
biotite X x
ACD-8 Bt-Chl-Qtz-Amp  amphibole X x
biotite X X
ACD-10  Chl-Bi-Amp—Qtz  amphibole x X X
biotite x X X
ACD-22  Bt-Qtz-Amp-P! amphibole X - Ix X
biofite X x X
ACD40a Qtz-Bt biotite x x X X
ACD-41a QtzBt biotite X b3
ACD-43a Qtz-Bt biotite x X
ACD-43b Qtz-Bt-Pl biotite x X X
ACD45  Qtz-Bt-Chl biotite X X
ACD48  Qtz-Bt-Pl biotite X x X
ACD-53  Chl-Qtz—Bt-Amp  amphibole x X X
biotite X X
ACD-60  Pl-Qtz-Bt-Amp amphibole x x x
ACD-64  Amp-P}-Chi amphibole X X
ACD-65 QtzPI-Bi-Amp amphibole  x x x
ACD-78  Bt-Amp-Pl amphibole X X
biotite X X
ACD-82  QizPlBt-Amp amphibole x X X
biotite b3 X X
ACD-84  QtzPl-Bt-Amp amphibole  x x x x
biotite x x X X
ACD-123 Chl-Amp amphibole X
ACD-123 PI-Bt-Amp amphibole X
ACD-155 Amp amphibole x x X
ACD-186 Qtz—PH-Bt-Amp amphibole X X X
biotite X
ACD-219 Qtz-PL-Bt biotite X
ACD-222 Qtz-PLBt-St biotite x X
ACD-224 Qiz-Bt-Amp amphibole x X
ACD-228 Bt-Amp-PIQtz amphibole X X
bigi X

Mineral abbreviations are those of Kretz (1983), with the addition of Amp:
amphibole, Mgt: magnetite, Ttn: titanite, Sul: sulfides (principally pyrite, pyrrhotite,
arsenopyrite). X: abundant, x: sparse.

deposit: with QBS-stage veining, during the peak of
metamorphism (quartz — arsenopyrite veins) and after
the amphibole alteration. A summary of the dominant
and accessory mineralogy for the MacLellan rocks is
given in Table 2.

The metamorphic assemblages that include ilmenite
or rutile as the only oxide minerals probably formed at
an f{O,) close to the QFM buffer (Holdaway et al. 1988,
Williams & Grambling 1990). Those metamorphic
rocks containing magnetite were formed under condi-
tions more oxidizing than QFM but below HM; condi-
tions approximating the NNO buffer are assumed for
the magnetite-bearing rocks. Ilmenite was the only iron
oxide stable during the amphibole-stage alteration; these
assemblages are considered to have been produced un-
der QFM conditions.

‘We assume that amphibole formed under NNO and
QFM buffers has Fe**# values of 0.30 and 0.20, respec-
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TABLE 3. REPRESENTATIVE COMPOSITIONS OF AMPHIBOLES
FROM THE MACLELLAN DEPOSIT

Sample ALS ACD ACD ACD ACD ACD ACD ACD ACD

-5 -53 -186 64 64 60 -2 —-65 -84

Analysis A-27 C-34 B30 E-24 EB-25 C-19 F-21 E-47 B-25

Description  relict dissem. dissem. zoned zoned massive patchy vein vug
rand, orient. core fim

SiO, wt% 4497 51.61 5121 44.98 4657 51.68 49.85 5088 4545

TiO, 025 031 006 031 041 029 037 030 034

AlLO, 1272 640 663 1322 1104 505 745 613 1179
Fe,0,** 318 231 260 365 205 170 194 182 469
Cr,0, 086 000 000 000 000 000 000 000 000
FeO** 987 715 806 1133 1045 865 988 929 985
MnO 089 041 063 043 051 054 025 071 102
MgO 1253 17.08 1586 1081 1328 1664 1464 1618 12,16
CaO 11,61 1229 1234 1180 1243 1250 1265 1207 1131
Na,0 082 033 036 078 062 030 046 027 102
K0 008 007 012 023 020 004 016 007 019
F 000 000 001 000 004 006 009 000 000
Ci 001 000 00F 000 001 001 002 001 001
O=F,Cl 000 000 001 000 002 003 004 000 000
Total 97.79 9796 9780 97.54 9759 9742 97.71 9773 97.82

H,0Calc* 205 211 209 203 204 206 203 209 203

Corr. Total 99.84 100.08 99.98 99.57 99.63 9948 99.75 99.82 99.86
Structural formmilae based on 23 O

Si apfu 6.579 7324 7.325 6.630 6.780 7.410 7.184 7306 6.690
Al 1421 0.676 0.675 1370 1220 0.590 0.316 0694 1310
T site 8,000 8000 8.000 8000 8000 8.000 8.000 8000 8000
4] 0773 0395 0442 0926 0675 0263 0449 0344 0736
Fe’t** 0234 0.164 0187 0270 0.150 0.122 0.140 0131 0346
Fe* 1.134 0794 0983 1394 1248 1027 1226 1029 1212
Ti 0.028 0.033 0,006 0.034 0.045 0031 0040 0032 0038
Mg 2733 3.614 3382 2375 2882 3.557 3.145 3.464 2.668
Cr 0,099 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C site 5.000 5.000 5000 5000 5000 5000 5000 5000 5.000
Mn 0110 0049 0076 0054 0.063 0.066 0031 0.086 0.127
Fe* 0190 0,137 0075 0.137 0.099 0.071 0035 0153 06.173
Ca 1.820 1869 1891 1864 1939 1920 1953 1857 1.784
B site 2121 2055 2042 2.054 2101 2.057 2015 2096 2084
Na 0,233 0.091 0,100 0223 0.175 0.683 0.129 0075 0.291
K 0.015 0013 0022 0043 0037 0.007 0.029 0013 0036
A site 0247 0103 0122 0266 0212 0.091 0.158 0.088 0.327
OH* 1.998 2.000 1993 2000 1979 1970 1954 1,998 1998
F 0,600 0.000 0005 0.000 0.018 0.027 0041 0.000 0.000
C1 0,002 0.000 0002 0.000 0002 0002 0005 0.002 0.002
Mg# 0674 0795 0762 0.608 0682 0.764 0.714 0.746 0658
* H,0 by back-calculstion of l ! 2 (OH, F, CD.

*4 Be* and Fe?* eatinmted by asmming a value of Fe*'/(Fe™ + Fe™) derived from the
mineral blage (sce text). Abbrevistions: rand: random, orient.: oriented.

tively (Clowe et al. 1988). Biotite produced at the QFM
buffer has an Fe>*# value of 0.12 (Guidotti & Dyar 1991,
Holdaway et al. 1997). Biotite occurring with magnet-
ite and ilmenite is assumed to be produced at conditions
close to the NNO buffer and to have a Fe**# of 0.20
(Dyar 1990, Guidotti & Dyar 1991). Dyar (1990) and
Guidotti & Dyar (1991) stated that 8% of the total Fe in
biotite occurs as “IFe**; later studies by Rancourt ez al.
(1992), however, show that very little Fe** is in the
tetrahedral site. We therefore assume that all Fe** is in
the octahedral site.
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TABLE 5. REPRESENTATIVE COMPOSITIONS OF CHLORITE

THE MACLELLAN DEPOSIT FROM THE MACLELLAN DEPOSIT
host-rock disseminated QBS stage amphibole Sample ACD ACD ACD ACD ACD ACD ALS
metamorphic vein-hosted  vein-related stage -123a 228 —60 -8 -84 -84 -5
Anslysis F03 C33 CO06 A-20 Bl B2 A3l
Type HD HD HD HD vug vug HD
Sample ACD ACD ACD ACD ACD ACD ACD ACD ACD
-10 22 -53 —40A —43B —48 —40A -84 82
Analysis F-12 F23 C30 F-31 E-51 E40 F30 B-14 A-15 SO, wt% 2656 2645 2614 2587 2620 2678 2605
TiO, 012 006 006 010 007 010 006
ALO, 2294 2259 2241 2280 2163 2124 2265
SiO,wi% 37.66 3778 3820 37.58 3734 3736 37.62 3865 3609  Fe,0,** 154 152 164 268 197 191 144
TiO, 169 190 144 243 238 28 231 136 191  Cr0, 005 000 000 000 000 000 0.18
ALO, 1675 1716 1723 1678 1680 1675 1679 1673 1693  FeO** 1244 1235 1327 2169 1595 1544 1164
Fe,0,** 395 181 157 191 188 224 207 343 211  MnO 023 017 023 022 038 040 039
Cr,0, 059 005 000 002 004 001 008 000 011 MgO 2319 2441 2343 1480 2112 2197 2523
FeO** 1422 1239 1073 1312 1292 1533 1421 1234 1445  CaO 003 002 000 003 002 001 005
MnO 004 007 009 041 045 038 053 021 023  NaO 000 002 001 002 002 002 002
MgO 1215 1492 17.19 1346 1423 1188 1292 1499 1530 KO 000 000 002 001 000 001 000
Ca0 004 003 005 000 000 001 003 002 008 003 000 009 017 005 000 000
Ne,0 019 015 022 009 008 014 014 ol6 017 Cl 000 001 000 003 000 000 001
K0 907 927 860 983 926 934 945 833 827 O=Fd 001 000 004 008 002 000 000
014 010 024 010 021 016 018 017 055
cl 002 003 002 002 001 003 004 000 000  Total 87.10 8761 8725 8831 8739 8787 8772
O=F,C1 006 005 011 005 0609 007 008 007 023 H,0 calc.* 1201 1208 1192 1147 1175 1188 1210
Corr, Total 99,11 99690 9917 9978 99.14 9975 9982
Total 9645 9561 9560 9571 9552 9639 9629 9631 9597
HOCalc* 395 401 401 398 395 395 395 402 380 Structural formulae based on 28 O
Corr. Total 10041 99.63 99.62 99.69 99.46 100,34 10024 10033 99.77
Si apfu 5301 5253 5243 5368 5336 5405 5162
Structural formulae based on 22 O @Al 2699 2747 2757 2632 2664 2595 2338
T'site 8000 8000 8000 8000 8000 8000 B.000
Si apfu 5610 5567 5555 5585 5532 5561 5574 5655 5327
“Af 2390 2433 2445 2415 2468 2439 2426 2345 2673 Al 2696 2541 2542 2944 2526 2457 2452
T'site 8.000 8,000 3000 8000 8000 8000 8000 8000 8000 Ti 0018 0010 0005 0016 0011 0015 0009
Fe* 0231 0228 0247 0418 0302 0290 0214
1AL 0551 0,547 0501 0524 0465 0499 0.506 0,539 0272 Cr 0007 0000 0000 0000 0000 0000 0028
Ti 0186 0211 0157 0272 0265 0318 0257 0150 0212  Fe 2075 2051 2226 3764 2715 2606 1929
Fe* 0.443 0200 0,171 0214 0210 0250 0231 0377 0234 Mn 0039 0029 0039 0038 0066 0068 0065
Cr 0069 0.006 0000 0002 0005 0001 0009 0000 0013 Mg 6898 7226 7004 4577 641l 6610 7455
Fe** 1772 1527 1302 1631 1601 1908 1761 1509 1784 Ca 0007 0004 0000 0006 0005 0003 001l
Mn 0005 0.009 0011 0052 0057 0048 0067 0026 0029 N& 0000 0008 0004 0005 0009 0005 0009
Mg 2698 3278 3718 2982 3143 2636 2854 3269 3366 K 0000 0000 0005 0002 0000 0001 0000
Misite 5720 5778 5859 5676 5746 5660 5686 5871 590  Msite 11971 12095 12076 11774 12045 12059 12172
Cs 0006 0005 0014 0000 0000 0002 0005 0003 Oo13  OH* 15983 15996 15945 15882 15966 16000 15996
Na 0055 0043 0062 0026 0023 0.040 0.040 0.045 0049 L 0017 0000 0055 0110 0034 0000 0000
K 1724 1743 1592 1864 1750 1773 1786 1555 1557 €1 0000 0004 0000 0004 0000 0000 0004
I site 1785 1790 1667 1890 1773 1815 1831 1603 1618 |\ \ovan  ooc o779 0759 0549 0702 0717 074
OHCalc* 3929 3946 3885 3.948 3899 3917 3.906 3921 3743
F 0.066 0047 0110 0.047 0.098 0.075 0084 0079 0257 m }
a 0,005 0.007 0005 0,005 0.003 0.008 0010 0000 0000 . HaQ by back of formulan 16 (QHECI). * The

Mg/(Mg+Fe™) 0.604 0.682 0,741 0.646 0.662 0,580 0.618 0684 0654

* H,0 by back-calculation of 1 £ 1 4 (OH, F, CI). ** The
proportion of Fe* and Fe?* was estimated by assuming a value of F&**/(Fe** + Fe?*)
derived from the mineral assemblage (soe text)

Nelson & Guggenheim (1993) showed that oxida-
tion of Fe?* to Fe** in chlorite is limited to the M4
“interlayer” position. Thus chlorite should be relatively
insensitive to f{O,). Dyar et al. (1992) showed that chlo-
rites from a wide variety of environments and oxide-
mineral assemblages all have a small but significant Fe*
content, which they estimate to be 10 £ 5% of the total
Fe. This value is used in our calculation of chlorite for-
mulae, with the proportion of Fe,O3 and FeO being
back-calculated from stoichiometry.

Amphibole compositions were first assessed by nor-
malization to 23 atoms of oxygen assuming all Fe as

propomonofFe’*mdFe"wesumedbyammgFé‘ = 10% of totat Fe (see
text).

Fe?*. Those compositions that did not generate a
reasonable formula (three out of 100 datasets) were
rejected. Amphibole formulae were then calculated
assuming 23 O, 2 (OH, F, Cl) and a Fe**# value appro-
priate to the mineral assemblage. Amphibole composi-
tions representative of each textural type are given in
Table 3.

The composition of biotite in each petrographic as-
semblage of the MacLellan deposit is given in Table 4.
Structural formulae based on 22 atoms of oxygen were
calculated using the procedure of Deer et al. (1992) by
assuming a value of Fe**# that reflects the assemblage
of oxide minerals. The proportion of H,O was back-
calculated assuming 4 (OH, F, Cl).

Representative chlorite compositions are given in
Table 5. Structural formulae were calculated assuming
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28 0, 16 (OH, F, Cl) and a value of Fe**# of 0.10 (Dyar
et al. 1992).

Amphibole

Amphibole compositions representative of each tex-
tural type (Table 2) reveal significant variations. If all
textural types are considered together, most of the
MacLellan material falls within the compositional
ranges of typical metamorphic amphiboles, as docu-
mented by Robinson et al. (1982). For a given crystal-
lographic site, however, the MacLellan suite typically
covers a significant part of the compositional range ex-
hibited by metamorphic amphiboles. This is particularly
true for AL, [01A1, Fe?*, Mg and #Na. The Mg# [= Mg/
(Mg + Fe)] varies from 0.39 to 0.90, and “Na ranges
from 0.01 to 0.37 atoms per formula unit (apfir). *Ca
occupancy in the MacLellan amphiboles, with values

THE CANADIAN MINERALOGIST

of 1.63 to 1.97 apfu, falls within the high-Ca group of
metamorphic amphiboles (Robinson et al. 1982). All the
MacLellan amphiboles have #(Ca + Na) in excess of
1.70 and ®Na less than 0.38 apfu. Thus, they are all
calcic amphiboles according to the IMA classification
(Leake et al. 1997). Although the MacLellan amphi-
boles exhibit a wide range of [YJAl/Fe** values
(0.02—4.21), “Ti values are all less than 0.08 apfu, and
4(Na + K) values are less than 0.42 apfu. The wide range
in composition of the calcic amphiboles is reflected in
their classification (Fig. 5). The species identified are
ferrotschermakite, tschermakite, magnesiohornblende,
and actinolite.

Relative to tremolite (cf. Robinson et al. 1982,
Blundy & Holland 1990, Castro & Stephens 1992), the
more important substitutions seem to be actinolitic
(°Fe?*Mg ;) (Fig. 5) and pargasitic (*Nal®IA1l*Aly
[0 ;Mg _;Si_,) (Fig. 6), the latter being a combination

1.00 T 3 T s
©
0.75 ‘-@ 3%. = =
| @
0.50H Arandom
Ametamorphic A@E zoned I
A < rim
@ * core
0.25 1 1 1 ]
&
o 1.00
w i I ¢ T I d
+
g’) Field of
= ~ alteration amphiboles
O 0.75F < § = : -
= XX
| >
] »g%
JX patchy O vein
0,50 |— M relict l > vug-related
I < vug
0.25 1 I 5 1
8.0 7.0 6.0 8.0 7.0 6.0
Si (apfu) Si (apfu)

Fic. 5. Plots of Si (apfu) versus Mg/(Mg + Fe?*) for amphiboles. (a) Metamorphic and
random crystals; the former have a preferred orientation, and the latter overprint the
penetrative fabric. (b) Zoned crystals, illustrating the chemical differences between
cores and rims. Tie-lines connect cores and rims of the same crystal. (c) Patchy and
relict crystals. (d) Compositions of probable hydrothermal amphibole, comprising
alteration, vein, interstitial and vug varieties. Amphibole classification after Leake ez al.
(1997): Symbols: Tr: tremolite, A: actinolite, MH: magnesiohornblende, T:

tschermakite, and FT: ferrotschermakite.
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FiG. 6. Compositions of the various textural types of amphibole in terms of #IAl, 1Al and [T illustrating the predominance
of a pargasitic substitution (after Blundy & Holland 1990). Symbols are the same as in Figure 5. Ed: edenite, Pg: pargasite,
Ts: tschermakite, Hb: magnesiohornblende or ferrohornblende, Tr: tremolite, and Gl glaucophane. (a) Metamorphic, random
and zoned crystals (cf. Figs. 5a, b); (b) patchy and relict crystals (cf. Fig. 5¢), and (c) alteration, vein and vug crystals

(cf. Fig. 5d).

of edenite and tschermakite substitutions, “Nal*JAl
[1.,Si_; and MIAIPIAIMg ;Si |, respectively (Blundy &
Holland 1990). Grains of relict amphibole, the cores of
zoned crystals and the vug and vug-related amphiboles
form a rather tight compositional group from
tschermakite to aluminous magnesiohornblende (Figs.
5b, ¢, d, 6a, b, ¢). The rims of zoned crystals are more
magnesian and less aluminous than the cores (Figs. 5b,
6a) and are similar in composition to grains of patchy
amphibole (Figs. 5¢, 6b) and to vein and alteration am-
phiboles (Figs. 5d, 6¢). This latter group ranges in com-
position from aluminum-poor magnesiohornblende to
actinolite. In the host rock, the grains of amphibole are
classified petrographically as either metamorphic (ori-
ented) or random. It is not possible to perfectly differ-
entiate between these petrographic types by composition
(Figs. 5a, 6a), although random crystals tend to be more
magnesian, less aluminous and more enriched in the
tremolite end-member than the metamorphic amphi-
boles. The compositions of random amphibole are simi-
lar to those for vein, alteration and patchy amphibole.

Biotite

The composition of biotite-series grains in each pet-
rographic assemblage of the MacLellan deposit is pre-
sented in Table 4. Compositional data are also presented
in the idealized annite — phlogopite — siderophyllite —
eastonite plane (Fig. 7), which defines the biotite series
(Rieder et al. 1998). The biotite-series minerals are, in
general, Mg-rich, with a limited range in X, from 0.53
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Fig. 7. Composition of biotite in terms of Mg/(Mg + Fe?*)
and 9Al. (a) Metamorphic biotite, (b) QBS-stage biotite,

and (c) vug-related biotite.
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to 0.77, and can be defined as phlogopite—eastonite.
A correlation of Xu, with [®Al, indicating a
Mg-Tschermak exchange, is weak for metamorphic host
phlogopite—eastonite and well defined for QBS-stage
biotite, which is dominated by eastonite. An
Fe?*-Tschermak exchange is indicated for phlogopite
associated with amphibole vugs. Data for eastonite from
the chlorite—carbonate vug, although distinct from the
phlogopite associated with the amphibole vug, are too
limited to define an exchange mechanism.

The concentrations of F and CI in the MacLellan
biotite are low (<0.26 apfu tor F and <0.03 apfu for CI;
Table 4), even compared to biotite from other lode-gold
deposits (cf. Taner et al. 1986, Kontak & Smith 1993).
No correlations between Fe and Cl versus X, related
to Fe avoidance, are evident (¢f. Munoz & Swenson
1981).

The concentration of Ti in biotite correlates with the
X, of the biotite as well as the nature of the associated
Ti phase (Fig. 8). One group of light to dark brown bi-
otite grains with low Ti has no identified saturating
phase or only minor rutile in the assemblage. The corre-
lation of Ti with Xy, in this group is probably controlled
by the bulk composition of the rocks. Biotite grains,
typically orange-brown, from assemblages containing
rutile, ilmenite or ilmenite plus rutile, form a series with

04 T T T I T
iimenite + titanite or
rutile + iimenite + titanite
03 =
= magnetite rutile, limenite or 1
= + iimenite rutile + ilmenite
8021 g\
= @ gh A8
i‘: AN T Erea
0.1
no Ti phase or
minor rutile only i
00 i | L | L
0.5 06 0.7 0.8
2+
Mg/(Mg + Fe™')
Fi6. 8. Ticontent of the various biotite subtypes as a function

of Mg/(Mg + Fe?*). The fields are defined on the basis of

the coexisting oxide minerals. Symbols are the same as in
Figure 7; where magnetite is present, the symbol is circled.
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intermediate Ti content. A third group of bright orange-
brown biotite grains with high Ti all have titanite in the
assemblage along with ilmenite and rutile. Although the
number of data is small, there is no obvious correlation
between the color of biotite or its Ti content and the
presence of magnetite.

Eastonite in and near QBS veins, along with a few
occurrences in metamorphic rocks hosting QBS veins,
dominate the high-Ti group (Fig. 8). This group has
an average Ti content of 0.26 + 0.03 apfu and an aver-
age Xyg of 0.64 £ 0.02. Titanite, as a reaction rim
around ilmenite or rutile (or both), is always part of the
Ti-saturating assemblage in the high-Ti group. Meta-
morphic phlogopite—eastonite is associated with rutile
+ ilmenite as the Ti-saturating phase(s). Magnetite, a
probable Ti-bearing phase, locally occurs with ilmenite.
Phlogopite—eastonite that formed with rutile as the
dominant Ti-saturating phase has a lower Ti (0.16 £0.03
apfu) and is more magnesian (X = 0.70 + 0.04) than
that associated with ilmenite (Ti = 0.20 £ 0.03, Xy =
0.65 % 0.06).

Chlorite

Except for host-rock metamorphic chlorite in a mag-
netite-rich assemblage (e.g., chlorite B-11 in ACD-8,
Table 5), the chlorite compositions are uniform com-
pared to those for amphibole and biotite. On the basis
of O29(OH)q6, Si averages 5.26 = 0.11 apfu, the balance
of the eight tetrahedral positions being filled by AL
Values of YAl and 6JA] are approximately the same in
all samples. Occupancy of the octahedral sites is close
to 12 cations in all samples. Values of Mg/(Mg + Fe?*)
average 0.71 £ 0.10 and range from 0.51 to 0.79 for the
whole dataset. If chlorite associated with abundant mag-
netite is removed from the dataset, however, the aver-
age Mg/(Mg + Fe?*) increases to 0.76 + 0.03, with a
range of 0.70 to 0.79. The chlorite is considered meta-
morphic, except for two samples from the chlorite —
carbonate vug, in which it has a hydrothermal origin.

Mineral pairs

The various mineral associations representative of
metamorphosed host-rocks, QBS veins, and amphibole
veins and alteration can be evaluated by examining the
distribution of iron and magnesium among coexisting
ferromagnesian minerals. The distribution coefficient
Kp, i.e., (Xme/Xp ) (XneP/Xe?), where A and B are
coexisting phases, depends principally on temperature
and pressure. It is also a function of the mineral assem-
blage and phase composition. In the analysis that fol-
lows, Kp is presented by simple Nernst distribution
diagrams, where Xy" is plotted against Xy, (cf. Kretz
1959, 1978). In some cases, the mineral pairs described
are in contact and are most likely cogenetic; for these,
an equilibrium distribution is expected. However, in
many cases, the two minerals are not in contact
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FiG. 9. Xwm,/Xr. distribution in biotite—chlorite pairs. The
equilibria represented by these pairs can be described by a
single Kp.

(although always in the same thin section), or one min-
eral may be overgrowing and replacing the other, as pre-
viously described. For such pairs, an equilibrium
distribution can only be expected within the spatial lim-
its of local equilibrium (¢f. Blackburn 1968).
Relatively few chlorite — biotite pairs were analyzed,
but are representative of both metamorphic assemblages
and the chlorite — carbonate vug, and can be approxi-
mately described by a single K (Fig. 9, Table 6).
Chlorite — amphibole pairs define one of three equi-
librium distributions (Fig. 10, Table 6). The first, Group
CAA with Kp = 1.97, is defined by relict amphiboles,
the cores of zoned amphibole crystals and the crystals
of metamorphic amphibole. A second group (CAB;
Kp = 0.99) consists mostly of alteration amphibole
paired with metamorphic chlorite. Group CAB also in-
cludes two random amphibole grains. The chlorite in
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FIG. 10. Xwmg/Xr. distribution in chlorite-amphibole pairs.
The compositions of these chlorite—amphibole pairs indi-
cate three different equilibria. In terms of amphibole type,
Group CAA is defined by metamorphic crystals, the cores
of zoned crystals, and relict crystals. Group CAB comprises
vein and alteration amphibole, and some random porphy-
roblasts of amphibole. Group CAC is defined by the rims
of zoned crystals, vug-related crystals of amphibole and
random porphyroblasts of amphibole.

the third distribution (Group CAC; Kp = 1.39) com-
prises principally metamorphic chlorite along with the
two cases of vug chlorite. The amphibole of this group
is represented by rims of zoned crystals, two vug-related
amphibole grains and three random amphibole grains.
Itis possible that the random amphibole grains of Group
CAC actually belong to Group CAB.

Biotite — amphibole pairs define three groups
(Fig. 11), which are very similar to those observed for
chlorite—amphibole pairs (Fig. 10). Group BAA, with
Kp=1.41, contains metamorphic biotite with metamor-
phic and relict amphibole. Greup BAB (Kp=0.88) com-

TABLE 6. SUMMARY OF Fe-Mg DISTRIBUTIONS FOR COEXISTING CHLORITE-BIOTITE,
CHLORITE-AMPHIBOLE AND BIOTITE-AMPHIBOLE PAIRS, MACLELL AN DEPOSIT

chloritebiotite Group chlorite types Dbiotite types no. of pairs K"+ 0
CBA phic, phic, 8 082 0,06
chiorite—carbonite vug chloritecarbonate vug
chlorite-amphibole Groy, chlorite ibole types no. of pairs ) + g
CAA metamorphic relict, zoned (cores), 9 197014
metamorphic
CAB metamorphic alteration, random 10 099+0.06
CAC metamorplic, random, zoned (rims), 10 139+011
chlorite—carbonate vug vug-related
biotite-amphibole Group biotite types amphibole types no. of pairs K"+ 0
BAA metamorphic relict, metamorphic 8 141012
BAB metamorphic random, alteration, 8 088003
patchy
BAC chiorite—carbonate vug, random, amphibole vug, 10 107+007
amphibole vag vug-refated
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Fic. 11.  Xwy/Xp. distribution in biotite and coexisting
amphibole. As with chlorite—amphibole pairs, the K val-
ues of biotite—amphibole pairs indicate three different
equilibria. Group BAA is defined by metamorphic biotite
and metamorphic and relict amphibole. Group BAB com-
prises metamorphic biotite with alteration, random and
patchy amphibole. Group BAC is defined by vug-related
biotite and vug, vug-related and random amphibole.

prises metamorphic biotite with random, patchy and
alteration amphiboles. Pairs of vug and vug-related
amphibole grains and vug-related biotite as well as three
random amphibole — metamorphic biotite pairs define a
third group BAC (Kp = 1.07), intermediate to Groups
BAA and BAB. The random amphibole - biotite pairs
of Group BAC may belong to Group BAB.

DiscussioNn
OBS stage

The petrographic evidence indicates that the forma-
tion of QBS veins predates metamorphism and defor-
mation. Vein-related alteration is now manifested as a
biotite-rich halo along many of the veins. Whether or
not the premetamorphic alteration assemblage, at the
expense of which the biotite crystallized, included bi-
otite cannot be determined with certainty. However, the
fact that biotite seems to be the only Fe-Mg silicate
produced during metamorphism strongly suggests that
the haloes represent recrystallization of an original bi-
otite-bearing alteration. The alternative, that the biotite
crystallized from an assemblage of minerals that may
or may not have included biotite, would have resulted
in a metamorphic assemblage with greater mineralogical
variability than the one seen. Whether or not any of the
biotite present in the schists away from the veins also
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reflects a potassic alteration event is impossible to assess
from petrography alone, but is plausible, if not likely.

In terms of Xy, and ®JAl, biotite in and related to
QBS veins has a more restricted compositional range
than metamorphic biotite (Fig. 7). It is possible that the
compositional range of metamorphic biotite reflects
growth in rocks with a wide range of bulk compositions.
Because the distribution of vein-related biotite was con-
trolled by earlier hydrothermal effects, however, it is
likely that the restricted range of vein and vein-related
eastonite reflects fluid-buffered compositions. This
claim is supported by the presence, in this population,
of eastonite from haloes in rocks that otherwise contain
very little biotite. Further, host-rock phlogopite—
eastonite from near QBS veins defines an equally
restricted range in Xpg, but shows a somewhat higher
variation in Al content. This variability may indicate
that host-rock biotite in the vicinity of QBS veins has
also been influenced by hydrothermal activity, espe-
cially with respect to Fe and Mg, and that some of the
biotite in the BP schists represents a potassic alteration
event. Finally, the QBS veins represent a major sulfide
mineralization event. The ubiquitous presence of pyrite
+ pyrrhotite would buffer f(S;) to low, but significant,
values and limit Fe incorporation into ferromagnesian
silicates in the veins and alteration haloes.

Concentrations of F and Cl in the eastonite of the
QBS veins and vein haloes and in the later metamor-
phic phlogopite — eastonite are low. The Xg ranges from
0.012 to 0.033 in QBS vein-hosted eastonite and 0.004
to 0.026 in vein-related eastonite. Assuming the
exchange relationship Mica(OH), + 2HF = Mica(F),
+ 2H,0 and a temperature of 400°C, the AHF)/f(H,0)
for QBS-stage deposition of eastonite is 102 to 10*8
(Zhu & Sverjensky 1991). A similar range of f(HF)/
J(H50) is found for the metamorphic phlogopite —
eastonite.

The Ti content of biotite is controlled by tempe-
rature, Fe/Mg and Al in biotite and the nature of the
Ti-saturating phase (Guidotti et al. 1977, Dymek 1983,
Labotka 1983, Guidotti 1984). Weak relationships
between Ti and X (Fig. 8) and Ti and MAI are
observed. Although kyanite is observed in some meta-
morphic assemblages, a phase with fixed Al is not found
in most QBS-stage veins. Gahnite is present in some
assemblages, but there is no correlation between 1Al
in biotite and the presence of gahnite. Thus, the Al and
Ti contents of the QBS eastonite probably depend on
the bulk composition and the nature of the Ti-saturating
phase, respectively.

Titanite rims are most commonly seen in rocks in
which the QBS veins occur; these also have the high-Ti
eastonite. Thus, titanite formation appears to be linked
to these veins in some way. The formation of titanite
from ilmenite or rutile requires the addition of Ca and
Si. We suggest that titanite growth occurred during
metamorphism in the altered rocks around the QBS
veins owing to elevated Ca and Si (now manifested as
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calcic plagioclase and quartz) that originally resulted
from hydrothermal activity.

Amphibole

Amphibole with a preferred orientation, the meta-
morphic amphibole, is typically finer grained than most
of the other varieties of amphibole and exhibits a wide
range of composition (Fig. 5a), which is taken to reflect
protolith composition. That the metamorphic amphibole
is genetically distinct from most of the other amphibole
varieties is supported by the amphibole — chlorite and
amphibole — biotite relationships (Figs. 10, 11), as well
as their textures. In both cases, all metamorphic pairs
can be described by a single K, value, CAA for chlorite
—amphibole and BAA for biotite — amphibole (Table 6),
indicating a consistent relationship among chlorite,
biotite and amphibole.

The dark green cores of zoned crystals and the dark
green relict crystals (magnesiohornblende and tscher-
makite; Figs. 5b, ¢) within massive alteration-induced
amphibole are defined by the same Kp values as the
metamorphic amphibole crystals. This is true for both
chlorite — amphibole and biotite — amphibole pairs
(Groups CAA and BAA, Figs. 10 and 11, Table 6) and
indicates that metamorphic and relict amphibole and the
cores of zoned crystals all formed under similar condi-
tions, and probably during, or soon after, deformation.
Such a conclusion is consistent with the textural evi-
dence that these types formed prior to the alteration
amphiboles.

The randomly oriented porphyroblasts are generally
coarser grained than the metamorphic amphibole and
must have postdated the formation of the penetrative
fabric. They form a compositionally bimodal popula-
tion (Fig. 5a). One group contains magnesiohormblende
and actinolite, and is similar to vein, alteration and
patchy amphibole (Figs. 5c, d). The second group con-
tains ferrotschermakite similar to the more iron- and
aluminum-rich metamorphic amphibole. The magne-
siohornblende — actinolite group of random amphibole
is characterized by Kp™amP and K,°/amP values that
place it in Groups CAB and BAB (Figs. 10 and 11,
Table 6) along with alteration and patchy amphibole.
Although it may belong to Groups CAB and BAB, the
random ferrotschermakite group has Kp values with
chlorite and biotite that are closer to those for the rims
of zoned amphibole crystals and the vug and vug-related
amphibole (Groups CAC and BAC, Figs. 10 and 11,
Table 6). The split of the random amphibole into two
populations presumably indicates that these porphy-
roblasts are related to two different events, one associ-
ated with the formation of the vugs and the other with
the patchy and alteration amphibole.

Most vein and alteration amphiboles have a more
restricted compositional range than the other types
(Fig. 5d), and both define the same population of Kp
values with respect to chlorite and biotite (CAB and
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BAB; Figs. 10, 11). The patchy amphiboles have simi-
lar compositions to the alteration amphiboles (Figs. Sc,
d) and are defined by the same Kp with respect to biotite,
indicating that they were formed during the same event.
It would be reasonable to propose that the composition
of these amphibole types was controlled by fluid rather
than rock chemistry, a proposal that is supported by the
more restricted compositions and distinctive Kp values.
However, it is clear that there is a consistent relation-
ship between the composition of the amphibole and the
minerals being replaced, namely chlorite and biotite
(Figs. 10, 11). This leads to the inference that host-rock
composition played a role in controlling the composi-
tion of the alteration amphiboles. The random amphi-
boles that fall within the BAB group were presumably
formed by the same alteration event that formed the
more massive alteration.

Vug and vug-related amphiboles define intermedi-
ate populations with respect to both chlorite (CAC) and
biotite (BAC). In the case of chlorite, this group also
includes rims on zoned crystals. These relationships
suggest that the vag amphiboles represent an event dif-
ferent from that which formed the alteration and patchy
amphibole. Of all the groups, the composition of vug
amphibole shows the least scatter (Fig. 11), which may
reflect higher water:rock ratios and less influence from
host-rock composition. Nevertheless, there is still a
relationship to the composition of precursor biotite
(Fig. 11), and the distinct Kp values (groups CAC and
BAC) indicate a distinct event. Further, it would appear
that some of the random amphiboles formed during this
event.

CONCLUSIONS

1. Amphiboles in the MacLellan deposit are repre-
sented by a wide variety of textural types. These include
metamorphic porphyroblasts, randomly oriented,
postmetamorphic porphyroblasts and aggregates, am-
phiboles related to quartz — chlorite — biotite vugs, and
aggregates of massive amphibole in alteration haloes
around veins.

2. These amphiboles are all calcic, but represent a
wide compositional range, including ferrotschermakite,
tschermakite, magnesiohornblende and actinolite.

3. Distribution of Fe and Mg among amphibole,
biotite and chlorite (Kp values) indicate three
amphibole-forming events. These represent 1) metamor-
phism, 2) the main episode of quartz—amphibole vein
formation and alteration, and 3) an event that formed
the vugs. The randomly oriented porphyroblasts and
aggregates appear to be associated with both the main
alteration event and the vug-forming event, which is
consistent with their formation after the main episode
of metamorphism and deformation.

4. A correlation between the composition of alter-
ation-induced amphiboles associated with veins and the
composition of protolith chlorite and biotite indicates




1420

that the protolith’s composition has strongly influenced
the composition of the fluid—rock system, and that
alteration occurred under low fluid:rock ratios.

5. Metamorphic biotite is Mg-rich, with Xy rang-
ing from 0.53 to 0.77.

6. The composition of biotite in and around meta-
morphosed quartz — biotite — sulfide (QBS) veins is
more restricted than that of the host-rock biotite, and
may represent that of a fluid-buffered protolith.

7. Ti contents in biotite correlate with the nature of
the associated Ti-oxide phase, increasing from rutile to
ilmenite + rutile to titanite — ilmenite + rutile. The QBS-
associated biotite typically has a high Ti content and is
associated with titanite. This trend is attributed to
premetamorphic metasomatism related to the QBS vein-
forming event.
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